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New Solvents and Solutes for Polymer Electrolytes

Maria Martinez Ibafiez!, Lorena Garcia!, Paul Neumann', Leire Meabe!,
Alexander Santiago', Heng Zhang'?, Devaraj Shanmukaraj' & Michel Armand!

I Centre for Cooperative Research on Alternative Energies (CIC energiGUNE), Basque
Research and Technology Alliance (BRTA), Alava Technology Park, Albert Einstein 48, 01510
Vitoria-Gasteiz, Spain
2 Key Laboratory of Material Chemistry for Energy Conversion and Storage (Ministry of
Education), School of Chemistry and Chemical Engineering, Huazhong University of Science
and Technology, 1037 Luoyu Road, Wuhan, 430074, China

For 50 years PEO has been the workhorse of polymer electrolytes. This polyether is however
limited by its mediocre anodic oxidation window (3.9 V vs. Li*:Li°) and low transference
number (~ 0.25). Poly(esters) and poly(carbonates), developed under the leadership of the
group at Uppsala University, have shown decent conductivities, improved anodic stability (4.5
V vs. Li":Li°) and transference number (~ 0.6). These polymers however contain the polar
groups in the main chain, and the inevitable reaction of the ester linkage with Li° results in loss
of My and of mechanical properties. Besides, the dissolved salts (LiTFSI...) can catalyse
depolymerisation, resulting in artificially high conductivities due to the plasticisation of the
polymer by the re-formed monomer.

To solve this problem, we designed poly(esters) with the ester functionality lateral to the main
chain formed of sturdy C—C linkages. The first example was high My, poly(vinyl butyrate)
prepared simply from the reaction of poly(vinyl alcohol) (PVA) on butyric anhydride in the
presence of DMAP. Conductivity studies with LiTFSI as a solute show excellent values, on a
par with PEO and other poly(esters) with a T+ ~ 0.5. Li°||Li° cells show extended cycling, a
telltale of good interfacial stability, and Li°||LiFePO4 or Li°||[NMC batteries behave well as
expected. The poly(carbonates) made from the esterification of PVA with an alkyl
chloroformate give similar conductivity values and higher transport numbers.

In the realm of T+ ~ 1 electrolytes, we have shown recently that the alloys formed with PEO
and a cellulose-based polysalt combined excellent electrochemical properties and outstanding
film-forming ability thanks to the rigidity of the polyoside polysalt. This suggested to replace
PEO by the amorphous poly(ether) made from a Jeffamine grafted onto poly(ethylene)-maleic
anhydride (PEMA) that by itself lacks mechanical properties. The resulting alloys have low
temperature conductivities 2 order of magnitude higher than that of the PEO equivalent and
keep excellent film-forming characteristics.

In the design of new salts, we have been active with the synthesis of sulfonylimides with on
one side, a lipophilic moiety, with a general formula Li'[R'R?NSO>N®SO,CF3]
Li[(Cn,n’)TFSI]. Whatever the R values, the transport number (T+ ~ 0.45) is higher than in
TFSI, compensating the diminished total conductivity due to a less dissociated anion. The mains
studies have focussed on R! =R? = C¢H 3, which induces low surface tension in the PEO-salt
complexes and superior behaviour of the Li||LFP cells upon cycling. Interestingly, the salt does
not corrode the aluminium current collectors. In an attempt to get rid of the PVDF used as a
reinforcement of PEO in the commercial batteries, attempts were made to co-extrude PEO-Li
C6,6-TFSI with poly(ethylene), the salt acting as a compatibilizer with interesting results.

Lastly, the non-PFAS salt Li* [FSO.N©SO,CF,H] (LiFDFSI) was synthesized and shows
improved conductivity vs. [CF2HSO>N®SO,CF3] in all polymer solvents, and keeps the non-
corrosive nature imparted by the CF2H moieties.



Advanced imaging to examine the role of the membrane and ionomer in
electrochemical energy devices

Aimy Bazylak*

Bazylak Group, Department of Mechanical and Industrial Engineering, University of Toronto,
5 King’s College Road, Toronto, Ontario, Canada, M5S 3G8

*aimy.bazylak@utoronto.ca

For the first time in 2024, the global average temperature over a 12-month period rose to 1.5°C
higher than the pre-industrial era. This failure to achieve the Paris Agreement temperature goal has
led to present day global warming crises, namely extreme weather events. In past years, the
impetus for clean energy was to avoid reaching this precipice. Now, clean energy is a critical
pathway for adaptation — developing energy resiliency and security. Fuel cells and electrolyzers
are necessary components of an energy resilient future, particularly their use in concert with
renewable energy sources; electrolyzers can be used to separate hydrogen from water or convert
CO:z into carbon neutral fuels, while fuel cells can be used to produce on-demand electricity with
zero local greenhouse gas emissions when fed hydrogen. Water management in fuel cells and
electrolyzers plays a strong role in determining the electrochemical performance and even
lifetimes of these devices, and for the most part, this topic has been focused on the porous carbon
gas diffusion layer or titanium porous transport layer. In this talk, I will discuss how our study of
water management has led us to take a deeper dive into the role of the membrane and ionomer
within the membrane electrode assembly of the fuel cell and electrolyzer. In particular, operando
imaging has been vital for examining various mechanisms, such as membrane hydration,
membrane thinning, and ionomer redistribution. Addressing these challenging mechanisms will be
paramount for developing the next generation of electrochemical energy conversion for
commercial adoption.
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Understanding Structure-Dynamics-Functionality Relationships towards
Developing Advanced Solid Polymer Electrolytes

Kento Kimura

Department of Applied Chemistry, Graduate School of Engineering, Tokyo University of Agriculture
and Technology, 2-24-16, Naka-cho, Koganei-shi, Tokyo 184-8588, Japan

kento-kimura@go.tuat.ac.jp

We have previously reported that solid polymer electrolytes (SPEs) based on specific aliphatic
polycarbonates, such as poly(ethylene carbonate) (PEC) and its derivatives, exhibit unique properties,
including high cationic transference numbers and an increase in ionic conductivity with increasing salt
concentration [1]. These trends, which significantly differ from those of conventional polyether
electrolytes, are attributed to their salt-aggregated internal structure as revealed by spectroscopic studies
[1b]. Raman spectroscopy and solid-state 'Li MAS NMR studies confirmed that in PEC-based
electrolytes, most anions exist as weakly interacting ion pairs or aggregates even in low-concentration
regions, while the materials maintain their homogeneity as films or rubbery solids.

To further elucidate and utilize the unusual behavior, it is essential to analyze the relationships
between structure, dynamics, and functionality. Our dielectric spectroscopy revealed that the mobility
of polymer segments in PEC/imide-type salt electrolytes is enhanced with increasing salt concentration,
in contrast to polyether (P(EO/PO)) electrolytes (Fig. 1) [2]. Since the coordination environment is less
constrained than in conventional electrolytes, the plasticizing effect of bulky imide-based anions
becomes dominant. A comparison of various salt species, such as LiTFSI and LiClO4, confirmed that
the excessive interaction between Li" and C104™ leads to the formation of more ion-insulating aggregates
[2]. These findings highlight that an optimized polymer-
cation-anion combination is critical for performance.

s T T T T T T T T T T T T

107 | b
W P(EO/PO)LITFSI

"
Rheological analysis also serves as a powerful technique to :gs i o et
link macroscopic mechanical properties to microscopic o 10° |

dynamics [3]. Preliminary results demonstrate that the effect 2107 |

of salt addition on the viscoelastic relaxation of polymer 10° ¢

chains varies significantly depending on the chemical 1‘;: T
structure of the polymer matrix. Furthermore, we have o

demonstrated that the highly aggregated ion structures in
concentrated polymer electrolytes enhance electrochemical
stability and prevent current collector corrosion [4]. Based on
these fundamental understandings, we have developed salt-
concentrated, crosslinked poly(carbonate/ether) electrolytes
that offer both high battery compatibility and adequate
mechanical stability [5,6]. The knowledge of structure-
dynamics-functionality relationships will serve as the
foundation for the development of advanced SPEs and solid-
state energy storage devices.
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Fig.1. Salt concentration dependence of
DC conductivity (opc) and a relaxation
frequency (f.) for P(EO/PO)/LiTFSI,
PEC/LiTFSI, and PEC/LiClOy4 at 40 °C.
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Chemical and Electrochemical Degradation of a PEO- and Styrene-based
Block Copolymer

Fabian Jeschull!, Celine Rdder!, Ulf-Christian Rauska', Iurii Panasenko!, Timofey Kolesnikov', Elmar
Kataev?, Anna Makarova?, Dominik Voll®, Patrick Théato?,

Karlsruhe Institute of Technology, Institute for Applied Materials — Energy Storage Syste,s (IAM-
ESS), Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leooldshafen, Germany
? Helmholtz-Zentrum Berlin fiir Materialien und Energie GmbH (HZB), 12489 Berlin, Germany
IKarlsruhe Institute of Technology, Institute for Chemical Technology and Polymer Chemistry (ITCP),
Engesserstrafse 18, 76131 Karlsruhe, Germany

fabian.jeschull@kit.edu

Block copolymer electrolytes (BPEs) based on styrene and PEO have shown improved chemical
stability at the reactive electrode interphases of lithium- [1] and potassium-ion [2] batteries. In order to
understand the origins of improvements, a combination of surface analytical techniques is required.
However, ex-situ analysis has a tendency to alter the surface during sample preparation (e.g. when
removing the electrolyte). Therefore, in-situ and operando techniques are a useful addition to acquire a
more comprehensive picture of the interface chemistry [3]. Operando hard X-ray photoelectron
spectroscopy (HAXPES) can be used to probe the surface layers of zero-access Ni|BPE|K,Fe[Fe(CN)e]
cells to track SEI formation at the early stages of potassium deposition. In complementary experiments
chemical degradation can be induced by the deposition of metallic potassium onto a polymer electrolyte
film [4].

In this presentation we will discuss the electrolyte degradation at the metallic potassium electrode
and nickel current collectors of zero excess BPE-based potassium batteries. In this context focus will be
placed on operando photoelectron spectroscopy studies using the extended capabilities of hard X-ray
radiation at the BESSY synchrotron facility in Berlin. Because of the complexity of the spectra, chemical
degradation studies were performed on the BPE electrolyte as well, which supports the analysis and
interpretation of the data, but also illustrates differences in the degradation patterns between both
processes (Figure 1). We will showcase how in operando techniques certain SEI components can be
singled out by their charging behavior, concentration changes of mobile species can be tracked by this
approach, and discuss the role of anion degradation in the early SEI formation stages.
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Figure 1. Changes at the BPE surface before and after potassium deposition
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Modelling ionic liquid (electrolyte) conductivity using symbolic regression

Isak Bengtsson' and Patrik Johansson'**

'Department of Physics, Chalmers University of Technology, SE-41296 Goteborg, SWEDEN
’Department of Chemistry — Angstrom, Uppsala University, SE-75237 Uppsala, SWEDEN
SALISTORE-ERI, FR CNRS 3104, Hub de | "Energie, 80039 Amiens, FRANCE

isak.bengtsson(@chalmers.se

The high thermal stabilities, wide electrochemical stability windows, and inherently good ionic
conductivities of ionic liquids (ILs) make them promising alternatives to conventional solvents in battery
electrolytes, which struggle with flammability, unwanted side reactions and even dissolution of
electroactive material [1]. However, many properties of IL-based electrolytes remain poorly understood,

particularly the underlying factors that govern ion transport.

As ILs constitute a vast chemical space, which could exceed 10'® unique compositions [2],
modelling, and especially machine learning (ML) approaches, offers an efficient and scalable route to
assess their properties [3]. Conventional ML methods, however, largely lack interpretability, as they
map (large data) inputs to predicted properties via high-dimensional parameterized matrix product. To
better understand ion transport in neat ILs, we have recently explored symbolic regression (SR), an ML
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Figure 1: Measured ionic conductivities (markers) and SR
model predictions (solid lines) for the ILs [Psss14][Hex]

(orange), [N222s][ TFSI] (light blue), [BMIM][PF¢] (green), and

[S221][TESI] (dark blue).

method that finds analytical equations [4].
By using a general equation derived from
free volume theory (FVT) as a template:

o= fxg,x5,...) g(xq, x5, ...

= R e (i i)

we let SR find expressions for £, g and 4,
making the models consistent with an ion-
hopping mechanism. Using molecular
descriptors as inputs, we considered over
300 ILs and found models capturing ionic
conductivity across wide temperature
ranges.

We are now extending our SR-
approach to IL-based battery electrolytes,
i.e. ILs doped with Li-, Na-, or K-salts. We
are especially interested in trying to model
the transport of the alkali cations, gaining

molecular insights in how to design IL-based electrolytes with high cation transport numbers. One
direction we are currently exploring is to combine SR with physics-informed neural networks (PINNs),
which could help us extend existing theoretical frameworks with novel insights.

References

[1] M. Watanabe, et al., Chem. Rev. 117 (2017) 7190-7239.
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[4] L. Bengtsson, P. Johansson, Phys. Chem. Chem. Phys. 28 (2026) 3841-3849.
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Investigating the Mechanism of Lithium-ion Transport and Conduction in
Organic Charge-transfer Composite Polymer Electrolytes

Nellie Bowen', Lingyu Yang?, Jennifer L. Schaefer?

'Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana, USA
’Department of Chemical and Biomolecular Engineering, University of Notre Dame, Notre Dame,
Indiana, US4

nbowen@nd.edu

Charge-transfer complexes (CTCs) have emerged as promising components in solid-state
electrolytes and have been utilized in electrolyte materials with high room temperature ionic
conductivities (2 x 10 S em™) [1]. However, their implementation has been limited by salt dissociation
via electrochemically unstable species such as water. Here, we report a charge-transfer composite
polymer electrolyte (CTPE) consisting of poly(ethylene oxide) (PEO), lithium
bis(trifluoromethanesulfonyl)imide ~ (LiTFSI), and the model CTC tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ), designed to enhance lithium-ion transport while maintaining
electrochemical stability. Temperature-dependent broadband dielectric  spectroscopy and
electrochemical impedance spectroscopy were used to probe ion transport and relaxation dynamics. The
CTPE exhibits high room-temperature ionic conductivity (order of 10 S cm™') along with signatures of
mixed ionic-electronic conduction. Despite negligible changes in T, (~-40 °C), the CTPE demonstrates
significantly enhanced ionic conductivity, indicating partial decoupling of ion transport from polymer
segmental dynamics. Fourier-transform infrared spectroscopy reveals increased lithium salt dissociation
in the presence of TTF-TCNQ relative to neat PEO-LiTFSI, supporting a mechanism in which the
charge-transfer complex alters the local coordination environment of lithium ions. These results
demonstrate that CTC incorporation provides a viable strategy for tuning ion transport pathways in
polymer electrolytes.

References
[1] Yang, L.; Schaefer, J. L. ACS Energy Lett, 8 (2023), 2426-2431.
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Owing their excellent energy density and improved safety, lithium solid-state batteries (LiSSBs)
are soon an alternative to conventional Li-ion batteries for electro-mobility. Despite their promise, the
mechanical behavior of solid-state batteries remains elusive, mainly due to their complex multilayer
architecture (Li metal anode, solid electrolyte (SE), composite cathode). In particular, failure
mechanisms of the SE under compression are still not well defined, even though they are tightly coupled
to performance degradation. Interfacial delamination directly compromises capacity [1], while
electrolyte microfracturing can trigger dendrite nucleation and growth, ultimately leading to internal
short circuits [2]. Furthermore, the effects of abuse loading (e.g., localized impacts) remain largely
unexplored, obscuring the mechanical interplay between layers and the limits of device performance.
Among relevant mechanical probes, indentation, by closely mimicking realistic loading scenarios,
emerges as a particularly powerful approach to resolve the sequence of failure within the cell [2].
Accordingly, tuning the layers’ properties at the cell level, under both operating and abuse conditions,
is essential to investigates on the electro-mechanical response of the SE [3]. In this work, we investigate
damage mechanisms in a hybrid halide SE based on Li;InCls and styrene-ethylene-butylene-styrene and
assembled in various configurations of LiSSB pouch cells (e.g., Li symmetric cells vs. full LiSSBs)
under mechanical indentation, using in situ 3D synchrotron imaging. Due to the large planar dimensions
of pouch cells (30 x 30 x 1.5 mm?) relative to their micrometric internal architecture, achieving sufficient
spatial resolution to capture microstructural evolution during loading remains highly challenging. To
address this, a laminography setup was implemented at the ESRF beamline ID19, coupled with a
custom-designed indentation device enabling controlled normal and abuse loading conditions, with a
voxel size of 1.3 um. During in situ experiments, mechanical (force) and electrochemical responses
(open-circuit voltage and impedance) were continuously monitored. An image analysis workflow was
developed to track the progressive radial and orthoradial crack propagation (see Fig. 1), and to quantify
strain fields up to the onset of a short circuit. This approach provides the first quantitative insights into
mechanical failure mechanisms in LiSSBs under both operating and abusive loading conditions. It
further demonstrates the capability of high-resolution in situ synchrotron laminography to probe coupled
structural, mechanical, and electrochemical phenomena in energy storage systems. By combining a
large field of view with reduced imaging artefacts compared to conventional tomography, this method
establishes a powerful framework for guiding the design of safer and more mechanically robust solid-
state batteries.
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Figure 1. Image analysis of symmetric and functional cell wih a focus on crack propagation in the electrolyte.
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Hydrodynamics at work: How transference numbers are governed by
distinct species volume fluxes

Simon Buyting'?, Caroline Mé&nich,' Monika Schénhoff'

!Institute of Physical Chemistry, University of Miinster, Corrensstrafie 28/30, 48149 Miinster,
Germany
’International Graduate School for Battery Chemistry, Characterization, Analysis, Recycling and
Application (BACCARA), University of Miinster, 48149, Wilhelm-Schickard-Str.8, 48149 Miinster,
Germany

schoenho@uni-muenster.de

The transference number T of the active ion, such as Li", is one of the key parameters for
describing the desired charge transport in an electrolyte. However, its commonly applied measurement
using electrochemical methods is complicated by the challenge of controling interfacial resistances.
Therefore, electrophoretic NMR (eNMR), which provides the drift velocities of the components of an
electrolyte in an electric field, has emerged as an alternative that can overcome such problems. In this
method, the transference number is directly calculated from experimentally determined ion mobilities.
[1,2]

This lecture highlights the influence of various electrolyte components on the overall transport
properties of an electrolyte. For example, in PEO-based salt-in-polymer electrolytes with different added
co-solvents, drift velocities and associated volume fluxes of polymer and co-solvent are quantified. A
strong influence of the volume of the co-solvent on Li ion transference numbers 7% can be attributed to
the fact that co-solvents exhibit a drift velocity in the electric field. The origin of this drift of neutral
species is the need to compensate the volume flux of large anions towards the anode. This observation
is in line with the relevance of the concept of volume conservation in concentrated electrolytes, as
recently highlighted.[3] Furtheron, in salt-in-PEO electrolytes it is found that smaller or no co-solvents
are beneficial in enhancing 7%, as in this case the chain drift velocity, and therefore the Li ion drift
velocity, is enhanced, increasing 7'.[4]

Further studies dealing with a variation of the type of anion in electrolytes consisting of Li salt
in PEO reveal that, due to an analogous mechanism, the volume flux of large anions can boost Li"
transference.[5] We discuss the general predominance of anticorrelations between the electrolyte
constituents, originating from volume conservation, as a governing concept which controls relative
fluxes of electrolyte components. Consequently, transference numbers can be optimized by taking the
species fluxes of all compoents and their interrelations into account. In conclusion, the experimental
determination of species-selective flux data is generating in-depth knowledge for optimization of
electrolyte compositions.

References:
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Toward Automated Molecular Simulation for Physical-Based
Screening of Polymer Electrolytes

Fangfang Chen®, Jhonatan Soto Puelles, Kewei Cai, Srechari Batni Ravindranath
Institute for Frontier Materials, Deakin University
221 Burwood Highway, Burwood, VIC 3125, Australia

*fangfang.chen@deakin.edu.au

Molecular simulation has become an increasingly powerful tool for understanding ion transport
mechanisms and guiding the design of advanced polymer electrolytes for next-generation
batteries. However, conventional molecular modelling workflows often require significant
manual intervention in model construction, input preparation, and simulation setup, limiting
their scalability for systematic materials exploration. The development of automated tools and
modular simulation workflows is therefore essential to accelerate electrolyte discovery and
enable effective physics-based computational screening.

In this work, we present our recent development toward automated molecular simulations of
polymer electrolytes and their interfaces. We introduce an automated polymer generator tool,
PolyBuilder, which constructs polymer simulation cells and generates molecular dynamics
input files with minimal manual intervention, enabling ready-to-run simulations through a
single command. Next, we develop modular workflows to investigate both bulk electrolyte
properties and electrolyte—electrode interfacial chemistry. These workflows streamline key
stages of molecular modelling, including structure preparation, system equilibration, and
transport property analysis.

We demonstrate the capability of these tools through rapid prediction of ion transport behaviour
and interfacial properties in polymer electrolyte systems. The integration of automated and
standardized simulation workflows establishes a foundation for large-scale, physics-informed
computational screening and the future development of Al-driven materials discovery
frameworks.



Ion conducting polymeric membranes for energy storage systems

Javier Carretero Gonzalez, Juan C. Martinez Lopez, Marta Santos Rodriguez, Cristina Alvarez Sancho

1Institute of Polymer Science and Technology, ICTP, CSIC, Spain
Jjearretero@ictp.csic.es

Ion exchange membranes (IEM) are key components of redox flow batteries (RFB). These
systems that act as separators between electrolyte compartments need to ensure high-ion conductivity
and selectivity while effectively minimizing crossover of the redox species. Because commercial
perfluorinated membranes, such as Nafion®, face low selectivity and high costs, compromising both
performance and economic feasibility would be needed. To overcome these limitations, current research
is directed towards the development of materials with low or zero fluorine content that provide excellent
balance and high-capacity retention rates in the battery [1]. In this communication we are going to show
a new family of Polymers of intrinsic microporosity (PIMs) that we have synthesized and characterized
[2]. Besides, they have been modified to adapt its structure to be used as selective membranes in redox
flow batteries.

PIMs with lithium selectivity
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Different reaction conditions have been used to study how the insertion of COOH groups into the
polymer affects the ion transport in aqueous media. FTIR, '"H/'*C-NMR, N,/CO, adsorption and ion
permeation have been done. Moreover, in-line crossover and ’Li/*>Cl diffusion NMR experiments have
been done in those membranes exhibiting optimum properties, followed by flow half-cell studies to
know the cyclability and capacity reached using Lis/sFe(CN)s as redox species and the PIM membrane
in aqueous media. A 65% modification of CN into COOH groups has been found to be the one with
enhanced ion permeability and preference for Li ion. Moreover, the electrochemical tests showed low
polarization, high-rate capability and capacity retention values of 99 % when cycled at 10 mA cm™ for
more than 50 cycles in a symmetric redox flow-cell. These materials can be potentially used as highly
selective and conducting membranes in redox flow batteries but also in separation processes and as a
protective interlayer in metal-ion batteries.

This research is supported by the Project TED2021-130372B-C43 funded by
MCIN/AEIL/10.13039/501100011033 and the European Union through the “NextGenerationEU”/PRTR
action.
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Solid Polymer Electrolyte (SPE), composed of a polymer matrix in which a Li salt is dissolved,
are promising candidates for safer lithium batteries due to their low flammability, good thermal stability
and absence of leakage compared to conventional liquid electrolytes used in the Li-ion technology. [1]
Additionally, their compatibility with lithium metal anodes makes them attractive for next generation
batteries with increased energy density. [2]

Conventional SPEs based on poly(ethylene oxide) (PEO) suffer from limited lithium-ion mobility
due to strong coordination of Li" within the polymer repeating units, as well as insufficient
electrochemical stability at high voltage. Typically, PEO-based electrolytes exhibit a lithium
transference number of around 0.2 and an electrochemical stability window below 4V, which restricts
their use to low-voltage cathode materials such as LFP in full-cell configurations. [3]

Single-ion polymer electrolytes (SIPEs) have emerged as an effective strategy to enhance the
lithium transference number by covalently grafting the anionic species onto the polymer backbone. This
approach suppresses anion mobility, thereby reducing cell polarization and limiting lithium dendrite
growth. [4] In parallel, amorphous polycarbonate matrices, especially poly(trimethylene carbonate),
have been explored as alternatives to PEO, offering improved oxidative stability (up to 5V vs Li*/Li)
and favorable lithium transport properties (Tvi+ =0.8).[5]

In this presentation, we report the synthesis of a novel carbonate-based SIPE obtained via a post-
polymerization functionalization strategy. In our approach, a functionalized carbonate copolymer is first
synthesized. The pendant functional groups introduced along the polymer backbone are then reacted
with a pre-synthesized functionalized lithium salt to form the SIPE. This strategy enables the covalent
grafting of anionic moieties in close proximity to the carbonate groups responsible for lithium-ion
transport. Such a molecular design is expected to promote efficient Li* conduction while avoiding phase
segregation and diffusion limitations.

The grafting rate can be tuned through the molar ratio of functionalized comonomer, although it
is also limited by the reactivity between the pendant functional groups and the lithium salt. Particular
attention is given to the influence of the grafting rate on the physicochemical and electrochemical
properties of the electrolyte. The performance of these materials is compared to that of conventional
polycarbonate-based electrolytes to assess the benefits of this strategy. By tuning the density of grafted
ionic groups, we investigate the trade-off between ionic density and segmental mobility, and its impact
on ionic conductivity and transport properties.
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The development of solid polymer electrolytes with simultaneously high ionic conductivity, mechanical
robustness, and damage tolerance remains a major challenge for next-generation electrochemical energy
storage systems. In this work, a new materials design strategy based on architecturally controlled mikto-
arm star polymers is introduced to create self-healing polymer electrolytes capable of autonomous recovery
of mechanical properties while maintaining efficient ion transport.

Mikto-arm star polymers composed of rigid poly(methyl methacrylate) (PMMA) and flexible poly(lauryl
methacrylate) (PLMA) arms were synthesized and shown to form densely packed, nanoparticle-like
assemblies exhibiting solid-like behavior and spontaneous recovery after yielding, without relying on
dynamic covalent bonds or supramolecular interactions. These self-healable nanoparticles were
subsequently used as multifunctional additives in fast-conducting low molecular weight PEO/LiTFSI
electrolytes in order to create mechanically reinforced yet conductive nanocomposite electrolytes.

Systematic variation of nanoparticle loading and arm composition revealed that the balance between hard—
soft architectural contrast and miscibility with the PEO phase governs the resulting morphology, segmental
dynamics, ionic conductivity, and recovery efficiency. SAXS/WAXS and DSC measurements indicate the
formation of semicontinuous nanostructures in which the PEO-rich phase provides ion-transport pathways,
while the mikto-arm nanoparticles form a percolated, reversible load-bearing network. Remarkably,
complete autonomous recovery of mechanical properties is achieved at high nanoparticle concentrations,
demonstrating that self-healing in these systems arises from reversible particle—particle interactions rather
than polymer chain diffusion.

These results establish mikto-arm star nanoparticles as a versatile platform for the design of self-healing

solid polymer electrolytes and highlight molecular architecture as a key parameter for future energy-storage
materials.
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Solid-state batteries (SSBs) using lithium metal anodes represent a transformative advancement
in energy storage technology. They overcome the limitation of liquid electrolytes by offering higher
energy density, enhanced safety, longer cycle life and a wide operational temperature range. Having all
of these advantages, the quest for superior solid-state electrolytes (SSEs) has been ongoing for decades.
Among SSEs, solid polymer electrolytes (SPEs) have gained popularity due to their excellent
processability, low mass density and thickness required. However, designing a SPE that combines high
ionic conductivity, a wide electrochemical stability window (ESW), a high transference number, good
interface compatibility, and a high dielectric constant along with superior mechanical and thermal
properties remains a significant challenge.

The classic poly(ethylene oxide) (PEO)-based Li electrolytes exhibit low transition temperature
(Tg) and good ionic conductivities above the PEO melting point. However, their ESW is below 4.0 V
vs. Li"/Li, making them unsuitable for the high-voltage cathode materials in the next generation high
energy batteries. In contrast, aliphatic polycarbonates have emerged as promising ion-conductive
matrices, potentially achieving a high Li" transference number (= 0.6 — 0.8) and an ESW of up to 5V.
Poly(ethylene carbonate) electrolytes with short ethylene oxide side chains have demonstrated that
longer side chains improve ionic conductivity [1]. Additionally, copolymer electrolytes based on
random copolymers of ethylene carbonate (EC) and ethylene oxide (EO) with varying EC/EO ratios
exhibited higher conductivity and lower T, compared to the EC homopolymer system [2]. Incorporating
EO units into the main chains of polycarbonates also enhanced ionic conductivity, making them suitable
for ambient temperature batteries [3]. Interpenetrating blends of amorphous PEO and poly(trimethylene
carbonate) (PTMC) matrices doped with LiTFSI have shown significant improvement in ionic
conductivity [4].

In this study, block copolymers composed of PEO and poly( trimethylene carbonate derivatives)
with varying EO/carbonate ratios were synthesized via ring-opening polymerization (Figure 1). The
influence of the EO/carbonate ratios and the nature of the TMC derivatives on the physicochemical and
electrochemical properties of the resulting electrolytes were systematically investigated.
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Figure 1. Ring-opening polymerization of trimethyleen carbonate derivatives using PEO as initiator.
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Compared with conventional Li-ion batteries, lithium metal batteries offer substantially higher
energy density and specific energy. However, safety and stability concerns associated with commercial
liquid electrolytes continue to impede their widespread deployment. Solid-state electrolytes, including
polymer electrolytes, provide a safer alternative, but their relatively low ionic conductivity limits
electrochemical performance, particularly with respect to operating temperature, C-rate capability, and
achievable cathode areal loading. As a result, the practical applicability of fully solid-state battery
technologies remains under debate [1].

In this contribution, we report several strategies that we have explored to enable practical,
scalable, high-energy lithium metal batteries employing Ni-rich layered oxide cathodes for automotive
applications. Separator-supported hybrid solid electrolytes, plasticized with PEGDME, delivered a
specific energy of up to 358 Wh kg™!, exceeding that of state-of-the-art Li-ion batteries, albeit at an
operating temperature of 60 °C and at low C-rate of C/20 [2,3]. Transitioning to gel polymer electrolytes
(GPEs) plasticized with ethylene carbonate significantly enhanced ionic conductivity, enabling room-
temperature operation (25 °C) and higher C-rate capability. Also in this case, electrolyte support on a
microporous separator was essential to sustain cycling at high areal capacities of 2.5 mAh cm™ [4].
Nevertheless, the scalability of separator-supported GPEs proved challenging and poorly compatible
with existing coating lines.

Considering these limitations, we eventually shifted our attention to in-situ polymerized gel
polymer electrolytes, which are readily scalable and compatible with current battery manufacturing
lines. By combining the in-situ polymerization approach with the localized high concentration
electrolyte concept, we demonstrate promising performance, with nearly 200 stable cycles at room
temperature and a C-rate of C/3 in NMC-811||Li cells operating at an areal capacity of 3 mAh cm™.

In summary, our results suggest that achieving practical high-energy lithium metal batteries for
automotive application, with competitive performance, will require moving beyond fully solid polymer
electrolytes. Semi-solid electrolyte systems represent an effective pathway to combining safety,
performance, and scalability, offering a realistic route to liquid-electrolyte-like performance while
preserving manufacturing compatibility.
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Solid polymer electrolytes (SPEs) are a compelling material for high-energy lithium metal
batteries. Compared to conventional liquid electrolytes, SPEs offer improved safety, sustainability and
cost, in addition to the ability to suppress lithium dendrite growth. Furthermore, polymer-based
electrolytes exhibit superior mechanical properties to inorganic solid-state electrolytes to enable good
interfacial contact and withstand strain. Pairing a lithium metal anode with a high-voltage cathode
promises a high energy density battery, but to date development has focused most significantly on
lithium nickel manganese cobalt oxide (NMC) and less progress has been made on the use of lithium
nickel manganese oxide (LiNipsMn;sO4; LNMO) cathodes, free of environmentally and ethically
harmful cobalt. However, the oxidative stability of many polymers has limited their application and few
suitable materials have been reported to enable cycling above 5 V vs Li/Li*. Commonly utilized
polyethylene oxide (PEO) is well understood to be unstable at high voltages, and so far only few PVdF-
based electrolytes have demonstrated cycling with LNMO,!l the majority of which have been
implemented as gel electrolytes.””) Consequently, it is highly relevant to explore further polymer
electrolyte materials in fully solid-state systems and to characterize the challenging hidden electrode —
electrolyte interface to understand their stability with LNMO.

Polycaprolactone (PCL), a biodegradable polyester, is a promising material for application with
LNMO due to its high oxidative stability (up to 5.4 V vs Li/Li* with LiTFSI)"® and low glass transition
temperature (~ - 60 °C). Here, PCL-based SPEs and composite polymer electrolytes (CPEs) were studied
in full cell LNMO — Li metal batteries and have successfully achieved charging to > 5 V. However,
significant instability identified in subsequent cycling has motivated a detailed investigation of the
system’s interfaces. With focus on the cathode — electrolyte interphase, a combination of
electrochemical, spectroscopy, and microscopy techniques has been employed to evaluate battery
performance and to probe the buried interface. In particular, a relatively straight-forward sample
preparation method was developed to enable lab-scale and synchrotron characterization of the polymer
- LNMO interface by X-ray photoelectron spectroscopy (XPS) and hard X-ray photoelectron
spectroscopy (HAXPES) to different depths within the interfacial region.
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The European SEATBELT project[1] aims to develop a solid-state electrolyte, moving from a polymer
electrolyte to a new configuration of hybrid electrolyte. One critical issue using a solid-state electrolyte
is the contact failure with the anode interface which can have a significant impact of the electrochemical
Coulombic efficiency and on the mechanical stability of the battery[2]. Therefore, mechanical studies
of this interface are key to having a better understanding of the interface properties and to link the
mechanical behaviour with physico-chemical characterisations.

A methodology has been recently developed to do so*. It consists of a 180° peel test[3] enabling the
quantification of the mechanical adhesion level between a lithium electrode and a solid polymer
electrolyte based on poly(ethylene oxide) (PEO-LiTFSI) through the determination of a critical peeling
force. It was found that the annealing time at 80 °C under a 1 bar pressure affected the interfacial
adhesion properties, highlighting two adhesive regimes before and after 6 h of annealing as presented
in Figure 1. To understand the origin of this variation, there is a need to use other characterization
methods. Firstly, X-ray photoelectron spectroscopy (XPS) was used to analyze the lithium metal anode
surface and detect (or not) presence of PEO-LiTFSI. Then, scanning electron microscopy (SEM) was
used to visualize any evolution of the materials morphologies after peel tests. This revealed the
replication of the lithium grain boundaries on the PEO-based electrolyte surface and how they could be
the location of the physico-chemical reactions inducing a better adhesion[4]. Variations in peel strength
as a function of annealing time are also linked with the anode/electrolyte interface resistance as
determined by electrochemical impedance spectroscopy (EIS). Two regimes were also observed before
and after 6 h annealing time which can be link to the development of the passivation layer at the
interface[5]. This peel test methodology is therefore a reliable and robust tool for characterizing
interfaces and their evolution over time under different parameters.

The aim of this study is to revisit this recent methodology to characterize new materials such as a lithium
indium chlorine (LizInClg) inorganic dispersed in an organic polyethylene (PE) matrix, forming thus a
hybrid LIC-PE electrolyte material. Its intrinsic properties are firstly characterized (tensile properties,
topography by confocal microscopy, ...). Then the same annealing parameters (80°C under a 1 bar
pressure) were applied on LIC-PE and Li-metal which led to peel tests with very different results from
PEO-LiTFSI polymer electrolyte.
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All-solid-state polymer electrolytes (ASSPEs) have attracted considerable interest from both
academic and industrial settings due to their remarkable flexibility, excellent processability and
enhanced safety.! However, the widespread application of conventional lithium
bis(trifluoromethanesulfonyl)imide/poly(ethylene oxide) (LiTFSI/PEO)-based ASSPEs is limited by
sluggish Li" transport kinetics and insufficient anodic stability.!"! In this presentation, we introduce an
asymmetric cyano-functionalized lithium salt, lithium cyano(trifluoromethanesulfonyl)imide
(LiCTFSI), which effectively modulates the Li" solvation structure and interfacial chemistry to enable
rapid Li" conduction and enhance compatibility between PEO and high-voltage cathodes. The
incorporation of cyano groups in the anion not only weakens the Li*~EO interaction and promotes Li'—
anion coordination, establishing a coupled Li'—anion transport pathway, but also suppresses the
catalytical decomposition of PEO matrices by aggressive cathode materials. Furthermore, the reinforced
Li'—anion solvation structure promotes the formation of compact and conductive solid electrolyte
interphase enriched with LiF and Li3N, significantly improving interfacial stability and cell performance.
The Li/LiCoO; cells with LiCTFSI-based ASSPEs without any fillers/plasticizers could operate >100
cycles with >80% capacity retention under high-voltage of 4.3 V vs. Li/Li" (Figure 1). This work opens
up a new avenue to simultaneously achieve fast Li" transport and excellent compatibility of PEO-based
ASSPEs with high-voltage cathodes.
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Figure 1. Schematic illustration of the roles of (a) LiTFSI and (b) LiCTFSI. (¢) Structure of lithium salts and the
corresponding digital images of the membranes. (d) Summary of the Li* and anion diffusion coefficients
obtained from PFG-NMR. (e) Long-term cycling performance of the LCO/Li cells.
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Strong demand for consumer electronics and electric vehicles has propelled the development of
high-energy-density lithium batteries operating at high voltages. However, increasing the operating
voltage accelerates capacity fading and exacerbates safety risks in lithium batteries using conventional
liquid electrolytes. To tackle these challenges, the development of functional polymer electrolytes
represents one of the most effective strategies. Recently, we have fabricated a series of in-situ formed
functional polymer electrolytes [-*), which significantly enhance both the electrochemical performance
and thermal safety of high-voltage lithium-ion batteries. For instance, we first developed thermal-
shutdown type in-situ polymerized electrolytes based on the nucleophilic addition between carbamate
and isocyanate groups, or the re-polymerization of residual acrylate moieties within the polymer matrix
under thermal abuse conditions (Figure la—b). In 4.3 and 4.4 V-class LiCoO, cathode-based full
batteries, the as-developed electrolyte can deliver superior long-term cycling stability compared with
liquid electrolytes (Figure 1c), owing to the formation of more compatible electrode/electrolyte
interphases. Furthermore, improved battery thermal safety is achieved through the thermally induced
crosslinking reaction of the polymer matrix, which effectively suppresses electrode—anode chemical
crosstalk and enables battery thermal shutdown under thermal abuse (Figure 1d).
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Figure 1. (a) Nucleophilic addition of carbamate to isocyanate units in PCUIA; (b) Re-polymerization of residue
acrylate motifs in PMA; (¢) Capacity retentions of LiCoQO»/graphite full-cells (cathode active mass loading of 15.7
mg cm2) employing LiPF¢/EC-DMC liquid electrolyte and smart PMA-PE after 500 cycles at 0.5 C under 30 °C.
(d) Electrode-anode crosstalk suppression and battery thermal shutdown behaviors under thermal abuse.
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Li-SOCI, secondary batteries are promising energy storage systems due to their
exceptional energy density and robust safety performance under wide-range temperatures.
However, their practical application is hindered by the crosstalk of cathode-derived species and
electrolyte volatility, which leads to rapid anode deterioration, poor reversibility, and limited
cell life. To address these issues, we present an in situ formed quasi-solid-state gel electrolyte
mediated through lithium bond (Li-bond), which effectively suppresses the detrimental
crosstalk and electrolyte volatilization. This design is achieved through the limited dissociation
of fluorinated lithium salts in SOCl,, where the highly polarized additives promote the self-
assembly Li-bonding networks. Built upon the solvated chain-like structure of the conventional
LiAIC14-SOCIl;, electrolyte, the Li-bonding promotes the formation of a stable lithio-gel
electrolyte (LGE). Electrochemical tests demonstrate that the LGE mitigates the detrimental
byproducts on Li deposits through restraining the crosstalk of cathode-derived species and
significantly extends cycle life of limited Li anode (100um) at high areal capacities, maintaining
a high areal capacity of 6 mAhcm™ at a current density of 5mA cm™? for 60 cycles, and
achieving an active material capacity utilization of over 80% with 3000 mAh g! capacity for
80 stable cycles, which further enhanced the practicality (minimize Li anode excess). Then we
discover a polymer that can sustain the strong Lewis acidity of SOCI, based systems. This
polymer based SOCl; system can improve the reversibility of plating/stripping performance on
anode side and reduce the polarization of cathode reaction at the same time.
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Figure 1. Schematic illustration of Lithio-gel-electrolyte.
References
[1]. G. Chen, X. Liu, H. Hou, X. Gao, L. Hu, S. Dong, G. Cui, Sci. Bull.,70 (2025) 140-143.

[2]. G. Chen, W. Li, X. Du, C. Wang, X. Qu, X. Gao, S. Dong, G. Cui, L. Chen, J. Am. Chem. Soc.
145 (2023) 22158—-22167.

33



Rapid Synthesis of Hybrid Li;InCls Halide Electrolytes: An Operando
WAXS/EIS Study of Phase Formation

Poongodi Avyanusamy', Karol Vegso“, Erik Simon®?, Irune I/z'llaluenga4'5, Didier Devaux®, Peter
Siffalovic’?*

Presenting. Author: poongodi.ayyanusamy(@savba.sk

"nstitute of Physics, Slovak Academy of Sciences, Dubravska cesta 9, 84511 Bratislava, Slovakia

?Centre for Advanced Materials Application SAS (CEMEA), Slovak Academy of Sciences, Dubravska
cesta 5807/9, 84511 Bratislava, Slovakia

3Institute of Materials and Machine Mechanics, Slovak Academy of Sciences, Dubravska cesta 9,
Bratislava, 84513 Slovakia

‘POLYMAT, Applied Chemistry Department, Faculty of Chemistry, University of the Basque Country
UPV/EHU, 20018 Donostia - San Sebastian, Spain

SIKERBASQUE Basque Foundation for Science 48013 Bilbao, Spain
Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, Grenoble INP, LEPMI, 38000 Grenoble, France

Halide solid-state electrolytes have emerged as promising candidates for next-generation all-solid-state
lithium batteries due to their high ionic conductivity, oxidation stability, and simple synthesis routes[1,2].
However, the fundamental mechanisms governing the precursor transformation into the final functional
phases are still not well understood, and rapid, scalable synthesis strategies are highly desirable. In this
work, we present an operando investigation of the in-situ synthesis and rapid formation of LizInCls (LIC)
and a hybrid LIC electrolyte incorporating linear low-density polyethylene (LLDPE) as a function of
temperature. A laboratory-based high-energy wide-angle X-ray scattering (WAXS) setup was developed
and integrated with electrochemical impedance spectroscopy (EIS) and pressure monitoring, enabling
simultaneous structural, electrochemical, and mechanical characterization during synthesis. Real-time
measurements reveal direct conversion of precursors to phase-pure LIC within one hour, with ionic
conductivity reaching 3.72 mS/cm for LIC and 0.76 mS/cm for the hybrid LIC at room temperature.
Furthermore, this work demonstrates that polymer integration can simultaneously enhance mechanical
properties while maintaining high conductivity, establishing operando WAXS/EIS as a powerful approach
for accelerating the development and scalable manufacturing of solid-state battery materials.
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The increasing demand for high-energy-density storage systems has accelerated research on lithium
metal batteries (LMBs) coupled with high-voltage cathodes such as LMNO and LMFP. However, the
practical implementation of these systems remains impeded from one side by the high reactivity of
metallic lithium leading to uncontrolled dendrite growth, and to the other side from the limited oxidative
stability of most common electrolytes. Two possible answers to these challenges are the use of a polymer
based electrolyte to mechanically limit dendrite nucleation and growth and the addition of an ionic liquid
to enhance the ionic conductivity and the interfacial contact, while taking advantage of the intrinsically
high oxidative stability and low vapor pressure. Hence, we report a novel gel polymer electrolyte (GPE)
synthesized via in situ UV-induced radical photopolymerization of butyl methacrylate (BMA) and
poly(ethylene glycol) diacrylate (PEGDA) matrix incorporating the ionic liquid 1-ethyl-3-
methylimidazolium bis(fluorosulfonyl)imide (EMIMFSI) and lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI). Electrochemical characterization demonstrates that the
optimized GPE exhibits an electrochemical stability window exceeding 4.5 V vs. Li/Li*, rendering it
suitable for high-voltage operation. The GPE shows enhanced interfacial stability, slightly higher ionic
conductivity compared to the neat ionic liquid electrolyte, and effective suppression of lithium dendrite
growth during prolonged plating/stripping tests. Li/GPE/LMFP full cells deliver an initial discharge
capacity of 120 mAh g with a Coulombic efficiency of 90% over 50 cycles, and retain a capacity of
100 mAh g after 100 cycles. These results highlight the potential of ionogel-based electrolytes as safe
and stable candidates for next-generation lithium metal batteries.
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Solid polymer electrolytes (SPEs), composed of lithium salts dispersed in a polymer matrix, have
attracted considerable attention for lithium metal batteries due to their enhanced safety, mechanical
flexibility, and ability to suppress dendrite formation compared to conventional liquid electrolytes.
Conventional fabrication of SPE membranes relies on solution casting and solvent evaporation, which
can leave residual solvent traces that negatively affect electrolyte structure and ionic conductivity, while
also increasing processing time, energy consumption, and environmental impact. To overcome these
limitations, solvent-free dry processing methods have gained interest. In particular, melt compounding
offers a scalable route to produce SPEs without solvents, reducing environmental impact and
simplifying manufacturing process.

In this work, we directly compare wet (solution-cast) and dry (melt-compounded) SPEs to assess how
the fabrication route influences their physicochemical and electrochemical properties. Two systems are
investigated: a conventional PEO-based composite electrolyte and a single-ion hybrid polymer
electrolyte based on PMTFSILI. All electrochemical and physicochemical tests were performed on both
electrolytes and both processing methods.

Li|SPE|Li pouch cells were assembled and cycled at 60 °C to assess interfacial stability and lithium
plating/stripping behaviour. lonic conductivity was measured over a temperature range of 20—80 °C
under heating—cooling cycles to evaluate bulk ion transport properties, and the lithium transference
number was determined at 60 °C. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were
conducted at 60 °C to determine the electrochemical stability window. Preliminary results indicate that
wet- and dry-processed PEO-based electrolytes exhibit comparable electrochemical performance.
Complementary physicochemical characterization was carried out using X-ray photoelectron
spectroscopy (XPS) to probe interfacial chemistry and differential scanning calorimetry (DSC) to
investigate thermal properties and polymer structure, and optical microscopy to assess film morphology
and interfacial uniformity.

These results reveal how wet and dry processing distinctly affect polymer electrolyte performance,
highlighting the importance of fabrication choice for optimizing ion transport, interfacial stability, and
overall suitability of SPEs in solid-state lithium batteries.
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Anion exchange membranes (AEMs) are core components of electrochemical energy conversion devices,
such as water electrolyzers and fuel cells [1, 2]. Achieving both high hydroxide ion conductivity and sufficient
alkaline stability simultaneously remains a central challenge in AEM material design. The performance of AEMs
is strongly influenced not only by the polymer backbone but also by the chemical structures of the ion exchange
groups (IEGs), which are the structural units that directly govern OH™ transport properties and chemical
degradation pathways. Our previously reported machine learning (ML) approach for AEMs represented full
polymer structures as molecular descriptor vectors for data-driven property prediction [3]. However, such
representations, which are based on global molecular descriptors, struggle to capture the local physicochemical
properties of IEGs that are most relevant to conductivity and degradation behavior. The present study adopts a
localized perspective by extracting substructures around ion exchange groups (sIEGs) as the analytical units (Fig.
1). A database of 50 anion conductive polymers was constructed from 28 literature sources. Hydroxide ion
conductivity (o) and alkaline stability (Tc10: the elapsed time for conductivity to decrease to 90% of its initial
value during accelerated alkaline stability testing) were treated as binary classification targets using median
thresholds (6 > 0.0765 S ecm™; Tcl0 > 558.5 h), yielding 25 samples in each class. Two types of descriptor sets
were computed for each SIEG: structural descriptors (9 features) calculated using RDKit, and
electronic/thermodynamic descriptors (10 features) derived from Gaussian quantum chemical calculations,
including HOMO/LUMO energies, HOMO-LUMO gap, Gibbs free energy, dipole moment, and logP. To the best
of our knowledge, this is the first ML study on AEMs to explicitly incorporate quantum chemically computed
electronic descriptors of sIEGs as model features. A Random Forest classifier with stratified 3-fold cross-
validation and SHAP analysis was applied to both targets. SHAP analysis revealed that the HOMO-LUMO gap
and the sIEG weight fraction (molecular weight of the sIEG unit / equivalent weight) are the dominant features for
both targets. Alkaline stability showed higher classification performance than conductivity, suggesting that
degradation resistance is more directly encoded in the electronic structure of sIEGs. A larger HOMO-LUMO gap
was consistently associated with higher alkaline stability, providing a quantitative link between electronic structure
and chemical durability. Conversely, conductivity was found to be governed by a combination of polarity-related
descriptors and structural density, suggesting a more complex interplay of factors. These findings offer a physically
interpretable pre-screening framework for rational sIEG design prior to synthesis, thereby accelerating the
development of high-performance AEMs for hydrogen energy applications.
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Figure 1. Schematic overview of the proposed framework: sIEG extraction, descriptor calculation
(structural and electronic), machine learning-based classification, and property prediction.
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Binder-free organic electrodes are attractive for next-generation batteries because they eliminate
inactive components, reduce interfacial resistance, and enable efficient utilization of redox-active
frameworks. However, their performance is often limited by poor control over deposition kinetics and
the resulting ion-transport pathways within the active layer. Here, we establish a direct correlation
between nucleation/growth dynamics, mesoscale morphology, and electrochemical transport in pyrene-
derived interfaces fabricated via intramolecular electrochemical oxidative cyclodehydrogenation (i
EoC), benchmarking cyclic voltammetry, chronoamperometry, and pulse reverse electrodeposition
(PRE). Conventional deposition yields either compact films with limited electrochemical accessibility
or overgrown dense layers with severely hindered ionic mobility, whereas PRE—by alternating anodic
and cathodic polarization—enables dynamic interfacial reorganization and controlled nucleation to
build continuous, electrically connected, porous oligopyrene networks directly anchored to the current
collector. The optimized PRE condition (pPy 90) exhibits a favourable balance between
electrochemically active surface area (0.45 cm2) and apparent ion diffusion (2.01x10¢ ¢cm?/s), lowered
charge-transfer resistance, and robust interfacial stability upon extended cycling, demonstrating that
performance gains arise primarily from morphological/transport optimization rather than increased
molecular weight. These findings establish pulse reverse synthesis as a scalable strategy to engineer
binder-free organic battery electrodes with tailored tortuosity and ionic accessibility, offering a clear
design route for sodium-ion batteries where larger Na* requires open, low-tortuosity architectures for
high-rate capability and stable cycling.
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Figure: A schematic for nucleation and growth of a binder-free organic electrode with a morphological view.
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Anion Exchange Membrane Water Electolyzers (AEM-WE) can be operated using abundant non-PGM
(Platinum Group Metals) catalysts.’® This represents both an economic and scalability advantage
compared to proton exchange membrane (PEM) WE, which strongly rely on rare precious metals like
iridium and platinum."3 Anion exchange polymers serve as both the solid-electrolyte membrane and the
ionomer binder in the electrodes. Although very similar, the requirement of Anion Exchange lonomers
(AEls) slightly differ from AEM when it comes to gas permeability and film forming properties (Table 1).

Property/requirement Binder Membrane Table 1 comparison of the
Anion conductivity ++ +++ properties required in
OH- stability +++ +++ electrode binders and anion
Gas permeability +++ === exchange membranes.
Radical resistance ++ --

Film-forming properties - +++

Mechanical properties + +++

In this study, we present the strategy of using ladder polymers for the synthesis of intrinsically porous
AEI for AEM-WE applications (Figure 1). Ladder polymers have been synthesized via Catalytic Arene-
Norbornene Annulation (CANAL) polymerization and have been shown to have high rigidity and gas
permeability.# Quaternization reaction of amine groups using various reagents is a key step in yielding
polymer electrolytes.
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Figure 1. Synthesis of intrinsically porous CANAL-Ionomers.
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In this work, we investigated the effect of nanoparticle incorporation on the morphology and
ion transport in solid electrolytes based on block copolymers. This understanding is key to developing
potential SPE materials that are both mechanically robust and exhibit improved ion-transport properties.
Thus, the selective placement of lithium sulfonamide functionalized polymer nanoparticles (LiNPs) into
a microphase-separated block copolymer, poly(vinyl benzyl methoxy poly(ethylene oxide) ether)-block-
polystyrene, is investigated here. Different characterization techniques, i.e., transmission electron
microscopy (TEM), atomic force microscopy (AFM), and small-angle X-ray scattering (SAXS), showed
that the block copolymer morphology is lamellar and is maintained after nanoparticle incorporation. The
LiNPs localize selectively within the poly(ethylene oxide) lamellae, leading to complex hierarchical
materials, aided by the self-assembly of the block copolymer, the selective ordering of the nanoparticles,
and the crystallization of the poly(ethylene oxide). Differential scanning calorimetry (DSC) revealed
changes in the crystallinity of the poly(ethylene oxide)- type phase upon addition of nanoparticles and
a sulfolane plasticizer. The hierarchical materials exhibited different ionic conductivities depending on
nanoparticle content, which could be further improved by adding a plasticizer.
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Figure 1 Schematic representation of the selective ordering of the LiNPs within the block copolymer along with
TEM micrographs.
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Solid polymer electrolytes have attracted considerable attention as
promising electrolytes for next-generation lithium secondary
batteries because of their superior safety and mechanical stability — { ) C\)\ N_ /C/)
compared with conventional organic liquid electrolytes. However, N+ _S7 S
their low ionic conductivity at room temperature remains a major < \n_F w u°F
obstacle to practical application. In recent years, ionic plastic crystals o O
(IPCs) have been considered promising solid electrolyte materials [P22][FSA]
because they possess high molecular mobility despite being in the
solid state and can exhibit relatively high ionic conductivity when  Fig. 1 Chemical structure
combined with lithium salts. Among them, N,N-diethylpyrrolidinium of [P22][FSA].
bis(fluorosulfonyl)amide ([P22][FSA]) is known as a pyrrolidinium-
based ionic plastic crystal, and it has been reported to exhibit a plastic
crystal phase over a wide temperature range.' n

In this study, we aimed to improve the ionic transport properties

of solid polymer electrolytes by introducing the pyrrolidinium-based % o
ionic plastic crystal [P22][FSA]. For this purpose, composite 0
polymer electrolytes were prepared by mixing polyDOMA,* LiFSA, O%

and [P22][FSA] at various compositions, and the effect of the o

[P22][FSA] content on ionic conduction behavior was investigated. . .

. .. Fig. 2 Chemical structure

Composite polymer electrolytes were prepared by mixing of polyDOMA
polyDOMA, LiFSA, and [P22][FSA]. The polyDOMA/LiFSA '

mixtures are denoted as SPEx, where x indicates LiFSA Temperature / °C
concentration (mol% to the repeating unit). The 120100 80 60 40 20 0 20  —40
polyDOMA/LiFSA/[P22][FSA] mixtures are denoted R L L s s p
as SPEx/P22y, where y indicates the weight ratio (wt%) -l e e
of [P22][FSA] to the polyDOMA/LiFSA mixtures. 2} I etreiesrin
Their ionic conductivity was evaluated over a wide —7—SPESO
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temperature range by AC impedance spectroscopy.
Based on the obtained Arrhenius plots, the effect of the
[P22][FSA] content on ionic conduction behavior was
compared.

In the SPEx, although the ionic conductivity increased
with increasing LiFSA content, the ionic conductivity
values around room temperature remained low. In
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contrast, the incorporation of [P22][FSA] greatly or 3
improved the ionic conductivity. The samples B e S
containing 70 wt% [P22][FSA] showed the highest 26 28 30 83 34 20 38 404

ionic conductivity over a wide temperature range, Fig. 3 Arrhenius plots of ionic conductivities

indicating that there is an optimal [P22][FSA] content. ¢ ™ opE and SPE /[P22][FSA] composite
electrolytes.
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Lithium-ion batteries currently dominate the modern battery applications. These batteries contain highly
flammable organic liquid electrolytes which give rise to safety concerns [1]. The current efforts to pivot
towards all-solid-state batteries are partly to address this challenge. All-solid-state lithium batteries also
open up the possibility of using the lithium metal anode and high voltage cathodes, to significantly
increase the energy density [2]. Solid polymer electrolytes (SPEs) are promising candidates for all-solid-
state batteries. However, their full-scale implementation has not been realized because of issues which
include early cycling failure and poor cyclability. These issues are mostly attributed to dendrite
formation and electrolyte oxidation [3],[4]. One technique that can make a good assessment of this
attribution is computed tomography (CT). CT enables non-invasive and non-destructive visualisation of
the internal structure of objects [5], making it an attractive technique to explore the morphology and
microstructure of battery components without the challenges associated with ex-situ measurements. In
our work, we develop and demonstrate a methodology for controlled-temperature operando X-ray
microtomography for solid polymer electrolyte-based all-solid-state lithium batteries. We performed
operando 4D imaging of a Li -NMC cell with a PEO/LiTFSI electrolyte at an elevated temperature of
60 °C. We show the surface evolution of the lithium anode and track the changes in the electrolyte
thickness, to demonstrate the applicability of the methodology. Figure 1 shows 2D cross-sectional slices
of the cell before and after cycling, showing notable changes even to the naked eye.

s R ey

' Bubble

Growing Li

Figure 1. 2D vertical slices of tomograms for a lithium SSB: (A) before cycling, and (B) after cycling.
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Poly(ionic liquid)s (polyILs) combined with high concentrations of alkali metal salts represent a
promising class of solvent-free solid polymer electrolytes for next-generation lithium (Li) and sodium
(Na) metal batteries. This contribution presents our recent integrated computational-experimental
efforts to understand and optimize ion transport in polylLs-in-salt systems based on
poly(diallyldimethylammonium) (PDADMA) and its structural analogues, combined with a range of
sulfonylimide-type and other counter-anions. '

Through molecular dynamics (MD) simulations and density functional theory (DFT) calculations, we
identified a co-coordination environment in which anions bridge the polycation backbone and the metal
cation, facilitating the decoupling of Li* diffusion from polymer segmental dynamics (Fig. 1).* These
findings suggest that appropriate control of the ion—ion interactions within the co-coordination
environment is key to further promoting decoupled ion transport and, ultimately, achieving higher ionic
conductivity. PolylLs offer an ideal platform for such systematic tuning owing to the inherent
modularity of their monomer and anion chemistry. We have previously shown that replacing one methyl
substituent on the PDADMA nitrogen center with methoxyethyl, butyl, or isobutyl groups modulates
the polycation—anion binding energy and, in turn, alters Li* diffusivity.® It should be noted, however,
that the observed changes in diffusion are not governed solely by ion—ion interactions but are also closely
linked to shifts in the glass transition temperature (7,) of the neat polymer and to variations in the local
coordination structure around the metal cation, which remain to be elucidated.

In this work, we extend our exploration to several new polycation architectures such as poly(diallyl-
N,N-dimethylformamidinium), which features a resonance-stabilized cationic center designed to
weaken polycation—anion interactions and discuss the implications for rational molecular design of
polylL-in-salt electrolytes with enhanced ion transport.
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Fig. 1 Overview of the design strategy for polylLs-in-salt electrolytes toward enhanced ion transport.
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Aiming to combine the strengths of both liquid and solid-state lithium-based electrolytes, semi-solid
electrolytes (SeSEs) have recently gained popularity [1,2]. Within the various SeSEs, molten salt
electrolytes (MSEs) are promising due to their, in principle, compatibility with high-voltage cathodes,
such as NMC811, and intrinsic non-flammability, as there are no solvent or other organic components
present. While originally only high-temperature applications were targeted [3], several adaptations
towards ambient temperature applications have been made by mixing lithium salts with varying anion
or cation to form eutectic compositions. Mixtures with varying cations are more common [3,4], whilst
approaches considering a variation in the anion are much scarcer with no systematic study being
reported. A fully lithium-based, binary MSE was though designed by Y. Ito et al. [5] and successfully
employed in a graphite-lithium cell at 80 °C.

Here, a systematic screening of binary MSEs is presented, which relies on thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) to evaluate the thermal properties, along with
rheology and pulse-gradient spin-echo nuclear magnetic resonance (PGSE-NMR) to assess the
dynamics. Additionally, Raman spectroscopy allows us to probe local structures, which will be
rationalized with the support of DFT calculations. Moreover, statistical thermodynamic data will be
computed using COSMO-RS. This combined computational and experimental approach will allow to
construct a holistic and robust insight in the promises of binary MSEs for application in proof-of-concept
cells.
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Improving the charge—discharge performance of Li-based secondary batteries requires the
development of electrolytes that exhibit not only high ionic conductivity (oion) but also a high lithium-
ion transference number (7). In particular, next-generation electrolytes with single lithium-ion
conduction (fi = 1) are highly desirable . One representative example is all-solid-state batteries
employing inorganic solid electrolytes . However, challenges in the design of stable electrolyte—
electrode interfaces remain. On the other hand, in liquid electrolytes that are advantageous for interface
design, one of the simplest approaches to achieve #1; ~ 1 is the use of Li molten salt, which contain no
solvent and cannot form a concentration gradient of lithium salts under anion-blocking conditions BH4,
However, many lithium salts possess both high melting points and high crystallinity, leading to
crystallization near room temperature.

To address this issue, we have recently demonstrated that the addition of a trace amount of
polymer to lithium salts effectively suppresses crystallization, enabling the formation of a long-term
stable supercooled liquid at ambient temperature. We refer to this system as a deeply supercooled Li-
salt (Li-DSS), which exhibits near single lithium-ion conduction (#; = 1). However, the gio, of Li-DSS
at room temperature remains insufficient for practical applications.

In this study, we investigated the ion transport properties of Li-DSS. Fig. 1 shows the
temperature dependence of gion for Li-DSS composed of poly(methyl methacrylate) (PMMA, M, =
48,000), lithium (fluorosulfonyl)(trifluoromethanesulfonyl)amide  (Li[FTA]), and lithium
bis(fluorosulfonyl)amide (Li[FSA]) with the corresponding molten salt mixture (Li[(FTA)os(FSA)os])
as a reference. Li-DSS exhibited higher cion than the reference molten salt, particularly near ambient
temperature. This enhancement is attributed to the lower glass transition temperature of Li-DSS (7, -
pss: —46.1 °C) compared to that of the molten salt (7, molten sati: —22.7°C), which enhances ionic mobility.
In this presentation, we will discuss

strategies to further reduce T, by O Li-DSS : 90 mol% Lil(FTA), s(FSA), o/ PMMA
incorporating additional components into O _molten salt : Lil(FTA)s(FSA) |
the Li-DSS system. l DBB
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Fig. 1. Temperature dependence of ionic conductivity
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. In this study, we explore stretchable
materials with mixed electronic-ionic
conductivity by  utilizing the high
deformability of Ga-based LMs and room-
temperature ionic liquids (ILs) in composite
gel membranes. ILs have attracted
considerable attention owing to their high
ionic conductivity, low volatility, and thermal
stability. Ion gels, composed of polymer
networks swollen with ILs, not only retain
these properties but also exhibit self-
supporting and elastic characteristics [?. In
our previous work, we reported LM-IL
composite gels formed by incorporating a
Ga-In eutectic LM into an ion gel, which 10 =
oy . . 0 50 100 150 200 25
exhibits both electronic and ionic . 3
conductivity along with flexibility and Capacity / mAh g
stretchability Pl In this study, we aim to Fig. 2 Charge-discharge curves of the LM-IL composite
develop stretchable Li-ion battery electrodes gel electrode containing LTO under 50% stretching.
with high electronic/ionic conductivity as
well as mechanical flexibility and stretchability (Fig. 1) by incorporating Ga-based LMs and active
materials such as LisTisO12 (LTO) and LiFePO4 (LFP). To further enhance electronic conductivity,
metallic solid filler and their content were also optimized. In addition, the polymer matrix of the
composite gel membrane was varied to improve stretchability. The LM-IL composite gel electrode
containing LTO demonstrated stable charge-discharge performance even under stretching conditions
(Fig. 2). In contrast, for LFP-based electrode, Ga-In undergoes corrosion at around 2.7 V vs. Li/Li",
limiting its applicability as a cathode component. To address this issue, Ga-In was replaced with Ga-Sn,
which has superior electrochemical stability, and electrolyte additives were further investigated to
suppress corrosion at higher potentials. In the presentation, we will also report the corrosion suppression
effect of additives, as well as the electrochemical performance of the composite gel electrodes.

Fig. 1 Preparation of LM-IL composite gels consisting
of Ga-based LM, IL and active materials (LTO or LFP)
of Li-ion batteries.
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Fast charge-discharge performance in Li secondary
batteries requires electrolyte materials with both high ionic
conductivity and a high Li ion transference number (¢;;) !\
Solvent-free molten Li salts are promising candidates for
achieving high Li ion transference numbers (t;; = 1) in the
liquid state. However, conventional molten Li salts
typically require high-temperature operation due to their
high melting points (7m), high viscosities and low ionic
conductivities ?!. Inspired by advances in ionic liquid
research 1, the introduction of ether-functionalized ions has
been shown to effectively reduce melting points and
viscosities by enhancing conformational flexibility and
disrupting efficient molecular packing. Based on this
concept, we explored asymmetric Li imide salts as
candidates for low-melting molten salt electrolytes. In this
study, we investigated a series of Li imide salts with
controlled variations in the number and positioning of ether
oxygen atoms, as well as anion geometry and architecture,
to elucidate how anion size, flexibility, and branching
influence melting behavior and electrochemical properties.
Among the studied salts, those containing two ether oxygen
atoms within linear oligoether segments, such as
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Fig. 1 (a) Chemical structures and 7, and
(b) ionic conductivities of oligoether-
functionalized asymmetric Li imide salts.

Li[TfN20201] exhibit relatively low Ti (Fig. 1a) ™. In contrast, LI{DMESI] (Fig. 1a), a structural
analogue with a branched oligoether chain, shows a higher 7, (>150 °C), highlighting key molecular
design principles for low-melting Li imide salts. Furthermore, a Li imide salt incorporating a
poly(propylene oxide)-type oligomer side chain remains liquid at room temperature, demonstrating the
effectiveness of steric disruption in suppressing crystallization. Electrochemical measurements were
also conducted for selected salts with relatively low melting points, including ionic conductivity (Fig.
1b), t1;, and electrochemical stability. These properties are discussed in relation to Li" coordination
structures revealed by both experimental and computational analyses in molten salt electrolytes.
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To improve the performance and safety of Li-ion
batteries, it is essential to develop electrolyte materials that
exhibit not only high ionic conductivity (o) and Li ion
transference number ( ty; ), but also high thermal and
electrochemical stability, along with the ability to form robust
electrode/electrolyte interface . Our research group has
previously investigated liquid electrolytes based on polymeric
Li salts dissolved in organic solvents, where anionic
functional groups are immobilized on polymer chains .
While this approach achieves a high ¢; (~ 0.8) by effectively
suppressing anionic mobility, their thermal stability remains
insufficient due to the presence of free flammable solvents. In
contrast, equimolar complexes composed of oligoethers
(glymes) and Li salts (e.g., LiITFSA) form solvate ionic liquids
(SILs) with negligible free solvent content, exhibiting
excellent thermal and electrochemical stability ®!. However,
these systems typically show a significantly low ¢; (< 0.1)
“l In this study, we studied a new class of polymer-based
electrolytes, termed poly(solvate ionic liquids), which
integrate the advantages of polymeric Li salts and solvate
ionic liquids. This hybrid approach is expected to
simultaneously achieve high ¢;; and improved thermal
stability [,

A polymeric Li salt, PLiSTFSA (Fig. la) was
synthesized via radical polymerization of 4-styrenesulfonyl
(trifluoromethanesulfonyl)amide (LiSTFSA). An equimolar
mixture, [Li(G4)][PSTFSA], was prepared using tetraglyme
(G4) (Fig. 1b). Thermal stability was evaluated by
thermogravimetric analysis (TGA) (Fig. 2).
[Li(G4)][PSTFSA] exhibited significantly higher thermal
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Fig. 1 Chemical structures of (a)
PLiSTFSA and (b) tetraglyme.
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Fig. 2 TG curves of [Li(G4)]X and
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stability than neat G4, indicating that the strong interaction between Li ions and G4 effectively
suppresses the volatilization of the solvent. Furthermore, the 5 % weight loss temperature (74) of
[Li(G4)][PSTFSA] (Ta= 257 °C) was higher than that of the conventional SIL, [Li(G4)][TFSA] (Ta=
204 °C), suggesting the formation of stable complex cations ([Li(G4)]") and a near absence of free G4
molecules. Furthermore, the t;; measured under anion-blocking conditions using Li symmetric cells
reached 0.64 at 80 °C. These results demonstrate that [Li(G4)][PSTFSA] forms a poly(solvate ionic
liquid) despite the relatively strong Li‘-anion interactions, likely due to counterion condensation in

polyelectrolyte system.
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With the continued growth of the secondary battery market, increasing attention has been devoted
to the development of electrolyte systems with improved thermal and electrochemical stability and
reliability for lithium-ion batteries. Conventional liquid electrolytes provide high ionic conductivity and
excellent electrode wettability; however, they also suffer from several inherent drawbacks, including
leakage, flammability, and poor thermal stability. To overcome these limitations, polymer electrolytes
have been widely regarded as promising alternatives.

Among them, poly(ethylene oxide) (PEO)-based polymer electrolytes have been extensively
studied because they enable lithium-ion transport through the segmental motion of polymer chains while
also offering relatively good lithium salt solubility. In addition, they exhibit superior mechanical and
thermal stability compared with liquid electrolytes. Nevertheless, PEO-based electrolytes still suffer
from several limitations. Their semi-crystalline nature at ambient and intermediate temperatures reduces
the fraction of amorphous domains favorable for ion conduction, while the strong coordination
interaction between ether oxygen atoms and lithium ions suppresses lithium-ion mobility.

Oxygen-to-sulfur substitution has been considered a possible structural strategy to weaken such
lithium-ion coordination. Because sulfur possesses a larger electron shell than oxygen, the distance
between the valence electrons and the nucleus increases, which can lead to weaker interactions with
lithium ions. This weaker coordination is expected to contribute to enhanced lithium-ion mobility.
However, sulfur substitution may simultaneously reduce lithium salt solubility and therefore requires
careful consideration in electrolyte design.

From this perspective, poly(tetrahydrofuran) (PTHF)-based structures are particularly attractive.
Compared with PEO, PTHF has a lower oxygen density and a higher carbon-to-oxygen ratio, which is
expected to suppress crystallization. These structural characteristics may enhance polymer chain
flexibility and thereby facilitate ion transport. Furthermore, PTHF-based systems may provide a more
balanced environment by mitigating the decrease in lithium salt solubility that can arise in sulfur-
containing structures. In addition, in situ polymerization offers further advantages, including intimate
interfacial contact between the electrolyte and electrodes after cell assembly and the formation of a
uniform electrolyte phase within the cell.

In this study, a thiirane-containing monomer was synthesized by converting the epoxy groups of
1,4-butanediol diglycidyl ether (BTDE) using potassium thiocyanate (KSCN). The resulting precursor
was subsequently polymerized in situ with THF to prepare a polymer electrolyte. This study aims to
propose a design strategy for polymer electrolytes for lithium-ion batteries by combining sulfur
substitution, a PTHF-based structure, and in situ polymerization.
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Due to their high energy density and excellent cycle characteristics, lithium-ion batteries are widely
used in various fields such as portable electronic devices, electric vehicles, and energy storage systems.
However, traditional carbonate-based liquid electrolytes are vulnerable to safety due to their high
volatility and flammability, and can cause problems such as thermal runaway under high temperature
and overcharging conditions. These problems have consistently raised the need for safer electrolyte
systems.

In this situation, polymer electrolytes with excellent stability are attracting attention as next-
generation electrolytes. In particular, solid and gel polymer electrolytes have the advantage of being
able to form a stable interface with electrodes and provide improved mechanical stability. However,
polymer electrolytes generally have limitations of low ion conductivity and high interfacial resistance,
which is a major cause of electrochemical performance degradation when the battery is actually operated.
In addition, the existing polymer matrix, poly(ethylene oxide) (PEO), has structural problems in which
the movement of lithium ions is limited due to strong coordination bonds with lithium ions and high
crystallinity.

To overcome the limitations of these polymer electrolytes, this study proposes a strategy to improve
ion transport properties and interfacial stability by introducing a functional group in the polymer
structure. The polymer containing sulfur has a lower electronegativity than the oxygen-based polymer,
so its binding force with lithium ions is weak, which can promote ion dissociation and migration. In
addition, unsaturated functional groups such as allyl can be reduced during the initial charging and
discharging process to form a stable solid electrolyte interface (SEI), which can effectively protect the
electrode interface.

Furthermore, by introducing the in situ polymerization process to form a polymer electrolyte
directly on the electrode surface, it was intended to implement a close interface between the electrode
and the electrolyte to reduce the interfacial resistance effectively. By combining this functional group
design and in situ polymerization strategy, this study proposes a high-performance polymer electrolyte
system that can improve ion conductivity, interfacial stability, and battery safety.

The synthesized polymer is characterized using FT-IR and thermal properties are analyzed using
TGA and DSC. The electrochemical properties of the polymer electrolyte are investigated through EIS
and charge/discharge studies.
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CCUS (Carbon dioxide Capture, Utilization and Storage), is attracting significant attention as an
effective method for reducing carbon dioxide (CO) emissions toward carbon neutrality by 2050.
Currently, CO» capture is mainly achieved by chemical absorption using liquid amine followed by
thermal desorption. However, this process requires a large amount of energy for CO» release, resulting
in low overall energy efficiency. Electrochemical CO, capture has emerged as a promising alternative
because it facilitates the use of renewable energy and offers high energy efficiency. Quinone-based
systems are widely studied as CO, absorbents used in this method.[!] In non-aqueous solvents, reduced
quinone species selectively capture CO, from a dilute source solution? via nucleophilic addition
reactions and release CO» through electrochemical oxidation. However, the solubility of quinones in
non-aqueous solvents is low, which limits the total CO, carrying capacity. To address solubility issue,
our group has developed anthraquinones functionalized with ionic liquids moieties, namely ionic
anthraquinones, which exhibit significantly enhanced solubility in non-aqueous solvents.!

In this study, we investigated the effects of solvents and supporting electrolytes on the CO»
absorption behavior of an ionic quinone, tetrabutylammonium 9,10-anthoraquinone-2-sulfonate
([TBAJ[AQS])). Typical results of cyclic voltammograms under Ar and CO, are shown in Fig. 1. Under
Ar, two reduction waves are observed, whereas under CO», they merge into a single broad wave due to
a positive shift of the second reduction potential. Because one quinone molecule stoichiometrically
captures two CO> molecules, the Coulombic ratio was evaluated by comparing the reduction charge
under CO; with that of the first reduction wave under Ar. In this study, this Coulomb ratio was used as
an indicator of CO, separation ability.

Cyclic voltammetry (CV)
measurements were performed on a
solution containing 0.2 M [TBA]J[AQS],
1 M |[TBA][PFs] as a supporting
electrolyte, and 0.1 M H,O, and the
Coulombic ratios were calculated for
cach cycle. Although DMSO exhibits
lower reduction currents than acetonitrile
due to its higher viscosity, it shows a
higher Coulombic ratio. This suggests
that the high permitivity of DMSO
effectively screens electrostatic
interactions between the one-electron
reduced AQS species and its counter cation, thereby enhancing the reactivity between the quinone and
COa.
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Fig. 1 CV of 0.2 M [TBA][AQS] in 1 M [TBA][PFs]/ (a) DMSO
and (b) Acetonitrile + 0.1 M H,O under Ar (black) and CO; (red)
with GC electrode.
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Lithium (Li) metal is considered one of the most promising anode material choices for solid-state battery
applications due to its high specific capacity (3860 mAh/g) and low electrochemical potential. However, Li
metal faces significant challenges that limit its practical application and commercialization as anode material,
for example lithium dendrite formation during cycling, leading to internal short circuits, capacity degradation
and safety risks, highlighted in this study in the case of commercial copper lithium (Cu-Li) laminate. To
mitigate these challenges, the interphase of the lithium anode and solid polymer electrolyte should be
improved. [1]

One potential option for anode materials is pulsed laser deposited (PLD) lithium anodes [1] alloyed with either
indium (In) [2] or magnesium (Mg) [3], thus chosen to be studied further in this research. The electrolytes
chosen for the symmetrical coin cell assembly include a polyethylene oxide (PEO) based electrolyte and two
single-ion conducting PVDF-HFP based electrolytes with different compositions. Initial characterization for
anode materials includes SEM-EDS analysis of both surface and cross section to evaluate coating quality of
the alloyed samples and elemental distribution on coating, grazing incidence XRD to detect phases and alloys
present in the coatings as well as surface XPS to detect the atomic percentage of different elements. Anode
materials and electrolytes are then cut and assembled as symmetrical coin cells (CR2032). Electrochemical
impedance spectroscopy (EIS) is performed after conditioning and after every 10 cycles. Finally, cells are
disassembled and cross-sectional SEM-EDS analysis is performed to investigate reasons for short circuits (e.g.
dendrites, dead lithium, resistive SEI) and to tentatively evaluate failure mode. Additionally, this research
offers a critical point of view to coin cells in solid state battery research, for example the critical effect of
component assembly order and as well as hot lamination of active material stack and presents initial results
from disc in pouch method as an alternative.

Acknowledgements: This work is supported by Horizon Europe under the HyLiST project (Grant Agreement
No. 101147688).
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Figure 1: SEM cross section of cycled
Cu-Li laminate + PEO symmetrical cell
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Motivated by the increasing demand for batteries with both high performance and high energy
density, significant research efforts are currently in progress. Lithium metal anodes, in particular,
are considered highly promising due to their substantially larger energy density compared to
conventional anode materials.!'! A key challenge in their practical application comprises retention
of the lithium inventory throughout electrochemical cycling. Insufficient preservation of lithium
results in the formation of high-surface-area lithium, promoting dendrite growth and consequently
raises significant safety risks.?!

Grafted hybrid-polymer electrolytes have demonstrated significant effectiveness in suppressing
dendrite formation while simultaneously preventing leakage of hazardous solvents. These
electrolytes exhibit excellent cell longevity, indicating the effectiveness of dendrite suppression.!
However, theoretical work indicated that mixing particles and polymers may cause irregular
current flows and thus inhomogeneous lithium inventory.”! Therefore, this study analyzes the
impact of particle sizes and their distribution in hybrid-polymer electrolytes (Al,Os-PCLP)) in
view of their mechanical properties, ionic conductivity and especially, lithium plating in NMC]||Li
cells via SEM analysis.

The resulting 3D-SEM reconstructions demonstrate variations in the particle size distribution and
aggregation of Al,Os particles. Although particle size distribution reflects gaussian behavior, still
the largest agglomerate contributes with 3 vol.% to the overall particle volume inside the hybrid
polymer electrolyte, thus raising concerns for maintaining homogeneous lithium plating. Here,
3D-SEM reconstructions are evaluated as input structures for simulations of ionic conductivity
and lithium concentration, respectively.”!

In general, the present work shows trends of cell performance, demonstrating that particle size
distribution is an important parameter. With larger average particle sizes, mechanical stability
increases, while the achievable ionic conductivity is reduced. Also, SEM analysis of NMC]||Li
cells was performed after 100 cycles. The results illustrate the impact of particle size distribution
in hybrid polymer electrolytes on the homogeneity and likely reversibility of lithium inventory.
In this way, design criteria for ‘ideal’” hybrid polymer electrolytes can be obtained.!®!

Overall, this work clearly highlights the benefits of SEM imaging for achieving insights to cell
designs, accounting for increasing complexity of cell constituents, while allowing for more
comprehensive understanding of internal battery components and electrolyte|electrode interfaces.
Especially, quantification of parameters such as particle distribution via SEM gives valuable
insights in designing hybrid polymer electrolytes and multi-layer systems in future.
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Molten salt electrolytes (MSEs) constitute an emerging class of solvent-free electrolytes suitable for
several battery technologies [1]. They exhibit wide electrochemical stability windows [2,3] and
enhanced safety, both due to the absence of solvents or other organic components [3]. The absence of
solvent also causes the ion transport mechanism(s) to depend strongly on ion—ion correlations,
percolating structural networks, and continuous dynamic restructuring. As a result, the ion transport
differs markedly from the conventional vehicular model. These characteristics necessitate alternative
approaches for analysing MSEs.

Here, classical molecular dynamics simulations of MSEs are combined with an analysis based on the
CHAMPION framework [4] to investigate the time-dependent interactions between ions, enabling an
assessment of how topology influences ion transport [5]. This is made possible by the hierarchical
graph approach CHAMPION takes [4], identifying ions and molecules to be members of dynamic
structures (Fig. 1). As an initial set of model systems, we consider binary mixtures of lithium salts
such as LiTFSI, LiPFs, LiTFA, LiBF4, and LiFSI. Using the graph-theory analysis implemented in
CHAMPION, we identify the average proportions of different ionic species together with their
life-times, which allows us to determine the structures contributing more—or less—to the ion
transport. Ultimately the aim is to establish a robust and physically grounded description of the ion
transport mechanism(s), to support future MSE design and optimization.
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Figure 1. Two examples of dynamic structures in a binary MSE (1:1 LiTFSI:LiPFy), a typical
output from a CHAMPION analysis.

References

[1] H. Liu, X. Zhang, S. He, D. He, Y. Shang, H. Yu, Materials Today. (2022) 128-157.

[2] X. Tang, S. Lv, K. Jiang, G. Zhou, X. Liu, J. Power Sources, 542 (2022) 231792.

[3] M. Vu, P. Mirmira, R. P. Gomes, E. Doyle, H. Srinivasan, C. Amanchukwu, Matter (2023)
4357-4375.

[4] R. Andersson, F. Arén, A. A. Franco, P. Johansson, J. Comp. Chem., 42 (2021) 1632-1642.
[5] F. Arén, R. Andersson, A. A. Franco, P. Johansson, J. Electrochem. Soc., 170 (2023) 060506.

54



New Design Principle for Proton Conductive Organic Electrolytes
Based on Activation of Surface Proton Hopping Conduction Mechanism

Mina Nakazawa', Takeshi Yamada®, Yumin Tang’, Xiangbing Zeng®, Takahiro Ichikawa'

! Department of Biotechnology and Life Science, Tokyo University of Agriculture and Technology,
Naka-cho, Koganei, Tokyo, 184-8588, Japan.
? Neutron Science and Technology Center, Comprehensive Research Organization for Science and
Society, Tokai, Ibaraki, 319-1106, Japan.
2 School of Chemical, Department of Materials and Biological Engineering, University of Sheffield,
Sheffield, S13JD, UK.

m-naka@st.go.tuat.ac.jp

Proton conductive polymer electrolytes are key materials for realizing a sustainable world owing
to their versatile applications in fuel cells, bio-devices, sensors, catalysts, and other areas. The proton
conductivity of these electrolytes influences device performance, so developing membranes with higher
proton conductivity are essential. Generally, proton transport in polymer electrolytes can be explained
using 1D or 2D water nanochannel models surrounded by hydrophobic walls. Generally, the Grotthuss
mechanism in which proton migrate via cleavage and formation of hydrogen bonding networks of water
molecules in the free water region is considered to be dominant in the water nanochannel. However,
despite their high conductivity, their proton conductivity drastically decreases when free water freezes
at low temperature and evaporates at high temperature. Moreover, their fluoropolymer-based
composition poses environmental compatibility concerns. To develop the polymer electrolyte that does
not rely on the Grotthuss mechanism, we have focused on the surface proton hopping conduction
(SPHC) mechanism, in which a proton hops from a sulfonate group to its neighboring one on the surface
of the hydrophobic walls. This mechanism has typically been regarded as trivial mechanism due to its
extremely small diffusion coefficient..'! Our idea is that a high-density alignment of sulfonate groups
should enable fast proton conduction via an extremely-activated SPHC mechanism.™ In this study, we
have used the self-assembly of discotic liquid-crystalline (LC) molecules to form such an unusual
situation where sulfonate groups form densely aligned on the surface.

We designed and synthesized a discotic LC (a) wos sos c)
molecule, qamed TPES, bearing sulfonate groups @~ P NN NP
on the periphery of a tetraphenylethylene core

(Figure 1a). TPES self-assembled into a H% SOSH i i i i
hexagonal columnar structure in which the self-Assembly

sulfonate groups are densely aligned with the (bw)“h ater

distance of ca. 5 A in the presence of appropriate
amounts of water (Figure 1b). TPES/H.O
mixtures showed a maximum conductivity of 3.5 PP

x 107" S em™ at 30 °C, which is extremely higher ~ Hexagonal Columnar AN A

than that of the conventional polymer electrolytes, Figure 1. (a) Chemical structure of TPES. (b) Self-

such as Nafion. Furthermore, the activation energy assembled structure of the TPES/H20 mixtures. (c)
for proton conduction in the TPES/H20 mixtures Schematic image of the activated SPHC mechanism in

was estimated to be 6.0 kJ mol™', which is notably the TPES/H>0 mixtueres.

smaller than that of the Grotthuss mechanism. Analysis of the proton conduction mechanism indicates
that the fast proton transport in the TPES/H-O mixtures is achieved solely via the SPHC mechanism
(Figure 1¢).*) The dynamics of water molecules involved in this mechanism was directly observed using
quasi-elastic neutron scattering (QENS) measurements. This finding is expected to provide a foundation
of a key strategy for creating next-generation proton conductive polymer electrolytes.
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Ionogels, i.e. gels based on ionic liquids (ILs), have been of significant research interest in recent
years, since these materials show desirable properties for possible electrochemical applications, such as
mechanical, electrochemical and thermal stability, as well as ionic conductivity. Furthermore, these
properties are tunable by the chosen IL, the type of gelator and the overall composition of the gel.
Possible host networks are of physical or chemical nature, the former describing gelation based on non-
covalent interactions and the latter by covalent interactions. While physical networks demonstrate lower
mechanical strength and a small impact on ion mobility, chemical networks increase the mechanical
strength but also lower the mobility of ions.[1, 2, 3]

This work focusses on the combination of both gelation mechanisms to form double-network
(DN) ionogels, hence combining the advantages of physical and chemical networks and confining the
IL in a solid, but flexible matrix. As a physical gelator an oxamide-based low-molecular-weight gelator
(LMWG) is used, while a polymer (either Bis-GMA:TEGDMA 60:40 or PEGDA) is utilized to form
the chemical network. To investigate the influence of varying polymer concentrations as well as LMWG
concentrations on the dynamical and mechanical properties of the ionogels, pulsed field gradient NMR
(PFG-NMR) diffusion experiments and rheological measurements are employed. Further insight into
the structure and electrochemical properties is gathered by scanning electron microscopy (SEM) and
impedance spectroscopy (IS) measurements. Moreover, Li" is introduced to the ionogel matrices,
leading to a significant impact on the structural and dynamic characteristics of the systems.

The results show that each ionogel component influences specific physicochemical properties,
resulting in synergistic behaviour of the combined polymer and gelator networks. In the interpenetrating
DN the LMWG concentration has only minor impact on ion transport. PEGDA-based DNs provide
better stability than Bis-GMA:TEGDMA and yield stable ionogels. A lower polymer content is proven
to be more beneficial, leading to gels with the best charge transport. Overall this study highlights the
potential to tailor ionogels for specific functional applications.
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Figure 1. Illustration of different investigated host networks for ionogels. Two single network (SN) gelators are
combined to form a double-network (DN) ionogel.
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The development of safe and high-energy-density batteries is essential to meet the growing
demands of the energy storage market. From a safety perspective, polymer electrolytes have been
investigated for several decades as promising alternatives to conventional liquid electrolytes. However,
when polymer electrolytes are used, the cathode formulation must be adapted to meet new requirements.
In particular, the commonly used polyvinylidene fluoride (PVDF) binder in conventional cathodes must
be replaced by an ionically conductive polymer composition. Nevertheless, most of the polymer
systems proposed so far show limited electrochemical stability at high voltages (e.g., with
LiNio.sMn1.sOs, LNMO), and therefore most studies remain restricted to LFP or NMC-based
chemistries.

To increase the energy density of solid-state batteries, the catholyte (ionically conductive
binder[1]) composition has been optimized within the Horizon Europe project HyLiST (Grant
Agreement No. 101147688[2]). The developed systems aim to simultaneously fulfill three critical
requirements: stability at voltages up to 5 V, sufficient ionic conductivity, and adequate binding
properties to ensure electrode integrity. Single-ion conducting polymer electrolytes have been selected
to minimize cell polarization, as the anion is covalently anchored to the polymer backbone.[3] However,
these polymers are typically rigid materials, which can limit both ionic conductivity and binding
performance, making them challenging candidates for competitive catholytes.

In this dissemination the role played by various single-ion conductive polymer electrolytes and
plasticizers will be discussed in meeting the three key parameters. Preliminary electrochemical cycling
results using LNMO as the cathode active material will also be presented.
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Non-flammable, solid-state electrolytes have the potential to dramatically improve safety and
performance of lithium batteries. The main objective in solid-state lithium batteries is to achieve high-
performance electrolytes and electrodes at room temperature [1]. However, another concern in the
battery community is the sustainability of the fabrication processes that are used to make these
components. Extrusion processing is a sustainable process that saves cost, energy, and waste disposal in
battery field. In electrolyte extrusion process, the ion transport properties are governed by microstructure
and viscoelastic response, which will influence in the battery performance [2]. Nevertheless, the
rheological effect of hybrid electrolytes on the extrusion parameters selection has never been studied so
far, making a try and error approach their optimization. This work focuses on the development of a novel
rheology-guided extrusion approach for high-performance inorganic-polymer hybrid electrolytes.
LizInCle (LIC) is used as inorganic part together with non-polar homopolymers (PIB and LDPE) to get
solid electrolytes. The hybrid electrolytes are obtained by mixing the inorganic and the polymer in the
extruder and the relationship between extrusion temperatures (from 130 to 200 °C), viscosities and ionic
conductivities is studied.
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Ionic liquids (ILs) are organic salts that exist in liquid states below heating (< S standing water e
100 °C. ILs have attracted significant attention owing to their unique S| || S e
physicochemical properties such as flame retardancy and non-volatility 'gee° Tubid - Phase separated
along with high ion density and ionic conductivity.""! These characteristics _ Fig- 1 LCST-type phase

. . . . transition behavior of ILs in
can be changed by ion structures and combinations of cations and anions. water. [
We have found that a series of phosphonium-based ILs exhibit lower critical
solution temperature (LCST) type phase transition behavior in water (Fig. §

AN @

1).) Some phosphonium-based ILs (Fig. 2) are miscible with water at room

temperature, however, they become immiscible with water upon heating, Lo,
leadi.ng to the f.ormation'of t.wo-phase separated states. This behqvior can be Fig. 2 Structure of
applied for various applications, such as drug delivery and protein phosphonium-based IL

extraction. To control phase transition temperature, adjustments of the water content, modifications of
the ionic structures, and the addition of organic compounds® have been employed. A leading theory
regarding the mechanism of LCST-type phase transition behavior suggests that dehydration via the alkyl
chains is involved. As the solution temperature rises, the mobility of the alkyl chains of the phosphonium
cations increases. It leads to the decrease of hydration ability, inducing liquid-liquid phase separation.
However, the detailed change in molecular dynamics and mechanism remain unclear. Therefore, in this
study, we investigated ionic conductivity, diffusion coefficients and dynamics for aqueous solutions of
[P4saa] [TSO] ([P4a4s][TsO]aq) that exhibit LCST-type phase transition behavior. Furthermore, by
examining the temperature dependence of these physicochemical properties, the relationship between
phase transition and each of these parameters was investigated.

[P44ss][TsO] was synthesized as previously reported. A solution was prepared by mixing
[P4444] [TsO] and water (100—X)/X (w/w). This solution is referred to as [Pasas] [TsO]aq (X Wt%).

Ionic conductivity measurements were performed for [Pa4s][TsO]aq (X Wt%). We found that
ionic conductivity increased as the proportion of water in the solution increased (Fig. 3). Based on the

ionic conductivity values, the diffusion coefficients of the component ions were estimated.
On the other hand, the diffusion coefficients of [P444] cation and %9
[TsO] anion were separately evaluated using DOSY NMR. It was found
that diffusion coefficients of [TsO] anion is larger than [Pss4s] cation ¢ 2w
independent of water contents at room temperature. For example, for *
[P4444] [TSO]aq (90 wt%), the diffusion coefficient of [Psss4] cationis 3.89 = **
x 107" m%/s while that of [TsO] anion is 5.48 x 10" m%s. -

Dynamics of [P4s44] cation and [TsO] anion were exmined using ' * * * *
quasi-elastic neutron scattering (QENS) measurement. QENS was & 1w *
performed on [P4444][TsO]aq (65 Wt%) showing the lowest LCST phase *
transition temperature among the solutions with various water content X. s e 70 & % o
Detailed results will be discussed in the presentation. Fig. 3 Igf{fgg’gi{'&%ﬁ{ffty of
References [P4444] [TSO]aq (X Wt%).
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Bicontinuous cubic (Cuby;) phase is a class of nano-segregated liquid-crystalline phases in which
both of two incompatible molecular parts form 3D continuous domains. To date, we have focused on
ionic liquid crystals having zwitterionic headgroups.!"! For example, we designed and synthesized
amphiphiles having pyridinium-type zwitterionic headgroups. It forms only layered smectic phases in
the pristine states, however, it co-organized into Cuby; liquid-crystalline phases in the presence of
bis(trifluoromethane)sulfonimide (HT£;N).[Y It is attributed to the formation of ion pairs between the
pyridinium zwitterion part and HTf:N through an ion exchange and the increase of the volume of the
ionic parts. The Cuby,; liquid-crystalline assemblies have a hydrophilic gyroid minimal surface where
sulfonate group sit on densely and periodically. When a suitable amount of water is incorporated into
the Cuby,; liquid-crystalline assemblies, a 3D continuous water nanosheet is created, which function as
proton conduction pathway.[

Based on the molecular design of the amphiphilic zwitterions, we have recently succeeded in the
creation of a gemini-type amphiphilic zwitterion having polymerizable groups. It forms Cuby; liquid-
crystalline phases.**! UV irradiation for the liquid-crystalline monomer in Cuby; phases leads to the
formation of self-standing and insoluble polymer membranes with preserving the gyroid nanostructures.
The polymer membrane shows high proton conductivity in the order of 102 S cm™' in the H,O-absorbed
condition. The proton conduction mechanism in the gyroid nanostructured polymer membranes has been
found to be different from that in conventional proton conduction polymer membranes. The details of
the proton conduction mechanism in the gyroid nanostructured polymer membranes will be discussed
in the presentation.

N,\Q\.Ww; i) Self-organization

— ii) In situ polymerization
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Figure 1. Creation of gyroid nanostructured polymer membranes through self-organization of polymerizable
amphiphilic zwitterion and in situ polymerization.
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As Europe continues its transition to renewable energy, the growing demand for energy storage raises
significant concerns regarding safe supply of critical raw materials (CRMs), such as lithium, copper,
and cobalt. Sodium-ion batteries (SIBs) offer a CRM-free alternative, but their electrolyte formulations
still rely on highly flammable solvents and toxic components that also pose severe hazards should there
be e.g. a thermal runaway.

Here, we present a comprehensive investigation of a non-flammable and non-toxic deep eutectic
electrolyte (DEE) for SIBs utilizing urea and its derivatives combined with the salt sodium
bis(fluorosulfonyl)imide (NaFSI). In addition, we use non-toxic additives and diluents to facilitate
formation of stable electrolyte/electrode interfaces/interphases and to lower the electrolyte viscosity.'

First, the glass transition temperatures, ionic conductivities, and viscosities of the DEEs were
determined to assess dynamic properties. Second, the electrochemical behavior of Na|DEE|Hard carbon
half-cells and Hard carbon|DEE|Prussian White full cells was observed via galvanostatic cycling at
ambient temperature. Finally, flammability tests were made to demonstrate the superior safety of DEEs
vs. conventional electrolytes.

Overall, our findings indicate that DEEs offer a promising and inherently safer pathway for the
development and operation of next-generation SIBs.
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Over the last decade, lithium-ion batteries (LIB) have expanded into high-performance
applications such as electric vehicles and large-scale energy storage, owing to their high energy density,
low weight, and long cycle life. However, the use of flammable organic liquid electrolytes presents
significant safety concerns. In response, polymer electrolytes have emerged as safer alternatives,
offering low flammability, enhanced thermal stability, and reduced leakage risk. These materials are
generally classified into solid polymer electrolytes (SPE), gel polymer electrolytes (GPE), and
composite polymer electrolytes (CPE). Particularly noteworthy are GPE which consist of a polymer
matrix swollen with liquid solvents, lithium salts, and functional additives [1]. Ionic conduction
primarily occurs through the liquid phase, while the polymer network provides mechanical integrity,
maintaining a quasi-solid state and mitigating leakage hazards. Among the most studied polymer
matrices are those based on polyethylene oxide (PEO), valued for their chain flexibility, electrochemical
stability, low glass transition temperature (7g), and high salt solubility. Nonetheless, their low room-
temperature conductivity and limited mechanical and thermal robustness restrict their practical
deployment [2].

In this study, polymers were synthesized via Atom Transfer Radical Polymerization (ATRP),
using monomers with varying ethylene oxide side chains. GPEs were formulated with lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) as the salt, propylene carbonate (PC) as the solvent, and
crosslinking agents. The materials were characterized using Differential Scanning Calorimetry (DSC),
and Thermogravimetric Analysis (TGA). lonic conductivity of the electrolytes was evaluated via
Electrochemical Impedance Spectroscopy (EIS), using coin cells. Conductivity values on the order of
1072 S/ecm were obtained, surpassing those reported for PEO/LiTFSI systems at room temperature (10°
S/cm). The most promising formulation, exhibiting superior thermal stability and conductivity, was
further evaluated in lithium-metal cells, yielding a lithium transference number (tLi") of 0.8. Linear
Sweep Voltammetry (LSV) confirmed electrochemical stability up to 4.4 V.
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Figure 1. Schematic representation of the GPE prepared.
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Ionic transport in polymer-based electrolyte materials underpins the performance of electrochemical
energy conversion and storage devices as fuel cells and batteries. However, the fundamental
mechanisms governing ion mobility remain incompletely understood, particularly due to the interplay
between ionic motion, polymer dynamics, and solvent organization across multiple scales. In this
lecture, I will show how quasi-elastic neutron scattering (QENS) provides a unique window into these
coupled processes [1], capturing molecular dynamics on picosecond-to-nanosecond timescales and
complementing techniques as NMR, electrochemical impedance spectroscopy, total scattering and
molecular dynamics simulations [2-3].

In fuel cell membranes, the structure-hydration-transport coupling dictates ion mobility [4-6]. Using a
radiation-grafted anion exchange membrane platform in both Cl- and OH™ forms, we disentangled how
ion identity reorganises confined water and, in turn, how this reorganisation controls transport pathways,
dictating membrane performance beyond simple electrostatic effects [5]. Using graphitic additives in
Nafion, we also induced transformations in nanoscale phase separation, mesoscale connectivity and
molecular-scale diffusion mechanisms, revealing the role of connected hydrogen-bond networks [6].

In lithium-based polymer electrolytes, ion transport is often coupled to polymer segmental dynamics (as
in PEO) [7], but a more complex picture emerges due to coordination exchange mechanisms dominating
over simple ion hopping. Moreover, the balance between polymer-mediated and ion-mediated transport
can evolve with salt concentration, polymer structure and chemistry [8-9]. For instance, we will show
how the strength of ion—polymer coordination critically influences local mobility and macroscopic
conductivity, challenging simplified transport models [10-11].

By bringing together these considerations, this lecture will identify the fundamental mechanisms that
control ion transport in polymer systems and outline strategies for designing high-performance
electrolytes.
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Abstract

Lithium metal is a highly promising anode for next-generation high-energy-density
batteries due to its high theoretical capacity, yet its practical application remains
hindered by poor interfacial compatibility with polymer solid-state electrolytes (PSEs).
Herein, an in-situ solidification PSE that utilizes
poly(ethyleneglycol)methyletheracrylate (PEGMEA) and methylated pivalonitrile (PN)
was developed (PNF), which forms a conformal and mechanically robust solid
electrolyte interphase (SEI) on lithium metal surface. The coordination between the
nitrile group (—C=N) and Li" regulates interfacial ion transport, while the formed
organic-inorganic (hybrid) SEI effectively combines mechanical flexibility and
interfacial rigidity to buffer lithium volume fluctuations and inhibits dendrite growth.
Benefiting from the enhanced Li" hopping sites and improved ionic mobility, the PNF
electrolyte exhibits high ionic conductivity, i.e., 3.47 x 104 S em™ at 30°C. Li|PNF|Li
symmetric cells show exceptional cycling stability, surpassing 1000 hours at 0.5 mA
cm. Notably, Li[PNF|LiFePOys cells achieve a capacity retention of 92.8% after 1000
cycles at 0.5C and 78.9% after 2000 cycles at 1C rate, both at 30 °C, highlighting the
exceptional conformal properties of the electrolyte resulting in the superior cycling
performance.
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The rapid electrification of mobility and industrial applications, combined with the emergence of
next generation batteries (semisolid, all-solid-state with the target to use lithium metal), is driving a
growing demand for advanced polymer materials that can simultaneously enhance cell performance,
safety, and sustainability. Arkema is developing a comprehensive portfolio of solutions—including
polymer binders, gel polymer electrolytes (GPEs), and hybrid polymer/ceramic systems—to support the
transition toward low impact manufacturing processes and high energy battery architectures.

In this presentation, we present (i) the development of ex situ and in situ GPEs formulated with
polymers, ionic liquids, monomers, and thermal or photochemical initiators and (ii) hybrid
polymer/ceramic composites compatible with sulfide- and oxide-based solid electrolytes.

In situ polymerization technologies for GPEs offer several key advantages: solvent-free (100%
solids), shorter SEI formation time, excellent compatibility with standard cell-assembly processes, and
ionic conductivities approaching those of liquid electrolytes. The first ex-situ GPE membranes
developed show conductivities above 1 mS.cm™ at 25 °C and strong thermal stability without exudation.
Hybrid approaches demonstrate the ability of polymers to improve mechanical flexibility, reduce the
pressure required during cell assembly and operation, and maintain lithium-ion transport in solid
electrolytes.

These results highlight the crucial role of polymers in enabling high-energy, safer, and more
sustainable next-generation batteries. The work presented illustrates Arkema’s advanced material
solutions designed to meet the requirements of future manufacturing processes and emerging battery
chemistries.
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It is well-known that micron- and nano-sized ceramic fillers can boost the electrolyte in solid
polymer electrolytes (SPEs), with notable early examples being Al,Os, SiO; and TiO,. Traditionally,
this has argued to be due to the reduced crystallinity in polymer matrices such as poly(ethylene oxide)
(PEO). However, more recent discoveries have challenged this picture, where fully amorphous
polymer hosts such as poly(trimethylene carbonate) (PTMC) has also experienced a similar
phenomenon of increased conductivity — but which seems to be inherently dependent on the type of
filler, despite them being intrinsically non-conductive and thereby passive [1]. The inclusion of
passive fillers also appears to have a profound impact on important ionic transport properties such as
transference. Parallel to this development has several studies during the recent decade used
ion-conductive — active — fillers in SPE materials, without being able to truly utilize the higher ionic
conductivity of the ceramic phase [2]. To interpret these often highly contradictory results, there is a
need to better understand the ionic transport in these complex systems. Here, Molecular Dynamics
(MD) modelling studies have recently shown helpful [3]. In this work, we present recent progress in
systems comprising various forms of polymer hosts and both active (e.g. Lis7Alo3LasZr,012; LLZO)
and ceramic fillers (e.g. y-LiAlO,), studied through modelling and experimental characterization. We

also discuss their applicability in Li-metal batteries.
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Calcium metal batteries are increasingly considered as a promising alternative to lithium-based systems
due to their high volumetric capacity, improved safety, and the natural abundance of calcium. However,
their cycle life remains limited by irreversible reactions and the sluggish kinetics of divalent ions. The
strong coordination of Ca** reduces ion mobility and leads to sluggish diffusion kinetics, hindering
charge transport and transfer [1]. In addition, interfacial effects, particularly the formation of the solid
electrolyte interphase (SEI) due to electrolyte decomposition, contribute to capacity loss and can lead to
rapid electrochemical inactivity.

In this contribution, we discuss the behavior of different calcium electrolyte systems, ranging from
conventional liquid electrolytes to gel/polymer-based approaches, with the aim of identifying both
opportunities and limitations across these concepts. Particular attention is given to how electrolyte
composition and ion coordination influence ion mobility, polarization behavior, and interfacial stability.
To this end, transport parameters such as ionic conductivity, diffusion coefficients, and cation
transference numbers are investigated and discussed along with interfacial processes governing calcium
deposition and dissolution. Starting from established systems such as Ca[B(hfip)«]. in glyme-based
solvents, different salts combined with a range of solvents and polymer backbones are explored to
understand the role of anion chemistry and solvation structure [2]. Here symmetrical CalCa cells are
used to probe plating and stripping behavior through polarization experiments and electrochemical
impedance spectroscopy with adapted protocols [2,3].

We further discuss the challenges associated with this different electrolyte classes, including trade-offs
between stability and transport in liquid systems, as well as limited Ca** mobility in polymer-based
materials. Overall, this work provides a comparative perspective on electrolyte concepts for calcium
metal batteries and highlights the key factors that must be controlled to enable more stable and reversible
cycling.
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The European Union has established a policy to achieve climate neutrality by 2050 [1]. Renewable energy sources
should be drastically increased, as well as energy storage devices, particularly batteries, which are the key
technology to achieve the target. Sodium-ion batteries (SIBs) are postulated as a complementary technology to
lithium-ion batteries (LIBs) for light electromobility and stationary applications, owing to their lower cost and
greater sustainability, as they are made of non-critical raw materials [2]. However, alternative batteries based on
other chemistries, while maintaining sustainability and cost, should be investigated and developed to cover diverse
applications. Potassium-ion batteries (PIBs) might be one of the next possible chemistries due to K, as Na is
abundant and widely distributed on the Earth’s crust, exhibits lower reduction potential than Na (i.e., -2.71 V and
—2.93 V vs. SHE) and faster K ion diffusion in liquid than Li and Na, with the possibility of providing higher
power and energy density [3]. In fact, the Group 1 start-up announced plans to produce PIBs at large scale by 2027
[4]. Unfortunately, PIBs' current performance is inferior to that of both LIBs and SIBs. Therefore, further advances
are necessary to enhance the viability of PIBs.

Liquid electrolytes are the conventional electrolytes for PIBs due to their excellent performance in LIBs and SIBs.
Although they exhibit high ionic conductivity at RT, they suffer from (usually) low thermal stability, high
volatility, and high flammability. In addition, as occurs in SIBs, the electrolyte selection for K-technology is more
critical, mainly due to the poor properties of the formed electrode-electrolyte interphases. Therefore, developing
advanced electrolytes, i.e., solid-state electrolytes (SEs), that are more electrochemically stable and safer, is crucial
to enhance the performance of PIBs. Polymer electrolytes have attracted considerable interest for next-generation
batteries due to their good mechanical properties, flexibility, and safety [S]. In general, the polymer electrolytes
exhibit low ionic conductivity at RT due to their inherent poor chain flexibility. Incorporating ionic liquids (ILs)
as plasticizers significantly enhances ionic conductivity while ensuring thermal stability and safety.

This work focuses on the design and electrochemical characterization of K-based polymer electrolytes by
optimizing the anion & cation chemistry of the K salt and the IL and by thoroughly investigating their influence
on the structural, thermal and electrochemical properties [6,7]. The best-performing polymer electrolyte was
further optimized by adding an additive to enhance oxidation stability, and its oxidation stability was characterized
using operando X-ray photoelectron spectroscopy at the HIKE endstation of BESSY II facilities. Finally, the
optimized electrolyte was validated by fabricating pouch cells, which delivered a capacity retention of 93.6% and
an average Coulombic efficiency of 99.6% over 200 cycles at 0.1C.
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The transition beyond lithium-based energy storage systems require alternative chemistries that
combine resource abundance, low cost, and high energy density. Potassium metal batteries (PMB) are a
promising candidate, but their practical application is limited by the instability and safety issues of
conventional liquid electrolytes, primarily due to uncontrolled interfacial reactions and unstable solid—
electrolyte interphases (SEI). In this context, solid polymer electrolytes can offer important benefits over
liquid electrolytes, including non-flammability, the absence of leakage, and improved mechanical
robustness, which together can enhance the overall safety and stability of PMB. In this work, we
systematically investigate the influence of different potassium salt anions on the properties and
performance of poly(ethylene oxide) (PEO) based solid polymer electrolytes (SPEs) for PMB. Three

fluorinated salts - potassium bis(fluorosulfonyl)imide (KFSI), potassium
bis(nonafluorobutanesulfonyl)imide (KNFBSI), and potassium
1,1,2,2,3,3-hexafluoropropane-1,3-disulfonimide (KHFPSI) - were combined with

high-molecular-weight PEO over a broad composition range (EO:K = 20:1-12:1). The chemical
structures of the salts are shown in Figure 1.

The SPEs were characterized by differential scanning calorimetry and X-ray diffraction to
investigate how different anions influence the polymer structure at various temperatures. All systems
exhibited a gradual reduction in crystallinity with increasing salt content, while KHFPSI enabled nearly
complete amorphization of PEO at high salt loadings. The optimized compositions demonstrated ionic
conductivities on the order of 10 S:cm™ at 60-70 °C, comparable to state-of-the-art KTFSI-based
systems. In contrast, SPEs containing KNFBSI exhibited significantly reduced conductivity at room
temperature, which is attributed to the formation of additional crystalline salt—polymer phases.

Pulsed-field gradient nuclear magnetic resonance (PFG-NMR) measurements further confirmed
the presence of such crystalline phases in KNFBSI-based SPEs, which hinder ion transport. Linear
sweep voltammetry demonstrated that KNFBSI provides the highest oxidative stability, while KFSI
shows the lowest stability but forms beneficial decomposition products that contribute to SEI formation.

The possibility of cycling was evaluated in K|SPE[K:Fe[Fe(CN)s] half-cells at 55 °C. Despite its
lower intrinsic stability, KFSI enabled long-term cycling with discharge capacities of ~90 mAh-g! over
200 cycles, indicating the formation of a stabilizing SEI on potassium metal. SPEs based on KNFBSI
and KHFPSI showed improved electrochemical stability and competitive rate performance, highlighting
the crucial role of anion structure in balancing polymer morphology, ionic transport, and interfacial
processes.
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Figure 1. Chemical structures of KFSI, KNFBSI and KHFPSI.
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The Green Deal drives the need for safe, sustainable, and cost-effective energy storage systems. Aqueous Zn-
ion batteries are promising due to their safety, low cost, and high ionic conductivity, however their performance
is limited by Zn anode issues such as poor plating/stripping reversibility, non-uniform deposition, and parasitic
reactions. In particular, the hydrogen evolution reaction (HER) reduces coulombic efficiency and accelerates
degradation. Gel polymer electrolytes (GPEs) have emerged as a promising strategy to mitigate these
limitations [1]. By combining the high ionic conductivity of liquid electrolytes with the mechanical stability
of polymer networks, GPEs can promote more homogeneous Zn deposition, mitigate interfacial instability,
and suppress parasitic reactions such as HER [2]. Agarose-based GPEs containing simple ZnSOs electrolytes,
prepared in this work, demonstrate higher efficiency than the corresponding liquid electrolyte, a wider
electrochemical stability window (2.2 V), and markedly improved plating/stripping stability, reaching
thousands of hours. Differential electrochemical mass spectrometry (DEMS) was used to directly monitor gas
evolution during operation. It enabled the evaluation and quantification of HER, highlighting the ability of
agarose-based GPEs to suppress hydrogen evolution and improve Zn anode stability [3], an utmost important
result for the future development of rechargeable Zn-based batteries.
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Figure 1 a) Potential vs time behavior during zinc deposition. b) H, evolution monitored by DEMS during zinc
deposition.
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Magnesium metal batteries (MMBs), with their pronounced superiority in high safety, high
volumetric capacity, and low cost, are emerging as promising next-generation energy storage systems
for operation under elevated temperatures. The electrolyte and its interfacial chemistry are crucial for
the development of high-temperature MMBs. We developed a series of high-temperature polymer
electrolytes for MMBs through electrolyte structure design and interfacial chemistry regulation (Figure
1). First, a poly(alkoxide magnesium) single-ion conducting electrolyte was designed to introduce an
anion-rectifying effect, which effectively suppresses anion-induced side reactions at the Mg metal anode
and significantly improves the coulombic efficiency of Mg plating/stripping. To further enhance the
mechanical robustness and thermal tolerance of the electrolyte, a self-standing polymer electrolyte was
subsequently developed, enabling stable battery operation at temperatures up to 150 °C. Building upon
interphase stabilization, we further proposed and developed a “polymer-dominated interfacial chemistry
regulation” strategy. By introducing electron-withdrawing groups such as fluorinated moieties and
quaternary ammonium units into the polymer framework, the LUMO energy level of the polymer is
lowered, allowing it to preferentially decompose on the Mg metal surface. This process leads to the
formation of polymer-derived organic—inorganic composite interphases enriched with MgF, and Mg;N,
species, which effectively stabilize the electrode—electrolyte interface under elevated temperatures. As
a result, RMBs based on these polymer electrolytes can demonstrate stable cycling over 200 cycles at
150 °C with 80% capacity retention. The above studies provide a new materials platform and
mechanistic basis for energy storage systems designed for extreme environments.
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Figure 1 Polymer electrolytes for high-temperature magnesium metal batteries.
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Ionic conductivity in conventional polymer electrolytes is generally assumed to exhibit a single
maximum as a function of salt concentration, reflecting an optimal balance between ion dissociation and
segmental mobility. Here, we report a qualitatively different behavior: the emergence of two distinct
conductivity maxima arising from fundamentally different ion coordination environments. We show
that an equimolar mixture of Li[N(SO2F),] (LiFSA) and Li[N(SO,CF3),] (LiTFSA) forms a stable
supercooled liquid (Li[FSA(sTFSAs]) at room temperature [1], characterized by a low glass transition
temperature (7, = 245 K) and single-cation transport (f.i+ = 1 under anion-blocking conditions).
Incorporation of this supercooled salt into poly(ethylene oxide-co-propylene oxide) (P(EOosPOo2))—
based network polymers [2] over a wide composition range (weight fraction of the salt: Wi; = 0.1-0.8)
reveals how ion coordination governs both bulk transport and interfacial electrochemistry.

The T} of the polymer electrolytes exhibited a maximum at ;= 0.5 and increased again at higher
salt contents (Wi = 0.8-1.0) (Figure 1(a)). This behavior reflects a competition between Li*
coordination by the polyether chains and plasticization by the low-7} supercooled salt. At W1;=0.1-0.5,
the coordination effect dominates (salt-in-polymer regime), whereas at Wi = 0.5-0.8, the plasticization
effect becomes predominant (polymer-in-salt regime) [3]. The resulting polymer electrolytes exhibit
two conductivity maxima at Wy; = 0.2 and 0.8 (Figure 1(b)). Raman spectroscopy and MD simulations

indicate full coordination of Li* by the polyether at low salt 280
content, whereas ion aggregation and partial coordination by the (@)
polyether dominate at high salt content. The maximum at Wy; = 260 1
0.2 is typical of salt-in-polymer electrolytes, whereas the second
maximum at Wy; = 0.8 arises from plasticization of the ¥ ,,l
supercooled salt by the polyether matrix [4]. Strikingly, despite ™~
comparable conductivities at the two maxima, their transport 220 I
and electrochemical characteristics differ fundamentally. The e o
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LiFePOselectrodes due to significant Li* desolvation barrier. In 10
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Wi, approaching unity in the supercooled salt (Wi = 1), and 104}
enables reversible electrode reactions at both graphite and % S22
LiFePOj interfaces. o0k /\\_/
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These findings highlight supercooled salts as a platform 106}

to decouple ionic conductivity from segmental dynamics and Salt-in-polymer Polymer-in-salt
interfacial electrochemistry from Li* desolvation constraints in 107, R R 1|o
polymer electrolytes. Wyl-

Figure 1 (a) 7, and (b) ionic
References conductivity (o) as a function of Wy;.

[1] R. Masui, Y. Yokoyama, K. Matsumoto, S. Tsuzuki,
M. Watanabe, S. Seki, Chem. Mater., 37 (2025) 5636-5646.
[2] M. Kono, E. Hayashi, M. Watanabe, J. Electrochem. Soc., 145 (1998) 1521-1527.
[3] C. A. Angell, C. Liu, E. Sanchez, Nature, 362 (1993) 137-139.
[4] T. Sudoh, Y. Ugata, K. Fujii, W. Shinoda, K. Ueno et al., 4dv. Energy Mater., 16 (2026) €05229.

7



The International Symposium of Polymer Electrolytes (ISPE-19)

Tailoring Anion Chemistry for Better Rechargeable
Batteries

Heng Zhang

Key Laboratory of Material Chemistry for Energy Conversion and Storage (Ministry of
Education), School of Chemistry and Chemical Engineering, Huazhong University of Science
and Technology, Wuhan, China.

E-mail: hengzhang2020@hust.edu.cn

Rechargeable batteries are increasingly important for integrating intermittent and unstable
energy power (e.g., solar, wind, hydropower, etc.) into today’s energy landscapes, thus
gradually reducing the consumption of fossil fuels, coal, and other carbon-intensive fuels. To
improve the cycling and storage performance of rechargeable batteries, the design of robust
salt anions is of great importance, not only for the prevailing liquid electrolyte-based lithium-
ion batteries, but also for next-generation solid-state batteries.!

During the past decades, the sulfonimide anions, with four oxygen atoms and one nitrogen in
conjugation, stand out for both liquid and solid electrolytes developed for battery use. For
example, the bis(trifluoromethanesulfonyl)imide ([N(SO2CF3)2]-, TFSI) shows relatively weak
interactions with a variety of inorganic and organic cations, enabling facile dissociation and
rapid migration of the cationic species in liquid and solid polymer electrolytes.! To cope the
stringent demands in electrode-electrolyte interphases/interfaces, new sulfonimide anions
beyond classic TFSI- anion and its derivatives are highly desired.2

In this talk, we will introduce a family of sulfonimide anions with certain functionalities
optimized for improving the electrochemical compatibility between liquid/solid polymer
electrolytes and high-energy electrodes.3-> Explicit correlations between the physical and
electrochemical properties of liquid and polymer electrolytes with anionic structure will be
discussed. Possible directions for chemically modifying sulfonimide anions for specific
electrochemical scenarios will be elaborated.
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Electrolytes with a high lithium-ion transference number (t; ~ 1) are essential for mitigating
concentration polarization and improving rate capability in lithium secondary batteries. [J While oxide-
and sulfide-based solid electrolytes have been intensively studied to achieve such single-ion conduction,
their practical implementation is often limited by interfacial instability, processing complexity, and
scalability.””) As an alternative approach, we explore lithium molten salts and lithium ionic liquid
electrolytes, composed solely of Li salts without molecular solvents. In these systems, the absence of
neutral solvent species suppresses the formation of salt concentration gradients, enabling intrinsically
high lithium-ion transference under electrochemical conditions.! However, most Li salts exhibit high
crystallinity and melting points, which limits their applicability as liquid electrolytes. In this study, we
demonstrate two molecular design strategies to overcome these limitations. First, we show that lithium
(fluorosulfonyl)(trifluoromethanesulfonyl)amide (Li[FTA]) can be stabilized in a deeply supercooled
liquid state at room temperature by incorporating a small fraction of polymer additives.*! Second, we
develop ether-functionalized asymmetric Li imide salts with reduced melting points and glass transition
temperatures, where conformational flexibility of the asymmetric imide anions contributes to suppressed
crystallization and enhanced ion transport.l”! These lithium ionic liquid systems exhibit lithium-ion
transference numbers approaching unity and support efficient lithium plating/stripping behavior. As a
result, improved rate performance is achieved in Li/LiCoO; cells (Fig. 1). In addition, the intrinsic
adhesive nature of the supercooled Li salt system with polymer additives enables the fabrication of
composite electrodes without conventional binders, allowing for the construction of thick electrodes,
and their electrochemical performance was evaluated in lithium cells. The present results highlight the
potential of solvent-free lithium salt systems as a platform for developing safe and high-performance
electrolytes for next-generation lithium batteries.

Lithium ionic liquids Charge-discharge performance

Voltage / V

Capacity /mA h g’1
Fig. 1. Molecular design of lithium ionic liquids and discharge curves of lithium batteries using these electrolytes.
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Nowadays, it is the pursuit of the materials science community to implement sustainable
materials in all fields of applications. It is expected that materials encompass properties like
high abundance in nature; low cost; eco-friendliness; recyclability and suitable properties for
the envisaged application.

The transition to renewable energy systems and high-energy-density applications requires
safer and more efficient storage technologies [1-3]. In this context, solid polymer electrolytes
(SPEs) have emerged as promising alternatives to conventional liquid electrolytes. Over the
last decades, having cheap, efficient, and environmentally friendly energy storage supplies
has become paramount. Therefore, SPEs have been studied since there is a need for effective,
safer, and environmentally friendly devices. SPEs are promising materials for practical
electrochemical applications, such as rechargeable batteries, supercapacitors, fuel cells, and
electrochromic devices (ECDs).

Nevertheless, the need for the increasing use of biopolymers to make materials more
environmentally friendly has become increasingly constant.

This work reports the development of novel electrolytes for electrochemical devices, based on
a natural polymer, (for example the cellulose derivatives, doped with green ionic liquids (ILs)
and/or salts). Membranes were characterized using techniques such as ultraviolet-visible
spectroscopy, attenuated total reflectance Fourier transform infrared spectroscopy,
electrochemical impedance spectroscopy, X-ray diffraction, scanning electron microscopy,
thermogravimetric analysis, tensile testing, and contact angle measurements.

The results emphasize the huge potential of the developed green electrolytes in
technological applications, as diverse as batteries and electrochromic windows.
These advances contribute to the development of functional materials based on natural
polymers and highlight the role of solid polymer electrolytes in enabling safer, sustainable, and
intelligent energy storage solutions.

Acknowledgements

The authors thank the Fundagéo para a Ciéncia e Tecnologia (FCT) for financial support under the
framework of Strategic Funding UID/QUI/00686/2025 (https://doi.org/10.54499/U1D/00686/2025) and Multi-
sensing SMART battery electrodes concept for in-situ operation monitoring, 2022.04012.PTDC. NGS-
New Generation Storage, C644936001-00000045, supported by IAPMEI (Portugal) with funding from
the European Union Next Generation EU (PRR). The author RFPPereira also acknowledges FCT and
the University of Minho for the Assistant Research contract (CEECIND/CP2841/CT0013).

References

[1] J.M. Tarascon, M. Armand, Nature, 414 (2001) 359.
[2] X.B. Cheng, R. Zhang, C.Z. Zhao, Q. Zhang, Chemical Reviews, 117 (2017) 10403.
[3] D. Larcher, J.M. Tarascon, Nature Chemistry, 7 (2015) 19.

80



Zwitterionic additives for polymer electrolytes with high target ion
transport.

Jenny Pringle,'* Faezeh Makhlooghiazad,! Charulakshmi Thiruvurravishankara,' Luke A. O’Dell?

!Institute for Frontier Materials, Deakin University,
Burwood, Victoria 3125, Australia.
? Royal Society Wolfson Visiting Fellow at the University of Edinburgh, Scotland
3 Institute for Frontier Materials, Deakin University,
Geelong, Victoria, Australia
Jenny.pringle(@deakin.edu.au

The advancement of polymer electrolytes is important to enable safer, more stable Li and Na batteries,
and one novel approach is the use of zwitterionic additives to develop electrolytes with high target ion
transport.[ 1] Here we discuss the use of novel zwitterions (ZIs) combined with single ion conducting
polymers to make advanced solid-state electrolytes, and how the use of different zwitterionic and
polymer structures impacts the important physical and electrochemical properties.

Three small zwitterionic structures were employed: two featuring pyrrolidinium-based cationic groups
and one with an ammonium-based cation, tethered to either trifluoroborate or sulfonylimide-based
anionic groups. This approach enabled us to investigate the impact of ionic moiety on the thermal and
transport behavior and the dissociation of target ions. The electrolyte mixtures comprising the ZI and
homopolymer (PMA(LiTFSI)) or copolymer PMA(LiTFSI-co-EG) were subjected to different physico-
chemical and electrochemical characterization. For some of the electrolytes, the addition of Li TFSI or
PC was also investigated to further improve the properties. The optimum system produced free-standing
polymer gel electrolyte membranes, which were then subjected to linear sweep voltammetry and cycling
studies to demonstrate their applicability in lithium battery applications. The membranes exhibited a
better balance of ionic conductivity, cycling ability and transference number compared to the liquid 50
mol% LiTFSI-ZI mixture or the neat lithium homopolymer.

Finally, we will discuss the analogous approach used to develop gel polymer electrolytes for sodium
batteries.
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Polymer—ceramic hybrid solid electrolytes are currently explored as promising materials class to
leverage advantages of each constituent, that is, sufficiently high ionic conductivity of ceramics
and superior mechanical flexibility of the polymer. Such systems may provide unexpectedly high
ionic conductivities, though actual origins of this observation are still under discussion.!'! In
practice, hybrid electrolytes may be produced invoking active or non-active ceramic fillers?! or
upon grafting of polymers to oxidic particles, often with up to 20 wt-% of ceramic components.!

Considering the increasing demand for affordable but high energy density batteries for various
applications, significant efforts are devoted to enable thin lithium metal electrodes despite their
challenges of inhomogeneous lithium deposition or loss of lithium inventory.* Grafted hybrid-
polymer electrolytes demonstrated tolerance against Li dendrites while providing reasonable cell
performance,™ provided that the often porous cathodes may be polymer-infiltrated!® or operated
with catholytes.!”! The present work introduces aspects of extrusion processing of hybrid polymer
electrolytes, highlighting not only viability of dry processing,'® including electrolyte membranes
and artificial CEIs for polyester based polymers, but also analyzing the fate of ceramic fillers and
particle size distribution within the hybrid-polymer membranes upon cycling.”’

In addition, to bestow sufficient compatibility of Li metal electrodes at demanding cell operation
conditions, host structures from electro-spun scaffolds that accommodate lithium deposition are
employed to boost the reversibility of lithium inventory,!'” whereas imaging data from 3D-SEM
reconstructions reveal variations of particle size distributions and are evaluated as input structures
for numerical simulation. The latter reflect localized ionic conductivities of grafted domains in
the hybrid materials while providing insights that pave ways for better design strategies of hybrid
polymer materials, thereby resolving governing mechanisms of enhanced ionic conductivities and

hence fast charge capabilities of Li metal cells.
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A new type of polymer blend electrolyte was developed based on the principle of thermoplastic
vulcanizates (TPV). TPV materials have been extensively used in the automotive and manufacturing
sectors since the 1970’s[1]. These vulcanized polymer alloys have several desirable properties including
strength, flexibility, amenability to reprocessing and customizability. However, these polymeric systems
have yet to be introduced as electrolytes for use in battery systems. These electrolytes, which are
obtained via melt-processing, combine the high ionic conductivity and processibility of a thermoplastic
phase with the improved mechanical strength of a crosslinked elastomeric phase. They deliver promising
results in terms of ionic conductivity, electrochemical stability and mechanical strength[2]. The presence
of a cross-linked phase increases the elastic domain of the solid polymer electrolyte resulting in better
creep resistance even when doped with electrolyte solvents.

This work presents the impact of the processing parameters on the end properties of these SPE. A
TPV electrolyte composed of Ethylene-Propylene-Diene Monomer (EPDM) and poly(caprolactone)
(PCL) was prepared using four different component addition orders. The effect of addition order and
the resultant component interactions on the final properties of the SPE will be discussed (Figl)[3]. A
second TPV example composed of hydrogenated nitrile butadiene rubber (HNBR), PCL and
poly(ethylene carbonate) (PEC) where the PEC is decomposed in-situ to yield EC (ethylene carbonate)
will also be introduced. Electrolyte processing parameters and component addition order were shown to
influence the structure of the resultant SPE as well as solvent and salt distribution in the final materials.
These studies demonstrate that TPV electrolyte preparation methods strongly influence the end
properties of these materials, providing a practical means to control electrolyte properties.
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Figl: a) schematic of extrusion processing, b) Li-Li cell cycling at 0.1mA/cm? of EPDM/PCL TPV
electrolytes prepared using different processing sequences (same formulation).
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Solid polymer electrolytes (SPEs) prepared by in situ polymerization approach within batteries enable
not only substantially simplified manufacturing processes but also significantly improved contact between the
SPEs and the active materials. The initiator is an essential component to trigger an in situ polymerization reaction.
Benzoyl peroxide (BPO) and azobisisobutyronitrile (AIBN) are the most commonly used initiators for thermal-
induced free radical polymerization. However, the utilization of these initiators is not consistent in the literature,
and their impacts on the material properties and electrochemical performance of the resulting SPEs remain unclear.
Here, a poly (vinylene carbonate) (PVC)-based SPE has been utilized to systematically investigate the impacts of
the initiators in different cell formats. We observed that the type of initiator employed significantly influences not
only the properties of the SPEs but also the electrochemical performance of the cells. Especially in full cells,
employing BPO has been shown to result in a substantially lower monomer conversion within the cathode
compared to cells employing AIBN, leading to a gradient SPE within the cell. This gradient SPE, synthesized via
a single-step in situ polymerization, allows fast Li" transfer within the cathode and offers remarkable mechanical
properties to suppress dendrite formation on the Li metal anode. Consequently, the gradient SPE enabled by BPO
exhibits significantly improved cycle life and rate capability when compared to the SPE employing AIBN in full
cells. This has led to a remarkable cycling performance of the full cells consisting of a NMC622 cathode, a Li
metal anode, and an ultrathin SPE.
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For the development of next-generation rechargeable batteries with high energy density, lithium
metal is an essential anode material due to its high theoretical capacity (3860 mAh g™') and low
electrochemical potential (—3.04 V vs. standard hydrogen electrode). However, Li metal anodes suffer
from low Coulombic efficiency and short cycle life due to the growth of whisker-like Li (so-called Li
dendrites) and the reductive decomposition of electrolytes. To solve these issues, various interfacial
engineering technologies, including electrolytes and polymer coatings, have been developed [1-3].
Cationic polymer coatings have been reported to control Li deposition morphology and improve the
electrochemical performances of Li metal anodes [4,5]. However, the underlying mechanism remains
controversial. In this study, we selected poly(diallyldimethylammonium) (PDADMA) as the cationic
polymer backbone and investigated the effects of PDADMA-based polymer coatings on Li
plating/stripping reactions. We found that sulfonylamide-type anions, such as bis(fluorosulfonyl)amide
and bis(trifluoromethanesulfonyl)amide anions, are effective in improving the Coulombic efficiency of
Li plating/stripping reaction. We studied the mechanism of Li plating/stripping behaviors via
PDADMA-based polymer coatings by electrochemical measurements, microscopic observations, and
spectroscopic characterization. The findings obtained are useful for the development of interfacial
engineering technologies toward the practical application of lithium metal anodes.
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Gel-like poly(ionic liquid) electrolytes are promising candidates to develop solid-state lithium
metal batteries (SSLMBs). However, they hardly prevent lithium dendrite growth due to poor
mechanical stability, which remains a critical challenge for the safety and long-term cycling in SSLMBs.
Simultaneously, the increasing demand for environmentally friendly electrolytes has driven the search
for sustainable, PFAS-free, and biodegradable alternatives. To address these challenges, in this work,
PFAS-free composite polymer electrolytes are developed using poly(diallyldimethylammonium)
bis(fluorosulfonyl)imide (PDADMA-FSI), N-methyl-N-propylpyrrolidinium bis(fluorosulfonyl)imide
(PYR3FSI), and lithium bis(fluorosulfonyl)imide (LiFSI). In addition, cellulose nanofibrils (CNFs)
(from 0 to 8.5 vol.%, corresponding from 0 to 10 wt.%) are used to mechanically reinforce the
electrolyte. The most promising properties are observed with a change in the volume ratio to 2.5% of
CNFs, which led to enhanced lithium ionic conductivity, a higher storage modulus (G”), and reduced Li
metal interface resistance. These improvements enable prolonged room temperature cycling of
symmetric Li/Li and high-voltage Li/NMC622 coin cells compared to reference samples equipped with
an electrolyte without CNFs. This study demonstrates that incorporating nanoscale cellulose harvested
from renewable resources results in a promising strategy to enhance the electrochemical performance
of gel poly(ionic liquid) electrolytes.
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The development of solid polymer electrolytes (SPEs) with enhanced electrochemical stability is
critical for next-generation high-voltage lithium metal batteries. Conventional lithium salts such as
lithium bis(fluorosulfonyl)imide (LiFSI), while offering high ionic conductivity, often suffer from
limited oxidative stability and interfacial degradation at elevated potentials, which ultimately restricts
their applicability in high-energy systems. In this context, fluoroborate ester-based lithium salts have
emerged as promising alternatives due to their weakly coordinating nature, high oxidative stability, and
ability to delocalize negative charge, which can reduce ion pairing and improve interfacial
compatibility.[1,2] In  this work, a fluoroborate-based  lithium salt, lithium
tetrakis(hexafluoroisopropoxy)borate (LiBHFip),[3] is incorporated into poly(ethylene oxide) (PEO)
matrices, and its electrochemical performance is systematically compared with the widely used PEO—
LiFSI system. The incorporation of LiBHFip into PEO leads to a clear expansion of the electrochemical
stability window toward higher potentials, with oxidative stability extending beyond 5.2V vs Li*/Li,
demonstrating improved resistance against oxidative decomposition. This enhanced stability is
particularly relevant for compatibility with high-voltage cathode materials. In addition, the PEO-
LiBHFip electrolyte demonstrates superior stability during symmetric cell cycling and maintains
improved performance at higher current densities compared to its LiFSI-based counterpart. This
behavior indicates the formation of more robust and stable electrode—electrolyte interfaces, which are
essential for long—term battery operation, positioning fluoroborate-based PEO electrolytes as promising
candidates for solid-state LMBs.
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Lithium metal is widely regarded as the most promising anode material in the field of energy
chemistry, owing to its notably high specific capacity (3860 mAh-g™). Nevertheless, it is important to
emphasize that the use of lithium metal as an anode material is conditional upon the transition to solid
state electrolytes, such as polymer electrolytes, due to their incompatibility with highly flammable
commercial liquid electrolytes.

Moreover, commonly used electrolytes are dual lithium-ion conductors, both cations and anions
are mobile, which leads to concentration polarization and consequently, to formation of lithium
dendrites that could cause cyclability and safety issues. Single lithium-ion conducting solid polymer
electrolytes (SLIC-SPE), which have the anions covalently bound to the polymer backbone, have only
mobile cations, thus limiting electrolyte polarization and the formation of lithium dendrites.

Besides that, the use of fluorine is a subject that is currently under debate. The primary reasons
for this are its potentially harmful characteristics, including its cost, the safety of its electrolytes and its
environmental impact.

This work presents that the blend of fluorine free salts with polyethylene oxide (PEO) for
lithium metal batteries can be a viable alternative to fluorine-based electrolytes. Three salts (Figure 1.)
were characterized for this purpose: lithium 4,5-dicyano-2-(pentafluoroethyl)imidazolate (LiPDI),
lithium 4,5-dicyano-2-(trifluoromethyl)imidazolate (LiTDI) and lithium 2,4,5-tricyanoimidazol-1-ide
(LiTIM). The first two, fluorinated, were analyzed in order to compare them with the LiTIM salt,
fluorine-free, to see the impact of fluorine on the prepared electrolytes. In addition, a new fluorine free
SLIC-SPE will be presented based on a cyano-substituted imidazole.
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T

Figure 1. Chemical structures of the employed lithium salts from fluorinated to fluorine free anions: LiPDI,
LiTDI and LiTIM.
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Solid polymer electrolytes (SPE) like Polyethylene oxide (PEO): Lithium bis-triflylsulfonylimide
(LiTFSI) have been widely researched for their use in all-solid-state batteries in pursuit of greater
operational safety. However, several shortfalls have hindered their wider application, including limited
thermal stability, low conductivity and poor mechanical stability.! To enhance polymer electrolytes
towards general usability the field of hybrid polymer solid-state electrolytes has emerged. They consist
of an active filler of a solid-state electrolyte (SSE) class like oxides or sulfides blended into a polymer
electrolyte matrix, synergistically combining benefits of both material classes.> Hybrids with this design
show high ionic conductivity and mechanical stability, low interfacial resistance and upscaling potential
towards an industrial level.?

In this work we examine the interactions of sample polymer:salt electrolyte systems like PEO:LiTFSI
with different solid electrolytes based on ceramics or sulfides like LisPSsCl. Using different preparation
methods like hot pressing, solution casting and other slurry-based methods samples with varying SSE
to SPE ratios are prepared. Furthermore, different potential solvents are tested for application in a slurry
process with more sensitive hybrid sulfide electrolytes and their impact on ionic conductivity, polymer
solubility and phase changes associated with degradation of solid electrolytes are screened. For all
samples, morphology and crystallinity of hybrid electrolytes are characterized using scanning electron
microscopy and X-ray diffraction. Potentiostatic electrochemical impedance spectroscopy and cyclic
voltammetry is employed to analyze the compatibility of combinations of different electrolytes like PEO
and LigPSsCl and potential degradation over time. Determining the time-resolved contact resistance of
a solid-solid electrolyte interface between SPE and SSE is also used to observe structural changes
between the different electrolytes. Shuttling experiments in symmetric cells evaluate the stability against
alkaline metal like Lithium over time.
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Lithium-ion batteries (LIBs) have high energy density, long cycle life, and fast charging capability.
Hybrid batteries consisting of mixed cation electrolytes incorporating multiple charge carriers such as
Li" and K* have recently emerged as an alternative to single cation systems to improve ion transport,
interfacial stability, and overall electrochemical performance.

Highly concentrated electrolytes (HCEs) have been shown to enhance ionic conductivity and thermal
stability [1] by correlated ion transport through contact ion pairs and larger ionic aggregates that also
render less or no “free” solvent. Moreover, the solid electrolyte interphase (SEI) is mainly formed by
anionic species, which promote long-term cycling stability and reduces electrolyte degradation [2].

Combining the two concepts of mixed cation electrolytes and HCEs has some promises or at least
prospects of synergies. The presence of both Li* and K* can promote an altered, yet anion-based, dense
and inorganic SEI, and within graphite as anode active material the storage of Li" offers high capacity,
while K* should offer faster dynamics to deliver improved rate capabilities [4].

As proof-of-concept, we have studied a HCE of 2.5 M KFSI + 2.5 M LiFSI in PC in Li || graphite half-
cells. Through physico-chemical and electrochemical characterization, we correlate HCE composition
vs. battery performance. Initial results show improved performance both in terms rate capability and
cycling stability vs. conventional single cation HCEs. By using electrochemical impedance spectroscopy
(EIS) we can reveal a lower charge transfer resistance, and by Raman spectroscopy a higher degree of
ion pairing and aggregation. In addition, both increased glass transition temperature (T,) and higher
onset decomposition temperature were demonstrated, consistent with strong ion—solvent coordination
and aggregate formation. Finally, XPS analysis of cycled electrodes shows an SEI enriched in both LiF
and KF.

In future work, we will optimize the Li/K HCE formulations, salt, solvent, and concentrations to advance
the design of hybrid batteries.
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The demand for efficient and reliable batteries is rapidly increasing, driven by various factors such as
the growing market of health monitoring, wearable technology and other applications of the internet-of-
things.!'?) Raw material security concerns, trade conflicts, and supply chain issues contribute to market
volatility and uncertainty and highlight the necessity for alternative solutions.” In response to these
challenges, organic batteries currently emerge as promising and sustainable alternative to conventional
batteries.[¥! Organic batteries enable fast charging due to the underlying electron transfer mechanism,
allow for high operational safety and are mechanically rather flexible, rendering them ideally suited for
wearable applications.[**! However, several challenges remain to be solved for organic batteries to be
realistic alternatives to other commercial batteries, particularly overcoming the comparably low mass
loading and lower specific capacities of organic materials than inorganic materials. Also, organic
materials tend to be electrical insulator, which makes excessive use of conductive additive necessary.®!

In this work, TEMPO grafted (poly)-phosphazenes(TG-PPZ) are presented as promising organic active
material that may counter challenges of resource scarcity and flammability due to their flexible backbone
made from abundant materials and their inherently flame extinguishing properties.[8 TEMPO grafted
phosphazenes represent a derivative to poly(2,2,6,6-tetramethyl-1-piperidinyloxy-4-yl methacrylate)
(PTMA) which is considered the gold standard in organic electrode research due to its high chemical
and mechanical stability, straightforward synthesis and comparably high theoretical specific capacity
(Ciheo = 111 mAh g ). TG-PPZ should surpass the performance of PTMA because of a higher
theoretical specific capacity and more flexible polymer backbone (Cieo = 132 mAh g )1 The material
demonstrates initial specific discharge capacities of 62.9 mAh g ™! at rates of up to 1C (0.1 mAh), though
a key focus remains to limit the active material dissolution, a common challenge in organic batteries.
This is addressed through the implementation of gel polymer electrolytes designed to inhibit detachment
of the active material from the carbon black, thereby enhancing battery cycle life and overall
performance. Notably, preliminary data indicate that TG-PPZ cells utilizing a gel polymer electrolyte
achieve initial discharge capacities comparable to those observed with liquid electrolytes (61.2 mAh
g ). Future research will focus on optimizing the performance of acrylate-based gel polymer
electrolytes reinforced with PVDF-HFP separators through systematic variation of acrylate content,
membrane thickness, and lithium salt composition.
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The development of high-energy lithium metal batteries requires advanced electrolytes that not only
serve as media for lithium-ion transport but also largely determine the stability of electrode/electrolyte
interfaces. Solid electrolytes are a promising alternative, since they could offer improved thermal
stability and potentially suppress dendritic lithium deposition [1]. Among them, due to their flexibility
and modularity, solid polymer electrolytes (SPEs) are excellent candidates. For their commercial
implementation, however, one must simultaneously ensure acceptable ionic conductivity, high
mechanical strength, and an electrochemical stability window. Conventional polymer electrolytes based
on poly(ethylene oxide) (PEO) consist of a lithium salt dissolved in the polymer. The need for a
conducting salt result in transference numbers far below 0.5. This leads to concentration gradients and
cell polarization reversal issues, which worsen the long-term cycling stability [2]. SPEs with
transference number close to 1 known as “single-ion polymer electrolytes™ (SIPEs), might overcome
these issues. However, in the polymeric materials, high mechanical properties go often hand-in-hand
with low mobility, which is antagonistic to high ionic conductivity (i.e. high chain mobility). Among
the polymers, the polydimethylsiloxane (PDMS)-based materials are attractive due to their low
transition temperature [3], flexible backbone, and favorable interfacial compatibility with lithium metal
[4,5]. In this work, we report on the synthesis and characterization of SIPE based on PDMS functionalized
with prepared trifluoromethylsulfonyl amide-based lithium salt. The SIPE were incorporated poly(butyl
malonate) (PBM) that was then crosslinked by using diacrylate with different length chains to form a
self-supporting membrane. The relationship between polymer structure and transport properties is
examined through physicochemical and electrochemical characterization (‘H '"F 7Li NMR,
chronoamperometry, DSC, EIS). The developed blend highlighted an ionic conductivity of 1.52 x 10
S.cm™ at 80°C at O/Li = 20, with a transference number of 0.9 estimated using Watanabe equation,
indicating strongly restricted anion mobility. Furthermore, anodic stability evaluation shows value
around 4.3 V vs. Li"/Li at 25°C. Moreover, PBM-PSX membrane blend provided low glass temperature
at around -30°C and good thermal stability.
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Achieving safe and high-energy lithium metal batteries requires rethinking cathode design beyond
conventional liquid-based architecture. In solid-state systems, the cathode evolves into a multifunctional
domain where ionic transport, electrochemical stability, and mechanical integrity must be simultaneously
ensured, particularly under high-voltage operation.

Within the scope of the HyLiST project,[1] this work explores the development of polymer-based
electrolytes derived from poly(methacrylate) bis(trifluoromethanesulfonyl)imide (PMTFSI) as enabling
materials for next-generation high-voltage batteries. Emphasis is placed on single-ion conducting polymer
systems and their compositional tuning to enhance ionic transport while preserving structural robustness
and oxidative stability up to 5 V. The materials are processed using dry-processing techniques, combining
performance with compatibility for scalable and sustainable manufacturing.

A progressive evaluation methodology is adopted to assess electrolyte performance across different
levels of complexity, enabling the decoupling of key phenomena related to ion transport and
electrochemical stability. This approach supports the identification of critical parameters governing stability
and efficiency, while guiding the transition toward fully solid-state configurations.

Overall, this work contributes to the establishment of design guidelines for polymer catholytes
capable of supporting high-voltage operation, paving the way for the development of safe and high-
performance solid-state lithium metal batteries.

[1] https://hylist.eu/
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The growing demand for safe and sustainable energy storage solutions in electromobility has
driven advancements in solid-state battery technology. We present a novel solid-state battery featuring
a functional three-dimensional crosslinked polymer network with a lithium-selective, transport-

regulated composite polymer electrolyte architecture.

This solid electrolyte architecture provides mechanical stability, reduced anion mobility, and suppressed
concentration polarization. The electrolyte enables stable room-temperature operation in large cell scale
of 0.86 Ah using thin lithium metal and NMC811 pouch cells at high C-rate, demonstrating sustained
cycling performance, with low interfacial resistance and improved rate capability compared to

conventional solid polymer electrolytes.
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The global rise in energy consumption has driven research towards safer, more efficient energy storage
systems. The commonly employed Li-ion batteries are prone to safety risks due to flammable liquid
organic solvents, which can evaporate or leak and pose hazards in case of a short circuit. Deep eutectic
solvents (DES) are a relatively new family of solvents with room temperature molten salt behaviour and
several advantageous characteristics in the context of Li-ion batteries electrolytes. Their low vapour
pressure and non-flammability, as well as good electrochemical performances, render them interesting
candidates for application in contact with Li metal [1]. In this work, a DES composed of
trifluoroacetamide (TFA) and lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) is prepared and
thoroughly characterized. A gel polymer electrolyte (GPE) is subsequently developed with the focus on
the up-scalability of the GPE production. The polymeric matrix, composed of polyethylene glycol
diacrylate (PEGDA) and pentaerythritol tetrakis(3-mercaptopropionate) (T4), is crosslinked via thiol-
ene polymerization directly in the DES solution, demonstrating a fast, cheap and easy reaction. The thiol
ene mechanism, moreover, avoids the sensitivity towards O2 of the otherwise commonly employed UV-
mediated radical polymerization and enables the crosslinking reaction to be carried out in a dryroom
[2]. The precursor solution is deposited directly on the surface of the investigated cathodes and irradiated
with 10 W UV light to obtain a GPE with excellent interfacial contact. Moreover, a 10 %wt addition of
ethylene carbonate and diethyl carbonate (1:1 wt, namely EDL) in the DES is thoroughly investigated
via NMR, FTIR and Raman spectroscopy to elucidate the effect of the carbonate addition on the Li
solvation shell. The resulting DES10 solution displays superior electrochemical performances of the
GPEs, increasing the ionic conductivity of the GPEs from 6.36:10* S cm™ to 1.25-10° S cm™! at room
temperature and enabling a long lifetime of 220 cycles with a high specific capacity of 164 mAh g-!
when cycling in a Li||[LFP cell at 1C and at room temperature.

This publication is part of the project PNRR-NGEU which has received funding from the MUR — DM 352/2022.
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Fluorine-based lithium salts such as lithium hexafluorophosphate (LiPFe) are currently exploited in
presumably all conventional battery electrolytes [1]. However, these materials are facing increasing criticism
regarding safety considerations, including the related corrosive and hazardous decomposition products, and
owing to the environmental persistence of fluorinated compounds [2]. Meanwhile, the growing global demand
for energy storage systems urges the development of chemically stable electrolytes to enable the use of high-
voltage electrode materials and boost the energy density of lithium batteries, ensuring at the same time safe
long-term cycling [3]. In this regard, single-ion conducting polymer electrolytes (SIPEs) are considered a
promising approach due to their intrinsically high lithium transference number of essentially unity, which
suppresses concentration polarization and, thus, lithium dendrite formation [4]. Over the past decades, SIPEs
have attracted significant interest, yet there have been only a few reports on fluorine-free alternatives due to
the undeniable contribute of fluorinated compounds in stabilizing the electrode | electrolyte interface [4,5].

Following this thread, we have recently reported a completely fluorine-free lithium-metal battery
relying on a novel SIPE and a LiFePO, cathode, benefiting of a water-based binder [5]. The SIPE consisted of
lithium(4-styrenesulfonyl)(dicyanomethide) grafted onto a poly(methylmercaptopropyl)siloxane-backbone
via thiol-ene click-reaction. Despite showing remarkable electrochemical properties comparable to fluorinated
analogues, the relatively low electrochemical stability towards oxidation of 4.2 V vs. Li"/Li limited its
application with high-voltage cathodes, such as LiNixMnyCo;.x.;O2 (NMC).

Herein, we report the incorporation of a fluorine-free functional additive into our fluorine-free SIPE,
which leads to a significantly enhanced stability towards oxidation, finally allowing for the very stable cycling
of Li| INMCa: cells. As aresult, this new polymer electrolyte system marks an important step forward towards
the realization of safer, more sustainable and easy-to-recycle high-energy lithium batteries.
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Solid polymer electrolytes (SPEs) based on poly(ethylene oxide) (PEO) are widely investigated for
solid-state lithium batteries due to their safety and processability; however, their practical
implementation remains limited by high crystallinity, moderate ionic conductivity, and insufficient Li*
selectivity [1]. In this work, we explore a combined strategy of inorganic filler reinforcement and
molecular plasticization to engineer ion transport and electrochemical stability in composite PEO
electrolytes. Building on a LisPOs-reinforced PEO-LiTFSI framework [2], succinonitrile (SN) was
introduced as a molecular plasticizer to tune the structural and transport properties of the polymer matrix

[3].

Structural analysis indicates that SN primarily plasticizes the polymer matrix, reducing PEO crystallinity
and increasing chain mobility while indirectly promoting LiTFSI dissociation. Consequently, the
plasticized composites exhibit a significant increase in ionic conductivity, reaching 2.8 x 10* S cm™* at
60 °C, compared with 6.59 x 10° S cm™ at 60 °C for the non-plasticized composite electrolyte.
Electrochemical measurements also reveal enhanced oxidative stability. While the filler-free PEO
electrolyte decomposes at approximately 4.4 V vs. Li/Li*, LisPOas-reinforced systems extend the stability
window to about 5.2 V, and the introduction of SN further increases decomposition voltages up to 5.5
V.

Lithium-ion transference measurements indicate that SN modifies ion transport depending on the host
matrix structure, maintaining relatively stable Li* selectivity in the crystalline 20 wt% LisPO4 system
while promoting greater anion mobility in highly filled formulations. Interfacial stability studies confirm
stable polarization behavior and reversible lithium plating/stripping. Galvanostatic cycling with high-
voltage cathodes validates the electrochemical compatibility of the series under practical operating
conditions.

Overall, these results demonstrate that SN plasticization fundamentally reshapes ion transport in LisPOa-
reinforced PEO electrolytes, introducing a conductivity—selectivity interplay governed by polymer
crystallinity and filler content. This study highlights the importance of balancing polymer mobility with
controlled ion transport and provides design guidelines for high-conductivity SPEs compatible with
high-voltage solid-state lithium batteries.
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Solid polymer electrolytes (SPEs) represent a promising route toward safer lithium -metal
batteries, owing to their processability, the absence of volatile solvents, and their potential mechanical
barrier effect. However, two major bottlenecks still hinder their development: (i) ion transport coupled
to segmental mobility, resulting in limited ionic conductivity at room temperature, and (ii) the co-
migration of cations and anions in SPEs, which leads to concentration polarization and detrimental
interfacial gradients.

To address these limitations, two complementary strategies have emerged. Gel polymer
electrolytes (GPEs) incorporate a liquid ion-conducting phase within a polymer matrix, thereby
improving ionic conductivity, but potentially compromising interfacial stability and thermal robustness.
Among such conductive liquid phases, deep cutectic solvents (DESs)—Iliquids formed through
association of a hydrogen-bond donor and acceptor (HBD/HBA), or, in the case of Li-DESs, of a Li*
salt and an HBD—strongly depress the melting point and combine low volatility with high solvation
ability. For example, a lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)/N-methylacetamide
(NMACc) mixture ata 1:5 molar ratio reaches 6(25 °C)=1.75 x 102 S-cm™ [1]. In parallel, single-ion
conducting polymer electrolytes mitigate cell polarization by enforcing a Li*-dominated flux through
tethering the anionic moieties to the polymer backbone [2].

In this work, we combine these approaches by developing new single-ion polymer electrolytes
through the polymerization of a DES formed from the single-ion monomer STFSILi, which bears a
polymerizable styrenic moiety and a covalently tethered TFSI-type anion, and the hydrogen-bond donor
NMAc. By varying the molar ratio between the single-ion monomerand the HBD, we identify three
regimes of structure and ion transport, with the electrolyte transitioning from a “dry” single-ion regime
to a “diluted” single-ion regime, and exhibiting an optimal intermediate regime. In this regime, the
electrolyte reaches 6(30°C) =5 x 10™* S-cm™, shows a near-unity lithium transference number (tLi" =
1), and features an electrochemical stability window compatible with NMC- and LFP-type positive
electrodes.

Beyond this specific system, polymerization of DESs provides a versatile route to electrolytes
in which the eutectic fraction promotes ion transport while the polymer network ensures mechanical
cohesionandpredominantly Li* conduction. This strategy offersa promising pathway toward solid-state
electrolytes that better balance transport, stability, and processability.
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Ion-exchange membrane (IEM)-based devices are central to the green energy transition,
enabling electrochemical energy conversion and storage across a wide range of applications. In these
devices, membrane nanoscale morphology governs ion and water transport, directly determining overall
performance.[1] Among IEMs, radiation-grafted anion exchange membranes (AEMs) are gaining
traction, yet the influence of polymer backbone chemistry on their properties remains insufficiently
explored.

Here, we investigate how backbone chemistry differences between ethylene tetrafluoroethylene
(ETFE) and low-density polyethylene (LDPE) affect AEMs bearing identical functional groups,
combining bulk hydration characterization with small-angle X-ray scattering (SAXS) to capture how
each backbone drives distinct nanoscale reorganization upon hydration. LDPE-based membranes show
~30% higher water uptake and swelling compared to ETFE films, attributed to the greater chain mobility
of the more amorphous polyethylene matrix, which facilitates structural reorganization to accommodate
water molecules. In contrast, ETFE-based membranes exhibit better dimensional stability, owing to the
high hydrophobicity of the fluorinated backbone. The d-spacing values extracted from SAXS profiles
range between 22 and 35 nm and do not always mirror bulk hydration behavior: higher degrees of
functionalization of LDPE membranes show greater swelling yet reduced spacing, demonstrating that
bulk and nanoscale structural responses are decoupled and that swelling measurements alone may not
fully capture structural reorganization. Additionally, to lower the barrier for SAXS adoption in the
membrane community, we developed TRAMA, a Jupyter-notebook-based platform that guides
researchers through the data analysis workflow without prior expertise.[2] This work highlights the
critical role of backbone chemistry in determining AEM morphology and establishes a structural
benchmark for future radiation-grafted membrane design. These findings lay the groundwork for
correlating nanoscale organization with ionic transport and device performance.
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SAXS probing of AEM nanoscale morphology: incident X-rays produce a scattering pattern encoding
information on the membrane inner structure.
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The growing demand for high-energy-density and safer lithium-ion batteries (LIBs) necessitates the
replacement of traditional liquid electrolytes with inorganic or polymer alternatives. In this context, gel
polymer electrolytes (GPEs) have emerged as promising candidates due to their high ionic conductivity
(~10° S cm™ at RT), enhanced interfacial contact, improved safety, and processability [1]. Among
various polymer matrices, polyethylene oxide (PEO) stands out due to its structural flexibility, strong
solvating power toward Li*, and sufficient electrochemical stability. However, its semicrystalline nature,
which leads to a drastic decrease in ionic conductivity, limits its use to high-temperature systems (above
its melting point, 65 °C). To circumvent this obstacle, comb-like polymers featuring oligo(ethylene
oxide) side chains have attracted significant attention. Their highly amorphous nature and tunable
molecular architecture provide enhanced ionic conductivity, while they can be readily synthesized in a
single step via free-radical polymerization of (meth)acrylate macromonomers, thereby supporting in situ
polymerization strategies suitable for scalable manufacturing processes such as extrusion [3]. Thus, a
careful investigation of the behavior of these polymerizable systems is imperative.

In our work, three-component polymer electrolytes were developed. Specifically, a poly(ethylene
glycol) methyl ether acrylate (PEGMEA) macromonomer with a pendant of approximately nine
ethylene oxide units, was polymerized via free-radical polymerization in the presence of varying
concentrations of a glycol-based plasticizer and a Hiickel-anion lithium salt. The influence of each
constituent on the polymerization kinetics was systematically examined and the physicochemical
characteristics and microstructural features of the resulting polymer electrolytes were directly correlated
with their ion transport properties. These insights enable the rational design of room-temperature GPEs
based on comb-like PEO architectures for scalable solid-state lithium batteries.

In-situ
Polymerization

Structure-Property
|:> - Relationship

Fig. 1. Investigation of structure-property relationships in in-situ polymerization of PEGMEA.
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Hybrid polymer-based separators are emerging as key components to overcome ion transport
limitations in next-generation lithium-ion batteries.! Here, we investigate lithium-ion transport in hybrid
electrospun separators (HES) composed of interpenetrated PVDF-HFP polymer domains and inorganic
Si02 networks, forming highly porous and tuneable ion-conducting pathways. Their unique fractal-like
architecture,” characterised by multiscale X-ray scatterings, enables a direct correlation between
morphology and ion transport in confined liquid electrolytes within polymer-based porous architectures
(Figure 1).
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Figure 1. Structure—transport relationship in hybrid electrospun separators (HES): (a) multiscale architecture; (b)
experimental workflow for quantifying lithium-ion transport properties (k, D, t+, t+ ne).

Within the concentrated solution theory framework® developed by Newman and Balsara, key
transport parameters—ionic conductivity (k), diffusion coefficient (D), and lithium transference number
(tr)—were determined using electrochemical methods in symmetric Li)/Li) cells. Concentration cell
measurements further enabled access to the Newman transference number (t+, ne), providing insight into
ion transport in confined polymer electrolytes. Compared to commercial polyolefin separators (Celgard
2325), HES exhibit significantly enhanced transport properties, including higher ionic conductivity,
faster lithium diffusion, and increased lithium transference numbers, as confirmed by both
electrochemical measurements and PFG-NMR (Table 1). These results demonstrate that tailored
polymer/inorganic architectures with controlled electrolyte confinement strongly promote lithium-ion
transport. This work highlights the critical role of multiscale architecture in governing ion transport,
providing a framework for the rational design of advanced hybrid ion-conducting systems.

Table 1. Enhanced lithium.i ) Sample k (mS-em™) D (10" m?s!)  t+, pre-NMR
able 1. Enhanced lithium-1on transport in
hybrid electrospun separators: transport Bulk LP30 12.3 3.0 0.39
properties at 25 °C for bulk LP30 and LP30 P30 in Celgard 2325 0.240 0.72 0.30
confined in conventional and hybrid
polymer-based separators. LP30 in pristine HES 2.22 4.80 0.86
LP30 in sulfonated-HES - - 0.85
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Pseudo-zwitterionic polymer electrolytes (PZPEs) have emerged as promising candidates for
multifunctional components in solid-state batteries, where efficient ion transport must be reconciled
with mechanical robustness and long-term stability!"?). However, quantitatively linking polymer
composition to coupled transport and mechanical properties remains challenging due to the high
computational cost of conventional equilibrium simulation approaches™™. In this work, we employ the
non-equilibrium molecular dynamics (NEMD) simulations®® to systematically investigate how
compositional variations in PZPEs govern both ionic transport and mechanical response. The calibrated
NEMD approach enables very efficient and robust evaluation of key material properties, including ionic
conductivity, Young’s modulus, and bulk modulus. Our results reveal a clear composition—property map
that highlights the dual role of zwitterionic motifs in modulating ion mobility and mechanical strength.
This work establishes a computational workflow for the fast screening of transport and mechanical
properties of polymer electrolytes and provides a molecular-level understanding of PZPEs for their
potential self-healing capability.
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Nowadays, fluorinated electrochemically stable polymer PVDF is the common binder which requires
toxic N-methyl-2-pyrrolidone (NMP) as a processing solvent. This toxicity has motivated a growing
interest in water-processable, fluorine-free alternatives. Aqueous binders such as carboxymethyl
cellulose (CMC), polyacrylic acid (PAA), alginates, and other polysaccharide-based systems have been
explored extensively!!l. However, they often suffer from intrinsic limitations: low electrochemical
stability at high voltages, incompatibility with certain active materials, poor processability, and
insufficient ionic conductivity. These limitations have driven the exploration of functional binders
based on poly(ionic liquid)s, which combine aqueous processability, electrochemical stability, and ionic
conductivity!??!
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Figure 1. Sustainable fluorine-free protic poly(ionic liquid) binders for LiFePO4/C composite electrodes

In this work, we present a new family of fluorine-free protic poly(ionic liquid)s, based on a
PDADMA-like backbone, incorporating two cations (DAMA®*, DAAH>*") and three sulfonate anions
(MsO-, EsO~, DBsO"), enabling a systematic investigation of the relationship between ionic structure
and functional properties. Four of these polymers are completely water-soluble and were evaluated as
sustainable binders for LiFePOs (LFP) cathodes. Electrochemical characterization by cyclic
voltammetry confirmed stability up to 4.5 V vs. Li/Li*, enabling application as binders in lithium-ion
batteries. When used as aqueous-processable binders for LiFePO. cathodes, these materials provide
competitive rate capability and enhanced performance at high current densities compared to PVDF,
highlighting their potential as fluorine-free sustainable alternatives for aqueous electrode manufacturing.
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Solid polymer electrolytes (SPEs) are safer alternatives to liquid electrolytes for lithium metal
batteries, offering advantages in processability, mechanical integrity, and cell safety. However, the
development of polymer backbones that enable both high ionic conductivity and sufficient
electrochemical stability remains a major challenge[1]. In this work, we report the synthesis of a novel
class of poly(ether-ester)-based SPEs obtained by radical ring-opening copolymerization of 2-
methylene-1,3,6-trioxocane and its copolymers with methyl acrylate and acrylonitrile. Radical ring-
opening polymerization (rROP) is a versatile technique that combines the benefits of both ring-opening
and radical polymerization systems. It enables the incorporation of heteroatoms, such as oxygen,
nitrogen, or sulfur, directly into the polymer backbone, which is challenging in the traditional radical
polymerization of vinyl monomers[2]. This molecular design combines the flexible ether segments that
facilitate lithium-ion transport with polar nitrile and ester groups that enhance lithium salt dissociation
and offer oxidation stability. Comprehensive thermal analysis using DSC and TGA confirms the
amorphous nature of the copolymers and their excellent thermal stability, with degradation temperatures
well above typical battery operation limits. Electrochemical measurements further demonstrate a broad
electrochemical stability window up to 4.7 V versus Li/Li*, making these materials compatible with
high-voltage cathodes. The ionic conductivity reaches 4 x 1077 Scm™ at 60 °C, indicating sufficient
segmental motion and ion transport through the polymer matrix. Symmetric Li|SPE|Li cells exhibit
remarkable cycling stability for over 500 h without short-circuiting, confirming stable interfacial
behavior. When paired with LiFePO. cathodes, the polymer electrolyte delivers an initial discharge
capacity of 151 mAhg' at 60°C, with good cycling retention. These results demonstrate that
poly(ether-ester) matrices derived from 2-methylene-1,3,6-trioxocane offer a versatile platform for
designing thermally robust, electrochemically stable polymer electrolytes suitable for next-generation
all-solid-state lithium batteries.
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1,3,6-Trioxocane
Scheme 1: Copolymerization scheme of 2-methylene-1,3,6-trioxocane with methyl acrylate and acrylonitrile
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Electrochemical energy storage is pivotal for transport electrification and renewable integration,
motivating solid-state batteries. Solid polymer electrolytes (SPEs) improve safety and manufacturability
versus liquid electrolytes and can enable lithium-metal anodes and high-voltage cathodes. In single-ion
conducting polymers (SiCP), the anion is covalently tethered to the backbone, making Li* the dominant
mobile species and suppressing Li dendrites formation, but practical use is often limited by high glass-
transition temperatures, insufficient conductivity, and processing complexities [1].

Here, we report the development of a hybrid single-ion solid polymer electrolyte (HSiPE) designed
to couple mechanically robust membranes (compatible with pouch-cell assembly) and stable
electrochemical performance at elevated temperatures. Our work integrates electrolyte formulation design
and processing into a single scalable workflow. We used a one-pot synthesis incorporating a high fraction
of plasticizers directly into the single-ion polymer network, eliminating post-fabrication swelling/soaking
steps while maintaining solid electrolyte membrane integrity and improving scalability. In this work,
effects of molecular weight of SiCP, additives, various plasticizers and ceramic fillers were investigated
to improve the ionic conductivity and high-voltage stability of the HSiPE electrolytes. In Figure 1a, ionic
conductivity of investigated HSIiPE electrolytes acted as initial filter on electrolyte selection process for
further characterization in solid-state cells. HSiPE 19 (without any fillers), HSiPE 20 (with AlO3) and
HSIiPE 28 (lithium-ion conducting glass-ceramics LICGC™, Ohara Corp.) electrolytes were selected for
testing in 5 V “Li/HSiPE/LNMO” based cells. In solid-state cells cycled between 3.0 to 5.0 V, the cells
with electrolytes with ceramic fillers (HSiPE 20 and HSiPE 28) demonstrated higher stable
electrochemical performance, achieving a discharge capacity of ~140 mAh/g (relevant to LNMO
theoretical capacity) at 60 °C, as seen in Figure 1b.

In addition to the results summarized here, our contribution includes additional formulation-
screening and cell data, including ionic conductivity values, Li|Li symmetric-cell cycling, and full-cell
testing with 5 V-class LNMO composite cathodes at 60 °C.
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Figure 1. a) Ionic conductivity of the investigated HSiPEs; b) Charge-discharge profiles for 1% cycle of “Li/ HSiPE
/LNMO?” solid state coin cells. Cell configuration: composite LNMO cathode (LL 0.7-1.5 mAh/cm?), Li foil (50
pum) as anode. Cycling conditions: 60 °C, C/30-C/30, 3.0-5.0 V.
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Semi-solid-state lithium metal batteries (sSS-LMBs) based on in sifu polymerized gel polymer
electrolytes (ISP-GPEs) are a promising battery technology which combines high energy density, low
internal resistance, and easy scalability. However, the development of sSS-LMBs requires careful
tailoring of cathode active layer architectures to ensure effective GPE infiltration and sufficient ionic
transport. Design rules established for conventional liquid-electrolyte LIBs, where -electrode
densification in the 3.0-3.6 g-cm™ range is typically pursued to maximize volumetric energy density,
are not directly transferable to ISP-GPE-based systems, particularly at high areal capacities.

Herein, an environmentally friendly water-based process [1] has been optimized and employed
to dense Ni-rich cathodes with high areal capacity of 3 mAh-cm 2 used for sSS-LMBs application. An
aqueous binder based on a single-ion conducting copolymer electrode formulation has been incorporated
into the formulation to promote ionic transport within the structure. The effect of positive electrode
density on the electrochemical performance of semi-solid-state “Ni-rich NMC/GPE/Li” cells has been
systematically investigated. As shown in Figure 1, increasing cathode density from 2.5 to 3.4 g-cm™
induces discharge C-rate limitations. While cells with higher-density electrodes retain comparable
capacities at low discharge C-rates, a marked decrease is observed as the discharge C-rate increases.
The cells with cathodes having the lowest density 2.5 g-cm™ (~27% porosity) delivers significantly
higher discharge capacities at moderate-to-high C-rates compared to cells with more compacted
cathodes. These results highlight the need to rebalance cathode design strategies for ISP-GPE-based
sSS-LMBs, prioritizing adequate ionic accessibility over maximum electrode compaction.
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Figure 1. Electrochemical performance of “Ni-rich NMC/GPE/Li” semi-solid state coin cells: (a) discharge capacity vs. cathode
density at selected discharge C-rates, (b) discharge voltage profiles at C/10 and C/2 for cells with different cathode densities.
Cycling conditions: 25 °C, cathode loading 3 mAh-cm™2, Li metal - 50 um, charge rate - C/10, discharge - 0.1-1C, cycling
range - 3.0-4.3 V.

This work is supported by Horizon Europe under the SOLIDBAT project (Grant Agreement
No. 101147533).

References

[1] S. Sananes-Israel, I. Urdampilleta, G. Kvasha, I. Landa-Medrano, 1. de Meatza, Batter. Supercaps,
7 (2024) €202400358.

111



Beyond LiTFSI: New Generation PFAS-free Salts for Enhanced Solid
Polymer Electrolytes in Lithium Metal Batteries

Lorena Garcia', David Fraile-Insagurbe'?, Michal Fabianski'**, Izaskun Serna'?, Maciek Dranka®,
g
Eduardo Sanchez-Diez', Michel Armand', Maria Martinez-Ibafiez'

!Centre for Cooperative Research on Alternative Energies (CIC energiGUNE)
Parque Tecnologico de Alava, Albert Einstein 48, 01510 Mifiano, Alava, Spain
? Department of Applied Chemistry and Polymer Science & Technology, University of the Basque
Country (UPV/EHU), Paseo Manuel Lardizabal 3, 20018 Donostia-San Sebastian, Spain
? Faculty of Chemistry, Warsaw University of Technology
Noakowskiego 3, 00-664 Warsaw, Poland
* ALISTORE-European Research Institute, CNRS FR 3104
Hub del Energie, Rue Baudelocque, Amiens Cedex 80039, France

lgarcia@cicenergigune.com

LiTFSI/PEO system, although it is the most employed system in SPEs, still presents some
limitations such as low lithium-ion conductivity, poor SEI layer and poor electrochemical stability
towards Al current collector." Additionally, utilization of fluorinated compounds in lithium secondary
batteries, including per- and polyfluoroalkyl substances (PFAS), raises environmental concerns,
prompting a shift toward PFAS-free alternatives.” Hence, the development of new electrolyte materials
is needed to fulfill with regulatory scrutiny and to improve battery performance addressing current
limitations, particularly in enhancing Li-ion conductivity and stabilizing the SEI layer at the lithium
anode. In addition to the widely exploited sulfonimide-based anions®, Hiickel anions bearing cyanide
substituents emerge as a promising alternative due to their strong negative charge delocalization, high
ionic conductivity, excellent thermal stability, and wide electrochemical stability window.*

In this work, we present the synthesis and characterization of two novel PFAS-free lithium salts
and their application in lithium metal batteries. When incorporated in a PEO-based SPE, both salts
demonstrate excellent thermal stability for use in LMBs and show enhanced compatibility and cycling
stability with the lithium anode. These findings highlight the potential of PFAS-free materials to be
competitive options for next-generation, high-performance solid-state batteries.
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Nowadays, one of the main goals of the energy storage industry is to transition from conventional
lithium-ion technologies toward next-generation systems beyond Li-ion, based on more abundant,
sustainable, and less environmentally impactful materials. In that context, Solid-State-Batteries have
emerged as one of the most interesting alternatives, as they only employ solid components throughout
the entire cell. This configuration enhances safety compared to conventional batteries and provides
improved mechanical stability; however, their main limitation lies in the relatively low ionic
conductivity of solid electrolytes.[!] Gel-Polymer-Batteries are a variant that can possibly solve those
problems, as they combine both liquid and solid-state features.!”’ However, gel-polymer electrolytes and
jellified cathodes are still commonly processed by wet methods,*! which rely on organic solvents and
drying steps, increasing process complexity, energy demand, and environmental impact. For this reason,
dry-processing approaches are attracting growing interest, as they eliminate solvent use while still
requiring a careful balance between mechanical integrity and electrochemical performance.

This study aims to establish a solvent-free process to manufacture gel-polymer electrolytes and
jellified composite cathodes. The materials will be processed using a torque-controlled HAAKE mixer,
which applies shear through rotors while enabling control of temperature and rotor speed, without the
use of solvents. The objective is to obtain a self-standing, processable gel with good mechanical
properties and ionic conductivity. To optimize the process, the effect of the mixing parameters, addition
order, PEGDME content and EO:Li ratio on the electrochemical and mechanical properties will be
investigated. The resulting insights will be used as a basis for the development of jellified composite
cathodes.
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Figure 1. Scheme of the Gel-Polymer Electrolyte manufacturing process
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The scramble to find an electrolyte suitable for Lithium metal battery gave way to a lot of innovations
for gel and polymer electrolytes®. At the same time, for about fifteen years, there is a resurgence of
interest in highly concentrated electrolytes®. The absence of free solvent and the modifying of the
activity of the solvent greatly improved the electrochemical stability of those electrolyte® and thus make
them more suitable versus lithium metal negative electrode.

This improvement of stability come with drawbacks. As the number of charge carriers increases in the
medium their mobilities start to decrease, around 1M?, causing the well-known bell-shape curve for
conductivity curve versus concentration. As more salt is put in the solvent the viscosity rises, causing a
slowing of the ionic mobilities due to the viscous hindering. Also, it has been commonly proven that at
higher concentration even in strong electrolyte such at cyclic carbonate (eg propylene carbonate PC)
complex charges carriers appears' combining anions, cations and solvent molecules (ion pairing and
aggregation). It’s not yet clear if those charge carriers contribute to the ionic conduction and to what
extent®.,

In this presentation, the nature of charge carrier will be analysed on a wide range of concentrations for
2 types of carbonates- cyclic PC &=64.9 at 25°C (strong electrolyte) and linear DMC with &=3.1 at
25°C> (weak electrolyte), laden with LiTFSI (0,01 to 3,2 mol/L). The link between the transport
properties, i.e., ionic conductivity, viscosity and diffusion coefficients, and the nature and quantity of
charge carriers characterized by Raman spectroscopy, will be investigated. Then, thanks to a complete
set of measured parameters for these 2 carbonates solvents, the results are confronted to the historical
and current models for transport in concentrated liquid electrolytes as function of temperature. For very
low concentration verify the adequation of experimental data to the DHO model, extend the model to
moderate and high concentration for carbonates electrolytes.

Sources:

(1) Long, L et al. J. Mater. Chem. A 2016, 4 (26), 10038—10069.
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Transitioning away from long-term dependence on fossil fuels and nuclear energy is essential to meeting
the Paris Agreement’s 1.5 °C target and reducing energy import demands.' Cutting CO, emissions while
maintaining a reliable energy supply requires effective storage of renewable energy from wind, water,
and solar sources, with all-solid-state batteries (ASSBs) being a promising candidate.

We present a solid polymer electrolyte manufactured via electrospinning, suitable for use as a separator
or catholyte in ASSBs. In our previous work, we incorporated polyacrylonitrile (PAN), a structural
support polymer, into ion-conductive polyethylene oxide (PEO), producing a phase-separated fiber
structure.” The resulting free-standing membrane offers mechanical flexibility, low crystallinity, and
significantly improved thermal stability, maintaining integrity up to 100 °C. Lithium transport through
the electrolyte was confirmed using galvanostatic lithium plating/stripping at 0.1 mA ¢m™ and solid-
state NMR spectroscopy.?

However, the growing demand for lithium-based battery technologies has driven up costs and reduced
availability. In addition, most global lithium production is concentrated in Australia, Chile, and China,
raising concerns about geopolitical independence and supply security. To address these challenges,
sodium emerges as a substitute for lithium, as it is low-cost, widely available, more evenly distributed
geographically, and can be extracted in a more environmentally sustainable way.*

Here, we apply the sodium salts NaBF4 and NaTSFI to the electrospun PAN/PEO system. While using
NaBF, in polymer electrolytes, which shows ionic conductivity in the order of 107 S cm™ at 55 °C,
doesn’t match the performance of lithium-based polymer electrolytes, NaTFSI is a promising candidate.
We screened different compositions of sodium salt and plasticizers, succinonitrile and propylene
carbonate, to identify the optimal system. Using potentiostatic electrochemical impedance spectroscopy
and X-ray diffraction, we demonstrate the plasticizing effect of NaTFSI. No additional plasticizer and
only a small amount of NaTFSI (1/36 molar ratio referenced to the polymers’ repetition unit) are
sufficient to achieve a conductivity of 0.01 mScm' at 55 °C. Furthermore, we confirmed the
mechanical, thermal, and electrochemical stability of the lithium-based system by thermogravimetric
analysis, differential scanning calorimetry, scanning electron microscopy, and cyclic voltammetry,
making it a promising solution for safer, more durable battery systems. Our elastic, dense, and free-
standing membranes demonstrate the vast potential of electrospun solid polymer electrolytes in beyond
lithium all-solid-state battery systems.
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Li-ion batteries are currently the most common energy storage devices. They have a high gravimetric
energy density of 260 Wh.kg!' [1]. However, they contain critical materials such as cobalt or nickel
which are not naturally present in Europe and are excavated through destructive mining processes[2]. It
is therefore necessary to develop more sustainable energy storage solutions, such as organic batteries
for example. Organic batteries have the advantage of being composed of abundant materials, such as C,
H, O, S, which lower their environmental impact [3], but their performances are not on par with the
current commercial Li-ion batteries. Among the multiple challenges of such systems is the solubility of
the organic active materials in liquid organic electrolytes. This hinders the performance and the cycling
stability of the battery.

In the context of more sustainable energy storage, France 2030 finances via the PEPR batterie, projects
such as SONIC (Solid-state Organic anioNIC battery). The SONIC project aims to prepare an all-solid-
state all-organic anionic battery, that contains no metal and no critical raw material, operating with
organic electrode materials and a solid polymer electrolyte (SPE).

Herin, we present the preparation of an anion-conducting SPE, with commercially available monomers,
via thiol-ene click chemistry, plasticized with carbonate solvents, propylene carbonate (PC) or ethylene
carbonate (EC). The composition of the plasticized SPE was optimized, and a conductivity of
10*S.cm™! at room temperature was obtained. The preparation of the dry and plasticized SPEs and the
conductivity measurement are presented on Figure 1.
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Figure 1: Preparation of the dry and plasticized SPEs and measured conductivity of the prepared membranes
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Electrografting sodium-based solid polymer electrolytes (SPEs) presents a promising route toward
electrochemically enhanced structural and solid-state sodium batteries. This approach enables the
replacement of conventional monofunctional, thick separators with conformal ultrathin SPE coatings,
which can improve both energy and power density. Previous work has shown electrografting to be a
scalable, single-step method for forming such homopolymer electrolyte layers on carbon fibres that can
be used as negative electrodes in separator-less structural sodium batteries." However, the ability of
these coatings to function as both electrolyte and separator depends critically on their coupled
electrochemical and mechanical properties, which are intrinsically coupled and often competing. While
their minimal thickness underpins the electrochemical advantages of reduced ionic transport distances
and low internal resistance, it also requires them to be mechanically robust to maintain electrode
separation and prevent dielectric breakdown or mechanically induced internal short circuits.

Here, we investigate electrografted copolymer SPEs formed from monofunctional and bifunctional
PEG-acrylates coated onto carbon fibres. Three copolymer compositions are examined and compared
with homopolymer-coated and pristine fibres. Introducing the bifunctional PEG-acrylate improves the
mechanical properties of the resulting copolymer coatings compared to the homopolymer coating while
they remain micrometre thin, flexible, and ionically conductive. The mechanically improved copolymer
SPEs ensure electrode separation in half-cell configurations against sodium metal, while their
maintained flexibility enabling fibre handling. Their low thickness combined with adequate ionic
conductivity introduces negligible system resistance and no difference in electrochemical performance
is observed for the copolymer coated fibres compared to the homopolymer coated and pristine fibres.
However, an electrochemical threshold is reached at the highest evaluated content of bifunctional
monomer content in the monomer mixture (18 mol%), where the added resistance of the resulting
copolymer SPE significantly suppresses electrochemical performance.

Post-cycling analysis shows that all SPE coatings remain intact within the 0.01-2.00 V vs Na/Na*
potential window used to cycle the half-cells. Further, the C-C bond between the fibre surface and the
SPE appears stable within a voltage window of 0.01-4.00 V vs Na/Na" which indicates suitability to
function as SPE and separator in full cells.

These results demonstrate that electrografted PEG-acrylate copolymers provide ultrathin SPE coatings
with improved mechanical robustness without compromising electrochemical performance, offering a
scalable strategy for separator-less structural and solid-state battery architectures.
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Global demand for clean energy has driven the need for advanced storage systems beyond Li-ion
batteries (LiBs), which are rapidly approaching their theoretical limits. Research into ‘beyond LiB’
systems is therefore necessary for the electrification of energy intensive industries such as transport and
aerospace. Structural LiBs offer a promising approach by increasing system-level energy density. By
simultaneously storing energy and bearing mechanical load, they eliminate the heavy packaging
materials required in conventional battery packs. This enables direct structural integration into cars,
aircraft, drones, and other weight-sensitive systems. Yet the practical cell-level energy density of
structural LiB remains low.

Another way to increase energy density further is to use LiS chemistry which has a far superior
theoretical energy density from the multi-step redox of S in the cathode. LiS batteries (LiSBs) also offer
a more sustainable alternative by replacing critical cathode minerals with abundant S. However, their
commercialisation is severely limited by short cycle life. The incorporation of LiS chemistry into a
structural battery remains unexplored, and its success would enable a battery with the commercially
viable energy density for next-generation transport and aerospace technologies.

The electrolyte is key to the practical realisation of such a system. It must mitigate issues
associated with LiS chemistry while also contributing to battery structural integrity. Polymers are
particularly well suited for such applications, as their versatile chemistry enables a high degree of
tunability to target these challenges. Li metal dendrite growth and the polysulfide shuttle effect (PSSE),
where S discharge products migrate between electrodes, significantly limit LiSB performance.
Replacing conventional liquid electrolytes (LE) with polymer electrolytes can address many of these
issues thanks to their polymer network structure and functional groups. However, polymers used for
structural composites are typically poor electrolyte candidates as the crystallinity that confers
mechanical properties results in low ionic conductivity. To address this, structural biphasic electrolytes
(SBEs) have been designed using a mix of typical LiB electrolytes with methacrylate resins containing
the same bisphenol A backbone used in epoxy resins for carbon fiber (CF) composites. With a high-
modulus polymer backbone phase and an ion-conducting liquid phase, they can simultaneously provide
structural integrity and facilitate ion transfer, mitigating the typical tradeoff between the two.

This study compares a conventional gel polymer electrolyte (GPE) to a newly developed LiS SBE. A
GPE with PEO-like characteristics and functional groups, known to help mitigate the PSSE, was chosen
to allow comprehensive comparison of electrochemical behaviour. The GPE was prepared in situ during
cell assembly followed by thermally initiated polymerisation. Combined with commercial cathodes,
which can later be substituted by the CF/S cathodes required for structural batteries, the cycle life was
increased compared to a LE and a range of benchmark metrics were achieved. The SBE, adapted from
a LiB system, consists of bisphenol A ethoxylate dimethacrylate and a standard LiS LE (1:1 mixture of
1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) with lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI)), where polymerisation is initiated by AIBN. The crosslinking reaction was investigated to
understand and avoid unwanted side reactions with S species and their incorporation into the polymer
chains. The effect of crosslinking degree and temperature on conductivity and mechanical properties
was investigated using electrochemical impedance spectroscopy and dynamic mechanical analysis,
while its subsequent cycling behaviour was assessed with galvanostatic charge-discharge tests. Full
characterisation using scanning electron microscopy, X-ray photoelectron spectroscopy, and Raman
spectroscopy enables further optimisation of both mechanical and electrochemical properties, working
towards a truly multifunctional SBE for structural LiSBs.
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In widely studied polyether-based solid polymer electrolytes (SPEs), the flexibility of the ether
chains results in a low glass transition temperature (7,) and relatively high ionic conductivity at low salt
concentrations. However, increasing the salt concentration raises the 7, and reduces the conductivity.
This is generally attributed to a physical crosslinking between ether groups and cations. On the contrary,
some SPEs, such as those based on poly(ethylene carbonate) (PEC), exhibit the opposite behavior: the
conductivity increases, while the 7, decreases with increasing salt concentration. Although numerous
materials have been tested, achieving a high ionic conductivity and favorable mechanical properties
“simultaneously” is challenging because reasonable conductivity often coincides with relatively low 7s.
Polymeric materials are typical viscoelastic materials. Viscoelasticity is expected to significantly
influence the mechanical properties of SPEs. However, few studies have thoroughly examined how the
structure and composition of SPE affect the mechanical relaxation dynamics across broad timescales.

The present study examines the stress relaxation of polymers in SPEs via dynamic viscoelasticity
measurements. Poly(ethylene oxide/propylene oxide) copolymer (P(EO/PO)) was selected as a
polyether model, while polymers such as poly(ethylene carbonate) (PEC), poly(propylene carbonate)
(PPC), and poly(trimethylene carbonate) (PTMC) were chosen as polycarbonate models. Stress
relaxation of polymers is a sum of various modes across broad timescales, such as local or segmental
motion, entanglement, and diffusion of the entire chains. Based on the time-temperature superposition
principle, the relaxation modes that induce transitions at each temperature correspond to modes with
different rates when seen at a certain temperature. Fig. 1 shows the results of temperature sweeps for
PTMC and LiTFSI electrolytes as examples. From the low-temperature side, 73-related large relaxations
due to local or segmental motions are observed, followed by rubbery plateau regions, and then terminal
relaxations. Notably, while the 7, shifts to higher temperatures, the G’ at the plateau which corresponds
to the degree of chain entanglement and the terminal relaxation temperature decrease. The salt addition
suppresses the segmental motions, while exhibiting plasticization effect on entanglement and the overall
chain diffusion. We obtained results indicating that the effect of salt addition varies depending on the
materials used. In the presentation, we will discuss implications for the potential to achieve both
favorable conductivity and mechanical properties, incorporating master curve analysis covering a broad
frequency range.
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Fig.1. Results of temperature sweep dynamic viscoelasticity measurements
for PTMC and its LiTFSI electrolytes ([Li]:[C=0] = 0.1, 0.5).
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The development of next-generation polymer electrolytes is critical for electrochemical energy
technologies, particularly in hydrogen-based applications such as fuel cells and water electrolysis,
where proton exchange membrane (PEM) and anion exchange membrane (AEM) systems play a
central role. However, current commercial membranes are often made from per- and
polyfluoroalkyl substances (PFAS), which raise environmental concerns and require a balance
between ionic conductivity, chemical stability, and dimensional integrity.

Here, we present a bio-inspired approach based on molecular building blocks with a strong
propensity for self-assembly, enabling the development of ion-conducting polymers through simple
and scalable synthetic routes. Like biological membranes, these systems self-assemble into
nanostructures with interconnected ionic domains, facilitating ion transport. A key advantage of
this platform lies in its modularity, enabling the generation of diverse molecular structures via high-
throughput and tunable synthetic approaches. Solvent casting and further chemical processing
results in robust polymeric materials with enhanced mechanical integrity and stability. Importantly,
the same design principles enable adaptation of the materials for both proton-conducting (PEM)
and anion-conducting (AEM) systems. The developed membranes address key limitations of state-
of-the-art systems across their lifecycle, from fabrication to operation. Their simplified
processability could improve manufacturability and material quality, while minimal swelling and
shrinkage reduces mechanical failure. The materials already show enhanced dimensional integrity
and superior nanostructural stability at high temperatures compared to selected commercial
membranes. Beyond membranes, the molecular precursors show strong potential as functional
ionomers, highlighting their versatility across electrochemical applications.

Overall, this research establishes a simple and scalable platform for advanced ion-conducting
polymers, offering a promising pathway toward PFAS-free and more sustainable membrane
materials for hydrogen technologies.

Figure 1: Schematic showing the preparation of ionomer and membrane fabrication
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Solid polymer electrolytes (SPEs) show great promise when it comes to energy density and safety
for Li ion batteries. The importance of solid electrolyte interphase (SEI) formation is well known and is
understood in alkaline earth metal battery systems but their dynamic formation is still poorly understood.
Surface characterisation of the SEI in SPEs can be specially challenging as the glue-like nature of
polymers prevents a clean SPE/electrode separation.

In-operando studies are a viable strategy to probe the SEI formation dynamically. In one study,
an open cell configuration was used with a 6 nm thin layer of nickel deposited on LisPSsCl, allowing
the SEI evolution to be tracked using high energy x-rays’.

A model system was developed to mimic the electrode/electrolyte interface and to track the SEI
evolution in-operando. NMC 111, conductive carbon and PEO/LiTFSI (as binder) were coated on an Al
mesh, which were then assemble into a half cell vs Li into a small coin cell, with an opening allowing
the mesh to be probed via x-rays (Al source). The core levels of interest were investigated.

The C 1s spectra Show that As the Working electrode potential increases towards 4.5 V, the C-O
(PEO peak) and C-F(salt peak) peaks start to shift to lower BE. This is while the peak intensity of the
former decreases, while for the latter there is an increase. This agrees with the literature that PEO starts
to degrade after 3.8 V and that the degradation products include volatile species such as methanol', 2-
methoxyethanol', 1,4-dioxane?, 2-methoxy-1-propanol?, 1,2-ethylene glycol diformate?, and 1,3,6-trioxocane?.

The cell was then discharged to its initial potential to see if any of the peaks returned back to their
initial state. The intensity of the peak was lowered alightly as expected, but the state of the peak spectra
was similar to the spectrum collected at 3.8 V, with the difference that the salt peak was still more
prominent.

The survey spectrum reveals that the metal peaks are visible, proving that the polymer binder is
in contact with the NMC.
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Figure. Left: Operando cell with coin-cell setup. Middle: Voltage profile, with measurements taking place
towards the end of voltage plateaus. Right: C 1s core level spectra of working electrode during the voltage
plataus.
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Despite extensive research on PEO-based Li'-conducting polymer electrolytes, reported
transference numbers T still vary considerably across the literature. This variability can largely be
attributed to the application of different experimental methods, as some of them are relying on idealized
assumptions, which are not fully satisfied in real electrolyte systems. The applied approaches range from
electrochemical to thermodynamic and theoretical methods. For instance, electrochemical methods can
be challenged by the accurate determination of interfacial resistances of electrodes, theoretical methods
can be limited by the comparison with experimental data, particularly with respect to the chosen frame
of reference. [1, 2]

To address these discrepancies, this study employs electrophoretic NMR (eNMR) to determine
transference numbers of poly(ethyleneoxide) (PEO) in combination with lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI), based on the electrophoretic mobilities u; of the investigated species
i within the electrolyte. The application of electric field pulses during a pulsed-field gradient NMR
(PFG-NMR) experiment induces a field-induced phase shift in the NMR signal, which can be used to
calculate y; for the investigated species. Notably, eNMR enables a species-selective determination
including the direction of drift of each species, which is often not possible for other commonly used
methods. [1]

Following the initial publications on the use of eNMR for the investigation of charge transport
in polymer electrolyte systems, the methodology has been further refined, yielding more precise results
compared to earlier studies. [1] In particular the integration of reference electrodes into the experimental
setup improves measurement precision and allows to compensate for unwanted flux contributions that
may occur during eNMR experiments.[3] Additional methodological refinements include optimized
samples and probe handling, as well as improved data processing and evaluation procedures.

We demonstrate that these recent advancements in eNMR methodology enable a more precise
and reliable 7 determination, yielding slightly larger mobilities for all electrolyte components, as well
as higher 7. In particular, the positive mobility of PEO chains is consistent with the expected migration
of the polymer to maintain local volume conservation during ion migration. [4] Comparison to
transference numbers obtained by other methods in different reference frames is made and allows to
reconcile conflicting results.
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Lithium secondary batteries capable of fast charging require electrolytes with both high ionic
conductivity and high Li" transference number [". Inorganic solid-state electrolytes used in all-solid-
state batteries meet both of these requirements, but forming good electrolyte-electrode interfacial contact
remains a significant challenge. In contrast, in liquid electrolytes, the interface chemistry can be well
controlled, but the lithium transference number (#.i) is usually low. The presence of solvent that can
diffuse freely causes a concentration gradient of Li salt under anion-blocking conditions. Recent studies
suggested lithium molten salts as a potential solution to achieve #; ~ 1 in a battery cell. However, the
high melting point and crystallinity make most of these salts unsuitable for battery applications at
ambient temperature. In response to this issue, stabilizing the supercooled liquid state is an effective
way to extend the liquid temperature range of lithium molten salts. While in a different field, polymeric
additives have been utilized in pharmaceutical formulations to suppress crystallization and stabilize
amorphous states. Inspired by this concept, we previously reported that adding a small amount of
polymer enables Li salts to remain liquid at room temperature . The addition of 10 mol% of
poly(methyl methacrylate) (PMMA), based on repeat units, to lithium
(fluorosulfonyl)(trifluoromethanesulfonyl)amide (LiFTA or LiFTFSA) resulted in the formation of a
viscous liquid at room temperature. In the resulting 90 mol% LiFTA/PMMA mixture, differential
scanning calorimetry showed no melting peak attributable to LiFTA, and the liquid state was maintained
for several months at ambient temperature. We refer to this system as a deeply supercooled Li salt (Li-
DSS). Interestingly, this Li-DSS: 90mol% LiFTA/PMMA shows not only stable supercooled state and
anomalous plasticization, which is a kind of deviation from empirical mixing relations in glass transition
point: 7. As shown in Figure, we compare experimental 7; value obtained from DSC measurement and
empirical mixing relations, here using the Couchman-Karasz and Fox models ¥, Generally reported
in literature, ionic liquids/PMMA mixture follows empirical relations ). However, LIFTA/PMMA
shows a pronounced 7 depression near ~90 mol% L*"T* -~~~

In this presentation, we discuss this

deviation of T}, from empirical law in Li-DSS, with L — Couchman-Karasz €
particular attention to how polymer additives 100} & Fox eq.
affect its structure and dynamics through applying ’ —A—LIFTAPMMA
the basis of Adam-Gibbs theory. Sr
QP sof
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Poly(ionic liquids) (PolylILs), also known as polymerized ionic liquids, have garnered increasing
research interest as novel polymer electrolytes (PEs) for future lithium and sodium batteries. Cationic
PolylLs-based polymer-in-salt systems have shown great promise in addressing the challenges of low
ionic conductivity and low metal cation transference numbers related to conventional polymer
electrolytes. We  recently  reported several ammonium  cation-based  PolylLs,
poly(diallyldimethylammonium) bis(fluorosulfonyl)imide (PDADMA FSI). With the addition of a high
concentration of LiFSI or NaFSI salt, the alkali metal ion transference number can reach between 0.5
and 0.65, with ionic conductivities up to 6.4 x 10 S cm™ for the Li system at a 1:1.5 polyIL-to-salt
molar ratio and nearly 10 S cm™ for the Na system at 80°C at a 1:2 ratio."* Furthermore, when the salt
concentration was extended to an extreme range at a 1:8 ratio, a further enhancement Li* transference
number (~ 0.8) and improved electrochemical performance were reported,’ indicating the impact of a
salt-dominated environment. However, the role of polymer chemistry in extreme salt systems are not
fully understand yet. In this research, we further extend our investigation to two additional types of
polymer electrolytes: a neutral polymer (polyacrylonitrile, PAN) and an anionic polysalt (Poly(lithium
sulfonyl(trifluoromethane sulfonyl)imide methacrylate, PMTFSILi), to understand their behaviors
across a wide range of salt concentrations from 2:1 to 1:8 ratios. By combining molecular dynamics
(MD) simulations and density functional theory (DFT) calculations, we systematically elucidate the role
of polymer chemistry in developing polymer-in-salt electrolytes, thereby guiding the design of next-
generation polymer electrolytes for lithium metal barriers.
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New Understanding, Fabrication Methods, and Applications of Molecular
Ionic Composite Electrolytes

Louis A. Madsen
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Molecular ionic composites (MICs) are high modulus solid electrolytes based on a rigid-rod charged
polymer that can incorporate a variety of ionic liquids, salts, and/or other polar molecules. MICs
represent a vast and flexible design space for tailoring solid materials to applications in energy storage
and sustainability. At the same time, much of the fundamental phenomena in MICs require new
observations, and I will present new insights and new questions. Our progress on MIC-based lithium-
metal batteries includes designs that withstand hundreds of cycles with 90% capacity retention at up to
4.4 V. I will present new MIC compositions tailored to high energy cathode materials like NMCS811,
higher charge/discharge rates, and cycling with no dendrite formation as observed by SEM and X-ray
tomography. I will also discuss details of electrolyte breakdown mechanisms via synchrotron X-ray
methods in post-cycled battery cells. A new electrolyte fabrication method gives films with a factor of
2-10 higher modulus compared to materials from previous methods that have equivalent polymer
content (e.g., > 2 GPa at only 13 wt% polymer). Finally, I will present MICs tailored for solid-state gas
separations applications involving, for example, CO,, N, H,O, and CHa.
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Commercial alkali metal-ion secondary batteries currently rely on liquid electrolytes containing
toxic and volatile organic carbonate solvents, which are prone to side reactions, oxidative
decomposition, gas production, and combustion, particularly at high temperatures. Adoption of all-solid-
state designs by polymer materials, ceramics, low-volatility additives, and hybrids thereof represent a
promising solution towards next-gen, advanced alkali metal-ion secondary batteries; in addition to safety
advantages, these offer higher energy density and longer runtime than traditional Li-ion cells [1,2].
However, low ionic conductivity, low cation transport properties and issues in sustainable
manufacturing processes must be overcome for market deployment.

Herein, recent advancements in polymer-based electrolytes with high ionic mobility, designed for
safe and efficient solid-state batteries, are highlighted. Polymer matrices include poly(ethylene oxide),
poly(carbonates), poly(vinylidene fluoride), and various blends thereof. Sustainable techniques,
including solvent-free extrusion and UV-induced photo-polymerization, are used for solid electrolyte
production. Incorporating room-temperature ionic liquids, low-volatility additives, ceramics and even
biosourced materials further improves electrochemical performance, achieving near-theoretical
capacities at high C-rates with stable cycling at ambient conditions, also in combination with high-
energy 4V class cathodes [3,4]. Single-ion conducting polyelectrolytes are also particularly promising
as they feature immobilized anions and free-to-move alkali metal counterions, resulting in a lithium
transference number close to unity and resistance towards dendrite growth [5]. In terms of sustainable
development, the aim is at exploring alternative recycling pathways for materials holding potential for
a second life within the energy storage domain as components in advanced solid-state batteries,
particularly Na-based batteries [6].
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Lithium metal batteries (LMBs) offer significant advantages over traditional lithium-ion batteries
(LIBs), primarily due to the high specific capacity of LiM (3860 mAh-g—1), which is about ten times
that of graphite. This allows LiM batteries to store more energy in a smaller, lighter package, making
them ideal for applications like electric vehicles and portable electronics. Their low electrochemical
potential (—3.04 V vs. SHE) also contributes to higher cell voltage and energy density. However, the use
of LiM as anode presents significant safety risks, particularly when combined with highly flammable
liquid electrolytes. Therefore, switching to safer electrolytes, such as solid-state ones, is required.[1]

Solid-state batteries (SSBs) offer a promising solution, overcoming many limitations of liquid-
based LIBs. The use of solid electrolytes improves safety, stability, and energy density. Among these,
polymer electrolytes (PEs) are gaining attention due to their lower cost, greater flexibility, ease of
processing, and scalability.[2] Most PEs are dual-ion conductors (DICs), meaning both cations and
anions can move freely in the electrolyte. Anions are often more mobile, leading to a low lithium-ion
transference number (LTN), which creates concentration gradients during cycling. These gradients
cause cell polarization, triggering undesirable side reactions and accelerating battery degradation. A
promising solution is the design of single-ion conducting polymers (SICPs), where an anionic group is
covalently attached to the polymer backbone. This innovation, emerging in academia in recent years,
enables an LTN close to unity, preventing concentration gradients, polarization, and suppressing
dendritic growth. The immobilization of anions within the polymer backbone restricts their movement,
allowing lithium ions to distribute more evenly during plating and stripping a common issue in LMBs.

Inspired by these challenges our work is devoted to the design and development of new SICPs. In
this talk, a general overview of our core research will be given with a special focus on following pillars:
a) SICPs as ionically conducting and water processable binders for high voltage application;[3] b)
enabling polymer electrolytes working at room temperatures using SICP-based gel polymer
electrolytes;[4,5] and ¢) novel SICP chemistries towards perfluoroalkyl and polyfluoroalkyl substances
free structures.
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Liquid electrolytes have long been used in lithium-ion batteries due to their high ionic
conductivity and excellent wettability of composite electrodes. However, their flammability
raises significant safety concerns. Solid-state electrolytes are therefore considered a key
component for next-generation batteries, offering improved safety and higher energy density,
notably by enabling the use of lithium metal negative electrode.

Composite polymer—ceramic electrolytes have attracted considerable attention as they combine
the mechanical compliance of solid polymer electrolytes with the thermal stability and fast ion
transport of ceramic phases. While the addition of highly conductive ceramic fillers is expected
to enhance overall conductivity, experimental observations remain widely dispersed and often
contradictory, pointing to an incomplete understanding of the underlying transport
mechanisms'.

Here, we address this issue by identifying the key parameters governing ionic transport in such
composites. We develop a simple geometrical model that explicitly incorporates interfacial
charge transfer and validate it against well-defined model systems, including PEO/LATP
composites with controlled particle sizes and alternative matrices such as PTMC. The model
successfully captures the experimental trends and reveals that interfacial resistance plays a
dominant role in determining effective conductivity, with a strong dependence on particle size.

To further probe the origin of this behavior, we systematically investigate charge transport
across ceramic/electrolyte interfaces using trilayer configurations. Both liquid electrolytes
(carbonates and ethers) and polymer systems (PEO, PTMC, SIPE) are examined, providing
insight into the mechanisms governing interfacial transport across a wide range of chemistries.

1s.C.Sand, J. L. M. Rupp, B.Yildiz, Chem. Soc. Rev., 2025, 54, 178-200.A critical review on Li-ion transport,
chemistry and structure of ceramic—polymer composite electrolytes for solid state batteries.

130



Towards Polymers with High Voltage Stability

Guiomar Hernandez', Anastasia Teck', Yolany Henriquez', Selma Kadric'

'Department of Chemistry — Angstrom Laboratory, Uppsala University, Box 538,
Uppsala SE-75121, Sweden

guiomar.hernandez@kemi.uu.se

One of the premises of solid polymer electrolytes is the wide electrochemical stability window
that would allow operating with lithium metal and high voltage cathodes. This property is often
measured with linear sweep voltammetry (LSV) or cyclic voltammetry (CV), generally showing high
voltage stability for many materials. However, the cell performance investigation with such materials is
often done with LFP (3.5 V vs Li"/Li), and nowadays more frequently with NMC family (up to 4.4 V
vs. Li*/Li), but it is still rare to demonstrate performance with a higher voltage cathode such as LNMO
(up to 4.9 V vs. Li*/Li).

We are investigating the electrochemical stability of solid polymer electrolytes with an additional
technique, synthetic charge-discharge profile voltammetry (SCPV), that applies the real voltage profile
of the active material of interest to a cell with SPE and a glassy carbon working electrode instead of the
active material. While this technique is not able to reflect the behavior and stability towards the cathode
active material, its time-dependent design allows assessment of polymer decomposition at the voltages
and durations encountered in real cells.[1]

This presentation will show the oxidative stability study of different polymer families, comparing
LSV with SCPV, as well as the cell performance with LNMO cathodes.
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In the context of a significant growth of the battery market, solid polyelectrolytes (SPE) are
foreseen to replace the flammable liquid electrolytes. There are two main advantages for all solid-state
batteries: bring a higher safety level (no solvent, prevent dendrites growth, etc.) and increase energy
density (lithium metal battery). That will ultimately bring improved security and autonomy to battery
for end-users. The challenge is then to associate SPE mechanical strength with sufficient ionic
conductivity to maintain the performances. Unfortunately, in most cases improving one leads to the
degradation of the other. Among polymers, block copolymers (BCP) can be an alternative to decouple
those antagonist properties.'” Indeed, in BCP, functional blocks are associated along the polymer chains
that self-assembled into nano-domains exhibiting each of them specific properties. Most often BCPs are
employed at thermodynamical equilibrium, since it gives stable and well-defined morphologies. More
recently, out of equilibrium strategies were reported, such as Polymerization Induced Microphase
Separation (PIMS).** This process, based on liquid formulations (composed of macro-initiator or pre-
synthesized BCPs and lithium salt solubilized in monomer), leads after polymerization to kinetically
arrested nano-morphologies. In the presentation, we will go through PIMS strategy examples and
discuss the advantages and limitations.>*
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The introduction of zwitterionic (ZI) polymers within lithium-containing, ionic liquid-based electrolytes
can change the dynamics and local environment of Li* ions, in addition to enabling the formation of
non-covalently cross-linked ionogels. In such materials, Li" ions can potentially act as free charge
carriers or as network formers, and an optimization of Li‘-conducting ionogels requires an
understanding of these roles. Therefore, we investigate Li* ion coordination and transport in ionogels
consisting of the ionic liquid 1-butyl-1-methyl pyrrolidinium bis(trifluoromethyl sulfonamide) (BMP
TFSI), LiTFSI, and the ZI polymer poly(2-(methacryloyloxyethyl phosphorylcholine)) (p(MPC)),
obtained via in situ free radical polymerization. Our findings reveal that the change in ZI polymer
content modifies the Li" ion coordination and thus affects the ionic transport properties of the electrolyte.
Total ionic conductivity was observed to vary with p(MPC) content, reaching a maximum at 8 wt %
p(MPC). Self-diffusion coefficients of the IL cation and anion obtained by Pulsed Field Gradient (PFG)-
NMR were both observed to increase with p(MPC) content, while the self-diffusivity of Li" decreased.
Simultaneously, a decrease in 'Li peak intensity and a spin relaxation enhancement document
immobilization of Li* ions by p(MPC). The results can be explained by a strong affinity of Li* to the
negatively charged phosphate group of p(MPC), inducing reduced mobility. Raman spectroscopy
confirms decreasing TFSI-Li* coordination with increasing p(MPC) content, supporting the concept of
preferential Li* coordination by the polymer rather than by anions in solution. This shift in coordination
has profound effects on the mechanical properties of the gel. Mechanical analysis reveals a drastic
increase in elastic modulus, suggesting formation of noncovalent cross-links. From the experimental
data the distribution of Li" on different sites, such as mobile Li*, anion-coordinated Li*, Li* coordinated
to a single chain, or Li* forming noncovalent cross-links by dual chain coordination is analyzed [1]. This
allows for an in-depth discussion of the role of Li*, which is partly acting as a cross-linker and partly as
a mobile charge carrier. The results allow us to identify guidelines for optimizing the balance between
ionic conductivity and mechanical strength in copolymerized ZI polymer-supported ionogels.

Py

' v ( Legend \
& — polymer
backb
& e g
(]

@ L

. N\ O swe
mobile Li* non-bridging Li* \q U /

Figure 1. Illustration of different Li* species within an ionogel: bridging Li* acts as noncovalent cross-linker
between ZI units, non-bridging Li" coordinated to a single ZI unit, and mobile Li* in solution.

References
[1] S. Arwish, M. K. Alsaedi, R. P. O’Hara, A. Asatekin, M. J. Panzer, M. Schonhoft, J. Phys. Chem.
B, 130 (2026) 13841394,

133



Phosphonium Poly(Ionic liquid) Electrolytes for Fast Lithium-Ion
Conduction

Alejandro Herranz Berzosa “’, Kewei Cai *', Gabriele Lingua “, Daniele Mantione “*, lfiaki Santos",
Federica Santino®, Maria Forsyth “*° Fangfang Chen”" and David Mecerreyes ““*

“POLYMAT, University of the Basque Country UPV/EHU, Avenida Tolosa 72, Donostia-San
Sebastian 20018, Spain.

b Institute for Frontier Materials, Deakin University, Burwood, Victoria 3125, Australia

“IKERBASQUE, Basque Foundation for Science, Bilbao 48011, Spain.

Alexherranzi3@outlook.es

Polymer electrolytes based on ionic liquids provide a safe solution for future solid-state high-energy-
density batteries. In this work, we report a novel class of solid polymer electrolytes for fast lithium ion
conduction based on phosphonium poly(ionic liquid)s (poly(IL)s). First, a new family of
poly(diallyldimethylphosphonium) poly(IL)s were synthesized by cyclopolymerization of
diallyldimethylphosphonium iodide following anion exchange with different sulfonamide-based anions.
The characterization of the poly(IL)s confirmed the formation of a stable 5-member ring phosphonium
cationic polymer backbone. Then, solid polymer electrolytes (SPEs) were prepared by doping the
phosphonium sulfonamide poly(IL)s with different contents of lithium fluorosulfonamide salt (LiFSI).
The nature of the ionic interactions and lithium transport of SPEs with different anion systems were
deeply investigated by FTIR, DSC, ionic conductivity, solid-state 'Li NMR and molecular modelling
simulations. Polymer-in-salt phosphonium SPEs showed excellent properties with high ionic
conductivities up to 1.5x10 S cm™ at 80 °C, high lithium transference numbers up to 0.7 and wide
electrochemical stability window superior than state-of-art SPEs. Finally, we showed that phosphonium
poly(IL) electrolytes allowed successful Li" plating/stripping as solid electrolyte in lithium metal
symmetrical cell, showing constant overvoltage limited to 0.06 V working at of 0.1 mA cm™ current
density at 60 °C, and stable cycling without signs of short-circuiting during 200 cycles at 40 °C.
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The composition of anion exchange polyelectrolytes (AEPs) used in anion exchange membrane water
electrolysers (AEMWE) can be fine-tuned to control ion conductivity, ion exchange capacity, water
uptake and swelling.! This requires careful design of the cationic head group, the polymer backbone,
the tether and the co-monomer. However, balancing the long-term thermal stability and efficiency of
AEPs at high pH remains a major challenge which needs to be addressed if AEMWE technology is to
become commercially competitive with existing hydrogen production systems.>

Building upon previous studies, which demonstrated that the choice of cation-backbone tether is a major
component in controlling alkaline stability, this work explores a new approach to the synthesis of model
quaternary ammonium (QA) head groups and their incorporation into AEPs.> A series of QA head
groups were prepared, and alkaline stability studies carried out over 84 days at 80 °C, using '"H NMR
spectroscopy to monitor degradation. Computational studies were used to investigate the observed
degradation pathways and determine activation parameters, providing justification for the relative
stability of the QA head groups.

Analysis concluded that increasing the number of ‘spacer’ units between the backbone of the polymer
and the QA centre led to a dramatic improvement in alkaline stability, with the most stable QA head
group displaying a half-life in excess of 50,000 h at 80 °C in 3M NaOD, which is competitive with the
most stable head groups reported in the literature, under identical conditions. This QA structure was
subsequently selected for the synthesis of AEPs to ascertain its suitability for use in an AEMWE. To
incorporate the optimum QA head group into an AEP, a new post-polymerisation functionalisation
protocol was developed, resulting in a dramatic decrease in reaction time from 72 h to <24 h, a reduction
in reaction temperature from 50-70 °C to R.T., and a more straightforward purification procedure
(DMSO to THF/MeOH reaction media) compared to the widely adopted Sn2 or Menshutkin reactions.®
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Figure 1: Structures of quaternary ammonium headgroups designed and explored during this study.
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Electrochemical energy conversion and storage (EECS) technologies are central to current
strategies aimed at decarbonizing the energy sector, thanks to their high efficiency, scalability, and
flexibility [1]. Among them, fuel cells, electrolyzers, and batteries - including redox flow batteries
(RFBs) - play a complementary role across applications ranging from transportation to grid-scale energy
storage. In all these systems, the electrolyte is a key component, as it enables ion transport while ensuring
the separation of reactive species and the overall stability and efficiency of the device.

State-of-the-art electrolytes are typically based on polymeric materials such as perfluorinated
ionomers, hydrocarbon-based membranes, and ion-conducting polymers designed for both proton- and
anion-exchange systems, as well as for ion transport in batteries and RFBs. Despite their high
conductivity and chemical stability, these materials still present important limitations, including reduced
performance under low-humidity or high-temperature conditions, insufficient mechanical robustness,
low conductivity (in batteries) and, particularly in the case of batteries and RFBs, undesired crossover
of active species. These issues can severely impact efficiency, lifetime, and energy density.

To address these challenges, extensive research has been devoted to the development of advanced
electrolytes, including hybrid organic-inorganic systems and composite materials. The incorporation of
functional fillers or secondary phases allows for fine-tuning of transport properties, selectivity, and
mechanical behavior. These approaches act by modulating the complex interplay between chemical
composition, morphology, and thermal properties, ultimately influencing ion conduction pathways and
interfacial phenomena at the nano- and mesoscale.

In this framework, Broadband Electrical Spectroscopy (BES) represents a powerful tool to probe
the electrical response of these materials over a wide range of frequencies and temperatures, providing
detailed insight into charge transport mechanisms and relaxation processes [2]. This contribution focuses
on polymeric, hybrid, and composite electrolytes for applications in fuel cells, electrolyzers, and
batteries, with particular emphasis on proton-, anion-, and other ion-conducting systems relevant to
RFBs and solid-state devices. By correlating BES results with structural, morphological, and
thermoanalytical properties, it is possible to elucidate the relationship between material design and ion
conduction mechanisms. Such an understanding is crucial to guide the development of next-generation
electrolytes with improved conductivity, selectivity, and stability, ultimately enabling enhanced
performance and durability in a wide range of electrochemical energy technologies.
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In recent years, the study of cationic polymers possessing hydroxide ion counter ions have gained
prominence. However, organic-based polymer cations are prone to nucleophilic attack by hydroxide
ions, destroying the anion-exchange capacity and hydroxide ion conductivity. Numerous cationic head
groups have been explored with a view to increasing the stability of cationic polymers in highly basic
media.

Advancing hydroxide ion-conducting membranes requires an undertaking of rigorous systematic
studies on model solid polymer electrolytes and representative materials of known and controllable
macromolecular structure. This presentation will focus on recent progress in their preparation and on
research trends incorporating these polymers into membranes, catalyst layers, and electrochemical
energy storage and conversion devices.
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The global transition to a sustainable energy economy underscores the urgent need for safe, efficient,
and high-performance hydrogen technologies. Proton exchange membrane fuel cells (PEMFCs), a
cornerstone of hydrogen energy systems, offer compelling advantages including compactness and high
energy-conversion efficiency.! However, broader deployment is constrained by membrane dehydration
at elevated temperatures and continued reliance on perfluorinated membranes and ionomers, which
raises environmental and sustainability concerns.

To address these limitations, we have developed new classes of anhydrous proton-conducting
membranes and ionomers with tunable chemistries based on protic polymerized ionic liquids (protic
poly(IL)s). Proton conductivity is enhanced through the incorporation of targeted additives, including
protic ionic liquids (PILs) and protic zwitterions (PZIs), which promote ion dissociation and increase
proton mobility. The resulting low-fluorine, free-standing membranes exhibit strong thermal and
electrochemical stability, enabling operation at intermediate temperatures (80-

120°C) where conventional water-mediated proton transport becomes inefficient. Spectroscopy analysis
revealed that a synergistic poly(IL)/additive effect that supports multiple protonic environments and
facilitates efficient transport. Atomic force microscopy further confirms membrane mechanical
integrity, supporting their suitability for durable PEMFC operation.

Beyond membrane development, we have also implemented the protic poly(IL) as an ionomer in the
cathode catalyst layer, demonstrating compatibility with commercial catalysts and improved proton
conduction within the electrode. This dual functionality, membrane and ionomer, highlights the
platform’s versatility and its potential to improve membrane electrode assembly (MEA) integration and
cathode performance. Collectively, these results provide a pathway toward PFAS-free membranes and
ionomers for next-generation PEMFCs and contribute to broader efforts toward carbon neutrality.
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Perfluoro-sulfonic-acid (PFSA) membranes such as Nafion are used in a plethora of
electrochemical applications such as fuel cells, electrolyzers and even flow batteries. Main reasons are their
unique properties (combination of high ionic conductivity and chemical and mechanical stability) which,
to a large extend, steam from PFSA’s unique nano-phase-separated morphology. Accordingly,
morphological investigations mostly based on small and wide-angle x-ray scattering (SAXS, WAXS) and
simulations are an important part of the research on Nafion since the early days. Ever since Gierke et al. [1]
presented their “inverse micelle model”, many other models (lamellar, sandwich-like, flat ribbons, bundles,
parallel-cylinders) tried to approximate PFSAs morphology. Interestingly, the model attracting most
attention (parallel cylinder model [2]) was proven wrong [3], while the other models seem to capture certain
real aspects of Nafion’s morphology.

Recent data from SAXS as function of T and relative humidity (RH), SAXS, WAXS and dynamical
mechanical analysis (DMA) after different pre-treatments clearly demonstrate that there is nothing like “the
morphology” of Nafion, but complex morphologies reflecting the ionomer’s history. Beyond
phenomenological descriptions of “memory effects” in Nafion [4], we are now able to attribute the effects
to different competing processes driving the morphology: While relaxation (structure forming)
processes preferentially take place within the polymeric domain at high T and low RH, relaxations within
the aqueous ionic domain dominate under wet and cold conditions. Both type of processes are mutually
constrained through the presence of fixed-ionic groups which are part of the polymeric structure but also
interacting with the aqueous ionic domain through electrostatic forces. This presentation identifies the
different processes including the underlying interactions and provides clear rationales for understanding the
quenched (frustrated) morphologies of PFSAs as a function of their history.

Example of morphological changes: strong swelling leads to a buckling of the aqueous ionic domain and a loss of
crystallinity within the polymeric domain
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Anion exchange membrane water electrolysis (AEMWE) is an efficient method for producing
green hydrogen using renewable energy, without requiring precious-metal catalysts or highly
concentrated alkaline solutions [1]. However, conventional AEMWE systems exhibit lower
performance than other water electrolysis systems due to the limited anion conductivity and insufficient
alkaline stability of anion exchange membranes (AEMs) [2]. To address these issues, there is a strong
demand for anion-conductive polymers that deliver high anion conductivity while maintaining stability
under strongly alkaline conditions. In this study, poly(fluorene)-based anion conductive polymers,
trimethylammonium-substituted polyfluorene (TMA-PF), were designed and synthesized (Figure 1).
The electrolyte characteristics of the AEMs were evaluated, demonstrating higher anion conductivity
and alkaline stability than a conventional AEM [3]. The anion transport analysis on TMA-PF was
performed by all-atom molecular dynamics simulations [4]. The AEMWE performances using TMA-
PF as AEMs and anion exchange ionomers (AEIs) will also be reported in the presentation.
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Figure 1. (a) A chemical structure and characteristics of TMA-PF, (b) Anion (CI) conductivity of the TMA-PF
membrane and commercial AEM (Fumasep FAA-3) before and after the alkaline stability tests (Immersion in 8
M NaOH agq. at 80°C for 48 hours), (¢) All-atom molecular dynamics simulation of TMA-PF (a typical snapshot
at A (water content per anion exchange group) = 10), (d) Water electrolysis performance using TMA-PF as AEM
and AEI (anion exchange ionomer) or commercial ones.
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Metallic lithium, with its exceptional specific capacity (3860 mAh g') and the lowest redox
potential (—3.04 V vs. SHE), is the ultimate negative electrode material for next-generation high-
energy batteries. However, its practical deployment is severely hindered by persistent challenges,
including lithium dendrite formation, inhomogeneous solid electrolyte interphase (SEI) formation,
and poor Coulombic efficiency. Single-Ion Polymer Electrolytes (SIPEs) offer a promising
solution by immobilizing anions within a polymer matrix, achieving a lithium transference number
close to unity and effectively suppressing dendrite growth. This presentation reviews the different
classes of SIPEs—both in dry and gelled states—highlighting their unique advantages and inherent
drawbacks. Despite their promise, SIPEs still react with metallic lithium, forming thick,
inhomogeneous SEI layers that increase interfacial resistance and compromise lithium
reversibility. To address these issues, this study focuses on improving lithium reversibility and SEI
formation in SIPEs through targeted doping with additives such as LiNOs. Electrochemical tests
demonstrate that doped SIPEs enable more homogeneous and smooth lithium deposition, lower
interfacial resistance, and reduced polymer degradation.

Furthermore, to overcome the limitations of widely used poly(ethylene oxide) (PEO)-based
polymer electrolytes—such as narrow electrochemical stability windows and poor compatibility
with high-voltage cathodes—this work introduces a novel class of dry solid-state polymer
electrolyte based on poly(butyl malonate) (CPBM). Compared to PEO-based systems, CPBM
electrolytes deliver comparable ionic conductivity, higher lithium transference numbers (>0.6),
and a wide electrochemical stability window (up to 4.7 V vs. Li/Li"). Long-term cycling stability
is demonstrated through lithium stripping/plating tests and full cells with LFP, LMFP, or NMC
electrodes at high current densities, underscoring the potential of these materials for future battery
applications. Additionally, aromatic gelled or plasticized SIPEs, along with their advantages, will
be briefly introduced and compared to dried ones.
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Ever since its involvement in the very inception of the field itself [1], the legacy of poly(ethylene
oxide) — PEO — as a host material for solid polymer electrolytes lives on. From early studies that
established the foundations of ion transport in polymers, through detailed investigations that uncovered
the details of the ion transport mechanisms, to being a readily available reference material for just about
every study on polymer electrolytes, a lot is owed to this one central material.

There are of course other polymers — that may or may not be more suitable as ion transport
matrices [2] — and as investigations continue to uncover a wider variety of coordination chemistries and
structural diversity, it is only fair to start asking the question: is PEO representative of polymer hosts in
general or is it merely a special case at the edge of the spectrum? Some assumptions on polymer
electrolyte properties generalized from PEO, such as having a low cation transference number, are
simply not true for a wider range of polymers [3]. When looking at more subtle behaviors, such as how
the ion coordination strength and transference number depend on molecular weight, PEO behaves
completely opposite to some other polymer hosts [4]. While the basic modes of ion transport seem to be
relatively similar [5], recent data also suggests different relaxation behavior for PEO when ions are
added, as well as markedly different coordination behavior.

With all this in mind, it may not be so fair to simply generalize from PEO to other polymer
materials. If so, that also begs the question: Do we need to find a new go-to polymer, at least for the
purposes of creating broadly applicable models for ion—polymer interactions and ion transport
mechanisms? And in what ways are PEO really that different from other materials? Or is what we have
already good enough?
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The development of new rechargeable battery systems employing alternative chemistries is
imperative to meet the increasing energy storage demands of emerging technologies. Metal-sulfur is one
promising chemistry for moving beyond lithium-ion, due to the availability of S and the high theoretical
energy density of S-based cathodes. However, metal-sulfur batteries with liquid electrolytes typically
suffer capacity fade as a result of the polysulfide shuttle effect. Use of an inorganic solid electrolyte can
alter the reaction pathway and mitigate the polysulfide movement away from the cathode, but this
approach comes with its own challenges. Polymer electrolytes offer processibility and flexibility to
accommodate volumetric changes upon battery cycling, however polysulfides are soluble in common
polar polymer electrolytes so the polysulfide shuttle effect is not mitigated. Use of a polysulfide rejecting
interlayer in conjunction with the polymer electrolyte is a possible solution.

Here, we report on our investigation of the polysulfide-rejection capability of crosslinked
ionomeric interlayers for application in metal-sulfur batteries with solid polymer electrolytes. Ex-situ
investigation of polysulfide uptake into and crossover through the interlayer is undertaken with both
qualitative and quantitative approaches, including colorimetric analysis and elemental analysis.[1] The
transport of the supporting salt is also tracked. The polysulfide rejection capability of ionomeric
interlayers is found to be highly dependent on composition, including the type and density of covalently
bound charges in the interlayer.
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Figure. Schematic éf?olymer interlayer at the interface of the sulfur cathode and the bulk polymer
electrolyte in a solid-state metal-sulfur polymer battery[1]
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Sulfide-based composite solid electrolytes represent a pivotal direction for the future
development of solid-state batteries, as they uniquely synergize the flexibility and superior
interfacial processability of polymer electrolytes with the ultra-high ionic conductivity of
sulfide materials. To accelerate the discovery and optimization of these materials, we have
established a comprehensive Al-driven design framework. Guided by this framework, we
successfully developed sulfide-based composite solid electrolytes exhibiting exceptional
comprehensive performance. Building upon our material innovations, we systematically
addressed the engineering challenges of film formation under harsh environmental stress.
Specifically, we pioneered a progressive series of scalable manufacturing technologies,
including the a new-paradigm melt dry process based on low-viscosity melts, a Hofmeister
effect-mediated slurry system, and a benzene-free coating process utilizing multifunctional
block binders. These systematic engineering transformations have successfully enabled the
large-scale, high-quality mass production of composite electrolyte membranes.

Ultimately, the solid-state batteries fabricated using our scalable composite electrolytes
were integrated into a deep-sea solid-state power system, achieving a successful technology
demonstration in extreme operational environments. This work bridges the gap from intelligent
material design to practical engineering implementation, providing a robust pathway to boost
the industrialization of all-solid-state batteries.
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Polymer electrolytes based on polyethylene oxide (PEO) are the only commercial solid-state
electrolyte system so far. However, the relatively low ionic conductivity at ambient
temperatures, the remaining risk of lithium dendrite formation, and the limited electrochemical
stability towards oxidation have hindered a widespread use so far.

Single-ion conducting polymer electrolytes (SIPEs) with an enhanced chemical design to
withstand electrochemical oxidation, containing small molecules with a high dieletric constant
to (partially) decouple the charge transport and the segmental dynamics of the polymer, provide
an approach to overcome these limitations — not least as the single-ion conductivity can
theoretically prevent a dendritic lithium deposition.

Herein, our progress in this field will be presented, with a specific focus on polysiloxane-based
SIPEs. The talk will highlight the great versatility of this electrolyte class, enabling the
realization of high-performance SIPEs for lithium and sodium-metal batteries, and the potential

use as simple coating layer to stabilize the electrode | electrolyte interface.



Turning Waste into Value: Recycled PVB and Biosourced Polymers for
Safe, Sustainable, high-performing Li/Na-based Batteries
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To lower the cost and reduce the environmental impact of modern batteries (Li-ion as well as
post-Li batteries), efforts must be devoted at reducing the amount of inactive components in the cell, to
substitute synthetic polymer binders/separators and organic solvents with low-cost and biosourced
materials and to develop new eco-friendly manufacturing processes, even considering the
reuse/revalorisation of recycled materials and components.

In this context, here an overview is offered of the recent developments in our laboratories on the
development of innovative solutions including recycled or biosourced polymer binders/electrolytes
towards the development of sustainable, safe, high-performing Li-/Na-based batteries. These include
the possibility of repurposing in batteries the recycled polyvinyl butyral (PVB) from post-consume
laminated glasses (from automotive and construction) that cannot be recycled for its primary purpose in
glasses because of degraded optical properties or even bio-manufactured plastics (vitrimeric
polyhydroxyalkanoates — PHA). Three strategies were pursued: using recycled PVB as binder in the
electrode composition [1], transforming it into a membrane to be used as electrolyte separator [2], and
utilizing it in advanced polymer electrolytes for solid-state batteries. In the case of PVB as binder, we
investigated the electrochemical and structural properties of polymer blends of PVB with polyacrylic
acid (PAA) and poly(vinylidene fluoride) (PVDF). We demonstrated its effective use in the
development of various electrodes, including hard carbon (HC) anodes, and high-energy cathodes
(NMC and NVP), which showed full capacities even at high C-rates and stable long-term operation at
ambient temperature. Regarding solid-state batteries, the incorporation of either PVB or PHA into
polyethylene oxide (PEO)-based solid polymer electrolytes was investigated to address both
performance and sustainability challenges. This approach enabled the design of composite polymer
electrolytes with improved mechanical strength, thermal stability, and electrochemical performance
while promoting the use of recycled materials to reduce environmental impact. Overall, in all cases,
preliminary results are highly encouraging and pave the way to the development of more sustainable
separating electrolytes and binders from waste products for safe, low-cost energy storage devices.

To evaluate the manufacturability and technological relevance of the newly developed
electrode/electrolytes, both lab-scale and industrial-format full cells were assembled and tested, showing
stable long-term cycling at ambient temperature. Beyond confirming the robustness of these materials
in realistic cell configurations, these results underscore a concrete pathway toward the industrial
deployment of safer, lower-cost, and truly more sustainable Li/Na-based energy storage technologies.
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The development of highly conductive polymer-based electrolytes having excellent safety
characteristics is of great importance to the field of electrochemical energy storage. In this regard, the
use of ionic liquids (ILs) as plasticizing components of polymer-based electrolytes is a promising
avenue, given that aprotic ILs are nonvolatile and nonflammable liquid salts. It has been known for some
time that equimolar combinations of certain zwitterionic (ZI) molecules with lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) can form ion-dense liquid mixtures at room temperature.' If
the ZI molecule is a reactive monomer, then the synthesis of a polyzwitterion/salt electrolyte through a
polymerization reaction is possible. In our recent study,” we demonstrated the successful preparation of
polyzwitterion-based electrolytes featuring LiTFSI and varying amounts of the aprotic IL 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP TFSI) using a straightforward in situ UV-
initiated photopolymerization method. The bioinspired ZI monomer 2-methacryloyloxyethyl
phosphorylcholine (MPC) was combined with LiTFSI in an equimolar ratio in order to develop liquid
phase precursors, to which between 30-90 wt.% BMP TFSI was added. Free radical
photopolymerization of those precursor solutions allowed us to synthesize polyzwitterion-based
electrolytes in situ with a variety of geometrical form factors; room temperature ionic conductivity
values between 0.04 and 2 mS/cm were achieved, which increased monotonically with IL content. All
electrolytes showed excellent thermal stability up to at least 250 °C prior to degradation via
thermogravimetric analysis. Remarkably, the polyzwitterion-supported electrolyte containing
approximately 20 wt.% solid poly(MPC) exhibited a room temperature ionic conductivity (~0.4 mS/cm)
essentially equivalent to that of its polymer-free analogue (i.e. a LITFSI/BMP TFSI solution containing
the same number of moles of LiTFSI (1.6) per liter of IL). Thus, our synthetic approach elaborated here
to realize IL-enhanced polyzwitterion electrolytes may prove beneficial for designing new
manifestations of nonvolatile, nonflammable electrolytes that can improve the safety aspects of future
lithium-ion batteries.
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Enhanced Ionic Transport and Electrochemical Stability
in Poly(trimethylene carbonate)/LiFSA Electrolytes
Using Pyrrolidinium-Based OIPC
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The rapid evolution of technology requires the development of next-generation lithium-based
batteries that transcend the energy density and safety limitations of current liquid-based electrolyte
systems. Solid-state lithium batteries (SSLBs) have emerged as a potential solution to mitigate the
leakage risks, flammability, and dendrite growth typical of commercial lithium-ion batteries. This study
explores the potential of poly(trimethylene carbonate) (PTMC) with lithium bis(fluorosulfonyl)amide
(LiFSA) salt [1] and pyrrolidinium-based organic ionic plastic crystal (OIPC) N, N-diethylpyrrolidinium
bis(fluorosulfonyl)amide [C.epyr][FSA] [2] as an additive. The ternary composite PTMC/LiFSA/OIPC
composites were named 22PTx, where x = wt% [Caepyr][FSA] from 0-90%, and the mol % of LiFSA
was maintained at 30%. Initially, the thermal properties, ionic conductivities, and transference numbers
of binary PTMC/LiFSA composites were assessed. Subsequently, the influence of adding OIPC in
various concentrations to the polymer matrix was investigated. The glass transition temperature (7)
decreased monotonically with increasing OIPC concentration, while a melting endotherm was observed
at high loadings. All ternary composites exhibited high thermal stability, required for battery
applications. The ionic conductivity improved significantly in the ternary composite system, reaching a
maximum value of 1.24 x 10 S cm™ for 22PT80 at 100 °C. The lithium transference number (z;;+) of
22PT5 achieved a value of 0.61, exceeding that of conventional electrolytes. Structural analysis
confirmed a largely amorphous and homogeneous morphology at low OIPC loading. Fourier-transform
infrared (FT-IR) and Raman spectroscopy further elucidated the coordination chemistry, indicating that
Li" and FSA" interactions are favored over the carbonyl group coordination, as OIPC was added
gradually until a specific concentration threshold was reached. Finally, cyclic voltammetry (CV) and
linear sweep voltammetry (LSV) demonstrated excellent electrochemical stability up to 5.0 V and
improved Coulombic efficiency of up to 94.75% for the ternary composites compared to the binary
composites. These characteristics suggest that PTMC/LiFSA/OIPC ternary composites are promising
candidates for safe, high-voltage SSLBs.
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Figure 1. Chemical structure of PTMC, LiFSA, and [C2epyr][FSA].
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Lithium metal batteries (LMBs) are promising candidates for next-generation high-energy-density batteries
due to the lowest redox potential (-3,05V vs ESH) and high theoretical capacity (3,8Ah/g) of lithium metal.
However, their practical implementation has been hindered by non-uniform lithium plating/stripping and
dendrite growth during cycling in conventional liquid electrolyte and separators, leading to serious safety
concerns [1].

Polymer electrolytes (PEs) have emerged as safer alternatives to liquid electrolytes for LMBs. However,
state-of-the-art PEs based on dual-ion conducting PEO suffer from low Li" mobility (tri+= 0.2), low ionic
conductivity at RT, and uneven growth of Li dendrite [2]. In contrast, Single-Ion Conducting
Polyelectrolytes (SIPEs), in which anions are immobilized on the polymer backbone, enable predominantly
Li* transport (tui-= 1), thereby mitigating dendrite nucleation [3], improving interfacial stability, offering a
pathway towards stable lithium metal batteries [4].

In this work, PMTFSI-based SIPEs were synthesized via radical polymerization in two different solvents
(water and DMF), yielding homopolymers with identical chemical structures but significantly different
molecular weights (5.2 x 10° and 3.9 x 105 g-mol ™, respectively), roughly a factor 10. While most literature
studies focus on improving ionic conductivity by swelling polymers with solvent to form gels, we adopt
the opposite approach[5].The SIPEs are dissolved in propylene carbonate (PC) to form a “SIPE in solvent
“system , with polymer content ranging from 1 to 20wt%( ie 0.35 to 0.73 mol-L™").The transport mechanism
in such systems remains poorly understood. In particular, the relationship between polymer chain
architecture and lithium-ion mobility in polyelectrolyte solutions has not been systematically investigated
to date.To address this , the structural and physicochemical properties of the SIPEs were characterized using
rheology , DSC, TGA , Raman spectroscopy , electrochemical spectroscopy (EIS ), and PFG-NMR.

The results show that increasing the molecular weight leads to a strong increase in bulk viscosity by a factor
10, consistent with chain overlap and entanglements [6,7]. Surprisingly, despite the large viscosity
difference , ionic conductivity remains nearly unchanged and shows weak dependence on molecular weight.
At higher polymer content , the systems exhibit highly viscous, gel-like behavior while maintaining liquid-
like ionic conductivity (6.05 x 10™* S-cm™! at 20 °C). Walden analysis confirms a clear decorrelation
between macroscopic viscosity and ionic conductivity in these electrolytes systems, indicating that ion
transport is governed by local dynamics of the surrounding solvent molecule “micro-viscosity ” rather than
bulk viscosity. PFG-NMR and electrochemical measurements confirm that lithium ions are the dominant
charge carriers, with a transference number close to unity (t.++=0.97). Finally, the electrochemical stability
window and cycling performance in Li/Li symmetric and full cells were evaluated, demonstrating the
relevance of these polyelectrolytes for lithium metal batteries.
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Hierarchically self-assembling block copolymer electrolytes represent a promising class of
solid-state ion-conducting materials for next-generation battery technologies.' However, the complex
interplay among ion transport, polymer dynamics, and self-assembled nanostructure renders the
electrochemical-mechanical coupling under galvanostatic conditions insufficiently understood. In this
work, a LiTFSI-doped polystyrene-block-poly(ethylene oxide) diblock copolymer with a quasi-
symmetric, lamellae-forming composition is investigated using combined in-situ characterization and a
novel operando rheo-galvanostatic methodology. In-sifu measurements enable direct correlation
between polymer segmental dynamics and electrochemical transport properties, revealing how ionic
translational motion is facilitated by polymer backbone dynamics.”> The viscoelastic spectrum is
analyzed within the framework of Rouse chain relaxation constrained by topological entanglements.
Thus, implementing a model based on the Stokes-Einstein equation, strong agreement is established
between nanoviscosity, representing segmental friction within copolymer chains, and electrochemistry
derived diffusion properties.’

Leveraging the in situ observation, an operando experimental approach is proposed that allows
simultaneous real-time monitoring of viscoelastic response, morphological evolution,* and ion transport
under controlled dc polarization. Supported by transmission electron microscopy (TEM), the results
provide a holistic view of how progressively increasing galvanostatic perturbations, associated with
evolving salt concentration gradients,” induce structural transitions from lamellar to gyroid-like and
ultimately hexagonal morphologies. Notably, this approach enables to capture thermodynamics of the
copolymer enabling the construction of a phase diagram where current-induced nanomorphologies map
directly onto the theoretical phase diagram.® In closing, this methodology enables the identification of a
mirrored behavior between the rubbery plateau modulus and the interfacial resistance, suggesting a
coupling between interfacial electrochemical processes and polymer chain dynamics. These
observations support the proposal of a preliminary relationship linking interfacial electrochemical
phenomena with polymer chain mobility, thereby highlighting the strong interplay between interfacial
processes and electrolyte stability under varying current densities.
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Nuclear magnetic resonance (NMR) has been productively employed to investigate ion transport and
solvation in Li ion battery liquid electrolytes and in solid polymer electrolytes based on poly(ethylene
oxide) for many years. Future electrochemical power sources require new electrolytes to adapt to
disruptive changes in battery chemistry, such as moving to Na ion, or to Li metal. Even when not
targeting large scale commercial uses such as electric vehicles, niche applications (for example
aerospace) requiring batteries that can operate under extreme conditions also demand new materials
approaches. We highlight two recent collaborative activities on polymer electrolytes. In a multi-
university (University of Maryland, Brown University, Yale University, City University of New York)
effort led by Liangbing Hu , a novel Li"-conducting solid electrolyte based on Cu**-doped cellulose
nanofibers was developed and characterized by a suite of experimental and computational methods.
[1,2] Here, we focus on NMR analysis of the ion transport mechanism in this novel material.

Next, we describe a recent collaboration with the Italian National Agency for New Technologies, Energy
and Sustainable Economic Development (ENEA) and the University of Rome - Sapienza on ionic liquid
based electrolytes with and without a polymer matrix designed for elevated temperature operation. In
this presentation, we focus on the characterization of ion transport by NMR methods, in particular
diffusometry and broadband relaxometry.

References

[1] Chunpeng Yang, Qisheng Wu, Weiqi Xie, Xin Zhang, Alexandra Brozena, Jin Zheng, Mounesha
N. Garaga, Byung Hee Ko, Yimin Mao, Shuaiming He, Yue Gao, Pengbo Wang, Madhusudan Tyagi,
Feng Jiao, Robert Briber, Paul Albertus, Chunsheng Wang, Steven Greenbaum, Yan-Yan Hu, Akira
Isogai, Martin Winter, Kang Xu, Yue Qi, Liangbing Hu, Nature 598, (2021) 590-596.
https://doi.org/10.1038/s41586-021-03885-6

[2] Keith Duncan, Qisheng Wu, Mounesha Garaga, Michael McKee, Zixuan Wang, Lin Xu, Xueying
Zheng, Yue Qi, Steven Greenbaum, Liangbing Hu, Paul Albertus, Journal of the Electrochemical
Society, 173, (2026) 040501. https://doi.org/10.1149/1945-7111/ae4275

159
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Ion motion is ubiquitous in battery technology, and the thermodynamics and kinetics of cation
transport determine the suitability of specific materials as battery electrodes and electrolytes.
Electrodics, focusing on porous electrode responses in electrochemical cells and charge-transfer
kinetics, is likewise highly relevant. In this talk, I will discuss how these concepts enable the
development and understanding of a wide range of battery materials, with focus on electrolytes. These
include Li, Na, K, Mg, and Al metal anodes and their related interphases [1-9]; interphases in Si
electrodes [10]; liquid, liquid/solid, semi-solid, and polymeric electrolytes [11-14], and potassium
solid-state electrolytes [15,16]. The emphasis is on the development of electrochemical measurement
methodologies—particularly  electrochemical impedance spectroscopy and  galvanostatic
polarization—that enable elucidation of transport properties as well as time- and/or current-dependent
battery ageing mechanisms, both at the material and full-cell level.
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The global transition toward renewable energy or electrification of automotive sector demands
radical change in battery technology moving towards safe solutions with much higher energy density
compared to current state of the art. Basquevolt is developing Li metal batteries that are outperforming
existing solutions across multiple metrics. This has been achieved after intense investigation into
established electrolyte systems to understand degradation mechanism of Li metal batteries.
Understanding the failure modes in model electrolytes provides a critical foundation for further
optimization.

In this work, chemically distinct model solvents classes are evaluated in different electrolytes.
Their electrochemical performance, transport properties, full-cell behavior, and degradation are
systematically compared. Correlation between transference number (t:), Li cation reduction onset
potential, and exchange current are correlated showing best theoretical candidate. However, transporting
properties finally were compromised with their electrochemical stability and SEI resistivity change
while cells were cycling. The demanding cycling conditions required for electric vehicle applications
pose significant challenges for lithium metal anodes, particularly in liquid electrolyte systems.
Furthermore, high cathode loadings can introduce transport limitations within porous electrode
structures when low-conductivity electrolytes are used.

To address these challenges, Basquevolt has developed a novel strategy based on polymer coating
of tailormade anolyte and at the same time developed catholyte with good electrochemical stability and
great transporting properties. This approach enables a balanced cell configuration that stabilizes the
lithium metal anode while maintaining high performance at the cathode. Figure 1 presents a qualitative
comparison of lithium metal electrodes after the same charge throughput, demonstrating that polymer-
coated lithium exhibits a more compact and uniform morphology compared to bare lithium electrode.

— bare Li metal; right photo coated Li
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Optimization of high-loading cathodes for practical solid-state batteries
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Achieving high energy density (>300 Wh/kg) in solid-state batteries (SSBs) for highly demanding
applications such as road-transport and aviation requires solid-state (SS) composite cathodes able to deliver
high areal capacity (high mass loading) under realistic conditions. Increased cathode mass loadings
typically amplify issues such as high tortuosity impeding ionic transport and processing-induced
heterogeneities. In SS electrode architecture, increasing electrode thickness and mass loading amplifies
cracking/delamination issues and worsens wetting and interfacial contact. This often demands higher stack
pressure and accelerates interface degradation, leading to poor C-rate capability and rapid capacity fading.

Herein, we report on the development of a SS composite cathode based on the
“NMC811+C45+catholyte” system with high areal capacity of ~4 mAh/cm?. We designed a high-
performance SS cathode with polymeric catholyte by optimizing cathode composition (adapted from [1]),
catholyte chemistry, and processing conditions to improve mechanical integrity, liquid retention, adhesion
to current collector and ionic transport. Further, different post-processing protocols were used to tune the
electrode density and boost volumetric energy density. In addition, the effect of the composite cathode
formulation on the microstructure, “cathode/electrolyte” interfacial stability and electrochemical
performance of “NMCS811|SPE|Li-metal” cell at relevant charge-discharge rates has been investigated. In
Figure la, the cross-sectional morphology of a cathode after cell assembly demonstrates a dense
microstructure with areal capacity close to 4 mAh/cm? Optimized preparation procedure and post-
processing protocols yielded composite cathodes (CAM-74 wt%, C45-3 wt%, catholyte-23 wt%), which
were tested in solid-state cells with “PVDF-HFP-plasticizer-Li salt” based on solid polymer electrolyte
(SPE) system and Li-metal anode, achieving relevant discharge capacity of 3.9 mAh/cm?, as seen in Figure
1b. In this work, we also observed that increasing the catholyte fraction in the cathode formulation can
reduce the discharge capacity of solid-state cells. In addition to results summarized here, our contribution
will highlight how optimizing electrode formulations enables practical, scalable solid-state cathodes with
high energy and high mass loading suitable for practical SSBs.
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Figure 1. a) Cross-sectional image of high-loading cathode demonstrating dense microstructure, b) Cycling profiles
of “NMCS811|SPE| Li” solid state coin cell. Cycling conditions: 25 °C, 0.05C/0.1C, 2.8—4.4 V. Cell configuration:
cathode — 4.4 mAh/cm?, density — 2.8 g/cc; SPE thickness — 238 um; and anode — Li foil (50 um).

This work is supported by Horizon Europe under the SOLVE project (Grant Agreement No. 101147094).
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To decrease carbon dioxide emissions, unprecedented efforts are being undertaken toward the
development of efficient and inexpensive electric vehicles and stationary energy-storage systems.
Lithium-ion batteries represent an efficient solution, that have transformed personal electronics and
enabled the market introduction of electric vehicles. However, the ever-growing energy storage industry
imposes great demands that current lithium-ion batteries could hardly satisfy. In this perspective, the
use of metallic lithium as anode, would represent the “holy grail” of battery research thanks to its
extremely high theoretical specific capacity (3860 mA h g™), the lowest redox potential (-3.040 V vs.
the standard hydrogen electrode) and a low gravimetric density (0.534 g cm™).

However, metallic Li also presents many challenges derived primarily from dendrite formation
upon cycling causing both safety issues and poor cycling performance. In addition, liquid electrolytes
contain combustible organic solvents that can cause leakage and fire risks during overcharge or abuse
conditions, especially in large-scale operation. Therefore, replacement of liquid electrolytes with a solid
electrolyte has been recognized as a fundamental approach to effectively address the above problems.

Among the solid-state systems under study, polymer-based electrolytes represent a good
compromise in term of room temperature ionic conductivity, thermal and electrochemical stability, and
above all, interfacial contact. In lithium metal batteries, the preparation of methacrylate-based polymer
matrix, in a one pot, solvent free polymerization, is an inexpensive and quick method to obtain versatile
membranes. Meanwhile, eventual activation with small amounts of ionic liquids can allow to obtain
composite electrolytes with outstanding room-temperature conductivities, while preserving the non-
flammability of the system thus enhancing the safety. The simplicity of the formulation and the
preparation method open the road to highly versatile electrolytes, adaptable in function of the final
application. Additionally, the insertion of macromolecular groups in the matrix can introduce self-
healing abilities (for example through dynamic hydrogen bonding), further improving the safety features
of the cells.
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The integration of ceramic ion conductors into polymer electrolytes offers a promising route toward
composite solid electrolytes (CSEs) that combine high ionic conductivity with favorable mechanical
properties. However, the mechanisms governing Li" transport across polymer—ceramic interfaces
remain poorly understood. In this work, we investigate Li" transport in a polyethylene oxide (PEO)
doped with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt and Li;La;Zr,0,, (LLZO)
composite system using a multiscale approach that combines atomistic molecular dynamics
simulations with mesoscale modeling [1]. The focus is on three possible pathways, shown in Figure 1,
and their impact on the Li" transport in the CSE is systematically evaluated. Here, phase-exchange
barrier (PEB) rate for Li" transfer between polymer and ceramic phases is of crucial importance as
shown in our previous work [2]. Building on this insight, we introduce the concept of a critical PEB
rate required for effective utilization of fast ion transport through the ceramic phase, pathway 2 in
Figure 1. An analytical expression for this threshold is derived, revealing its dependence on ceramic
size, aspect ratio, intrinsic conductivity and interfacial width. For the LLZO/PEO:LiTFSI system, the
estimated PEB rate lies close to this critical value, indicating that small changes in interfacial
properties can determine whether conductivity enhancement, as compared to pure solid polymer
electrolyte, is achieved. Furthermore, our results show that interphase-mediated transport, pathway 3
in Figure 1, does not contribute significantly to conductivity enhancement. These findings provide
both physical insight into Li* transport mechanisms in CSEs and a framework for assessing when and
how to achieve ionic conductivity enhancement.

Mesoscale

Phase
Ceramic Exchange Polymer Interphase
Barrier

Figure 1. Schematic representation of a composite solid-state electrolyte. The ceramic-polymer interface studied
in this work at the atomistic and mesoscale level are enlarged.
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The development of advanced polymeric materials has attracted growing attention across a wide
range of disciplines, with particular emphasis on battery technology. This is especially relevant for solid
electrolyte systems such as polymer electrolytes and hybrid solid electrolytes (HSEs). To optimize both
electrochemical and mechanical performance of next-generation polymer-based batteries, significant
efforts have been devoted to the design of hybrid solid electrolytes (HSEs) with increasingly refined
micro- to nanoscale architectures. However, the characterisation of these sophisticated materials poses
a significant analytical challenge, as the required spatial resolution and sensitivity often exceed the
capabilities of conventional techniques. Consequently, the development of advanced characterisation
methods is essential to support further progress in polymer-based electrolyte research.

Secondary lon Mass Spectrometry (SIMS) is a powerful surface analysis technique that enables the
identification of characteristic secondary ions emitted upon irradiation of a sample with a high-energy
primary ion beam. It offers outstanding sensitivity for all elements and their isotopes, including light
species critical to battery research, such as lithium. Recently, advances in ion source technology—
specifically in Focused Ion Beam (FIB) platforms—have delivered exceptionally bright ion beams,
yielding enhanced spatial resolution for Secondary Electron (SE) imaging. By directly integrating a
magnetic sector SIMS analyzer onto a FIB platform (FIB-SIMS), we unlock a highly attractive and
powerful multimodal tool. This approach enables simultaneous high-resolution SE morphological
imaging and true nanoscale chemical mapping, pushing lateral resolution down to the sub-20 nm
regime[1][2].

In this study, we developed a comprehensive multimodal workflow for the characterisation of
polymer-based HSEs (PEO(LiTFSI)-LLZO). Specifically, we exploited the unique capability of SIMS
to distinguish light isotopes by utilizing a °Li-enriched electrode to investigate ion mobility.
Simultaneous SE and high-resolution SIMS imaging were performed across the entire cross-section,
previously polished via ultra-microtome. This method enabled the unambiguous identification of the
distinct organic and inorganic phases, alongside high-resolution isotopic tracing of the Li across the
HSE. Ultimately, this methodology enabled the direct determination of preferred diffusion pathways,
local diffusion coefficients (D), and activation energies (E,).

In this presentation, we will demonstrate the capabilities of this multimodal FIB-SIMS platform for
advanced polymer characterization. Beyond conventional chemical and morphological mapping, we
will showcase its unique power to spatially resolve lithium-ion transport pathways at the nanoscale,
offering researchers a decisive new tool to engineer the next generation of solid-state batteries. This
work was co-funded by the Luxembourg National Research Fund (FNR) through the grant INTER/
DFG/22/16558792/MINABATT and the German Research Foundation (DFG) HE8586/MINABATT.

References:
[17J. N. Audinot, et al., Reports Prog. Phys. 84, (2021) p.105901.
[2] Benito Olmos, V., et al., Surfaces and Interfaces, 84, (2026) p.108606.

165



Multi-segmented Copolymer-based Membranes for Aqueous Organic
Redox Flow Battery

Hermann PINSON', Lysandre HOURDIN, Laure LAVERNOT', Emilie PLANES!, Cristina IOJIOU

'‘Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, Grenoble INP, LEPMI, Grenoble, France
hermann.pinson@grenoble-inp.fr

Aqueous organic redox flow batteries (AORFBs) are promising candidates for large-scale electricity
storage due to their safety, environmental friendliness, economic feasibility, and high storage capacity.
In these systems, the membrane plays a critical role: it facilitates ion transport, separates the anolyte and
catholyte, and prevents electrical short circuits between the electrodes. To maintain the system’s charge
neutrality, the membrane must allow the circulation of counterions that balance the charge during
oxidation and reduction reactions. Additionally, it must exhibit selectivity toward the charged active
species present in the aqueous solution. Consequently, ideal membranes should combine high ionic
conductivity and selectivity with robust chemical and mechanical stability. The non-fluorinated
membranes have poor stability when exposed to RFB electrolytes due, generally, to the presence of
ethereal oxygen atoms [1]. High stability ether-free membranes were reported [2] but the synthesis
usually requires costly metallic catalysts. Recently, the superacid-catalyzed polymerization reaction
(Friedel-Crafts-type polyhydroxyalkylation reaction), characterized by a short reaction time without the
requirement of heating and expensive catalysts was achieved [3]. However, copolymers synthesized via
a Friedel-Crafts reaction typically yield random copolymers. In this study, we propose an alternative
synthetic route to produce multi-segmented block copolymers, allowing for a direct comparison between
the two architectures [4], leading the way to polymers with promising properties. These copolymers are
subsequently functionalized through thioacetalization reactions followed by oxidation [5], introducing
sulfonated ionic groups (SOs™). Multi-segmented copolymers with varying lengths of hydrophilic and
hydrophobic segments—and thus different ion exchange capacities (IECs)—were investigated as
membranes both ex situ and in AORFBs. The multi-segmented block copolymer membranes exhibit
well-phase-separated nanostructures at two distinct length scales, as demonstrated by Scanning Electron
Microscopy (SEM) and Small-Angle X-ray Scattering (SAXS). The SAXS profiles exhibit two distinct
peaks: the first corresponds to the correlation distance between hydrophobic regions (dnya = 15.3 nm),
while the second corresponds to the separation between ionic groups and the polymer backbones (dion =
2.3 nm). Compared to statistical copolymers with same IEC (1.7 mmol.g") the multi-segmented
copolymers achieve significantly higher sodium conductivity (7.5 mS-cm™ vs 3.5 mS-cm™) with only
slightly higher water uptake (35% vs 30%). In AORFBs, this results in a reduced area-specific resistance
(ASR) (2.6 Q-cm? vs 5.8 Q-cm?), enabling operation at higher current densities and thereby contributing
to improved system power density.

Additionally, the influence of membrane casting conditions (e.g., solvent type, solvent
evaporation time) on membrane morphology and functional properties was thoroughly investigated. For
instance, membranes cast from dimethylacetamide (DMAc) exhibit a dnya = 19.0 nm with a much
narrower peak (Full Width at Half Maximum (FWHM= 0.104 nm), whereas those cast from dimethyl
sulfoxide (DMSO) show a dnyg =15.3 nm with a broader peak (FWHM= 0.149 nm). While these
morphological differences do not significantly affect ionic conductivity, they do influence selectivity:
no crossover of redox molecules was observed for the DM Ac-cast membrane, whereas a slight crossover
was detected for the DMSO-cast membrane (diffusion coefficientzjon = 7.4 m?-s™").
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