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Abstract

The development of positive electrode composites (PECs) with improved ionic and electronic
conductivity is critical for high-performance all-solid-state batteries (ASSBs). Conventional
strategies rely on tuning the ratio of positive active material (CAM) to solid electrolyte (SE) or
introducing electronic conductive additives, yet both often induce interfacial instabilities limit-
ing long-term performance. Here, mixed ionic-electronic conductor, poly(3,4-ethylenedioxy-
thiophene): poly(4-styrenesulfonyl(trifluoromethylsulfonyl)imide) (PEDOT:PSSTFSI), is in-
corporated as a functional polymer (FP) binder in Li3InCle (LIC), forming multifunctional cath-
olytes in a single step via one-pot aqueous synthesis. Owing to n-n stacking and TFSI™ func-
tional group, PEDOT:PSSTFSI enhances electronic and ionic conductivity within the catholyte.
Compared to the polymer-free NMC-based PEC, incorporating 5 wt.% FP markedly increases
electrode compactness, reducing the porosity by 41.8% and yielding a twelvefold increase in
effective electronic conductivity. In parallel, ionic conductivity improves substantially — up to
15-fold, with the highest reached at 0.6 wt.% of FP in the PEC. When tested in ASSBs cells,
PEC containing FP shows enhanced rate capability, especially at 1C rate with full reversibility,
and delivers up to 30% higher discharge capacity at a C/20 rate compared to polymer-free
NMC-LIC references. This study highlights mixed conducting binders as a versatile system to

improve conducting pathways while enhancing electrode integrity.

Table of Contents

A mixed ion-electron conducting polymer binder, PEDOT:PSSTFSI, enhances both ionic and
electronic transport in NMC-based positive electrode composite (PEC) for ASSBs. Optimal
polymer loading (0.33 wt.% in PEC) provides the most balanced transport, with an effective
conductivities (g,; /0,y ) ratio closest to unity, enabling high discharge capacity at 1C. Devia-

tions from this balance reduce high-rate performance and shorten cell lifetime.
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1. Introduction

With the rise in demand for batteries with higher energy density, along with improved safety
and broad operating conditions, all solid-state batteries (ASSBs) have emerged as an appealing
future-generation technology. By replacing the flammable liquid electrolyte used in conven-
tional Li-ion batteries (LIBs) with solid electrolyte (SE), ASSBs enable safer use of Li metal as
negative electrode together with high-voltage and high-capacity positive electrode materials. !
While state-of-the-art LIBs approach their theoretical energy density ceiling of 300 Wh kg™!,4
this design of ASSBs allows considerably higher energy densities up to 400 Wh kg™!' and be-
yond, while reducing the risks of thermal runaway.”?) ASSBs also offer an expanded range of
operating temperatures, i.e. up to +150 °C5! and as low as -60 °C.!%"! Owing to the combination

of high energy density and improved safety, ASSBs offer greater versatility and enable appli-

cations in electric vehicles and grid-scale energy storage.

Despite their numerous advantages, ASSBs still face several critical challenges that limit their
performance. Given that these systems consist entirely of solid components, interfacial issues
are particularly pronounced, especially within the multi-component positive electrode compo-
site (PEC).!%°! In ASSBs, the PEC primarily consists of the cathode active material (CAM) and
a solid electrolyte (so-called catholyte), a significant fraction of which is required to ensure
sufficient ionic conductivity in the absence of a pore-infiltrating liquid electrolyte.['%!! Current
positive electrodes in ASSB often contain up to 40 vol.% of catholyte, limiting the CAM con-
tent to less than 60 vol.%, compared to more than 85 vol.% in liquid systems.!'?! Although high
catholyte content provides ionic percolation, it reduces energy density by increasing the volume
of inactive material and by disrupting electronic pathways.['¥ This, in turn, often necessitates
the addition of conductive additives, which further reduces the CAM content. Conventional
electronic conductive additives such as carbon black, carbon nanotubes, and vapor-grown car-
bon fibers (VGCF) are commonly used to enhance electronic transport in ASSB positive elec-
trodes!'* !¢, but they do not contribute to ionic conductivity. Moreover, some conductive car-
bons have been reported to catalyze parasitic reactions, such as oxidative decomposition of
electrolyte on the carbon surface, producing reactive by-products further accelerating oxidation
of CAM, ultimately leading to catholyte decomposition and accelerated capacity fading of the
battery.[!”]

Furthermore, ASSBs’ PEC are solid-phase heterogeneous mixtures that frequently suffer from
interparticle contact loss and poor interfacial connectivity, particularly when the CAM under-

goes volumetric changes during cycling due to insertion and extraction of Li* ions.['!] In



ASSBs, such repetitive volume changes cannot be easily accommodated, resulting in stress
accumulation at the CAM-SE interface. This accumulated stress compromises the mechanical
integrity of the PEC, leading to microstructural fracturing of both the SE and CAM, along with
formation of interfacial cracks due to contact loss at the CAM-SE interfaces, ultimately disrupt-
ing the ion-electron transport networks within the PEC. Therefore, to improve interparticle con-
tact and accommodate volumetric changes, ASSBs often require the application of high external
pressure during operation, which complicates cell design and limits scalability.?*?!] Another
approach to improve interparticle contact and adhesion is the incorporation of polymer bind-
ers.[?2l However, commonly used binders such as polyvinylidene fluoride (PVDF), polytetra-
fluoroethylene (PTFE) or styrene-butadiene rubber (SBR), are intrinsically electronic and ionic
insulating, which may hinder charge transport, decreasing overall electrode performance. Here,
hybrid polymer/inorganic electrolytes provide key insights for positive electrode composites.
In LizInCls-based solid-electrolytes hybrids, non-conductive polymers are bottlenecks for con-
duction, dominated by interfaces,/**) meanwhile addition of lithium bis(trifluoromethanesul-
fonyl)imide (LiTFSI) salt can help tune conductivity,’** stressing out multi-component optimi-
zation. Reviews confirm the complexity of transport mechanisms through multi-component SE
hybrids that can be partially applicable to more complex positive electrode composite sys-

tems.[>3-2¢]

The numerous challenges highlight the need for multifunctional additives that not only improve
electronic and ionic transport within the PEC but also provide a binding matrix to accommodate
volumetric changes during cycling.!'®!! In contrast, incorporating additives with both ionic and
electronic conductivity opens a pathway to reduce the deadweight by minimizing the content
of non-active components while maintaining interfacial contact, thereby enabling higher CAM

loadings and improved energy density. Therefore, developing functional polymeric materials

29,30] 31,32]

that exhibit ionic conductivity?’-?8], electronic conductivity?>>%, or even both*!32! is a promis-

ing approach to address these issues.

Among such materials, PEDOT-based mixed ionic-electronic conductive polymers have
emerged as promising multifunctional materials in ASSB positive electrode composites. They
offer electronic conductivity while simultaneously addressing interface stability and mitigating
charge transport limitations, without inducing parasitic reactions with high-voltage positive

(33,34

electrode materials. 1 Recent advances demonstrate that mixed ionic-electronic conducting

PEDOT variants can effectively replace conventional carbon additives and insulating binders



while maintaining high active material loading (70—80 wt.%), thereby establishing a new para-

digm for carbon-free solid-state battery design[*23°-3],

In this regard, the water-soluble mixed ionic-electronic polymer poly(3,4-ethylenedioxythio-
phene): poly(4-styrenesulfonyl(trifluoromethylsulfonyl)imide) (PEDOT:PSSTFSI), shown in
Figure S1, was studied before as replacement of both binder and conductive additive in Li-ion
batteries.*” Furthermore, it‘s shown that PEDOT:PSSTFSI help to promote the formation of a
thinner and more stable CEI layer compared to the PVDF:CB mixture system, particularly at
higher cut-off voltages during prolonged cycling of Li-ion batteries using LiFeo4Mno.sPO4
CAM system.[*®) We hypothesize that the mixed conductive nature of such a functional polymer
(FP) will offer significant benefit in PEC of ASSBs, acting as a multifunctional additive, i.e.,

as binder, electron-conductive additive, as well as ionic-conductor together with inorganic SE.

A prominent SE is lithium indium chloride, LizInCls (LIC), which exhibits adequate ionic con-
ductivity up to 4 mS cm™,?°! and high oxidative stability up to 4.3 V vs. Li*/Li,[*”) which en-
sures compatibility with high-voltage CAMs.*!! Additionally, LIC can be synthesized and pro-
cessed through environmentally friendly water-based methods, facilitating scalable produc-
tion.[*>*3] The homologous electronically conductive polymer PEDOT:PSS has already been
successfully integrated into ASSBs’ PEC alongside LIC, where it contributed to enhance dis-
charge capacity of ASSBs by increasing the partial electronic conductivity of PEC.1'%3% How-
ever, PEDOT:PSS did not contribute to ionic conductivity and only a limited loading of con-
ductive polymer was explored. This study laid the foundation of the potential using mixed ionic-

electronic conductive additives to optimize PECs.

Herein, we develop a multifunctional catholyte made of Li3zInCls and PEDOT:PSSTFSI, syn-
thesized via facile water-mediated one-pot route. This approach allows the LizInCls crystal par-
ticles to grow within the polymer matrix of mixed ionic-electronic conductive PE-
DOT:PSSTFSI, resulting in multifunctional catholyte LIC|FPX (X stands for wt.% of added FP
to LIC formed). Such a configuration is designed to provide synergistic ionic-electronic
transport pathways while simultaneously offering mechanical cohesion within the PEC. Thanks
to the wide electrochemical stability window of PEDOT:PSSTFSI — reported to remain stable

371 _ this multifunctional

above 5 V vs Li*/Li with signs of no overoxidation up to 6 V vs Li*/Li |
polymer can be reliably integrated with ‘single-crystalline’ LiNip.sMno2C0020> (NMC622,
here NMC) as the CAM, in the PEC. Thus, the LIC|FP framework is expected to enhance elec-

tronic and ionic conductivities as well as improve the mechanical compaction thanks to the



polymer’s soft and malleable properties. The conceptual design of this multifunctional catho-

lyte LIC|FPX is illustrated in Schematic 1.
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Schematic 1. Schematic of the ASSB set-up showing a PEC incorporating the multifunctional
LIC|FPX (NMC-LICIPEDOT:PSSTFSI) catholyte versus a polymer-free PEC (NMC-LIC).
The use of FP enhances electrode compactness and establishes more efficient ionic and elec-

tronic conduction networks.

2. Results and Discussions

2.1. Catholyte Synthesis and Properties

A schematic illustration of the one-pot catholyte processing route of LIC with PE-
DOT:PSSTFSI as functional polymer (FP) is shown in Figure S2. The water-mediated synthesis
represents a facile procedure conducted in water as abundant, non-toxic, and non-flammable
solvent. The in situ aqueous synthesis route was selected to preserve the high ionic conductivity
of water-synthesized LIC,!*? and the electronic conductivity of FP,*”! which are both known to
be affected by additional processing. The preparation approach was optimized through trial-
and-error experimental work, supported by literature.**#?! A two-step dehydration protocol
proved to be the most successful for catholyte formation. In the first step, the aqueous precursor
mixture was heated at 120°C to evaporate water and concentrate the formed solid phase, while
the second step at 200°C removed the residual crystalline water from Li3;InCle-xH>O and PE-
DOT:PSSTFSI-xH>0. Unlike previous reports, the evaporation temperature in the first step was
increased up to 120°C to compensate for the larger total water content introduced by the aque-
ous FP dispersion, ensuring efficient solvent removal and homogeneous dispersion of FP within

LIC precursors as well as in the formed catholyte.

Following this method, a series of catholytes, denoted as LIC|FPX, was prepared by adding LIC

precursor into varying amounts of aqueous FP dispersion, enabling in situ synthesis of LIC



within the polymer matrix. The FP was added in ratios ranging from 1 to 20 wt.% (defined by
X in LIC|FPX) relative to the total mass of LIC expected to form from the reaction between
LiCl and InCls. Table S1 compiles the list of notations used throughout this work to refer to the
composition and formulation of the different catholytes. The corresponding recalculated FP

contents in the resulting catholytes are presented in Table S2.

Figure 1a shows XRD patterns, measured with Cu K, radiation source (A=1.5406 A), of the
synthesized catholytes LIC|[FPX. The peak reflections assigned to the main phase of Li3InCle
are present for all compositions of catholyte. Their positions correspond to the monoclinic pol-
ymorph of LizInCls described in the C2/m space group with the highest intensity reflections at
14.7°, 34.3° and 49.3°. The elevated background in the range of 10-30° corresponds to the
footprint of the amorphous FP in the catholyte as supported by the XRD pattern of FP subjected
to the same processing path as the catholytes (Figure S3).

The success of this processing path is also supported by the absence of the hydrated
Li3InCls-xH>O phase in all the studied catholyte compositions, which typically can be identified
by reflections at 13.6°, 18.3°, and 31.5°.[*46] This indicates that the removal of crystalline
water after the second annealing under vacuum at 200°C was efficient, and yielded to the for-
mation of LIC|FPX catholytes. Nevertheless, a closer inspection of the XRD patterns revealed
the presence of minor unassigned reflections in catholytes with FP content from 2% at 15.6°,
17.6° and 19.4°, which became more pronounced with increasing FP content. These minor re-
flections do not originate from the FP, as confirmed by the XRD pattern of the PE-
DOT:PSSTFSI powder (Figure S3), which shows no additional reflections attributable to new

crystalline phases.

To investigate the origin of these reflections, a comprehensive side-phase screening was per-
formed, based on earlier reports on common by-products formed during water-mediated syn-
thesis of LizInCle.1***"! As shown in Figure S4, there is no evidence of the presence of unreacted
precursors or secondary side-phases. In particular, no characteristic peak reflections were found
for InCl3, which is both a precursor and the product of LizInClsxH20 decomposition. Besides,
the presence of other most frequently reported side-products, such as In,Os3, InOCl, and other
metal hydroxides and oxychlorides were also excluded based on the position of peak reflections

on the XRD pattern.

Another hypothesis is that the additional reflections may arise from lattice distortion of

Li3InCls, earlier reported for solvent-mediated synthesis of LizInCle.[*®! The layered structure



of Li3InCls exhibits a certain degree of structural flexibility, which facilitates formation of point
defects and appearance of stacking faults supported by small energetic difference between
faulted and ideal crystallographic structures.**" A recent computational work!*®) demon-
strated that mis-staking in the [010] direction of Li3InClg lattice between [LiCl ], layers by 0.5
unit cell along both the a- and c- axes directions is most energetically favorable with decrease
of crystal energy by 31.070 meV per formula unit compared to the ideal stacking, resulting in
stable Li3InCle structure with that type of defect. The simulated XRD pattern of LizInCls with
such stacking-faults reproduces the previously unassigned peak reflections in the catholyte
XRD patterns, supporting the coexistence of both ideal and distorted LizInCls crystallographic
domains. This indicates that the addition of the FP in the synthesis medium might promote
lattice disorder in Li3InCls, with formation of stacking faults. Importantly, such structural de-
fects have been previously reported to enhance Li" conduction and being beneficial for electro-

chemical stability of SE.!

Thus, XRD analysis confirms the successful formation of Li3zInCle within FP matrix in all syn-
thesized LIC|FPX catholytes, with minor reflections that could be attributed to probable stack-
ing disorder that does not compromise purity, overall validating the effectiveness of the one-

pot synthesis approach.
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Figure 1. a) XRD patterns of the LIC|FPX catholytes, obtained with different wt.% of the FP,
compared with the positions of diffraction peak reflections for LIC, as a reference. b) Raman
spectra of the LIC|FPX catholytes along with those of the individual components, LIC and FP.
The shaded regions in purple and gray correspond to the characteristic bands of LIC and FP,
respectively, while the dashed line marks, if present, the expected Raman feature attributed to

In,O3 impurities.

As shown in Figure 1b, Raman spectroscopy confirmed the presence of LizInCl¢ and PE-
DOT:PSSTFSI in the catholytes. The spectrum of pure LIC shows characteristic vibration
modes at 159 and 184 cm™!, with a prominent peak around 280 cm™!, which is in a good agree-
ment with previous reports on Li3InCle.[*”!) Several characteristic Raman bands of Li3;InCls,
highlighted in purple in Figure 1b, are retained in the catholytes after processing, indicating the
presence of the halide electrolyte in the catholyte. At higher FP contents (LIC|FP10, LIC|FP15,



and LIC|FP20), the relative intensity of the peaks at low-frequency modes at 159 and 184 cm !
become significantly attenuated, which is in line with the XRD results suggesting increased
structural disorder of the LIC."*”) Overall, Raman results confirm the successful incorporation
of FP into the catholyte and reflects the expected compositional trend. Importantly, all spectra

[521 3 common side-

show no evidence of peaks at 133 and 366 cm™' characteristic for In,Os,
product in water-mediated LIC synthesis known to reduce ionic conductivity. 4! These Ra-
man results further support the XRD findings, which shows no reflections attributable to In2O3

(Figure S4).

Furthermore, the addition of the PEDOT:PSSTFSI in the catholyte adds several distinct features
to the spectra for the studied catholytes. In particular, peaks appear at 438, 524, 576, and 697
cm, as highlighted in grey in Figure 1b, which can be attributed to various vibrational modes
in PEDOT:PSSTFSI by analogy to those reported for PEDOT:PSS.[*% The prominent peaks
at 438 cm™! and at 576 cm™! correspond to the sulfonyl group bending in PSS and oxyethylene
ring deformation in PEDOT structures, the main fingerprint of PEDOT:PSS. The relative in-
tensity of the peaks associated with FP increases with increasing FP content in the catholyte
LIC|FPX, while the intensity of the peaks attributed to LIC decreases. This confirms the suc-

cessful incorporation of FP into the catholyte and reflects the expected compositional trend.

Recent report suggests that the absence of crystallinity and nanostructured order in polymer
binders facilitates ionic transport by creating a more connected inorganic network, thereby en-
hancing Li* conduction.*®! To confirm the nature of FP, Differential Scanning Calorimetry
(DSC) measurement was performed on all studied LIC|FPX catholyte compositions to identify
potential thermal phase transitions within the temperature range used for catholyte synthesis
and operation. As shown in Figures S5a-d, no thermal transitions were observed for composi-
tions containing up to 10 wt.% FP. However, glass transition temperatures (7,) around 107—
109°C were detected in samples with 15 wt.% and 20 wt.% of FP (Figures S5e-f), matching the
T, of pure FP (Figure S6). The absence of melting/crystallization peaks across all tested com-
positions indicates that FP remains amorphous after catholyte processing, which is consistent
with the DSC results of the pure FP (Figure S6) as well as with the XRD results (Figure S3)
which reveal no additional reflection which could be attributed to any crystalline phase of FP
as previously discussed. Since ASSB with catholytes are typically operating at 25 °C, the FP
within the catholyte remain amorphous during operation without undergoing thermal transitions

in these temperature ranges.

10



SEM images of the LIC|FPX catholytes are presented in Figure S7. They show that the Li3InCle
particles across all compositions maintain similar particle sizes, which are also comparable with
the commercial LizInCls (Figure S8). EDX mappings of powder samples (Figure S9) show a
homogenous distribution of LIC within the catholyte.

2.2. Positive Electrode Composite (PEC) Preparation and Characterization

The PEC, herein noted as NMC-LIC|FPX, was prepared by homogenizing single-crystalline
NMC with catholyte under mild conditions in a frequency ball mill (15 Hz for 15 min). The
composition of the PEC for series with m(CAM):m(Catholyte) = 70:30 wt.%, both in wt.% and
vol.% (calculated based on components’ densities compiled in Table S3), are presented in Table

S4, which includes the corresponding amount of FP in resulting PECs.

This deliberately mild milling protocol was chosen to solely ensure homogeneous mixing and
minimize operator-dependent variability in electrode preparation, not to induce mechanochem-
ical reactions.’’-%% Previous studies demonstrate that carefully optimized PEC preparation pre-
serves the original microstructure of the catholyte, and X-ray diffraction (XRD) analysis of
representative NMC-LIC|FP10 milled PEC confirms this: the obtained pattern (Figure S10)
shows only reflections corresponding to NMC and LizInClg, with no additional peaks or shifts
in existing reflections, confirming that no new crystalline phases or chemical reactions occurred
during milling. These mild conditions align with established protocols for analogous systems,
where no reactivity or phase transformation has been observed.l>’>%¢ Thus, the ball-milling
step preserved the chemical integrity of both active material and catholyte while reducing ex-
perimental uncertainty inherent in manual mixing procedures, earlier reported as frequent for

higher dispersity of measurements.?%6!!

The SEM images confirm comparable morphology with similar particle sizes across all PEC
compositions with ratio of m(CAM):m(Catholyte) of 70:30 wt.%: NMC-LIC|FPX (Figures 2a-
c and Figure S11) with different loadings of PEDOT:PSSTFSI and NMC-LIC as reference (see
Figure S12). These findings highlight the effectiveness and suitability of processing the PEC in
a frequency ball-mill. Controlling the particle size is critical, as earlier studies have highlighted
a significant impact of catholyte microstructure on electrochemical performance of ASSB
cells.[®) By ensuring similar microstructural characteristics across all PEC, an accurate assess-
ment of influence of FP addition on partial conductivities and cycling performance of ASSB

can be performed.
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Figure 2. SEM images of PECs: a) NMC-LIC|FP1, b) NMC-LIC|FP2, and ¢) NMC-LIC|FP10.
Corresponding EDX mappings of the PEC NMC-LIC|FP10 (given in ¢) showing distributions
of elements d) In and CI, e) Ni, O, Mn, and Co, and f) N, S, and F, which correspond to the
main constituting compounds LIC, NMC622, and PEDOT:PSSTFSI.

Additionally, EDX mapping was conducted to evaluate the distribution of NMC, LizInCls, and
PEDOT:PSSTFSI, in the PEC. Figures 2d-f and Figure S13 show that elements — Ni, Mn, Co,
O, In, CL, N, S, F — attributed to the constituent compounds of the PEC, are uniformly distrib-
uted, indicating effective homogenization between NMC (identified by Ni, Mn, Co, and O sig-
nals), LIC (In and CI signals), and PEDOT:PSSTFSI (N, S, and F signals). These results indi-
cate that PEC processing in a frequency ball-mill offers enhanced control over the manual
grinding process, yielding uniform dispersion and only minor variation in catholyte particle
sizes (Figure S7). Such homogeneous distribution of the polymer is expected to be advanta-
geous for forming more compact PEC microstructures by improving particle-particle contact

and promoting densification upon compression.*”]

To deduce how effectively FP acts as a binder, the porosity of the PEC was therefore examined
prior to the electrochemical tests to assess the impact of FP incorporation on packing density
and overall compactness of PECs. As shown in Figure 3, the porosity of the pellets pressed
from PEC, NMC-LIC|FPX, decreases with increasing PEDOT:PSSTFSI content. The results of

the theoretical density calculations accounting for the volume of FP in the PECs and exemplary

12



measurement data for the porosity calculation are represented in Tables S5 and S6. The refer-
ence sample without FP exhibits a porosity of 42.5% which steadily decreases with the addition

of FP to around 24.7% for NMC-LIC|FP20, which corresponds to only 5 wt.% FP in PEC.
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Figure 3. NMC-LIC|FPX PECs porosity as a function of FP content in the PECs with a ratio

of m(CAM):m(Catholyte) = 70:30 wt.%. The porosity values were calculated from measured
and theoretical densities derived from systematic density measurements summarized in Table

S6 (Porosity test: measured and calculated densities for PECs).

Thus, the incorporation of FP into PEC results in a 41.9% decrease in porosity of the pellet for
NMC-LIC|FP20 compared to FP-free NMC-LIC under identical processing conditions. Even
small amounts of FP substantially reduce porosity, with values falling in the lower range re-
ported for ASSB positive electrodes (20-40%).[6276%1 This arises from FP’s mechanical compli-
ance: while its Young’s modulus of 5.8 GPa (measured by nanoindentation using AFM)37!
matches or slightly exceeds PEDOT:PSS (2.3-5.8 GPa)[%% for superior stability and crack-
free pellets (Figure S14), FP remains much softer and more malleable than rigid NMC622 (140
GPa)®7% and LisInCls (38 GPa)!"! particles. Consequently, FP deforms preferentially during

pressing, flowing into voids yielding denser electrodes.
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Importantly, lower porosity implies fewer voids, better mechanical integrity of the electrode

[65.72.73] Consequently, Li* and

and larger contact area between active material and catholyte.
electron transport within PEC is improved, thereby enhancing long-term cycling stability and
overall battery performance, as demonstrated later in this work. Densification is particularly
relevant at higher CAM loadings, where ion percolation is more challenging.[®>"%74 Notably, a
porosity of below 30% at CAM loading above 55 vol.% assures the most optimal transport.!””!
However, extensive densification accompanied by significant reduced porosity can disrupt the
catholyte network, hindering ionic transport due to loss of a continuous ion-percolating path-
ways. Therefore, when a binder is used, an additional functionality contributing to transport
properties is essential to optimize balanced properties.[®® Hence, a mixed ionic-electronic con-

ducting polymer like PEDOT:PSSTFSI represents a promising material not only to effectively

bind the system but also to provide a percolating network with optimized transport properties.

Similarly, catholytes LIC|FP1 and LIC|FP10 were used to prepare PECs with a ratio of
m(CAM):m(Catholyte) of 80:20 wt.% (denoted as SONMC-20LIC|FPX). The contents of all
constituents both in wt.% and vol.% in PECs are shown in Table S7, while theoretical densities
used for porosity calculation are given in Table S8, and the measurement results are shown in
Table S9. As shown in Figure S15, the previously observed trend is maintained, i.e., incorpo-
ration of FP further compacts the PEC compared to the reference. With the addition of 1.8 wt.%
FP to the PEC, the porosity decreases from 36.3% for FP-free PEC to 30.8% for 8ONMC-
20LIC|FP10, corresponding to a relative reduction of 15.2%. However, the compactability of
higher CAM PEC:s is less pronounced, likely due to their already compact microstructure from

CAM which limits further densification through the binder.

2.3. Partial Electronic and Ionic Conductivity

In PECs which consist of the CAM and the catholyte, both electronic and ionic percolation
networks are established and co-exist throughout the PEC. Such dual percolation is crucial for
battery performance, as efficient electron transport enables redox reactions within the CAM,
while ionic network supports Li" transport through the catholyte to balance the charge during
(de)lithiation and sustain continuous operation. Thus, to distinguish between these two contri-
butions and quantitatively assess the individual transport properties, which is essential to eluci-
date dual role of PEDOT:PSSTFSI, we performed measurements designed to separately deter-
mine the effective ionic and electronic conductivities. Using the same PECs as in porosity meas-

urements, conductivity measurements were performed using two complementary techniques:
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direct-current (DC) polarization experiments,*! and analysis of alternating current (AC) re-
sponse from electrochemical impedance spectroscopy (EIS) using a transmission line model
(TLM).[7273) To distinguish between electronic and ionic conductivities, we used symmetric
cell configurations of ASSB cell casing!'*! (Figure S16). To determine effective partial elec-
tronic conductivity, a,;, an ion-blocking cell set-up (Figure 4a) was used, while for effective
partial ionic conductivity, g;,,, an electron-blocking cell set-up was used (Figure 4b). These
selected cell configurations enable selective suppression of one type of charge carrier, allowing

for independent evaluation.
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Figure 4. Cell set-ups used for partial electronic and ionic conductivity determination, and se-
lected results of measurements performed using DC and AC methods on the representative PEC
NMC-LIC|FP10 (containing 2.7 wt.% FP with m(CAM):m(Catholyte) = 70:30 wt.%). a) lon-

blocking symmetric cell for partial electronic conductivity, and b) electron-blocking symmetric
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cell for partial ionic conductivity measurements. DC method: c), €) — current responses (red)
under different applied potentials (black); d), f) — linear fits of the equilibrated current versus
applied potential, measured in the ion-blocking cell setup (for ¢) and d)), and the electron-
blocking cell setup (for e) and f)). AC method: interpretation of impedance measurements us-
ing the transmission line model (TLM) together with EIS data and corresponding fits for the
representative PECs, NMC-LIC|FP10 compared to the polymer-free NMC-LIC. T-type trans-
mission line model (schematically illustrated) used to fit the impedance spectra: g) ion-blocking
TLM, and h) electron-blocking TLM. Impedance spectra of NMC-LIC|FP10 and polymer-free
NMC-LIC, together with the corresponding TLM fits; measured data are shown as solid sym-
bols, and the fitted curves as solid lines for 1) ion-blocking and j) electron-blocking configura-

tions.

To determine partial electronic conductivity, the PECs were pressed into pellets directly inside
solid-state-battery casing in an ion-blocking cell configuration (Figure 4a). The electronic con-
ductivity was firstly evaluated by DC polarization, with the resistance determined from the
linear fit of the current-voltage response according to Ohm’s law.!”® For this, a series of small
DC potentials (U) was applied stepwise 2h across the symmetric cell, and the corresponding
current response (I) was recorded over time, as shown on an exemplary cell containing NMC-
LIC|FP10 PEC (Figure 4c). At the beginning of each step, the measured current reflects both
ionic and electronic contributions. Over time, the ionic current decays due to ion-blocking elec-
trodes, and the steady-state current (Iss) corresponds mainly to electronic conduction. Hence,
by plotting U (x-axis) versus Iss (y-axis), a linear relation can be obtained according to Ohm’s
law with a slope equal to 1/R (Figure 4d). From this plot, a respective partial effective conduc-
tivity can be calculated as:

L L .
o=—= slope ” (Equation 1)

Where L is the electrode thickness and A is the electrode area.

Representative current responses to the applied voltages, along with their corresponding linear
fits for the entire series of studied PECs NMC-LIC and NMC-LIC|FPX, are shown in Figure
S17 and Figure S18.

For the determination of partial ionic conductivity, symmetric electron-blocking cell configu-

rations (Figure 4b) were assembled using a LigPSsCl argyrodite solid electrolyte separator and
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InLio.5/LisPSsCl (60:40 wt.% ratio) composite ‘negative’ electrodes on both sides of the ‘posi-
tive’ electrode composite.l®*] The InLigs/LisPSsCl (60:40 wt.% ratio) ‘negative electrode’ is
known for its stable potential and low reactivity towards sulfide electrolytes, while LicPSsCl
provides ionic conductivity with improved interfacial contact.’”-”8] Being in the In-InLi two
phase region, here In-(InLi), with x=0.3 (corresponding to a Li ratio of 33.33 at.%), is crucial
to ensure a stable redox potential (~0.622 V vs. Li*/Li) and to enable reversible Li insertion/de-
insertion, thereby avoiding degradation which typically occurs with higher Li contents in the
In-Li alloys.””! The partial ionic conductivity was calculated similarly to the procedure used for
partial electronic conductivity. Representative current responses to the applied voltages, along
with their corresponding linear fit for selected PEC NMC-LIC|FP10 are shown in Figure 4e-f
correspondingly. Similarly, Figure S19 and Figure S20 compile the results from exemplary

cells for entire series of studied PECs NMC-LIC and NMC-LIC|FPX.

The electronic and ionic conductivity values obtained by DC polarization were corroborated by
AC impedance measurements using T-type transmission line model (TLM): Figure 4g — for an
ion-blocking, and Figure 4h — for an electron-blocking one cell configurations. For this analysis,
ion-blocking symmetric cells were modeled to extract electronic conductivity, while electron-
blocking symmetric cells were used to determine ionic conductivity. The choice of the T-line
model is consistent with previous reports, and a detailed description is provided in the SI.[7>73]
Representative spectra and corresponding fits are shown in Figure 41 and Figure S21 (electronic
conductivity, ion-blocking setup) and Figure 4j and Figure S22 (ionic conductivity, electron-

blocking setup).

The resulting effective conductivities measured both with AC (stars) and DC (squares) are pre-
sented in Figure 5. The partial conductivities values are the average of at least two independent
measurements to ensure reproducibility. The values obtained by AC follow the same trend as
those determined by DC polarization, which confirms the reliability of both the techniques and

results.
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Figure 5. Effective partial conductivities: a) electronic and b) ionic, determined via AC (stars)

and DC methods (squares).

As expected, the effective partial electronic conductivity increases with the FP content in the
PEC (Figure 5a). When increasing the FP content from 1 wt.% to 20 wt.% added to the formed
LIC, corresponding to 0.3 wt.% to 5 wt.% in the PEC, it results in a twelvefold increase in
conductivity compared to the reference sample without any FP. This enhancement is attributed
to the electronic conductivity from the extended m-conjugation and 7—x stacking interactions
within the PEDOT backbone in the multifunctional catholyte LIC|FPX (as evidenced by the
respective footprints on Raman spectra, Figure 1b), which promotes more efficient electron

transport throughout the PEC.

As shown in Figure 5b, the partial ionic conductivity globally increases with the addition of FP.
The partial ionic conductivity reaches a maximum of 0.22 mS cm™! for PEC with 0.59 wt.% FP
(NMC-LIC|FP2), compared to only 0.014 mS cm™! for the FP-free NMC-LIC reference, which

translates to almost 16-fold increase. This result is particularly noteworthy, as it contrasts with
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earlier reports on PEDOT:PSS, where its incorporation in similar system reduced ionic
transport due to the insulating nature of the polystyrene sulfonate, PSS in PEDOT:PSSTFSI,
chains.[*”) Unlike PSS, PSSTFSI acts as a single-ion conductor thanks to the TFSI" group, which
facilitates better ion mobility within the PEC, thereby enhancing the overall partial ionic con-
ductivity. Nonetheless, the effective partial ionic conductivity of the PEC first increases with
the addition of PEDOT:PSSTFSI, peaking at approx. 0.6 wt.% of FP in the PEC, and begins to
decrease with further increases of PEDOT:PSSTFSIL

This behavior can be attributed to the multi-functional role of PEDOT:PSSTFSI within the
PEC, i.e., binding, ionic, and electronic conductor. At low concentrations (up to 0.6 wt.% in
PEC), the FP may enhance ionic transport by improving the interfacial contact between active
materials and the SE, potentially facilitating better percolation of the ionic network. However,
at higher FP contents, a gradual decrease in ionic conductivity is observed. Even though this
behavior is not directly linked to the increase in partial electronic conductivity. It can instead
be attributed to microstructural effects associated with the higher polymer fraction. PE-
DOT:PSSTFSI is intrinsically more electrically conducting than ionically conducting
(Cotectrica=135.8 S em’!, 6;,,,= 3.4:102 mS cm™),*71 which with further addition of FP in the
PEC, can lead to a reduction in the effective volume of the ionically conducting phase, espe-
cially with volume of ionically-conducting LIC (0;,,,= 1.4 mS cm™)3% steadily decreasing as
well (Table S4) and, consequently, to disruption of continuous ionic pathways by lowering the

connectivity of ionically-conductive domains.[6>773]

Interestingly, this trend aligns with the evolution of the ratio between effective electronic and
ionic conductivities of PEC. Figure S23 shows that for the samples based on catholytes con-
taining 0.3 and 0.6 wt.% of FP in PECs, the ratio of 0,5 ¢1./0cff. ion. 18 closest to 1, indicating
a balanced transport where neither ionic nor electronic transport is limiting. As highlighted in
the previous work, optimal performance in ASSBs is typically achieved when the partial con-
ductivities are in the same order of magnitude.!’® Ideally, in the case of Gff. ¢1/Ters. ion, = 1
both electrons and ions can propagate more uniformly within the PEC as Li* extraction/inser-
tion and electron transfer occur simultaneously. Therefore, matched transport rate of Li" ion
and electron is essential for uniform reaction-front propagation. When electronic conductivity
exceeds ionic conductivity, Li* transport becomes limiting, causing concentration gradients and
incomplete (de)lithiation; conversely, excessive ionic conductivity creates electronic bottle-

necks and high overpotentials.[6%728081] Consequently, in the PECs with more than 0.6 wt.% of
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FP content, where electronic conductivity increases significantly, ionic mobility becomes lim-

ited which correlates with the obtained results.

Similarly, partial electronic and ionic conductivities were determined with DC and AC methods
for SONMC-20LIC|FPX PECs (composition stated in Table S7). As per DC method, representa-
tive current responses to the applied voltages, along with their corresponding linear fits for
selected series of PECs SONMC-20LIC|FPX (where X is 1 and 10), are shown in Figure S24 in
ion-blocking set-ups, and Figure S25 in electron-blocking set-ups. Following the AC method,
corresponding impedance spectra with their respective fits with TLM model (from Figures 4g-
h) are shown in Figure S26. The resulting effective conductivities measured both with AC

(stars) and DC (squares) and the ratio of ,ff. ¢1./0cff. ion. are presented in Figure S27.

In contrast to the PECs with m(CAM):m(Catholyte) = 70:30 wt.%, the addition of FP to the
80:20 wt.% system results in a slight decrease in electronic conductivity, with comparable val-
ues observed at 0.2 and 1.8 wt.% FP. Nevertheless, the overall electronic conductivity remains
significantly higher than in the 70:30 wt.% PECs, both for FP-free LIC-NMC reference and
PECs with a comparable ratio of FP. This can be attributed to the larger fraction of the intrinsi-
cally electron-conductive NMC particles. In parallel, the effective ionic conductivity increases
upon FP addition compared to FP-free reference, highlighting the multi-functional role of the

binder in promoting Li* transport while maintaining adequate electronic pathways.

2.4. Electrochemical Performance

2.4.1. Long Cycling Performance

In this electrochemical performance study, two PEC compositions, 1% and 10% FP, were se-
lected as representative examples for an in-depth evaluation. As previously described, the
LIC|FPI catholyte formed a LIC phase without identifiable stacking-faults and a balanced ratio
between electronic and ionic conductivities, which is essential for efficient charge transport
within the PEC. In contrast, NMC-LIC|FP10 was chosen to investigate the influence of higher
electronic conductivity and to evaluate the effect of increased FP content on overall electro-
chemical behavior. The electrochemical performance for the intermediate compositions (NMC-
LIC|FP2 and NMC-LICJ|FPS) are presented in the Figure S28 to provide additional comparison.
Meanwhile, PEC with higher FP content (NMC-LIC|FP15 and NMC-LIC|FP20) were not fur-
ther evaluated electrochemically due to the appearance of the PEDOT:PSSTFSI glass transition
(Tg) in the DSC analysis, suggesting possible phase segregation or polymer chain mobility at
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these concentrations, as well as a significantly unbalanced electronic-to-ionic conductivity ratio

that could compromise stable electrochemical performance.

The NMC-LIC|FPX were integrated into ASSB cells to investigate the impact of incorporation
of the FP binder on electrochemical performance. Table S4 compiles detailed information about

wt.% and vol.% of the PEC constituents for m(CAM):m(Catholyte) = 70:30 wt.%.

A bilayer SE separator (as illustrated in Schematic 1), consisting of Li3InCle and LisPSsCl, was
chosen to respect the electrochemical stability windows of LigPSsCl (reduction at 1.71 V vs.
Li*/Li; oxidation at 2.01 V Li*/Li)®% and LisInCls (reduction at 2.38 V vs. Li*/Li; oxidation at
4.3 V vs. Li*/Li).* This configuration was selected to mitigate the well-known chemical in-
stability of halide-based SE in direct contact with Li metal, but also to suppress the interfacial
degradation reactions leading to the growth of interfacial impedance during cycling.l*”*3 Thus,
to promote more stable and efficient electrochemical performance the following set-up was

used NMC-LIC|FPX || LisInCls | LigPSsCl || InLio.s/LisPSsCl.
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Figure 6. Electrochemical performance of PECs with varying FP contents in NMC-LIC|FPX
at m(CAM):m(Catholyte) = 70:30 wt.%. a) Long-term cycling at C/20, and b) polarization volt-
age calculated from the cycling data. ¢) Rate capability testing at different C-rates. Both (a) and
(c) show discharge capacities of NMC-LIC|FPX PECs with varying FP contents. The shaded

regions indicate the standard deviation calculated from multiple independently measured cells.

The assembled cells were cycled within a voltage range of 2.1-3.6 V vs. Li*/In-InLi at different
C rates under a constant stack pressure of 100 MPa to thoroughly evaluate the influence of
incorporated PEDOT:PSSTFSI on the electrochemical performance of the ASSB. Slow rate
(C/20) cycling was performed until each cell reached 80% capacity retention (CR) or reaching
a maximum of 40 cycles (see Figure S28a). As shown in the Figure 6a and Figure S28b, all

studied NMC-LIC|FPX compositions exhibited a higher initial discharge capacity, reaching
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approximately 130-145 mAh g' (NMC-LIC|FP10), compared to the FP-free NMC-LIC refer-
ence which delivered only 115-120 mAh g!. The charge - discharge curves presented in Figure
S29 reveal that all NMC-LIC|FPX exhibit similar electrochemical behavior to the NMC-LIC
reference, suggesting that the PEDOT:PSSTFSI does not alter the voltage characteristics or
show any reactivity towards CAM or LIC. Notably, the PEDOT:PSSTFSI enhances cyclability,
as seen by the increased number of cycles required for the CR to fall below 80%. In particular,
the cells with FP retained 80% capacity around 40 cycles, while the NMC-LIC reference al-
ready reached this limit after 30 cycles. Further, a slight increase in discharge capacity was
observed during the few initial cycles for all samples studied, which may be attributed to inter-
face formation and stabilization processes. As shown in Figure 6a, NMC-LIC|FP1 and NMC-
LIC|FP10 exhibit the most promising electrochemical performance among the tested formula-
tions (Figure S28b), delivering the highest discharge capacities together with the longest cycle

life until reaching 80% capacity retention.

To further evaluate the impact of the FP on cell behavior, the polarization voltage was quanti-
fied as the difference between the average charge (U average, charge) and discharge (U average, discharge)
voltages of each cycle, which was used to calculate the overpotential (AV, calculated as AV =
U average, charge — U average, discharge)- ! The calculated polarization voltages are shown in Figure 6b
and Figure S28c. As seen, the FP-free NMC-LIC reference exhibits the highest polarization,
starting around 0.3 V and gradually increasing toward 0.45 V after 30 cycles. In contrast, all
FP-containing PECs display lower polarization voltages, suggesting that PEDOT:PSSTFSI im-
proves interfacial charge-transfer and ionic percolation within the catholyte. Among them,
NMC-LIC|FP1 and NMC-LIC|FP5 achieve the lowest overall polarization (0.17-0.22 V). The
NMC-LIC|FP10 PEC shows slightly higher polarization (0.25-0.30 V) than NMC-LIC|FP1 and
NMC-LICJ|FP5 but still significantly lower than the FP-free reference. EIS after specific charg-
ing cycles (Figure S30) confirms this trend: the polymer-free NMC-LIC reference (Figure
S30c) exhibits significantly higher total resistance throughout the cycles than NMC-LIC|FP1
(Figure S30a) and NMC-LIC|FP10 (Figure S30b), which is consistent with the observed in-
crease in polarization (Figure 6b). The slightly higher polarization observed for NMC-
LIC|FP10 compared to lower FP contents may arise from an imbalance in transport pathways:
while the higher FP content substantially increases the electronic conductivity of the PEC,
which results in higher initial discharge capacity during long-term cycling (Figure 6a), its ionic
conductivity does not increase proportionally (compared Figure 5). As a result, ionic and elec-

tronic transport are no longer optimally balanced, leading to an increase in polarization.
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Overall, the reduced polarization voltage correlates directly with the improved cycling perfor-
mance observed for cells assembled with FP-containing PECs. Even small additions of the pol-
ymer (0.30-1.43 wt.% in NMC-LIC|FP1 — NMC-LIC|FPS5) are sufficient to lower the overpo-
tential and enable stable long-term cycling, underscoring the multifunctional role of FP being
a mixed-conductor along with effective binder. This reduction in polarization suggests that PE-
DOT:PSSTFSInot only enhances charge transport but also improves interfacial and mechanical
integrity within the catholyte due to improved compactness of positive electrode. As a soft and
malleable material, it promotes better interparticle contact by filling local voids under constant
stack pressure. At the same time, the FP forms a continuous electronic network while facilitat-
ing Li* transport at polymer-electrolyte interfaces, supporting balanced ion-electron conduction
at optimal loadings. Together, these effects lead to systematically lower overpotentials and con-

tribute to the improved electrochemical performance observed compared to FP-free reference.

2.4.2. Rate Capability Test

To further evaluate the electrochemical performance of NMC-LIC|FP1 and NMC-LIC|FP10
(with 0.3 wt.% and 2.7 wt.% FP) under practical operating conditions, rate capability tests were
performed at various C-rates. This assessment provides insights into the ability of the PEC to
retain capacity at increasing charge/discharge rates, which is critical for high-power and fast-
charging applications. C-rate testing often reveals limitations in ionic and electronic transport,
as well as structural integrity under dynamic operating conditions. Therefore, C-rate perfor-
mance could serve as a comprehensive indicator of electrochemical reliability. As shown in
Figure 6¢ the addition of PEDOT:PSSTFSI consistently improved the discharge capacity of the
NMC-LIC|FPX across all tested C-rates. The charge-discharge curve (see Figure S31) also
shows a similar electrochemical profile between NMC-LIC|FPX and the FP-free NMC-LIC
reference, indicating no reactivity at higher current density. The results at low C-rate show that
the addition of the FP, which significantly enhances the electronic conductivity of the PEC,
leads to improved performance compared to the FP-free NMC-LIC reference. Furthermore, all
systems show great reversibility when the C-rate is returned to C/20 after several cycles at high
current densities up to 1C, recovering most of their initial discharge capacity (ca. 125 mAh g!
for NMC-LIC|FP1 and 140 mAh g! for NMC-LIC|FP10). This behavior indicates that the elec-
trodes do not undergo significant structural degradation or irreversible side reactions during fast
cycling. Whereas the observed capacity losses at high rates are likely due to transport limitation

and polarization rather than permanent material damage, the observed reversibility could be
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associated with stable electrode/electrolyte interfaces and uniform redox processes within the

CAM, both of which are critical for long-term cycling stability.!%¥

As the FP content increases, the electronic conductivity within the PEC rises, indicating more
efficient Li" extraction from the CAM compared to the FP-free sample, with NMC-LIC|FP10
outperforming other compositions at low C-rate. However, as the C-rate increases, the im-
portance of ionic conductivity rises, since ionic transport becomes the dominant limitation to
rate capability.!®>! Consequently, the high-rate capability reflects the balance between electronic
and ionic transport. Cells with NMC-LIC|FP1 have more comparable partial electronic and
ionic conductivities and therefore outperform other tested compositions. The more balanced
ionic and electronic transport are in the PEC, the better is the high-rate cycling performance. In
that way efficient and uniform movement of both ions and electrons ensure that electrochemical
reactions can proceed throughout the electrode more homogeneously.”®! This overall enhance-
ment is attributed to the improved electronic and ionic conductivity provided by the mixed

1onic-electronic conductive nature of PEDOT:PSSTFSL

2.4.3. Electrochemical Cycling with Increased CAM Loading

One of the key challenges in current ASSBs lies in the high fraction of SE, required in PECs.
While the SE is essential to establish continuous Li* pathways in ASSBs, unlike in liquid elec-
trolyte-based lithium-ion batteries where electrolyte percolating pores ensure ionic transport,
the large volume of SE reduces the proportion of CAM. This decreases the cell’s overall energy
density by limiting the active material and increasing the weight of inactive components. To
address this issue, the CAM content in the PEC was increased, and the effect of incorporating
PEDOT:PSSTFSI on electrochemical performance was evaluated. PECs with a CAM content
of 80 wt.% (defined as 8ONMC-20LIC|FPX) were prepared following the same procedure as
for the 70 wt.% PECs, with adjustments made only to the relative proportions of CAM and
catholyte.
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Figure 7. Electrochemical performance of PECs with varying FP contents in NMC-LIC|FPX

at m(CAM):m(Catholyte) = 80:20 wt.%: a) Cycling at C/20, and b) polarization voltage calcu-
lated from the cycling data.

As shown in Figure 7a, the initial discharge capacity of the PEC with 80 wt.% CAM is slightly
lower than what is obtained for the 70 wt.% CAM (compared Figure 6a). This may result from
the reduced catholyte content, which limits the network for ionic percolation, as the ionically
conducting phase is partially diluted by the higher NMC content. Figure S27b reveals a signif-
icant decrease in partial ionic conductivity (almost four-fold) relative to PECs with 70:30 wt.%
m(CAM):m(Catholyte). Specifically for LIC|FP1 catholyte-based PECs, the ionic conductivity
drops from 0.11 mS cm™! (70:30 wt.% m(CAM):m(Catholyte)) to 0.03 mS cm™ (80:20 wt.%
m(CAM):m(Catholyte)). It should be noted, however, that the FP content differs slightly in the
PEC between the two formulations (0.3 wt.% and 0.2 wt.% respectively). This difference in
ionic conductivity highlights quantitatively the poor ionic network formation necessary for ef-
fective lithiation/delithiation of local CAM particles and consequently, results in poorer charge
transport within the PEC.% The partial electronic conductivity estimated for 80:20 wt.%
m(CAM):m(Catholyte) (Figure S27a) PEC exceeded that of 70:30 wt.% m(CAM):m(Catho-
lyte) by approx. two-fold. In this case, the higher electronic conductivity originates from the
increased fraction of the electronically conductive NMC in the PEC, at increased CAM load-
ings, the intrinsic conductivity of NMC dominates the overall electronic transport and out-
weighs the contribution from the polymer. Specifically for LIC|FP1 catholyte-based PECs, the
electronic conductivity increases from 0.27 mS cm™! (70:30 wt.% m(CAM):m(Catholyte)) to
0.48 mS cm™ (80:20 wt.% m(CAM):m(Catholyte)). As shown in Figure S27c, the ratio
Ocff. el./ Oeff. ion. 18 thus significantly larger (e.g., 8.5 for SONMC-20LIC|FP1) than in the PECs
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with 70:30 wt.% m(CAM):m(Catholyte) (e.g., 2.4 for NMC-LIC|FP1), indicating a pronounced
imbalance between electronic and ionic transport. This demonstrates that, while the SONMC-
20LIC|FPX PEC provides sufficient electronic pathways to extract Li* from the NMC particles,
its markedly lower ionic conductivity severely limits ion mobility within the positive electrode,
thereby hindering uniform (de)lithiation of the active material and reducing overall electro-

chemical utilization.

The polarization voltage for 80:20 PEC systems was calculated identically to 70:30 PEC sys-
tems. Figure 7b reveals consistent trend: 8ONMC-20LIC|FP1 achieves the lowest initial polar-
ization (0.17 V) but exhibits accelerated degradation, increasing to 0.31 V over 27 cycles (AV
= 0.14 V) — substantially steeper than 70NMC-30LIC|FP1 (AV = 0.03 V over 27 cycles). The
FP-free SONMC-20LIC reference exhibits the highest polarization, reaching 0.34 V after only
16 cycles (corresponding to 80% capacity retention). Meanwhile, SONMC-20LIC|FP10 PECs
exhibit comparable polarization to SONMC-20LIC reference, with a rather continuous increase

(AV =0.14 V) over the 28 cycles (corresponding to 80% capacity retention).

Notwithstanding polarization comparable to SONMC-20LIC FP-free reference, the incorpora-
tion of PEDOT:PSSTFSI significantly enhanced the cyclability of the SONMC-20LIC|FP10
PEC, maintaining stable performance up to 28 cycles (see Figure S32 for charge-discharge re-
sults) before reaching 80% capacity retention. This improvement can be ascribed to PE-
DOT:PSSTFSI binding properties improving compactness of PEC (as seen in Figure S15), in
addition to the mixed electronic and ionic conductive nature, which facilitates better interparti-

cle contact compared to FP-free NMC-LIC reference.
3. Conclusion and Outlook

In this study, we successfully demonstrated a one-pot synthesis approach for incorporating
functional polymer (FP) PEDOT:PSSTFSI in LizInCls (LIC) solid electrolyte, and systemati-
cally investigated its effects on mechanical integrity, electronic and ionic conductivity, and
overall electrochemical performance. X-ray diffraction and Raman spectroscopy confirmed the
formation of a high-purity LIC phase with PEDOT:PSSTFSI that retained its functionality.
Scanning electronic microscopy suggested the formation of LIC in the polymer network, with
homogeneous distribution of FP in positive electrode composite (PEC) with
LiNio.sMno 2Co0.202 (NMC). Thanks to its soft and malleable nature, the incorporation of PE-
DOT:PSSTFSI improved the compactness of the PEC pellets, reducing the residual porosity,

which is advantageous for long-term cycling stability.

26



Additionally, the mixed conductive nature of PEDOT:PSSTFSI significantly enhanced both
partial electronic and ionic conductivity within the PEC, contributing to improved electrochem-
ical performance. Long-term cycling results showed that the PEC with PEDOT:PSSTFSI
achieved higher discharge capacity with a greater number of cycles before reaching 80% ca-
pacity retention compared to FP-free reference, NMC-LIC. Further, the incorporation of the
PEDOT:PSSTFSI not only enhances partial electronic and ionic conductivity but also rate per-
formance and capacity recovery after high-rate cycling rates, underscoring its potential for sta-
ble, high-rate performance. While direct comparison with other ASSB systems remains chal-
lenging due to variations in bilayer SE stacks, composite negative electrode configurations, and
testing protocols across reported works, the systematic optimization of FP content presented
here provides a valuable benchmark for future development of multifunctional polymer-inor-
ganic composites, outscoring previous reports of using PEDOT:PSS in ASSB with similar set-

ups.[3033]

Lastly, the incorporation of PEDOT:PSSTFSI enables increasing the CAM content in the PEC
formulation up to 80 wt.% while maintaining stable cyclability. Overall, PEDOT:PSSTFSI
serves as a multifunctional additive, acting as a binder, electronic conductor, and ionic conduc-
tor within this PEC system, making it a promising component for scalable ASSB. Future work
may focus on reducing the cell stack pressure during cycling. In this study, we demonstrated
that incorporating PEDOT:PSSTFSI increases the density of PEC pellets, which may enable
operation at lower stack pressures. Furthermore, exploration of LIC formation in various sol-
vents and/or optimizing PEDOT:PSSTFSI synthesis in different media could further improve
LIC yield and conductivity, as solvent choice significantly affects the polymer’s structural and
electrical properties.*”! Additionally, extending application of multifunctional catholytes to
other cathode active material (CAM) chemistries, such as NMC with higher Ni-content, repre-
sents a promising direction leveraging PEDOT:PSSTFSI’s proven stability above 5 V vs.
Li'/Li.

A fundamental study aimed at understanding how PEDOT:PSSTFSI influences ionic and elec-
tronic transport, using advanced techniques such as 3D tomography, tortuosity analysis or mod-
eling would provide valuable insights into the polymer’s role in enhancing ion/electron path-
ways, composite densification, and stress distribution within the electrode. Meanwhile, post-
mortem analysis such as cross-sectional morphology imaging and XPS, are critical to elucidate
LizInCl¢ distribution evolution, interfacial layer chemistry, and mechanistic degradation path-

ways during extended cycling. Such studies would directly correlate interfacial morphology
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with long-term electrochemical stability, clarifying how PEDOT:PSSTFSI’s mechanical and

transport properties mitigate stress-induced phenomena at composite’s boundaries.
4. Experimental Section

4.1. Materials

PSSTFSIK as previously synthesized by Nugraha, et al.,””! 3 4-ethylenedioxythiophene
(EDOT, TCI, >98%), (NH4)2S208 98% (Sigma Aldrich), anhydrous FeCls (Sigma Aldrich),
lithium chloride (LiCl, Sigma Aldrich, 99%), indium chloride anhydrous (InCls, Sigma Aldrich,
99.99%), NMC (LiNio.sMno2C00.202, monolithic, MSE Supplies), lithium indium chloride
(Li3InCls, NEI Corporation), lithium phosphorus sulfur chloride, i.e., sulfide argyrodite
(Li6PSsCl, NEI Corporation), lithium (Li, 99.9%), indium foil (In, 99.999%, Sigma Aldrich).

4.2. Methods

Synthesis of Mixed Ionic-Electronic Conductive Polymer PEDOT:PSSTFSI. The PE-
DOT:PSSTFSI complex, whose chemical structure is shown in Figure S1, was synthesized by
classical oxidative polymerizationof 3,4-Ethylenedioxythiophene (EDOT) in the aqueous so-
lution of the obtained PSSTFSI in deionized (DI) water with the ratio of EDOT:SSTFSI being
0.5 using (NH4)2S20s and FeCl; oxidants with ratio of 3.5 and oxidant:EDOT of 2.3.27 After
72 h at 10 °C, the polymer dispersions were purified using Lewatit S100 KR/H and Lewatit
MP62WS ion exchange resins (60 mg of resin per 1 mL of PEDOT:PSSTFSI aqueous disper-
sion). The solution was then concentrated using an ultrafiltration cell with 100 kDa ultrafiltra-
tion discs (Amicon bioseparations). The concentration of the PEDOT:PSSTFSI aqueous dis-
persion was determined by measuring its absorbance in a 1 mm optical glass cell with a UV-
360 Shimadzu UV-Vis-NIR-Spectrophotometer. The relation between the absorbance and the

concentration was determined previously using the Beer-Lambert law: C = 0.565 x Abs.[*"!

One-Pot Synthesis of LizInCle-PEDOT:PSSTFSI Catholyte. The process steps are illus-
trated schematically in Figure S2. Dry LiCl and InCl; precursors were weighed in a 3:1 molar
ratio and homogenized in an agate mortar with pestle in the Ar-filled glovebox. This mixture
was then solubilized in an 8 mL vial with DI water (150-1000 uL depending on the batch size)
under air and mixed with the weighed amount of PEDOT:PSSTFSI aqueous dispersion in ac-
cordance with its concentration and the amount of the expected Li3zInCls. The added amounts
of PEDOT:PSSTFSI investigated in this study were 1, 2, 5, 10, 15, and 20 % of the total amount
of the expected LizInCls to-be-formed. After dissolution, water was removed by heating on a

hot plate and in a heating block at 120 °C until no visible water remained. The color of the
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obtained dry powder varied from light grey to dark blue depending on the added amount of
PEDOT:PSSTFSLI. It was then quickly ground before being transferred to a vacuum Buchi oven
and annealed in two 4 h steps at 200 C with intermediate hand-grinding in the Ar-filled glove-
box. After thermal processing and prior to use, the synthesized catholyte — consisting of LIC
and PEDOT:PSSTFSI in different concentrations — was hand-ground for 5 min in the agate
mortar to loosen up and to homogenize particles. The obtained product was named LIC|FPX,
with X being equal to 1, 2, 5, 10, 15, or 20 %, corresponding to the wt.% of added PE-
DOT:PSSTFSI to LIC to-be-formed. The used nomenclature to refer to the compounds is com-
piled in Table S1. The recalculated wt.% of FP in LIC|FPX catholyte, based on the amount of
FP added to LIC precursors, is presented in Table S2 of the SI.

Characterization of LizInCle-PEDOT:PSSTFSI Catholyte. X-ray diffraction (XRD) exper-
iments were carried out with a X Pert3 diffractometer equipped with a capillary spinner and a
Cu K, X-ray source, A=1.5406 A). The catholyte was packed into a 0.3 mm diameter borosili-
cate glass capillary inside of Ar-filled glovebox. The measurements were conducted over an

angular range of 5-70° (20) with a step size of 0.017° and time per step 550s.

Differential scanning calorimetry (DSC) measurements were performed in aluminum pans
(sealed hermetically inside Ar-filled glovebox) using a DSC Q250 (TA Instruments) with a
heating rate of 10 °K min! in a temperature range between 25 °C — 250 °C for at least 2 heat-

ing/cooling cycles. The results were analyzed with TRIOS software.

Catholyte samples were subjected to Raman spectroscopy analysis. It was performed on sam-
ples densely packed into a 0.3 mm diameter borosilicate glass capillary. A confocal LabRAM
HR Evolution micro-spectrometer equipped with a laser with wavelength of 532 nm was used
for the measurements, the laser power, laser attenuation (filtering), time and number of acqui-
sitions were adjusted sample to sample to provide adequate quality of signal. The spectra were
recorded in the Raman shift range of 100-700 cm™! with a spectral resolution of 3-5 cm™. The

acquired data were processed using Horiba LabSpec 6 software.

Preparation of Positive Electrode Composite (PEC) The PEC of NMC-LIC|FPX was pre-
pared using the mini-mill PULVERISETTE 23 (Fritsch) with 5 mL ball mill cup. Inside the Ar-
filled glovebox, the weighted quantities of NMC and LIC|FPX in different weight ratios
m(CAM):m(Catholyte) of 70:30 and 80:20, were transferred into a small ball mill cup together
with 5 mm ZrO: grinding balls. The mixture was then gently milled at 15 Hz for 15 min. By
this way, PECs noted as NMC-LIC|FPX for each combination of m(CAM):m(Catholyte) were
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obtained. Densities of the constituents (compiled in Table S3) were used to estimate the densi-
ties of PECs with different m(CAM):m(Catholyte) ratios: Table S5 (for 70:30 wt.%) and Table
S8 (for 80:20 wt.%). The composition of PECs with different m(CAM):m(Catholyte) both in
wt.% and vol.% are summarized in Table S4 (for 70:30 wt.%) and Table S7 (for 80:20 wt.%).

SEM-EDX analysis was conducted to investigate the morphology of the synthesized catholytes
and PECs. It was performed using a TESCAN Vega microscope equipped with a tungsten elec-
tron source and operated at an accelerating voltage of 15 kV and a beam current of 30-40 pA
for SEM imaging and 3-4 nA for EDX. The samples were prepared as follows: the powder was
dispersed onto carbon tape mounted on SEM stubs, and the excess was gently tapped off. The
samples were then sputter-coated with gold inside Ar-filled glovebox. After sputtering, the sam-
ples on the stubs were transferred from glovebox to the SEM using an air-tight container. From
the container, the samples were promptly mounted on the SEM with minimal exposure to at-

mosphere air. The images and EDX were processed on TESCAN Essence Software.

The porosity of the PEC was accessed to determine the impact of PEDOT:PSSTFSI addition
on packing density and compactness of PECs. Therefore, to access the porosity of the PEC, the
geometrical approach was used to estimate the density, based on the average thickness, mass
loading and geometrical shape. For this, approx. 50 mg of PEC powder was pressed into a pellet
using 8 mm diameter press-die at a pressure of 4 t cm™ for 5 min. After pressing and extraction
of the pellet from the press-die, the thickness of the pellet and pellet mass were measured. These
values were used to calculate the measured density, p,,.q45, Of the pellet. Subsequently, porosity
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The theoretical density of the PEC with polymer additive, ppe0, Was calculated based on the
densities of the individual constituents, weighted by their respective mass fractions in the com-
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Theoretical densities for NMC (4.81 g cm™)P7 and LIC (2.69 g cm™)!"% were derived from
their crystallographic lattice parameters. The density of the PEDOT:PSSTFSI (1.88 g cm™) was

Ptheo

determined experimentally. Specifically, the PEDOT:PSSTFSI powder, obtained from the
aqueous dispersion following the processing route shown in Figure S2, was measured at room

temperature using a helium pycnometer (Quantachrome UltraPycnometer 1000).
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Measurements were performed over 100 cycles with a gas flow time of 3 minutes per cycle,

and the reported density corresponds to the average value of all measurements.

Preparation of Negative Electrode Composite. The negative electrode composite,
InLio.5/LisPSsCl (60:40 wt.% ratio), was used in this study to assemble ASSB half-cells sub-
jected for evaluation of electrochemical performance with addition of FP into catholyte. The
anode composite was prepared via a two-step route following an established procedure.!'#! First,
a 1:2 atomic ratio Li to In was enveloped in In foil. Second, the foil was laminated and folded
several times with a glass tube until the In-Li alloy became darker and brittle. Finally, the cor-
responding amount of LigPSsCl powder was weighed and added into a mortar, and hand-ground
for 30 min together with the In-(InLi). alloy to ensure optimum homogeneity of the

InLio.5/LisPSsCl anode composite.

Partial Electronic and Ionic Conductivity Measurement. Effective partial electronic con-
ductivities of the PECs were measured in symmetric cells. Materials and cell components han-
dling, including uniaxial powder pressing and cell assembly, was performed in Ar-filled glove-
box. All measurements were performed in the ASSB press-cell (schematically represented in
Figure S16) with a two-electrode cell set-up. The press cell consists of a polyetherimide (PEI)
cell sleeve (8 mm diameter) and two stainless steel (SS) current collector pistons (4 mm radius,
0.5 cm? area).'¥ Two methods were used to quantify the transport properties: direct current
(DC) polarization measurements and Electrochemical Impedance Spectroscopy (EIS) with al-

ternating current (AC). All measurements were performed at 25 °C temperature.

First, ion-blocking set-up (Figure 4a) was assembled to quantify partial effective electronic
conductivity of PECs NMC-LIC|FPX with different PEDOT:PSSTFSI loadings in catholyte.
For this, ca. 50 mg of PEC was weighed and transferred into the cell sleeve, which was closed
on one side with a piston. After carefully spreading the PEC over the piston surface, the cell
was closed with the second piston and pressed at 2 t cm™ for 3 min. The pistons in this set-up
serve as ion-blocking electrodes. The ASSB casing was then closed air-tight with seals and
tightened with six screws to a pressure of 100 MPa (screws were tightened with a torque of 2.3
Nm in the specific cell design used in Figure S16). For the DC polarization method, a series of
different potentials (from -5 mV to 20 mV) were applied stepwise till the measured current
reaches equilibrium state after 2 h. To confirm the findings, an alternative AC technique was
used. Potentiostatic EIS was performed with an amplitude of 10 mV in the range of frequencies

from 10 mHz to 1 MHz on a BioLogic VMP3 Model Potentiostat.
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Secondly, an electron-blocking set-up (Figure 4b) was used to determine partial effective ionic
conductivity of NMC-LIC|FPX PECs. For this, on both sides of the 50 mg composite pressed
earlier, 40 mg of LisPSsCl powder was transferred and pressed at 2 t cm™ for 3 min. Finally, on
each side of the pressed pellets 15 mg of the ‘negative’ electrode composite InLig.s/LigPSsCl
was placed and spread evenly. The ASSB casing was then closed air-tight with seals, pressed
with 4 t cm™ for 5 min and tightened with six screws to a pressure of 100 MPa (screws were
tightened with a torque of 2.3 Nm). For the DC polarization method, a range of voltages from
1 to 5 mV was applied to the symmetric cell. The measured current equilibration time was
increased to 7 h. Similarly, before cell polarization a potentiostatic EIS measurement was per-
formed in the same range of frequencies as for ion-blocking cell. EIS data from potentiostat

were analyzed using RelaxIS 3 software (rhd instruments GmbH & Co. KG).

Electrochemical Performance Evaluation. ASSBs cells were assembled in three steps. First,
35 mg of LicPSsCl were transferred to the cell sleeve and pressed at 2 t cm™ for 2 minutes.
Second, 15 mg of LizInCls were added on top of the LicPSsCl and the bilayer stack was pressed
at 2 t cm for 2 min. Finally, positive electrode and negative electrode composites were trans-
ferred in the sleeve: InLio.s/LisPSsCl (25 mg), on top of LigPSsCl and NMC-LIC|FPX (8 mg),
on top of LizInCls. All powders were carefully and evenly spread after being transferred inside
the cell sleeve and compacted with a SS stamp prior to pressure application to ensure homoge-

neity.

The full cell stack, NMC-LIC|FPX || Li3InCls | LisPSsCl || InLio.s/LisPSsCl, was then pressed at
4 t cm™ for 5 min. The ASSB casing was then closed air-tight with seals and tightened with six
screws to a pressure of 100 MPa (screws were tightened with a torque of 2.3 Nm in the specific
cell design used in Figure S16). The PECs with a 70:30 wt.%, m(CAM):m(Catholyte) ratio
resulted in an areal loading of 11.14 mg nwmc cm? The PECs with 80:20 wt.%,
m(CAM):m(Catholyte) ratio resulted in an areal loading of 12.73 mgnmc cm™.

Electrochemical testing was performed at 25 °C in the potential range of 2.1-3.6 vs. Li*/In-InLi
(taking that 0 V vs. Li*/In-InLi is ~ 0.622 V vs. Li*/Li) with symmetrical constant current charg-
ing and discharging using two protocols: 1) long-term cycling at a C/20 rate with EIS measure-
ment at specific cycles in the fully charge state and 2) rate capability testing at various C-rates
from C/20 to 1C. A rate of 1C corresponds to the current required to theoretically exchange 1
Li* (or 1 electron) per formula unit within 1 h (i.e., a full charge in 1 h) with 276 mAh g! as a

theoretical capacity for NMC622. The exact current density, j, is calculated as j =
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Areal loading - Specific Capacityyyc * Crqte- The electrochemical measurements were per-
formed on BioLogic VMP3 Model Potentiostat. The potentiostatic EIS was performed during
long-term cycling at C/20 rate. Measurements were conducted after cells rested for a minimum
of 1 h to reach stable open circuit voltage following specific charge cycles. EIS spectra were
acquired on a BioLogic VMP3 Model Potentiostat with an AC amplitude of 10 mV in the range
of frequencies from 1 Hz to 1 MHz.
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