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Moving Down Group 1: Analytical Challenges and Current
Trends for Solid Polymer Electrolytes in Post-Li Battery

Applications

Fabian Jeschull*®

The solid polymer electrolyte (SPE) field has traditionally
struggled with sufficiently high cation conduction at room
temperature. The reason for this is that ion transport is usually
coupled to polymer chain mobility and as such is strongly
temperature dependent. The diversification of battery technolo-
gies from Li-ion into Na- and K-ion batteries has revived efforts
in the 80s and 90s to develop a broad conceptional under-
standing and to find overarching trends of the ion transport
properties of SPEs based on Group 1 elements, Li*, Na®, K%,

Introduction

Battery technology development has strongly accelerated over
the past decade in search of more sustainable, high-energy
storage solutions that are free of critical raw materials,
preferably without fluorine-containing compounds or other
toxic, volatile chemicals. In particular, the raw material issue is a
scientific challenge that post-lithium batteries could potentially
solve and that has already led to commercial Na-ion batteries
(NIBs) entering the market. Overall this can be viewed as a
diversification into alternative cell chemistries and battery
technologies.

At lower technology readiness levels (TRL), i.e. on laboratory
scales, several other mono- and multivalent cell concepts have
attracted strong interest from the battery community. For
monovalent systems, these include K-ion batteries (KIBs)!" and
even pioneering work on Rb-ion batteries.” From a scientific
point of view, comparisons between different cell chemistries,
such as those currently being carried out within the alkali metal
group, are extremely valuable because they reveal overarching
trends and show the limits of what is scientifically feasible. One
domain within battery research quite clearly illustrates the
potential opportunities and major challenges of moving down
the Group 1 elements is solid polymer electrolytes (SPEs). SPEs
consist of a conductive salt and a polymer host matrix that
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Rb™ and Cs™ (i.e. beyond Li). This development brings its own
set of challenges, starting from additional constraints to
measure heavier cations. With a clearer aim towards tangible
battery applications, particularly electrochemical stability and
interphase formation, and together with a rising sensibility of
sustainability aspects, other parameters have gained more
relevance and opened new vectors of research. The associated
scientific challenges and recent developments of Group 1 based
SPEs shall be reviewed.

promotes ion transport in the solid state. These materials are
used as flexible, ion-conducting thin-film separators in re-
chargeable batteries, enabling potentially safer (no volatile,
liquid components) and denser cell configurations. However,
ion transport is highly temperature dependent as it is coupled
to the mobility of the polymer chains®™ and therefore SPEs
typically only reach sufficient ionic conductivity only at elevated
temperatures. Nevertheless, SPE-based Li-ion batteries (LIBs) are
the only commercialized solid-state LIB technology (Blue
Solutions, Bolloré Group) and have been around for more than
a decade.™

Looking back at 50 years of SPE research, many previous
experiments are revisited with current state-of-the-art polymers
and electrolyte salts. Recent achievements include for example
cycling of post-Li (NIB and KIB) SPE-based cells under near
ambient conditions (~40-45°C).*® Here, a comparative sum-
mary based on recent studies on the impact of different Group
1 cations on SPE properties will be outlined, with a strict focus
on liquid-free systems (thus excluding gel polymer electrolytes).
In addition, major challenges that have accompanied this field
and that continue to pose problems are discussed, particularly
in the context of characterizing SPE properties for post-Li
systems. Equally important is an outlook on new research
directions, especially in the light of increasing sustainability
concerns.

Impact of Cation Size on Electrolyte Properties
- a Case Study of PEO-based SPEs

Poly(ethylene oxide) is the unrivalled benchmark to assess the
ion transport properties of polymer electrolytes for battery
applications.

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Many overarching trends are thus studied in this reference
system. While PEO:LiX (X=TFSI-, FSI-, ClO,”, etc.) complexes
have been studied extensively for more than 40 years,®
including pioneering work on a range of other mono- and
multivalent cations,’” a steadily increasing number of studies
is now appearing for PEO complexes from salts of heavier alkali
metals, especially the triflimidates TFSI™ ((CF;SO,),N7) and FSI~
((FSO,);N7). The results from these studies deliver important
puzzle pieces to understand in better detail polymer-cation
interactions of Group 1 elements and their impact on ion
transport.

Coordination and Salt Dissolution Properties. From early
crystallographic works it is known that the coordination
environment of the cation changes in dependence of charge
and cation radius in crystalline PEO:A* complexes (i.e. high
electrolyte salt concentrations),”” ranging from 3 (Li), 4 (Na) to
5 (K, Rb), as well as two coordinating anions. For polyether
chains to wrap around larger cations, changes in polymer
conformation are necessary, which is then reflected in longer
coordinate bonds. A comprehensive molecular dynamic study
by Fortuin et al™™ recently supported these trends down the
Group 1 elements (though the EO:A™ ratio of 20:1 was higher),
i.e. with increasing cation size the coordinate bond distance
and coordination number increase (in their study 6 (Li), 7 (Na)
and 8 (K, Cs)). Interestingly, the study found weaker cation-
anion interactions in PEO:ATFSI complexes of A=Na, K and Cs,
suggesting (nearly) complete dissociation with an optimum for
PEO:NaTFSI complexes. This appears to be in general agreement
with decreasing ion pair dissociation energies of ATFSI salts
with increasing cation size (from 591 kJmol™' (L) to
495 kJmol™" (Na) and ~420 kJmol™" (K)) on the basis of DFT
calculations.” Experimentally, Andersson et al”® determined
the Gibbs free energy of dissociation (AG%) from ligand
exchange experiments as a measure of the cation-PEO coordi-
nation strength. Due to a smaller entropic contribution, AG® at
25°C is smaller for NaTFSI (AG°=—9.5 kJmol™) than for LiTFSI
(AG*=—10.2 kJmol™). Overall, this should result in low ion pair
formation, higher ion mobility, and improved ionic conductiv-
ities.

lonic conductivities. Two recent studies concluded that
the ionic conductivity of PEO:ATFSI complexes does not change
significantly above the melting temperature of the SPE across
the Group 1 elements Li, Na, K and Cs. A comparison over a
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small selection of recent studies in Figure 1A confirms this trend
for PEO:ATFSI (20:1) complexes. Differences in ionic conductiv-
ity are more pronounced in samples of AFSI-based SPEs
(Figure 1B). DC polarization measurements by Oteo et al.”
further suggest higher transference numbers of heavier cations
(Table 1), which agrees well with the trends in ion coordination
strength. However, using electrophoretic NMR (eNMR) instead,
Ménich et al.”® obtained similar transference numbers for PEO:
ATFSI complexes (A=Li, Na, K; M,(PEO)= 4 kgmol™') in the
range of 0.14-0.2 and contrarily concluded no substantial
difference in cation-PEO interactions. In fact, accurate T,
measurements are a major roadblock in post-Li systems, which
will be further discussed below.

Thermal and Rheological Properties. For PEO:KTFSI blends
melting temperatures as low as 37°C (Table 1) were measured
that lead to less marked decrease in ionic conductivity in the
temperature region between 25-65°C, which should have a
positive impact on the polymer chain mobility and thus ‘near
ambient’ cell cycling. However, the changes in the thermal
behavior lead to marked differences in the rheological proper-
ties up to the point at which some compositions lose their
mechanical integrity. In Figure 1C this behavior is exemplified
for PEO:KTFSI composites, where a EO:K 12:1 formulation shows
viscous-fluid properties (loss modulus, G” > storage modulus,
G') at low oscillation stress, rendering this composition unsuit-
able as separator. This motivated several revised material
approaches, including PEO-based block copolymers,™**? poly-
mer blends™ or ceramic fillers® to improve the mechanical
properties. Especially, block copolymers with non-conductive
segments imparting better mechanical properties have been
widely explored for this purpose for Li-based SPEs***®! They
also exhibit interesting anisotropic ionic conductivity behavior
as a function of the their microphase separated domains.””!

Furthermore, ion transport properties can significantly
change when ether-oxygen groups are replaced by other
coordinating groups, such as the carbonyl-units in
polycarbonates,”®*' polyesters®® and their copolymers.®" These
materials have had a considerable impact on the SPE field in
the last decade and greatly contributed to a more diversified
polymer portfolio."® Electrophoretic NMR studies®® show that
polymer-cation interactions carbonyl-coordinating groups are
weaker. This leads to more ion pairing and lower degrees of
dissociation, but on the other hand the dissociated cations
exhibit higher mobilities. The focus on Li-SPEs is also here
slowly shifting towards PEO alternatives for post-Li systems
(e.g. ref®¥), but does not come close to the number of studies
on PEO-containing materials.

The Cell Challenge: Reproducibility,
Comparability, Material Availability

It is a positive development that cell tests have become an
integral part of SPE studies. Especially within the last decade
the number of cell tests of SPE-based alkali-ion,” alkali-metal
(e.g. Li®**¥ Na,** K®'¥) and anode-less®® battery configura-
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Figure 1. Results of a small meta study including references [7-11] on A) the ionic conductivities of PEO:ATFSI (EO:A=20:1; A=Li, Na, K) electrolytes and B)
the ionic conductivities of PEO:AX (EO:A=20:1 or 10:1, A=Li, Na, K and X=TFSI or FSI) electrolytes for values reported in the temperature range from 55 to
60°C. The data was extracted from the original publications using the WebPlotDigitizer online tool."”” The bottom row summarize results from C) oscillatory
rheology and D) cell testing in K| SPE | K,Fe[Fe(CN)] configurations at 55 °C against a corresponding liquid electrolyte system (750 mM KPF in EC:PC, v/
v=1:1+2 wt% FEC) from references®'® for two different PEO:KTFSI compositions, a styrene-PEO based block copolymer and an PEO:KTFSI/Al,O; composite.

Table 1. Summary of changes in physical properties of PEO-based SPEs with different ATFSI contents (i.e. EO:A ratios; A=Li, Na, K).

Cation EO:A ratio Ty (TW/°C crystallinity” / % 7.7 (°Q) Ref
Li* 20:1 —40 (57) 47 0.22 (70) [7]
Na* 20:1 —35.3(61.4) 454 0.66 (70)” [7,8]
0.39 (75)®
12:1 —34(49.8/58.1) 1.5 - [8]
K* 20:1 —48.1 (37/53) 34.7 0.32 (70)¢ [9,14]
12:1 —47.7(39.5) 1.1 - [9]

2 crystallinity was calculated based on the th. melting enthalpy of PEO. ® determined by the method reported by DC polarization.

MD simulation, according to ref [14].

119 value determined by

tions have increased sharply and has even moved beyond lab-
scale testing.”” As with liquid electrolytes, the choice of cell
setup and cell construction have profound effects on cell
performance and lead to very different results even when the
same material is being investigated.*®**® Moreover, pre-con-
ditioning protocols have a significant impact on overpotentials
and capacities in the first cycles,”” which is typically due to
initial contact problems that disappear over time at elevated
temperatures, as the polymer creeps into the remaining void
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space of the composite electrode. Internal cell pressure,
operating temperature, and rheological aspects thus affect the
time required for establishing good contact significantly.
Contrary to ceramic electrolytes, SPEs as soft materials show
only little pressure dependence and can adapt more readily to
morphological changes in electrode composites.

Alkali-Metal Batteries. As with most solid-state cell config-
urations, the use of a metallic electrode is considered advanta-
geous from an energy density perspective. On a lab scale, this

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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typically means that cells are tested with a vast excess of charge
carrier inventory at the negative electrode, particularly when
the mass loading of the positive electrode is low. Therefore,
irreversible losses can easily be masked, as they can be
compensated over many cycles by the metallic electrode. In
addition to a wide range of electrode mass loadings, different
materials are used in the positive electrode. In LIBs these are
mostly lithium iron phosphate (LFP) with a comparatively low
redox potential (~3.5V vs. Li*/Li) and various layered oxides
with potential cut-offs up to 4.3 V vs. Li*/Li. As a result, the cell
performance can turn out quite differently, depending on the
anodic (oxidative) stability of the electrolyte under these
conditions.*” In fact, the availability of commercial electrode
materials for LIBs helps the reproducibility of research results
over in-house synthesized materials. Unfortunately, electrode
formulations can still vary widely, and although commercial
electrode coatings are available, infiltration of such electrodes
with a solid electrolyte is only a compromise, as the electrolyte
phase is best mixed into the electrode slurry during prepara-
tion. In contrast, comparability across different cell chemistries
is considerably more challenging to achieve, considering that
the material availability and the material portfolio is greatly
limited (NIBs) or not available at all (KIBs). In this case the only
fallback option is to prepare electrode materials in-house, as is
frequently done with Prussian blue analogues (A,M[Fe(CN);,
A=Na, K, M =transition metal, mostly Fe & Mn). For the limited
material cases where the same active material class can be used
for cell tests, differences in redox potentials and thus voltage
windows can still cause different degrees of degradation. To
avoid the use of the frequently cited standard hydrogen
electrode (SHE) potentials, which refer to aqueous electrolytes,
referencing against Li*/Li is more practical in first approxima-
tion, using reported potential differences in non-aqueous
electrolytes (e.g. E(Na*/Na)=0.23 V and E(K"/K)=-0.09 V vs. Li*
/LiM). The comparatively low average redox potentials of
Na,V,PO, or Na,Fe[Fe(CN)] (~3.4V and ~3.2V vs. Na*/Na), are
about 300 mV higher on a Li*/Li scale (cut-off limits shift
accordingly).

Anode-less or anode-free batteries are the logical outcome of
alkali-metal batteries when aiming for high energy densities
and taking into account the charge carrier excess of the metallic
negative electrode. During the charge process alkali metal is
deposited onto the current collector foil. This process is
associated with several issues regarding the deposition process.
Because there is no excess alkali metal inventory, the Coulombic
efficiency needs to be exceptionally high from the start to
maintain high capacity retention. Uniform and reversible
deposition strongly depends on the substrate and the reactivity
between freshly plated alkali metal and electrolyte
components®” (see also below). Incidentally, the commonly
used Cu current collector at the negative electrode performs
poorly, at least for Li-deposition, compared to ‘lithiophilic’
materials such as Zn, Ag or Au.B®
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The Transference Number Challenge:
Expanding the Toolbox

The most fundamental parameters for evaluating the character-
istics of an SPE are its transport properties, defined by the A*
transport number, t,,, and its transference number T,.. The
transport number, t,,, describes the charge fraction of a unit
Coulomb that is transferred across the electrode interface by a
single non-blocked ionic species (cations in batteries). As SPEs
are not dilute systems (< 0.01 M), ion pairing to form solvent-
separated contact ion pairs (SSIPs and CIPs), and charged
clusters in (super—)concentrated environments is common.*? In
this case a variety of non-blocked ionic species, which include
the migration of triplets or ion clusters, contribute to the ion
transport, as illustrated in Figure 2A. Most techniques cannot
distinguish between these different species. The sum of their
individual contributions is expressed in the transference
number, T, .*? it is a measure of the maximum load (current)
that an electrolyte can support.*? Under these non-ideal
conditions, transport and transference number are not the
same. In practice, however, the assumptions of an ideal
electrolyte are prevalent and the theoretical basis for prominent
experimental approaches.”¥ Electrochemically transference
numbers are determined by a DC polarization technique
introduced by Bruce and Vincent™ in symmetric cells with
metallic electrodes (to exclude influences from electrode
tortuosity). Although the presence of interphases is accounted
for and appears to hold reasonably well for Li-systems, the
deviations and issues with the technique become critical in
more reactive systems of Na- and K-symmetric cells, where
surface layer resistances are significantly larger. Moreover, the
cell impedance changes strongly under applied current (Fig-
ure 2B). This makes an accurate determination of the required
parameter set from electrochemical impedance spectroscopy
(EIS) more challenging.['*#44

An alternative approach are solid-state NMR (ssNMR)
techniques, e.g. pulse-field gradient NMR (PFG-NMR) to meas-
ure (self—)diffusion coefficients and electrophoretic NMR
(eNMR) to measure cation migration in an electric field. Both
techniques encounter challenges when moving from the NMR-
active “Li nucleus to the heavier Group 1 elements *Na and *K,
as the nuclei exhibit too short relaxation times.®*® In such
cases, it mostly the '°F signals of fluorine-containing anions that
provide meaningful information. Diffusion coefficients for Na-
and K-ions could be obtained indirectly if the total ionic
conductivity (e.g. from EIS) and the anion partial conductivity
are known."*” Another approach are moving-boundary-type
experiments, like the radiotracer method or operando Raman
microspectroscopy as introduced by Fawdon et al.”” that track
time-dependent concentration gradients of cation, anion or
both to derive the transport and thermodynamic electrolyte
properties (Figure 2C).

Radiotracer experiments or Hittorf-type methods usually
require sectioning of the electrolyte to determine concentration
changes. The former was used for example by Bastek et al. to
determine the Rb* diffusion in PEO,,Rbl electrolytes.”®
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Figure 2. A) lllustration of different cationic species formed in a SPE and a
selection of commonly used analytical techniques to measure transference
numbers. B) EIS spectra of Na/Na and K/K symmetric cells with a PEO-based
block copolymer solid electrolyte (BPE) recorded at 55 °C after three
consecutive cycling sequences comprising of 10 cycles at 10, 20 and

50 pAcm?, respectively (Reprinted with permission.*¥ Copyright 2024, Xing
et al.). C) Operando Raman microspectroscopy setup to determine transport
and thermodynamic electrolyte properties (Adapted with permission."*!
Copyright 2021, Fawdon et al.).

A Stability Challenge for Polymer Hosts and
Salts

The formation of passivating electrode surface layers, namely
the solid electrolyte interphase (SEI) on negative electrodes and
the cathode electrolyte interphase (CEl) on positive electrodes,
is arguably the most challenging part of achieving batteries
with long cycle life and high capacity retention, regardless of
the type of electrolyte employed. This challenge is twofold, as
both the electrolyte medium and electrolyte salt either need

ChemElectroChem 2024, €202400254 (5 of 9)

the fact that surface groups, like oxides and hydroxides,“”

initiate the degradation. The role of the electrolyte salt should
not be underestimated with respect of the formation of
protective surface layers, which becomes most apparent in
multivalent systems:

Anions prone to reductive degradation, such as FSI-, are
increasingly used to improve the reversibility of metallic
electrodes.””” Their stability can be tuned as a function of salt
concentration and choice of solvent that affect the degree of
ion pairing. Compared to the cathodic electrolyte stability, the
anodic stability at potentials above 4V vs. Li*/Li, is widely
recognized as a considerable roadblock, as the number of
polymers (or salts) that show sufficient inertness with increasing
upper voltage cut-off limits (up to 4.3-5.0 V vs. Li*/Li) becomes
small. Unfortunately, the onset of electrolyte degradation is
difficult to pinpoint, as it is poorly defined, highly dependent
on the electrochemical technique used, and influenced by
settings (e.g. scan or current density) and the positive electrode
material itself.*? Qiu et al®¥ therefore proposed surface coat-
ings on layered oxides as a means of suppressing surface-
mediated polymer degradation. Their findings indicated that
polyanionic compounds are more benign in this regard. Instead
of searching for a universal material to cover the entire
electrochemical window, Arrese-Igor et al.®*** introduced dou-
ble-layer polymer electrolytes with a polyether layer on the
negative electrode side and a polycarbonate-based electrolyte
as catholyte, which greatly improved the capacity retention of
Li-NMC622 configurations. To navigate the vast chemical space
of potentially stable monomers and polymer architectures, the
SPE field appears to lack clear design principles from method-
ically classifying degradation of polymer building blocks beyond
electrochemical testing. Furthermore, stability tests are per-
formed with a wide range of different electrolyte compositions,
which is reasonable given that each polymer-salt combination
has different physicochemical properties. However, this further
dilutes the chances of finding overarching trends, either across
systems with different cationic species or across polymeric
materials.

The Interphase Challenge: Electrolyte
Degradation At Buried Interfaces

The study of interfacial properties is particularly challenging
when the surface region is difficult to access, as it is hard to
separate the electrolyte from the electrode after cycling without
damaging the interphase layer. The pool of available techniques

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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is comparatively limited. Although various electrochemical
techniques can correlate the onset of degradation with
potential (voltametric techniques®®*®) and parasitic currents,
heat flow (microcalorimetry™), gas evolution (online electro-
chemical mass spectrometry, OEMS®®) or resistance changes
(e.g. electrochemical impedance spectroscopy, EIS®Y). Zaghib
and coworkers took a more visual approach, using in-situ
scanning electron microscopy (SEM) experiments to investigate
the surface layer evolution, dendrite growth and associated
changes in electrolyte and electrode layer thickness.**” Com-
plementary microscopy and chemical analysis, e.g. ion milling
or sputtering coupled with X-ray photoelectron spectroscopy
(XPS) or time-of-flight secondary ion mass spectrometry (ToF-
SIMS),*%*? may introduce artefacts from surface roughening
due to different sputter rates of organic and inorganic
compounds, sputter-induced degradation of SEI components,”
and specifically in SPEs there is a risk of degradation due to
local heat generation. Eliminating sample preparation bias is
thus a considerable challenge and a setback for established
techniques like XPS, where the high surface sensitivity (<10 nm
for in-house spectrometers) becomes a problem, as the region
of interest is buried underneath a solid electrolyte layer. Recent
studies have therefore aimed to move beyond post-mortem
XPS experiments®'*" and bypass sample preparation issues by
studying interfaces formed after deposition of Li metal onto
polymer electrolyte films (Figure 3A),"'*? as previously demon-
strated in the ceramic electrolyte field.”"”

Through the possibility of varying the excitation energy at
synchrotron facilities, surface layer compositions can be inves-
tigated at different probing depths. For building chemically
stable polymers, this technique has its merits in identifying
monomer units that exhibit high stability or decompose in
‘benign’ degradation products. In the SPE field this work was so
far limited to processes at the Li/SPE interface. Future activities
are thus likely to expand to the positive electrode and into
other battery chemistries. The recent progress further motivates
the next leap forward: operando XPS experiments on the basis
of current collector and metallic surface deposits at the
negative electrode (Figure 3B)®” and also in composite electro-
des at the positive electrode®™ have been introduced in the
ceramic electrolyte community.

The Sustainability Challenge: Fluorine-Free,
Energy-Efficient, Abundant and Recyclable

To develop better materials for tomorrow, their development
today has to follow increasingly stringent sustainability criteria
to enable resource-efficient and environmentally friendly
material platforms. In battery research this issue is often
associated with critical raw materials for cathode active
materials, including cobalt or nickel, and energy-intensive
synthesis processes, especially process heat or purification and
handling of production waste. However, what is sometimes
neglected in the case of supposedly ‘green’ materials based on
of more abundant and sustainable raw material platforms is the
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Figure 3. A) Chemical degradation of PEO:LITFSI SPE in contact with
deposited layers of lithium studied by photoelectron spectroscopy at two
different photon energies before and after the deposition (i). (ii) illustrated
compositional changes in the surface layer as a function of probing depth.
Adapted with permission from ref.*"! Copyright 2021, Andersson et al. B)
Schematic of in-situ/operando experiments reproduced and edited from
ref. [50,51].

fact that their environmental impact may still be worse than the
materials they intended to replace if this is at the cost of
compromises in capacity or average potential® In this case,
larger amounts of active materials and other electrode
components are needed, more energy is required during
production and more waste is generated to produce 1 kWh of
battery.® Ironically, moving to less critical materials may render
recycling activities less attractive, both economically and
environmentally, in terms of the cost of beneficiation of battery
materials, and may become critical for materials such as LiFePO,
(LFP)®® or Prussian blue analogues (e.g. A,Fe[Fe(CN)4], A=Na, K).
Consequently, it is misguided to assess post-Li battery tech-
nologies solely on the basis of the materials they avoid, as the
overall environmental impact along the battery value chain is
much more complex.

The challenges for electrolyte components are equally big:

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85UB017 SUOWIWOD B[RRI 3|dedl|dde auy Aq paupA0b 8e S9pie O ‘8SN J0 Sa|ni o} Akeiq I 8UIIUO AB|1/V\ UO (SUO}IPUOD-PUR-SLLBY WD A8 | 1M Afelq 1 fou[UO//SARY) SUORIPUOD pue SWe L 84} 835 *[7202/90/6T] U ARiqi7auljuo AB|IM “d Iniisu| eunsieX Aq ¥5200202 2 B0/200T 0T/I0p/wod A8 |im* Azeid 1 puluo-ado.ne-Auis iusyo//sdny wouy papeojumod‘o ‘9120061



Chemistry
Europe

European Chemical
Societies Publishing

Concept

ChemElectroChem doi.org/10.1002/celc.202400254

- fluorine-containing electrolyte salts or monomer segments
ought to be replaced,

— synthesis procedures based on ‘green’ material platforms
under the use of non-hazardous solvents and energy-efficient
conditions,

- recycling procedures for solid-state batteries, particularly
SPE-based, is still in its infancy

Per- or polyfluoroalkyl substances (PFAS - the ‘forever’
chemicals) are anthropogenic compounds that are particularly
persistent bioaccumulation and have a high ecotoxicological
potential. Fluorinated compounds are ubiquitous in batteries,
as binders (e.g. poly(vinylidene difluoride), PVdF), electrolyte
salts (e.g. LiTFSI),” electrolyte additives or solvents (e.g.
fluoroethylene carbonate, FEC)®® and as undefined organic
fluorinated degradation products and inorganic fluorides in the
SEI layer.®®’® This is a double-edged sword, considering that in
copolymers fluorinated groups or blocks have been shown to
improve electrochemical stability and electrode interfaces.”"”?
Although, perfluorinated polymers display comparatively low
toxicity levels, their synthesis involves more potent fluorinated
compounds.”>’ In recycling processes there is a risk of
fluorinated compounds entering the waste stream and accumu-
lation in nature.” In this context, the synthesis of PEO and
many polycarbonates from ethylene oxide as a platform
chemical of the petrochemical industry also needs to be
critically reviewed.”®

The fluorinated FSI- and TFSl-anions dominate the SPE-field
for their non-coordinating and plasticizing nature, thus promot-
ing improved ion transport. Alternative fluorine-free salts have
been considered and are likely to play a more prominent role in
the future, including percyano-anions (e.g. 2,4,5-tricyanoimida-
zolate, TIM or 2,3,4,5-tetracyanopirolate, TCPY”7®) and various
bis(chelate)borates including the well-known bis(oxalate)borate,
BOB,” or tetraphenylborates (BPh,”).®” Many of these salts
have already found their way into post-Li applications, such as
NaTIM"® or KBPh,®” which is an important step towards
fluorine-free cell concepts.

Recycling is key to keeping critical raw materials from active
materials and electrolytes in the loop of a battery economy,
especially when their mining, extraction and purification is
energy intensive.®" In SPE-based cells the polymer itself is of
relatively low value compared to electrolyte salt and active
materials and the polymer matrix can be difficult to separate.
For example, high-molecular PEO, although biodegradable, only
dissolves slowly in solvents like acetonitrile. In contrast, ceramic
solids can be dissolved or leached, allowing to redirect solid
and liquid fraction in further mechanical, hydrometallurgical or
direct recycling steps.®*®® The difficulties in dealing with the
polymer matrix may be one reason why there are no prominent
examples of recycled SPE-based cells yet. Even in recycling
processes of liquid-electrolyte-based cells the recovery rates of
liquid components can be low®™ or, the organic materials are
incinerated in pyrometallurgical recycling processes.®¥ On the
other hand, chemical upcycling of plastic waste is also a route
to more sustainable polymers for SPE applications, as Saito
et al®™ recently demonstrated on a depolymerization strategy
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of a bisphenol A-polycarbonate thermoplast to first produce
poly(trimethylene carbonate) and then corresponding SPEs.

Summary and Outlook

With the increasing interest in post-Li battery systems, the
largely Li-dominated SPE field is also shifting towards other
monovalent (and multivalent) cation conductors. New informa-
tion on the underlying transport processes can be gained by
examining the overarching trends of Group 1 cations in SPEs by
looking back at more than 40 years of research and by creating
new perspective by leveraging methodological advances.
Questions about cation transport, ion pairing, and transport
numbers still remain unsatisfactorily answered in post-Li
systems, where such studies face additional experimental
challenges. However, at a practical level, the integration of SPEs
into post-Li batteries operating at near ambient temperature
has already been demonstrated and appears more probable
than in corresponding Li systems. As a result, a number of
scientific questions related to the (electro)chemical stability at
the buried electrode-SPE interfaces have become more relevant
in recent years. A deeper understanding of the degradation
pathways of different monomer types could provide valuable
insights into future polymer design strategies, which control
material properties beyond ion transport and will increasingly
need to incorporate sustainability considerations as well. A
discussion on this aspect would certainly warrant a separate
review. Furthermore, experimental work could greatly benefit
from more theoretical work addressing ion transport in post-Li
SPE systems, especially for polymer systems other than PEO. For
instance, further development of SPE-based cells on the device
level would greatly benefit from a deeper understanding of ion
transport in particle-polymer matrices (e.g. with respect to
tortuosity factors).
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Group 1 Cations Inside: Physical and
electrochemical properties of solid
polymer electrolytes (SPEs) change
with the size of the cation. On the
rocky road towards polymer-based
solid-state batteries, the transition
from Li to post-Li battery technolo-
gies, presents itself as an opportunity
to study the ion transport properties
and changes in electrochemical
stability methodically and as a means
to expand our analytical toolbox.
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