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Day 3: Wednes day 11th  of June  
Session 7, Chair: Georgina Gregory  

9:15 Patrick Théato  (Karlsruhe Institute of Technology ) 
Solid Polymer Electrolytes from Block Copolymers and Particles  

9:45  Gahyeon Kim  (Institut de Chimie Radicalaire -  Chimie Radicalaire 
Organique et Polymères de Spécialité)  
Development of high - potential polymer electrolytes for lithium batteries  

10:00 Laurent Bernard  (CEA, Liten)  
Charge- Transfer Complexes as Next - Generation Solid Electrolytes:  
Unlocking High - Performance Lithium Batteries  

10:15 Sabrina Trano  (Politecnico di Torino ) 
Tailoring lignin polymer electrolytes for potassium - ion batteries  

10:30 Coffee  
Session 8, Chair: Sandrine Lyonnard  

11:00 Irune Villaluenga  (POLYMAT) 
Unveiling Crucial Morphological Effect of Non - conducting Polymer  
Binders on Hybrid Electrolytes  

11:30 Théo Deschamps  (CEA, Liten)  
Development of promising single - ion eutectogel electrolyte through Deep 
Eutectic Solvent polymerization  

11:45 Julia Amici  (Politecnico di Torino)  
Biorenewable organogels as crosslinked gel polymer electrolytes for Li - O2 
batteries  

12:00 Final remarks and closing of the conference  
12:15 Lunch  
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Connect to the WiFi network UU-Guest 
The following log in box appears automatically when you connect to the wireless 
network. If the log in window does not appear, open a new browser window. 

1. Click "Create new account" to get a 24-hour 

account. 

  

 

2. Enter your first and last name and your mobile 

phone number. Enter International number with 

+ CC. Click "Register". 

 

 

  

 

 

 

3. You will receive a text message with  

username and password. 

 

  

 

4. Enter these in the window that appears and  

click Sign in. 

 

 

  
 

 

 

5. Accept Guest User Policy. 

 

 

 

 

 

 

  

6. You now have access to the Internet for 24 hours. 
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Conference dinner at Uppsala castle  
 

Uppsala Castle was originally constructed in 1549 under the reign of King Gustav 
Vasa as a symbol of royal power and a strategic military stronghold. Over the 
centuries, it has witnessed several significant historical events, including the Sture 
Murders in 1567 and the abdication of Queen Christina in 1654. The castle suffered 
extensive damage in a fire in 1702 but was partially rebuilt in the 18 th  century. Today, 
Uppsala Castle serves as a cultural and administrative hub, housing the Uppsala Art 
Museum and the offices of the County Governor.  

The conference dinner will be held on Tuesday 10 June at 18:00 in Vasasalen in the 
southern part of the castle and about 25 min walk from the Ångström Laboratory.  

 

 

 

Entrance to Vasasalen 
through this door on the 
right-hand side beneath 
the arch. 

Enter through this archway. 
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An overview of recycled polymer binders/electrolytes for next-generation 
sustainable batteries 

Hamideh Darjazia, Alessandro Piovanoa, Silvia Porporatoa, Faduma Maddarb, Ivana Hasab, 
Leonardo Balduccia, Giuseppina Meligranaa, Giuseppe A. Eliaa, Claudio Gerbaldia 

a GAME Lab, Department of Applied Science and Technology (DISAT), Politecnico di Torino, 
C.so Duca degli Abruzzi, 24, 10129 Torino (Italy) and National Reference Center for 

Electrochemical Energy Storage (GISEL) – INSTM, Via G. Giusti 9, 50121 Firenze (Italy). 
b WMG, The University of Warwick, Coventry, CV4 7AL, United Kingdom 

E-mail: claudio.gerbaldi@polito.it 

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. 
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 recycled PVB 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 assess potential manufacturability of newly designed electrode/electrolyte components, lab-
scale as well as industrial full battery cells were assembled, which show stable prolonged 
cycling at ambient temperature. 
 
Acknowledgements: 
The SUNRISE project (https://sunrise-project.eu/) has received funding from the European Union’s Horizon 2020 
research and innovation programme under grant agreement No 958243. This study was carried out within the 
EnabLi project – funded by the Ministero dell’Università e della Ricerca – within the PRIN 2022 - 1208/2023 
(program D.D.104-02/02/2022). 
 
References:  
[1] H. Darjazi, A. Piovano, G. Meligrana, G.A. Elia, C. Gerbaldi Adv. Funct. Mater. (2025) 2426075. 
[2] S. Porporato, H. Darjazi, M. Gastaldi, A. Piovano, A. Perez, B. Yécora, A. Fina, G. Meligrana, G.A. Elia, C. 
Gerbaldi, Adv. Sustainable Syst. (2024) 2400569. 
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Understanding the Influence of the Different Components of Single-Ion 
Polymer Electrolyte for Quasi-Solid-State Sodium-Metal Batteries 

 
Maider Zarrabeitia a,b, Clemens Wunder a,b, Stefano Passerini a,b 

a Helmholtz Institute Ulm (HIU), 89081 Ulm, Germany 
b Karlsruhe Institute of Technology (KIT), 76021 Karlsruhe, Germany 

 
E-mail: maider.ipina@kit.edu 

 
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 among the key technologies to achieve the target. Sodium-ion 
batteries (SIBs) are proposed as a complementary technology to lithium-ion batteries (LIBs) 
for light electromobility and stationary applications due to their lower cost and higher 
sustainability, which is achieved by utilizing non-critical raw materials [2].  

However, the SIBs are based on carbonate-based liquid electrolytes, which suffer from low 
thermal stability, high volatility, and high flammability. Therefore, developing advanced 
electrolytes, specifically solid-state electrolytes (SSEs), is crucial for enhancing the 
performance and avoiding safety hazards of SIBs.  

Among the SSEs, single-ion polymer electrolytes (SIPEs) are safe and non-flammable, and they 
can hinder dendrite growth and enhance the mechanical stability of the cell [2]. Despite all the 
advantages, only a limited number of reports related to SIPEs for SIBs and sodium-metal 
batteries (SMBs) can be found in the literature [3-5]. 

This work focuses on the design of SIPEs for SMBs. The reference SIPE is based on 4-
styrenesulfonyl(trifluorosulfonyl)imide (NaSTFSI) sodium salt monomer (SSM), 
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), and pentaerythritol tetraacrylate 
(PET4A) monomers, and blended with poly(vinylidene fluoride-co-hexafluoropropylene) 
(PVDF-HFP) [6]. In addition, further investigations were conducted to understand the 
influence of the anionic center of the SSM, the polymer backbone, and chemical composition 
on the physicochemical and electrochemical properties [7]. Finally, as a proof of concept, 
the developed SIPEs were tested in SMBs, using Prussian White as a cathode, to correlate 
the SIPE chemistry with the electrochemical properties; the SMB performances show the 
possibility of transitioning from liquid-based to solid-state sodium technology. 

 
 
 
References:  
[1] https://setis.ec.europa.eu/implementing-set-plan-2020-report-2020-11-23_en 
[2] S. Isikli, K. M. Ryan. Current Opinion Electrochem. 21 (2020) 188-191. 
[3] S. Qianru, L. Xue, D. Qin, B. Du, J. wang, L. Chen. J. Mater. Chem. A 2 (2014) 15952-15957. 
[4] C. Cao, Y. Li, Y. Feng, C. Peng, Z. Li, W. Feng. Energy Storage Mater. 19 (2019) 401-407. 
[5] J. Li, H. Zhu, X. Wang, M. Armand, D. R. MacFarlane, M. Forsyth. Electrochim. Acta 175 (2015) 232-239. 
[6] C. Wunder, T-L. Lai, E. Sic, T. Gutmann, E. De Vito, G. Buntkowsky, M. Zarrabeitia, S. Passerini. J. Mater. 
Chem. A. 12 (2024) 20935. 
[7] C. Wunder, L. Graeber, D. Bresser, M. Zarrabeitia, S. Passerini. ACS Appl. Polymer Mater. (2025). Accepted. 
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Understanding ion conduction mechanism in solid polymer electrolytes is crucial for energy 
storage and conversion applications, where the electrolyte serves as the medium for ion transfer 
and shuttling between electrodes during device operation. To access the molecular details of 
ion diffusion mechanism, Quasi Elastic Neutron Scattering (QENS) is a suitable technique as 
it provides information on the nature of the motions as well as their characteristics (relaxation 
times, hopping distances, effective diffusion coefficients, activation energies, etc.) on 
timescales ranging typically from picoseconds to nanoseconds, inaccessible otherwise. QENS 
is often combined to NMR and EIS for a multiscale description of the phenomena [1], and 
complemented by Molecular Dynamics simulations [1]. We have developed such approaches 
in proton conducting fuel cell membranes (PEMFC) of the PFSA family, bringing knowledge 
on the limiting steps of ion conduction within nanostructured polymers [2] and introducing the 
importance of subdiffusivity in these materials [3]. Recently, we applied multiresolution QENS 
analysis to the understanding of OH- diffusion in commercial membranes for applications in 
Anion Exchange Membrane Fuel cells (AEMFC) [4]. We revealed a so-called ç facilitated 
hopping mechanism è that operates at low hydration level, where the motions of OH- ions is 
mediated by strongly confined water molecules. We also investigated the role of water 
molecules in mediating Cl- vs OH- diffusion within radiation-grafted membranes, showing that 
local water structure is altered depending on the nature of the chosen anion, which influences 
their molecular mobility and explains the significantly different macroscale ion conductivities 
[5]. These studies shed light on the importance of solvent-mediated transport mechanisms in 
polymers, which are also of interest for battery or supercapacitor applications. 
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Concentrated polymer electrolytes, or the so-called polymer-in-salt electrolytes, raise a 
considerable attention since 1990s [1]. This is both due to the possibility of modification of ion 
transport mechanism away from sluggish segmental diffusion, as well as due to increased 
possibility to form predominantly inorganic and stable solid electrolyte interphases [2-4]. Here, 
the influence of electrodics and ion pairing in such systems will be discussed in detail, as the 
recent modelling effort shows that effective cationic transference numbers are indeed possible 
even under strong ion pairing conditions which is expected in the abovementioned systems [5]. 
In addition, improved methodology and newly developed electrochemical cell for the 
measurement of relevant bulk and interphase ion transport properties of semi-solid polymer 
electrolytes will be presented [6]. Finally, for determination of cationic transference number 
and changes of solid electrolyte interphase resistance in half or full cells over time and current, 
deep understanding of electrochemical impedance spectroscopy response of symmetric cells 
will be highlighted [7,8]. 
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For competitive "real life" batteries, volumetric, gravimetric and total cell capacity are 
key factors to consider. These important parameters are directly affected by the mass 
loading of the active materials and the exploited areal capacity. In practice, however, most 
reported data of solid-state batteries include unfavorably low current densities (<0.5 mA 
cm-2). The major reasons include cathodes with insufficient active material mass loading, 
inhomogeneous Li metal deposition,[1] and/or C-rates that are far from criteria required 
for commercialization of such systems,[2]  as well as (kinetic) transport limitations within 
cathodes and contact issues with solid electrolytes.[3] Appropriate and straightforward 
approaches to achieve sufficiently high mass loading batteries with good C-rate capability 
appear to be either the production of composite cathodes[4] or invoking solvated polymer 
solutions.[5] Both melt infiltration or in situ polymerization of ready-made cathode sheets 
are straightforward ways of maintaining established cathode manufacturing procedures. 
 
In this work, two solvent-free approaches for polymer infiltration of cathode sheets are 
evaluated, the first works according to the principle of melt infiltration under an applied 
vacuum, the second method is based on infiltration of liquid monomer precursors with 
subsequent in situ polymerization. By avoiding solvent-based techniques, challenges with 
incomplete solvent evaporation or residual bubbles present in the polymer filling of the 
resulting cathode can be bypassed. In addition, based on in situ polymerization, cathode| 
electrolyte interfaces can be specifically designed by selecting different functional groups 
present in the monomer mixtures. 
 
For melt infiltration, polycaprolactones were evaluated as beyond-PEO compounds. Non-
crosslinked polymer derivatives were employed for infiltration and catholyte, while cross-
linked versions of polymers represent the electrolyte and separator, in this way achieving 
mechanical stability. For in situ polymerization, various monomers based on methacrylic 
and allyl compounds were utilized and compared. 
 
In summary, the introduced strategies of solvent-free infiltration or in-situ polymerization 
of porous cathodes, when combined with mechanically more robust cross-linked polymer 
membranes, facilitates cell operation with higher cathode mass loadings and beneficially 
stabilized electrode interfaces, thus significantly boosting the performance of polymer-
based solid-state batteries.[6] 
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Despite the numerous attempts since decades to make the grail of negative electrode, the lithium 
metal, to work reversibly in secondary battery, there is still no commercial Li metal-based 
batteries (LMB) operating at room temperature. The high reactivity of conventional organic 
liquid electrolyte with the lithium has prevented their use in LMB1. In addition, the lithium 
plating/stripping is uneven with the growth upon cycling of heterogeneous lithium structures; 
so called Li ódendritesô which leads to the formation of dead lithium and safety issues2. Solid 
electrolyte presenting both good transport properties (i.e conductivity >10-4 Scm-1 with high Li+ 
transference number) and high mechanical strength to mitigate dendrite growth during cycling3 
should ensure both cyclability and safety. Among the solid electrolytes, solid polymer 
electrolytes are very appealing, especially thank to their processability. But apart from PEO-
LiTFSI complexes, which can fully operate only above the melting temperature of PEO, there 
is currently no solid polymer electrolyte (SPE) that meets both ion transport and mechanical 
strength criteria at room temperature. 

Vitrimers are dynamic cross-linked polymers that present the features of thermosets at service 
temperature, however at high temperature the covalent crosslinks can be reversibly exchanged 
which makes them reprocessable. This makes them most relevant as polymer electrolytes due 
to potential self-healing mechanism upon heating treatments4.  

In this study, model PEO-based vitrimers relying on transesterification covalent exchanges and 
with controlled crosslink densities have been prepared from function oligoethers with different 
functionality and chain length. Their structural, physical and viscoelastic features have been 
thoroughly characterized by swelling/extractible, FTIR, DSC, TGA and rheological 
measurements. The impact of polymer architecture and cross-link density, salt concentration, 
and solvent on ionic conductivity was then studied by electrochemical impedance spectroscopy 
leading to fine structure-transport properties correlations. In practice, the composition was 
optimized to reach ů = 1.5 Ĭ 10-4 Scm-1 at 25 ÁC, for an elastic modulus of 9Ĭ10-3 MPa. The 
electrochemical stability window and the cyclability in lithium/lithium symmetric cells were 
also investigated to study the relevance of the vitrimer electrolyte for LMB 
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The objective of this work was to prepare and characterize advanced solid-state polymer 
electrolytes (SSPE) with Ionic Liquid (IL) by using different Li-salt:polymer:IL ratios. 
The IL 1-Methyl-1-propylpyrrolidinium 4,5-dicyano-2-(trifluoromethyl)imidazole) 
(MPPyrTDI) was tested in SSPE with high fluorine content PVDF-HFP and Daikin 
NEOFLON VT475 polymers and with LiTFSI and LiTDI salts in different processing 
solvents, including acetone, N-Methyl-2-pyrrolidone (NMP), Dimethylformamide 
(DMF), and triethyl phosphate (TEP).  

SSPE membranes were characterized with XPS for surface atomic composition, 
XRD for differences in membrane amorphic structure, SEM for surface imaging, and FT-
IR for solvent residual confirmation. Battery performance was tested by assembling SSPE 
membranes to coin cells with Lithium metal anode and commercial NMC811 cathode. 
EIS was also measured at different temperatures.    

SEM images showed clear differences in membrane surface and crosscut structure 
depending on in which solvent SSPEs were processed. NMP samples appear assembled 
from granules compared to most samples having mainly uniform structure, affecting the 
possible Li-ion pathways inside the membrane. The SSPE membranes were cured in a 
60°C vacuum oven overnight to achieve dried membrane. FT-IR showed that some 
solvent traces were present, which is probably also affecting the Li-ion transference in 
the polymer media. Based on the ionic conductivity results, TEP seems to be the ideal 
processing solvent with MPPyrTDI as IL for better SSPE performance compared to NMP 
and DMF.  

 

 
Figure 1: SEM of SSPE membranes with different Li-salt:polymer:IL ratios 
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Figure 1: Time-dependent ToF-SIMS (left) and XPS (right) analysis after several floodgun platings of 

lithium metal. Evolution of inorganic signals in ToF-SIMS and O 1s composition in XPS analysis. 
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The transition towards electrified transportation and the integration of renewable energy 
sources into the global energy infrastructure are pivotal strategies for mitigating climate change. 
Realizing these objectives requires the advancement of high-performance energy storage 
systems, with lithium Li-based batteries being at the forefront due to their superior energy 
density and safety[1]. In particular, Li-metal batteries and solid-state electrolytes (SSEs) have 
gained significant attention as next-generation solutions addressing both remaining safety 
concerns and energy density demands.  

Research on all-solid-state batteries aims to replace liquid electrolytes, enhancing safety 
and electrochemical performance. Among emerging materials, charge-transfer complexes 
(CTCs) offer a novel class of organic compounds with potential as high ionic conductors[2ï4]. 
CTCs are molecular structures formed through an interaction between an electron donor 
molecule and an electron acceptor molecule. These interactions result in the partial transfer of 
electrons from the donor to the acceptor, leading to the formation of a weak bond. CTCs have 
been extensively studied for their ability to conduct electrons due to this electron-transfer 
process[5]. However, their potential as ionic conductors, where the material facilitates the 
movement of ions rather than electrons, is relatively unexplored. In this context, CTCs 
combined with lithium salts exhibit promising ionic conductivity, making them potential 
candidates for solid electrolytes in lithium batteries.  

 
This work investigates small-molecule and polymeric CTCs with lithium salts, focusing 

on a single-ion conducting approach to enhance lithium-ion transference number. Systematic 
variations in donor-acceptor molecular structures and CTC/Li salt ratios were explored in order 
to optimize salt dissociation and ionic mobility. Initially processed as powders, these materials 
achieve improved conductivity when fabricated into films using polymeric binders. Fine-tuning 
binder and salt ratios has led to optimized formulations suitable for electrolyte and catholyte 
applications in full-cell architectures. 

Experimental results reveal ionic conductivities of up to 0.02 mSĿcm ĭ at ambient 
temperature, with ongoing efforts focused on formulation refinement and advanced processing 
techniques. The addition of small amounts of plasticizers is also being explored to enhance 
room-temperature transport properties[6]. Advanced characterization techniques provide 
insights into ion transport mechanisms and material reproducibility, facilitating the integration 
of CTC-based SSEs into next-generation solid-state lithium batteries. 

 

[1] L. Yue, J. Ma, J. Zhang, J. Zhao, S. Dong, Z. Liu, G. Cui, L. Chen, Energy Storage Mater. 5(2016)139ï164.  
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Polymer electrolytes typically exhibit unfavorable ionic conductivities, mainly attributed 
to segmental motion limitations and polymer crystallinity. Since the early works on poly-
ether-based electrolytes, research has identified that ion transport primarily occurs in 
amorphous regions of the polymers. Many potential host polymers tend to be crystalline 
or semi-crystalline under standard conditions, hence prompting efforts to ideally decouple 
charge carrier transport from segmental motions.[1] In practice, polymer electrolytes may 
afford operation of rechargeable lithium metal batteries that could deliver beneficially 
high energy densities, provided that existing challenges such as inhomogeneous Li metal 
deposition or capacity fading due to irreversible processes at electrode interfaces are 
mitigated.[2,3] 
 
Motivated by our recently reported grafted polymer electrolytes,[4] fully amorphous brush 
polymer electrolytes are prepared to address limitations of (semi-)crystalline polymers.[5] 
Here, high-molecular-weight brush polymers are introduced, characterized, and evaluated 
in view of their electrochemical performance. Despite their completely amorphous nature, 
polymer membranes were successfully fabricated and operated in NMC||Li cells. Various 
electrolyte formulations, including salt-in-polymer, polymer-in-salt, as well as polymer-
ceramic hybrids were examined. 
 
The results demonstrate that the introduced brush polymer electrolytes hold great promise 
for enabling operation of Li-metal-based solid-state batteries. While their overall ionic 
conductivity and hence rate capability remain modest, further optimization could boost 
actual electrochemical performance, making them viable candidates for next-generation 
polymer electrolytes. 
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Proteins, with tunable ionic and electronic conductivity, are well-suited as foundational 
components for functional materials in bioelectronics.[1] For example, they have proven useful 
in electrochemical applications such as supercapacitors. In these devices, proteins are 
introduced as a solid electrolyte and sandwiched between the two carbon electrodes. Their role 
is to prevent the physical and electrical contact between the electrodes while allowing the 
passage of ions. The properties of the Solid Electrolyte (SE) influence ionic transport, cycle life, 
performance, and overall battery safety.[2,3] Therefore, this work proposes a detailed 
examination of the physical and chemical characteristics of this component. 
 
The fabrication of the SE and its integration into the devices is schematized in figure 1. The 
structural, chemical and physical properties of the membranes have been analyzed to compare 
the protein membranes with the current state of the art separators. In this regard, thickness, 
porosity, tortuosity, electrolyte affinity, chemical stability, mechanical strength, and thermal 
shrinkage have been examined. The manufacturing of CTPR-based membranes represents a 
novel approach for developing renewable SE facilitating the transition to the next generation of 
sustainable and environmentally friendly energy storage systems. 

 
Figure 1. Schematic process of the protein membrana manufacturing and integration in the 

supercapacitor device with AC (Activated Carbon) as electrodes 
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Figure 1. a) Galvanostatic cycling of the full cells with the NMC622 cathode, Li metal anode, 
and the in-situ polymerized SPE with BPO and AIBN at 1 mA/cm2 and 25 °C; b) comparison 
of the VC (monomer) conversion rate in the full cells; c) Nyquist plots for the full cells. 
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Increasing demands for high-performance, high-energy batteries drive the development 
of next-generation rechargeable batteries. Here, lithium metal anodes demonstrate 
promising potential due to their higher energy densities, compared to graphitic anodes.[1] 

A major challenge of lithium metal anodes include losses of the lithium inventory during 
cell operation, particularly in cases where high surface area lithium or dendrites occur.[2] 

By combining mechanical strength and flexibility, suitably tailored polymer electrolytes 
offer unique advantages compared to ceramic or solely liquid electrolytes, provided that 
their ionic conductivity and electrochemical stability reach state-of-the-art comparability. 

Recent developments of grafted hybrid polymer electrolytes in our group have shown that 
enhanced mechanical properties of grafted polymer electrolytes boosts the cell longevity, 
indicating more uniform lithium deposition.[3, 4] In this study, lithium metal deposits in 
Li||Li and NMC||Li cells operating with grafted hybrid polymer electrolytes are analyzed 
by post-mortem SEM imaging, focusing on lithium metal|polymer electrolyte interfaces 
to further develop design strategies for high-performance polymer electrolytes. 

The results clearly demonstrate the success of hybrid polymer systems to yield highly 
reversible lithium inventory. Based on this, suitably grafted copolymers and hybrids 
thereof, made from ionic conductive and mechanically robust constituents, are designed 
and evaluated in view of membrane homogeneity and Li deposition.[5] 

Overall, the present work highlights the benefits and necessity to invoke post-mortem 
SEM imaging for analysis of complex lithium metal-|polymer electrolyte interfaces to 
obtain better understanding of internal structures that are tailored to provide faster charge 
capability of the battery cell stacks. 
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Moving from the commonly used lithium-ion batteries to solid-state batteries (SSB) with the 
aim of higher energy densities, the importance of battery recycling remains high to reduce 
emissions of hazardous compounds into the environment and to ensure efficient utilization of 
material resources. Currently, common methods in SSB recycling are based on pyro- and 
hydrometallurgy, targeting the recovery of valuable electrode materials. However, little or no 
research has been done on recycling of organic battery fractions, due to the low material value. 
 
In recent studies, liquid electrolyte from lithium-ion battery (LIB) waste has been extracted 
using supercritical carbon dioxide (SC-CO2). The technique is based on the physical properties 
of the supercritical fluid which are between those of gas and liquid, making it an interesting 
alternative to other solvents, due to infinite reusability and high separability. Altering 
temperature and pressure of the SC-CO2, the solubility of different compounds changes, 
enabling a selective extraction of LIB electrolyte components. By addition of a co-solvent, the 
polarity of the SC-CO2 can be increased, thereby making it possible to extract a wider range of 
molecules.  
 
The aim of this study is to explore the possibility to implement SC-CO2 extraction in the 
recycling of SSBs, specifically focusing on the solid-state polymer electrolyte (SPE). A 
theoretical methodology will be developed to understand critical process parameters of SC-CO2 
extraction with a co-solvent system for the recycling of organic SPE materials. Furthermore, 
physical and chemical properties that affect interactions between the SC-CO2/co-solvent system 
and electrolyte components (such as polarity and Lewis acid-base interactions) will be 
investigated, to enhance the solubility. Based on these results, a suitable co-solvent will be 
determined (e.g., acetonitrile, dimethyl sulfoxide, or propylene carbonate) and then used in a 
SC-CO2 system to extract polymers and the conductive salt from SPE materials. Thereby, a 
selective, efficient, and environmental method of SPE extraction will be developed, which is a 
necessity for the complete recycling of SSBs. 
 
 
 
Acknowledgment: This research was supported by the Swedish Energy Agency Battery Fund 
Program (Project No:P2023-00150) 
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Solid polymer electrolytes (SPEs) using polyethylene carbonate (PEC) as the base 
polymer have been reported to exhibit different ionic conduction behavior from that of 
conventional polyethylene oxide-based SPEs, in which high ionic conductivity and high 
Li ion transference number are seen in the high salt concentration region [1]. However, 
the details of the ionic conduction mechanism of polymers with different structures have 
not yet been clarified. Therefore, in this study, we attempted to analyze the relaxation 
behavior of SPEs with carbonate-type polymers by rheological measurements. By 
quantifying various viscoelastic parameters, we aim to elucidate the ionic conduction 
behavior inside SPEs. 
PEC was purchased from Empower Materials. Polypropylene carbonate (PPC) was 
purchased from Sigma-Aldrich. LiTFSI was mixed with each polymer and dissolved in 
acetonitrile under Ar atmosphere, followed by thermal and vacuum drying for several 
days. Stress-controlled rheometer (Discovery HR-30, TA Instruments) was used for 
rheological measurements. Parallel plate with 8-mm-diameter was used. The 
measurements were performed in a nitrogen atmosphere in the chamber. 

Fig. represents the master curves of storage modulus, loss modulus, and tanə of SPEs 
prepared by adding LiTFSI to PEC and PPC. From the high frequency side, glassy region, 
transition region, rubber region, and terminal region were observed. When compared at a 
certain frequency, the modulus of the salt-containing SPEs were lower than each neat 
polymer, indicating that the material became softer. The salt addition might be attributed 
to the plasticizing of polymer entanglement. In the presentation, we will discuss the 
quantitative analysis, mainly calculation of viscoelastic parameters such as zero shear 
viscosity, elastic modulus, and steady state compliance. 
 
References: [1] Y. Tominaga, Polym. J., 49, 291 (2017).  

 
Fig. Master curves of Gô, Gôô, and tanə for (a) neat PEC and PEC electrolytes, (b) neat PPC and PPC 
electrolytes (Tr: 30 ). The number of electrolytes represents the concentration ([Li]/[monomer unit]). 

(a) (b) 
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One of the desired outcomes with solid polymer electrolytes (SPEs) in lithium batteries is their 
implementation with high-voltage cathodes and the lithium metal anode. However, this effort 
has been met with some challenges. Cells with this configuration have been reported to rapidly 
fail on cycling [1], [2], [3]. In these studies, different mechanisms of failure are suggested, and 
these are: lithium dendrite formation on the lithium anode that subsequently leads to short-
circuiting [1], [2], and oxidation of the electrolyte due the high potential of the cathode, leading 
to its breakdown and cell failure [3]. Imaging techniques, particularly for operando or in situ 
measurements, provide a unique pathway to investigating and verifying these conclusions.   

In this work, electrochemical techniques and lab X-ray computed tomography were employed 
to correlate the electrochemical behaviour with morphology and micro-structure of the 
components of solid-polymer-electrolyte-based solid-state lithium batteries. X-ray imaging was 
performed without dismantling the cells after ex situ charge cycling enabling a full, non-
destructive 3D characterisation of the cells. Two battery chemistries were used, high-voltage 
lithium nickel manganese cobalt oxide (NMC622), and standard-voltage lithium iron phosphate 
(LFP) half-cells. A complementary lithium symmetrical cell was also studied. A mixture of 
lithium bis(trifluoromethane)sulfonimide (LiTFSI) and polyethylene oxide (PEO) was used as 
the solid polymer electrolyte (SPE) in the cells.  

The results show a roughened lithium electrode surface, thinned SPE electrolyte, and bubble-
like features formed in the SPE electrolyte, indicating that failure in SPE-based solid-state 
lithium batteries could be rather a multifaceted phenomenon which may require several battery-
chemistry-specific strategies to be effectively curbed. The successful visualization of the 
morphology and micro-structure in the battery samples shows that X-ray computed tomography 
can be an effective primary and also complementary tool to investigate and understand different 
phenomena in SPE-based all-solid-state lithium battery studies.  

References: 
[1] G. Homann, L. Stolz, J. Nair, I. C. Laskovic, M. Winter, J. Kasnatscheew. Scientific reports, 10(1) (2020) 
4390. 
[2] L. Stolz, G. Homann, M. Winter, J. Kasnatscheew. Materials Advances, 2(10) (2021) 3251-3256. 
[3] I. L. Johansson, C. Sangeland, T. Uemiya, F. Iwasaki, M. Yoshizawa-Fujita, D. Brandell, J. Mindemark. ACS 
Applied Energy Materials, 5(8), (2022) 10002-10012. 
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In order to combine the high ionic conductivity of liquid electrolytes with the 
advantages of solid polymer electrolytes, gel polymer electrolytes (GPEs) have been 
introduced [1]. These systems immobilize a liquid electrolyte within a polymer matrix, 
ensuring high conductivity while maintaining mechanical stability, making them 
suitable as quasi-solid state separating electrolytes in electrochemical capacitors. 
So far, various polymers have been investigated as host systems for GPEs, such as 
poly(methyl methacrylate), poly(acrylonitrile), poly(vinylidene fluoride) or co-polymers 
thereof [2]. Among them, methacrylate-based systems have the advantage of wide 
availability, low toxicity and wide electrochemical stability. Additionally, methacrylate-
derived GPEs can be manufactured by direct UV-light irradiation, which is a solvent-
free, timesaving and unexpensive preparation method. In this work, bisphenol A 
ethoxylate dimethacrylate (BEMA) was used as methacrylic-based difunctional 
oligomer, since it readily polymerizes by UV-curing, resulting in highly crosslinked 
polymer networks, flexible and resistant up to 300 °C. Additionally, poly(ethylene 
glycol) methylether methacrylate (PEGMEMA) was chosen as reactive diluent, 
controlling the crosslinking density and reducing the Tg of the membranes [3]. 
The methacrylate-based membranes were combined with a glyoxal-based electrolyte, 
namely 1M NaTFSI in a 3:7 mixture of tetraethoxyglyoxal (TEG) and propylene 
carbonate (PC). TEG is the full acetal of glyoxal and has been proposed after a 
computational screening for the identification of new electrolyte components. In 
comparison with carbonate-based solvents currently used in energy storage systems, 
TEG has a comparable price, while being less toxic and classified as harmless for the 
environment [4]. 
The prepared GPEs were thoroughly physicochemically characterised and successfully 
tested in terms of ionic conductivity, electrochemical stability window, and 
galvanostatic cycling (quasi-solid state EDLC capacitance of the device of 21 F g-1 at 
0.2 A g-1 for 1000 cycles). After a rate capability test and 9500 cycles, the capacitance 
retention was above 85%. The presence of a polymeric network also hindered anodic 
dissolution phenomena stabilizing the system along cycling. To sum up, the newly 
developed system shows highly satisfying results, paving the way for further detailed 
studies and applications [5].  
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[1] Y.-G. Cho et al., Adv.Mater. (2019) 31, 1804909 
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Polymer electrolytes (PEs) enable the use of lithium metal anodes and the development of solid-
state batteries that can surpass the gravimetric and volumetric energy and power densities of 
state-of-the-art lithium-ion batteries. While PEs exhibit a wide range, from gelled forms with 
high solvent content to dried films, the impact of solvent (or plasticizer) on the properties of a 
specific PE, particularly ionic conductivity, often is not investigated comprehensively. 
Moreover, the Li-salt content, which reflects the third component, also influences the 
electrochemical properties of the PEs and must be considered as well. 
This study investigates the impact of N,N-dimethylacetamide (DMAc) as solvent and LiFSI as 
salt on the properties of a network PE. [1] To vary the solvent and Li-salt content (SC and LiC, 
defined as single component-to-other-components ratio), different preparation methods were 
explored. These methods include the fixation of the SC during synthesis, various drying and 
oven process combinations, and post-treatments of created PE films. The resulting PEs were 
analyzed using spectroscopic and electrochemical techniques. Time and temperature-dependent 
impedance spectroscopy and linear sweep voltammetry assess the overall ionic conductivity, 
lithium metal stability, and high-voltage cathode compatibility. Additionally, comparisons with 
polymer-free electrolytes evaluate the impact of varying LiC within the PEs. 
A drastic increase in overall ionic conductivity can be observed when displayed against SC, 
suggesting a change in the conduction mechanism within the PE system. Interestingly, this 
transition in conduction mechanism occurs independently of the LiC at around 50 % SC, as 
indicated by a change in the curve progression. This is supported by activation energies 
measured for these PEs, as their curve progressions are similar and also change at around 50 % 
SC. 
The curve progression in the high SC region is analogous to that of the polymer-free electrolyte, 
with the number of moving ions and their mobility being the primary factors influencing this 
progression. An increase in the number of moving ions results in higher ionic conductivity, 
while an increasing polymer content (PC) reduces the mobility, resulting in a decrease of ionic 
conductivity. Conversely, within the low SC region, a logarithmic curve is measured with a 
reversed correlation between the number of ions and their mobility regarding the ionic 
conductivity. 
To visualize and decouple the impact of each component in the PE system, a ternary contour 
plot of the ionic conductivity is carried out. A comparison with state-of-the-art electrolytes 
reveals that the PE is competitive only above the 50 % SC within the one conduction mechanism. 
These findings are significant regarding the overall ionic conductivity and exclude a significant 
part of all different polymer forms. Nevertheless, the variation and control of each component 
via the preparation methods enable further full-cell testing to evaluate solvent- and Li-salt-
dependent performance in application-related studies. 
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Li-metal is the most promising candidate anode to replace graphite in Li-ion batteries due to its 
theory-specific capacity of 3861 mAhg�í1, however its widespread adoption in commercial 
batteries is hindered by its high reactivity towards electrolytes and the high surface morphology 
of plated Li. Semi-solid polymer electrolytes, which are polymer electrolytes plasticized by a 
compound with low molecular weight and low volatility, offer the benefit of maintaining good 
contact with the Li-metal during cycling and promoting dense Li-plating. 
 
In the European project SOLiD, we have designed a novel polymer electrolyte by combining a 
curable polyester (PESDA) and succinonitrile (SN). We demonstrate that this polymer 
outperforms the commonly used polyethylene glycol diacrylate (PEGDA) in full cells during 
cycling at high current density. 
Infra-red investigations reveal that Li+ preferably coordinates with the polar groups of the 
polymer rather than with SN, see Figure 1a). It has been shown [1], that when coordinating with 
Li+, PEGDA rigidifies, which limits the segmental motion of the polymer chains, inherently 
reducing Li-ion mobility, while aliphatic polyesters plastify upon Li+ coordination, which can 
explain the lower polarization at high current density capability when using PESDA. The semi-
solid polymer electrolyte exhibits good mechanical properties, see Figure 1b). When paired 
with NMC622 (2mAh/cm2) and ultrathin Li-metal anode (25 µm), the full cells reach 150 cycles, 
see Figure 1c). This demonstrates that to design better polymer electrolytes, one needs to 
consider the critical role of preferential coordination of Li+ depending on the nature of the polar 
groups. This work was supported by Funded by the European Union, the Swiss State Secretariat 
for Education, Research and Innovation (SERI) under contract numbers 22.00179 and 22.00246. 

 
Figure 1 a) Comparison of the C-N peak shift of succinonitrile in ATR-FTIR depending on the electrolyte formulation, b) 

visual appearance of the semi-solid polymer electrolyte, c) Full-cell performance of CR2032 coin cells of the polymer 
electrolyte coupled with a liquid catholyte made of succinonitrile. 
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