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1. Introduction

Design and characterization of an adaptive polymer
electrolyte for lithium metal solid-state battery
applicationsy

Matthew Newman, © Jian Liu, Hoyeon Jang, Rinky Ghosh, Sriloy Dey, Hanna Cho, ®
Yael Vodovotz, Jay Sayre & * and Marcello Canova*

A major challenge for Li-metal solid-state batteries (LIMSSBs) lies in the mechanical degradation of the solid
interface between Li-metal and the solid electrolyte. This work focuses on the synthesis and
electrochemomechanical characterization of an adaptive polymer electrolyte (A-PE) that could
potentially be applied as an interlayer to stabilize the interfacial contact between the lithium metal anode
and the solid electrolyte, mitigating the effects of void formation leading to contact loss. The A-PE
operates based on the principle of utilizing the polarization of conducting polymer particles, polypyrrole
doped with dodecylbenzenesulfonate (PPy(DBS)), to impart adaptive properties to a polymer electrolyte
matrix. The A-PE was synthesized via hot pressing and subsequent UV polymerization resulting in free-
standing films with various amounts of PPy(DBS) and ionic conductivities in the range of 0.11-0.16
mS cm™t at 25 °C. Film characterizations included insoluble fraction, mechanical response under electric
field, and Li symmetric cycling with intermittent electrochemical impedance spectroscopy (EIS). The
measured mechanical responses of the film were expansion with atomic force microscopy (AFM) and
block force response by exciting the film with electric field of variable strength. The results obtained
suggest that the addition of PPy(DBS) particles provides adaptive capability in polymer electrolytes at
room temperature (20-25 °C), with an expansion response of up to 6% strain with 1 wt% PPy(DBS) at an
electric field strength of 0.3 V um™. The results indicate that the A-PE shows promise for application as
an interlayer in LIMSSBs, with the potential to reduce mechanical degradation at the lithium metal-solid
electrolyte interface and enhance durability by expanding to maintain contact with the lithium metal anode.

Contact loss and Li filament growth has been shown to ulti-
mately short the cell, except in cases of unrealistically high stack

With the rising demand for high energy density Li-ion batteries
for electric vehicles and grid storage applications, solid-state
electrolytes offer improved safety due to their non-
flammability and the opportunity to enable the use of
a lithium anode in Li-metal solid-state batteries (LIMSSBs). This
technology could result in gravimetric and volumetric energy
density gains of up to 40% and 70%, respectively, compared to
conventional Li-ion batteries. On the other hand, the solid-
solid anode-electrolyte interface in LIMSSBs has been recog-
nized as one of the main limiting factors for the performance
and durability, due to various mechanical and electrochemical
challenges."® Mechanically, a rigid lithium metal-solid elec-
trolyte interface cannot maintain sufficient contact due to the
large volume and morphology change of the Li-metal anode
from repeated Li stripping and plating during cell operation.

The Ohio State University, Columbus, USA. E-mail: canova.1@osu.edu; sayre.17@osu.
edu
t Electronic ~ supplementary information (ESI) available. See DOIL

https://doi.org/10.1039/d4ta08556f

7914 | J Mater. Chem. A, 2025, 13, 7914-7928

pressure forcing the interface to maintain contact.**° Elec-
trochemically, many ceramic solid electrolytes are not inher-
ently stable at the low potential conditions that occur when
direct contact with Li-metal is established, which can necessi-
tate the use of a protective layer or interlayer.**

To address these challenges, solutions such as engineered
interfaces, polymer/ceramic composite solid electrolytes, or
polymer interlayers have been proposed to improve the initial
interface, provide flexibility to accommodate some of the
volume change of the Li-metal anode, and increase the elec-
trochemical stability."*** Composite solid electrolytes may
compromise on ionic conductivity through the entire separator
thickness as the polymer electrolyte component typically has
lower ionic conductivity than ceramic solid electrolytes.**"
Polymer interlayers can offer similar benefits of flexibility and
electrochemical stability without compromising on ionic
conductivity through the whole separator thickness but instead
through a thin interlayer thickness.'®** However, these solu-
tions all have limited ability to maintain the interfacial contact
in the event of non-uniform Li stripping and plating, and long-
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Fig.1 Concept of a self-adaptive interlayer applied between a Li-metal anode and ceramic solid electrolyte. The self-adaptive interlayer (SAl) is
shown as a polymer electrolyte matrix in blue with black CP particles dispersed in the matrix, which would try to align along an electric field (A¥)
to expand and re-establish interface contact. Li-ion transfer is shown to occur primarily through the polymer electrolyte matrix.

term stability is not guaranteed as contact loss can cause the cell
to eventually fail.

This paper introduces a novel concept of an adaptive poly-
mer electrolyte (A-PE) designed to offer self-adaptive capabil-
ities at room temperature (20-25 °C). The A-PE is envisioned as
an interlayer between the Li-metal anode and the solid elec-
trolyte, where it could help maintain interfacial contact in the
event of partial contact loss. A conceptual representation of the
A-PE working principles and its potential future role as an
interlayer is shown in Fig. 1. It is hypothesized that the A-PE
could expand under an electric field inherently present in
a battery to maintain interfacial contact with the anode. As long
as some contact is maintained, the electric field across the
interlayer would induce expansion to restore interfacial integ-
rity. Although this approach may result in a slight reduction in
energy density due to the interlayer's thickness, the trade-off
could be improved durability and safety of the battery. This
adaptive behavior is imparted by the polarization of conducting
polymer (CP) particles, which exhibit electrorheological (ER)
properties under an electric field. The mobility of electrons in
CPs allow the particles to polarize and align along the field at
relatively low electric field strengths.”** While ER properties
are well studied in fluids, most research on ER polymers or
elastomers has focused on the change in storage modulus
under an electric field rather than on deformation or expansion
responses.”* This study presents a comprehensive electro-
chemomechanical characterization of an A-PE envisioned for
application in Li-metal solid-state batteries. Unlike traditional
approaches to enhancing lithium metal solid-state batteries,
the A-PE uniquely leverages the polarization of CP particles in
a solid polymer matrix, providing a mechanical response under
relatively low electric field strengths.

This work conducts an experimental evaluation of the A-PE's
physical, electrochemical, and mechanical properties. Physical
characterizations include insoluble fraction and electrical
conductivity measurements, X-ray diffraction (XRD), differential
scanning calorimetry (DSC), and dynamic mechanical analysis
(DMA). Mechanical response characterizations are conducted
using atomic force microscopy (AFM) and block force

This journal is © The Royal Society of Chemistry 2025

measurements to demonstrate the adaptive property through
expansion and force response under applied electric fields.
Electrochemical characterizations encompass electrochemical
impedance spectroscopy (EIS), Li-Li symmetric cycling, and
electrochemical stability window (ESW) measurements. These
results establish the A-PE's potential as a promising interlayer
material for LIMSSB, with the possibility of mitigating interfa-
cial degradation and enhancing battery performance.

This paper is organized as follows: Section 2 explains the
synthesis process for the polymer electrolyte investigated.
Section 3 presents the physical, mechanical response, and
electrochemical characterizations used. Section 4 presents the
results of the polymer electrolyte characterizations.

2. Adaptive polymer electrolyte
synthesis process

Polypyrrole doped with dodecylbenzenesulfonate (PPy(DBS)) is
the CP used in this work for its polarization under an electric
field in the polymer electrolyte. While other types of CPs can
exhibit similar properties, polypyrrole (PPy) is chosen for this
work because PPy-based materials have been reported to
respond to low electric field strengths of 0.1 V um ™" or less.?>22°
Doping PPy can increase the mobility of electrons for polariza-
tion of the particles. Dodecylbenzenesulfonate (DBS™) is used as
a large, immobile dopant (compared to smaller dopants that
can migrate from the CP) and has also been shown to improve
stability of PPy.*>** However, a limitation with the addition of
CPs is the electrical conductivity that provides CPs (such as
PPy(DBS)) this property can make a composite (with an insu-
lative matrix) electrically conductive at a high enough CP filler
loading, known as the percolation threshold. The percolation
threshold widely varies depending on the properties of the
electrically conductive filler (such as size, morphology, aspect
ratio), insulative matrix, and the mixing method.**** Thus, the
electrical conductivity of composites should be measured for
any new compositions including the compositions in this work.
The amount of PPy(DBS) added in a polymer electrolyte or
polymer interlayer for LIMSSBs must stay below the percolation
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threshold, otherwise, the cell could electrically short, Li could
plate on the opposite side of the interlayer, and no appreciable
electric field strength could be maintained across the polymer
interlayer. With the amount of PPy(DBS) below the percolation
threshold, the ionic conduction mechanism of the polymer
electrolyte, through the segmental motion of polymer chains
and Li-ions in the polymer electrolyte matrix, will remain rela-
tively unchanged.

A polymer electrolyte that can operate near room tempera-
ture (25 °C) is desirable for more equivalent comparisons
between the characterization techniques used in this work.
Thus, a polyethylene oxide (PEO) based polymer electrolyte
adapted primarily from Zhang and coworkers*® is used as the
polymer electrolyte matrix in which the CP particles are
dispersed. PEO based polymer electrolytes are widely studied
and show adequate room temperature ionic conductivity (=0.1
mS cm ' at 25 °C) if the crystallinity can be inhibited. PEO
(M.W. 100 000) as the main long chain polymer gives a balance
between mechanical properties and potential for lower crystal-
linity.***® Tetraethylene glycol dimethacrylate (TEGDMA) as an
additional cross-linking short chain monomer can inhibit
crystallinity and improve interfacial contact.*® Tetraethylene
glycol dimethyl ether (TEGDME) as a cross-linking plasticizer
can further reduce crystallinity and reduce the coordination of
Li-ions with EO in long chain PEO. Lithium bis(trifluoro-
methane)sulfonimide (LiTFSI) as the main Li salt is the salt of
choice in most polymer electrolytes, showing relatively high
ionic conductivity and the TFSI" anion can have a plasticizing
effect.**?¢ Lithium bis(oxalato)borate (LiBoB) as an additional Li
salt has lower ionic conductivity than LiTFSI but used in small
amounts can improve the interface stability with Li-metal.*” 4-
Methylbenzophenone (MBP) is a hydrogen abstraction photo-
initiator used to generate free radical chains from the

Polymer electrolyte mixture

Main polymer | 30.3 wt% PEO 100k

Additional 15.1 wt% TEGDMA

monomer

Li salt 17.8 wt% LiTFSI and
3.5 wt% LiBoB

Plasticizer 30.3 wt% TEGDME

Photoinitiator | 3.0 wt% MBP

0-2 wt% PPy(DBS)
of PEO + TEGDMA
(~0-15 vol% of film)
1. Stirred overnight at 25 °C
2. Ultrasonicated 10 min

Conducting
polymer

3. Hot-pressed
(80 °C, 4.4 bar, 10 min)

| T’E”"m‘ ~
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methylene groups in PEO, TEGDMA, and TEGDME for UV-
polymerization. Photopolymerization is a rapid process and
does not require volatile solvents as compared to thermal
polymerization or solvent evaporation synthesis methods.?*3¢

2.1. Materials

All chemicals were used as received. Iron(in) sulfate (Fe,(SO4)3)
pentahydrate (97%) and PEO (M.W. 100 000) were purchased
from Thermo Scientific. Pyrrole (reagent grade 98%), sodium
dodecylbenzenesulfonate (NaDBS, technical grade), TEGDMA
(=90% technical grade), TEGDME (=99%), LiTFSI (99.95%
trace metals basis), LiBoB, MBP (99%), and indium tin oxide
(ITO) coated polyethylene terephthalate (PET) sheets (ITO-PET,
130 nm thick ITO coating on one side of 178 um thick PET,
surface resistivity 60 Q sq~') were purchased from Sigma-
Aldrich. Clear PET film (127 pm thick) and copper tape with
conductive adhesive were purchased from McMaster-Carr. Li-
metal chips (0.6 mm thick) were purchased from MTI.

2.2. Chemical polymerization of CP particles

PPy(DBS) was chemically polymerized as described by Kudoh,
reported to have an electrical conductivity of approximately
21.7 S em™ " and molecular weight per residue of approximately
138.4 g mol ".*' In brief, a polymerization solution of 0.375 M
pyrrole monomer, 0.030 M NaDBS for DBS™ dopant, and
0.100 M Fe,(S0,); chemical oxidant was prepared in 200 mL of
deionized (DI) water. One half solution of pyrrole and NaDBS
was stirred in 100 mL of DI water, and the other half solution of
Fe,(S0,4); was stirred in a separate 100 mL of DI water. The
solution with Fe,(SO,4); was slowly poured into the solution with
pyrrole and NaDBS until fully combined, and the polymeriza-
tion reaction was allowed to proceed for 16 h at room

4. UV cured
(150 mW/cm?, 10 min)

5. Vacuum dried
(40 °C overnight)

4

Samples from pristine film used in subsequent experiments Pristine Film

Electrochemical
characterizations

Physical
characterizations

Mechanical response
characterization

Fig. 2 Summary of the polymer electrolyte components and the synthesis process used.
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temperature (20-25 °C) under slow magnetic stirring. The
solution was then poured through 0.8 um filter paper, rinsed
with DI water until the filtrate is neutral pH, rinsed with ethanol
several times, dried at 40 °C under vacuum (gauge pressure
—0.95 bar) for 24 h, and manually grinded with a mortar and
pestle. The reaction yielded 2.1 g of PPy(DBS) particles
(approximately 13.6 mL loosely packed).

2.3. Polymer electrolyte preparation

The synthesis process of the polymer electrolyte film is
summarized in Fig. 2. The polymer electrolyte was composed of
30.3 wt% PEO (approximate 100 000 M.W.) as the main long
chain polymer, 15.1 wt% TEGDMA as an additional cross-
linking short chain monomer, 30.3 wt% TEGDME as cross-
linking plasticizer, 17.8 wt% LiTFSI as the main Li salt,
3.5 wt% LiBoB as additional Li salt (20% of LiTFSI amount), and
3.0 wt% MBP as photoinitiator. PPy(DBS) CP particles were
added as an additional 0-2 wt% of PEO and TEGDMA amounts
(0-0.9 wt% of total components, ~0-15 vol% of final polymer
electrolyte film) for their properties of polarizing and trying to
align under an electric field. The PPy(DBS) particles are insol-
uble in the polymer electrolyte solution and will remain as
particles dispersed in the cured polymer electrolyte matrix.
PPy(DBS) added as up to 0.9 wt% of the total components is well
below the percolation threshold reported for roughly spherical
PPy particles of at least 3-5 wt%.**** The components were
combined in an argon-filled glovebox, magnetic stirred over-
night (at room temperature, 20-25 °C, in a sealed vial) to form
a viscous liquid mixture, then ultrasonicated for 10 min prior to
hot-pressing. In ambient air, the mixture was hot-pressed
between PET sheets at 80 °C under 4.4 bar of pressure for
10 min (film thickness set to around 125 pm with a spacer). The
film was polymerized for 10-20 min under UV light with 150
mW c¢cm ™ intensity at the film surface (main wavenumber 365
nm), flipping the film over halfway through the UV curing
process, to obtain the polymer electrolyte. The polymer elec-
trolyte film was vacuum dried (gauge pressure —0.95 bar)
overnight at 40 °C to try to remove residual moisture prior to
further characterizations. Hereafter, the amount of PPy(DBS) is
referred to as the wt% of PEO and TEGDMA amounts in the
compositions (0-2 wt% of the polymer and monomer).

3. Procedures for characterization of
adaptive polymer electrolyte

The polymer electrolyte films were characterized with a combi-
nation of physical, mechanical, and electrochemical tests.
Physical characterizations consisted of insoluble fraction,
electrical conductivity, XRD, DSC, and DMA. Mechanical
response characterizations included block force response and
AFM. Electrochemical characterizations consisted of EIS, Li-Li
symmetric cycling, and ESW.

3.1. Physical characterizations

Insoluble fraction measurements were performed by taking the
initial dry weight of the film (14.3 mm dia.), sandwiching the

This journal is © The Royal Society of Chemistry 2025
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film between 304 stainless steel mesh, soaking in acetonitrile
overnight at room temperature (20-25 °C) to dissolve the
soluble (non-cross-linked) components,®** vacuum drying
(gauge pressure —0.95 bar) overnight at 40 °C, and taking the
final dry weight of the film. Electrical conductivity measure-
ments were performed with the polymer film between copper
foil contacts, using an Extech EX330 multimeter to obtain the
electrical resistance.

XRD was collected at room temperature (20-25 °C) from 10°
to 40° 26 with a Rigaku MiniFlex 600 with a Cu K-o radiation
source (A = 1.5406 A) at 40 kV voltage and 15 mA current. DSC
was performed with a TA Instruments DSC 2500 (TA
Instruments-Waters LLC, New Castle, DE). Samples between
2.5 mg to 7.5 mg were used in Tzero hermetic aluminum pans.
Samples were cooled from room temperature to —90 °C at 10 °
C min ™, then heated to 120 °C at 5 °C min . This process was
repeated for a second scan to remove any thermal history. In the
DSC analysis, the glass transition temperature (T,) was deter-
mined from the inflection point in the slope towards the middle
of the glass transition step. The DSC slope of heat flow after the
glass transition was determined by performing a linear regres-
sion of the slope from —20 °C to 120 °C. DMA was performed
with a TA Instruments Q800 (TA Instruments-Waters LLC, New
Castle, DE) equipped with a tension clamp and Thermal
Advantage Q Series version 5.5.22 software. The DMA was
operated under tension analysis (0.1 N preload) on polymer
films with sample dimensions of 20 mm L (1 mm) X 10.5 mm
W (£0.6 mm) x 0.28 mm 7' (£0.2 mm) from —120 °C to 150 °C at
a 3 °C min~ ' heating rate and a 1 Hz frequency. Thicker films
for DMA were obtained by using thicker spacers in the synthesis
process.

3.2. Mechanical response characterizations

AFM was used to measure the expansion response of polymer
electrolyte films under an applied electric field at room
temperature (20-25 °C) in air. A schematic of the AFM sample
setup and picture of a sample are shown in Fig. 3. Small alter-
ations were made to the polymer synthesis process for
producing ~10 pm thick polymer film samples. Polymer solu-
tion was poured onto an ITO-PET sheet (ITO side facing up) to
form a 15 mm dia. pool of solution, then hot-pressed between
another ITO-PET sheet (ITO side facing polymer solution)
without any spacer. After curing, one of the ITO-PET sheets is
peeled off and 1 cm x 2 cm samples of 10 um thick polymer on
ITO-PET are cut out. A 50 nm thick layer of gold is sputtered on
top of the polymer using a 20 mA sputter current with an
EMS150R ES sputter coater (Electron Microscopy Sciences/
Quorum). The outer edges of the sample are cut off then
a section of polymer film is removed on one end, and copper
tape attached to the ITO-PET for the bottom electrical contact.
Another copper tape is attached to the gold coating as the top
electrical contact, with insulative tape between the top and
bottom copper tapes to prevent electrical shorting. The sample
is attached to a glass slide using double-sided tape then loaded
into an MFP-3D Infinity AFM system (Oxford Instrument,
Asylum Research). The cross-section and gold-coated surface

J. Mater. Chem. A, 2025, 13, 7914-7928 | 7917
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Fig. 3 (a) Schematic of AFM sample setup for the A-PE and (b) picture
of a sample with the area used for AFM characterizations indicated by
the dotted line box (grid size 5 mm).

morphology were investigated with a Thermo Scientific Apreo
scanning electron microscope (SEM). The thicknesses of the
films were confirmed to be approximately 10 um thick by
measuring with a micrometer and with cross-sectional SEM
(Fig. S17).

Continuous point measurement with the AFM probe in
contact with the sample surface was used to measure the
displacement of the film over time. The displacement of the
film surface (expansion and contraction) was obtained from the
Z-piezo movement required to maintain a constant cantilever
deflection. A commercial AFM cantilever was used for contin-
uous point measurements (Olympus AC160-R3, nominal spring
constant 4 N m~ ', nominal tip radius 7 nm, and nominal
resonant frequency 300 kHz). An NI USB-6008 multifunction I/O
data acquisition module (National Instruments) was used with
LabVIEW to apply a voltage for different electric field strengths
across the polymer film for periods of 10 min excitations
(voltage applied) followed by 10 min relaxations (no voltage
applied). Additionally, topography maps were obtained using
tapping mode using a commercial AFM cantilever (Olympus
AC240-R3, nominal spring constant 2 N m ™', nominal tip radius
7 nm, and nominal resonant frequency 70 kHz).

A block force setup was utilized to measure the force
response of polymer electrolyte films under an applied electric
field at room temperature (20-25 °C) in air. The film (14.3 mm
dia., 125 um thick) was sandwiched between 304 stainless steel
(304SS) spacers (15.5 mm dia.) with conductive adhesive copper
tape attached to each 304SS spacer for electrical connection. A
calibrated MF01A-N-221-A04 membrane force sensor (Alpha
Taiwan) was used to measure the force. A polytetrafluoro-
ethylene (PTFE) spacer (9.5 mm dia., 1.0 mm thick) was used
between the membrane force sensor and the 304 SS/polymer
electrolyte/304SS stack to ensure the force was applied in the
membrane force sensor active area (10.2 mm dia.) and for
electrical isolation. This stack was clamped between insulated
surfaces of a small vice mounted on a vibration isolation table.
A programmable DC power supply (Tektronix PWS4305) con-
nected with a linear amplifier (Piezo Systems, Inc. model EPA-

7918 | J Mater. Chem. A, 2025, 13, 7914-7928
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104) was used to apply a voltage for different electric field
strengths across the polymer electrolyte film. Deviations in the
membrane force sensor readings from a stable ~1 N clamp
force were monitored to determine the force response of the
polymer electrolyte.

3.3. Electrochemical characterizations

CR2032 coin cells were used for all electrochemical testing at
25 °C in a Thermo Scientific Heratherm Refrigerated Incubator.
Li-metal chips were polished with a nylon brush to remove any
oxide layer prior to coin cell assembly in an argon-filled glove-
box. For EIS and Li-Li symmetric cycling, cells with 304SS
spacer (15.5 mm dia.)/Li-metal (14.3 mm dia.)/polymer elec-
trolyte (14.3 mm dia.)/Li-metal (11.1 mm dia.)/304SS spacer
(15.5 mm dia.) were used (as shown in Fig. S2t). EIS was per-
formed with a Gamry Instruments Reference 600+ potentiostat/
galvanostat/ZRA at 25 °C from 5 MHz to 0.1 Hz with a 10 mV AC
amplitude applied around the open-circuit voltage (OCV).
Gamry Echem Analyst was used for fitting EIS spectra with
equivalent circuits using the Simplex method and excluding
data points after the end of the semicircle on the low frequency
side (right side of the Nyquist plots). Li symmetric cell cycling
was performed with an Arbin LBT21084 at 25 °C and a current
density of 0.1 mA cm 2 (based on the area set by the 11.1 mm
dia. Li-metal) for 30 min each direction with 30 min rests.

The ESW was determined by linear sweep voltammetry (LSV)
and cyclic voltammetry (CV) at 25 °C with an Arbin LBT20084.
Separate cells were used for anodic LSV and cathodic CV scans.
For anodic LSV scans (OCV to 7 V vs. Li/Li" at 0.1 mV s~ ' scan
rate), cells with the polymer electrolyte film (14.3 mm dia.)
sandwiched between 304SS (15.5 mm dia.) as the working
electrode (WE) and Li-metal (11.1 mm dia.) as the counter/
reference electrode (CE/RE) were used (shown in Fig. S3at).
For cathodic CV scans (OCV to —0.2 V vs. Li/Li* at 0.1 mV s~
scan rate), cells with the polymer electrolyte film (14.3 mm dia.)
sandwiched between Cu foil (14.3 mm dia.) as the WE and Li-
metal (11.1 mm dia.) as the CE/RE were used (shown in
Fig. S3bt).

4. Results and discussion
4.1. Physical characterizations

As produced, the polymer electrolytes were free-standing films
(shown for 0 wt% PPy(DBS) composition in Fig. S47) that could
be peeled off the PET sheet and were non-tacky. The cross-
linked fraction of the polymer electrolytes was determined
through insoluble fraction measurements, as the cross-linked
components of the film remain after soaking in acetoni-
trile.**¢ The results in Fig. 4a show the insoluble fractions of
compositions with various amounts of PPy(DBS). The target
insoluble fraction of =50 wt% was selected based on the similar
polymer electrolyte composition from Zhang and coworkers®
and above this threshold the films were free-standing. For
a given UV curing time, as the amount of PPy(DBS) in the
composition increased the insoluble fraction typically
decreased and the variability in insoluble fraction between

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Physical characterizations of the polymer electrolytes. (a) Insoluble fraction measurements with markers indicating average values and
error bars indicating standard deviations. Markers are offset horizontally for visibility. Inset shows appearance of films with different amounts of
PPy(DBS) (grid size 5 mm). (b) XRD patterns (c) DSC profiles, and (d) DMA tan delta thermograms a.u. denotes arbitrary units. XRD, DSC, and DMA

curves are offset vertically for visibility.

samples from the same film increased. With longer UV curing
times for each composition, the insoluble fraction increased
and the variability decreased. The PPy(DBS) particles are opa-
que, black particles that reduced UV transmittance through the
thickness of the film (inhibiting UV curing), resulting in lower
insoluble fractions and higher variability. The optical appear-
ance of the films with increasing amounts of PPy(DBS) are
shown in the inset in Fig. 4a. The 0 wt% PPy(DBS) film was
optically clear, becoming darker with more PPy(DBS) until
appearing almost completely opaque at 2.0 wt% PPy(DBS). The
2.0 wt% PPy(DBS) film eventually reached the target insoluble
fraction after 20 min UV curing time but resulted in a very brittle
film (likely due to overcuring in areas of the film the UV trans-
mittance was less obstructed by PPy(DBS) particles). The
2.0 wt% PPy(DBS) films did not reach full solidification below
this curing time and the insoluble fraction could not be
measured.

Electrical conductivities obtained from 5 samples of each
composition are shown in Fig. S5.1 The electrical conductivities

This journal is © The Royal Society of Chemistry 2025

(0elec) were calculated using the resistance values measured
with the multimeter (R), thickness of the film (¢) and contact
area (A) in the following equation:

t
Oclec = ﬁ (1)

Materials with an electrical conductivity below 10 S cm ™

are typically considered electrical insulators, with the transition
to electrical semiconductors for conductivities above
10°% S em™'.?*%* Films with 0 wt% through 2.0 wt% PPy(DBS)
only show a minor increase in electrical conductivity from 4.6-
6.3 x 107° S cm ™', confirming the compositions are below the
percolation threshold (where a sharp increase in electrical
conductivity of multiple orders of magnitude would be
observed). Thus, the upper limit on the amount of PPy(DBS)
that can be added to these compositions is due to the UV curing
process, not the percolation threshold. For subsequent experi-
ments, only 0 wt% through 1.0 wt% PPy(DBS) films from 10 min
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UV curing time were used. These films were selected to avoid
potential effects from overcuring at longer UV cure times. The
average insoluble fractions were above the target fraction for
these films, even though the films with increasing amounts of
PPy(DBS) had lower insoluble fractions.

XRD scans of polymer electrolyte films containing 0 wt%
through 1.0 wt% PPy(DBS) particles (with background signal
from the glass slide removed) are shown in Fig. 4b. There are no
sharp crystalline peaks present in the XRD pattern - only
a broad amorphous peak centered around 26 of 19.5° is present,
indicating highly amorphous films. The amorphous peak
appears to broaden with increasing amounts of PPy(DBS), sug-
gesting the addition of PPy(DBS) may lead to increasingly
disordered films.

DSC profiles from the second heating scan of the different
polymer electrolyte compositions are shown in Fig. 4c with
results summarized in Table S1.f During DSC heating scans,
thermal transitions such as the glass transition, melting, and
crystallization can be observed. The glass transition occurs
within the amorphous phase of PEO as the material changes
from a rigid glassy state to a more mobile rubbery state due to
heating. It presents itself as an endothermic step change in heat
flow within the DSC heat scan. The polymer samples in this
study showed T values between —37 °C and —41 °C, in order of
increasing PPy(DBS). With T, values well below room tempera-
ture, the polymer will exhibit a highly mobile rubbery structure
around room temperature. The polymer samples do not display
any distinct melting peaks in the DSC data up to 120 °C. This
suggests the films are highly amorphous, as confirmed by XRD
data, compared to the semi-crystalline behavior typically
observed in similar PEO based polymer electrolytes.*>* Li-ion
transport in PEO based polymer electrolytes is typically
considered to occur through segmental motion of polymer
chains in amorphous regions and the subsequent Li-ion
hopping along and between the polymer chains.* Thus,
a highly amorphous structure enhances segmental motion
mechanisms for increasing ionic conductivity because there are
no crystalline lattice structures to inhibit the movement of the
polymer chains and lithium ions. As expected from literature on
other filler particles incorporated in PEO lowering T, (such as
Si0,, Sn0,, and Ti0,),*™* incorporating increasing amounts of
PPy(DBS) shifts the T, to slightly lower temperatures. This could
be caused by PPy(DBS) particles physically disrupting and
interfering with the packing of PEO chains allowing the glass
transition to occur at lower temperatures. The slope of the heat
flow after the glass transition in Fig. 4c increased with the
addition of PPy(DBS) from 20.1 mW (g °C) " to 85.9-115.0 mW
(g°C)!, summarized in Table S1.7 This increase in slope of the
heat flow suggests an increase in specific heat capacity
(requiring additional heat flow to maintain the same heating
rate). This difference is not expected from the heat capacity of
PPy(DBS), which is typically lower than the heat capacity of PEO.
Instead, the increasingly mobile rubbery structures (as indi-
cated by decreasing T,) may cause the increase in specific heat
capacity.**"

DMA tan delta thermograms are shown in Fig. 4d, with
storage and loss modulus profiles shown in Fig. S6.7 Results
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are only shown to 20 °C as the films became too soft above this
temperature and broke or the measurement signal became
unstable. The peak of the tan delta curve (when the material
demonstrates the most viscous response to deformations) is
used to determine T, of the films from DMA in this analysis
with the results summarized in Table S1.f There are multiple
methods to determine T, from DMA, with the tan delta peak
typically giving the highest value of T,.*® This is a conservative
determination with respect to enhanced segmental motion of
polymer chains for increased ionic conductivity in PEO based
electrolytes. DMA results show T, values between —43 °C and
—57 °C in good agreement with the trend of T, generally
decreasing with increasing amounts of PPy(DBS), as observed
with DSC. The obtained values of T, differed between DSC and
DMA, which is not uncommon as glass transition is a region of
behavior with values often differing by 10-25 °C between the
techniques.*® The difference in T, between techniques can be
attributed to the different property changes related to the glass
transition region observed with DSC and DMA (measurement
parameters can also affect the values obtained). Changes in
heat flow due to the change in heat capacity of the polymer
during its transition from a rigid glassy state to a mobile
rubbery state are observed with DSC, whereas the change in
mechanical properties are observed with DMA. These T, values
from DSC and DMA are within the range of similar PEO based
polymer electrolytes with reported T, values between —34 °C
and —78 °C.***¢ The storage and loss moduli did not show
a consistent trend with increasing amounts of PPy(DBS). If the
addition of PPy(DBS) particles affected the storage and loss
moduli, increasing or decreasing values with increasing
amounts of PPy(DBS) would be expected but no such trend is
observed. The variability between the storage and loss moduli
for the different compositions could obscure any effect from
PPy(DBS).

4.2. Mechanical response characterizations

Fig. 5 shows the AFM continuous point measurements for the
films under an electric field strength of 0.3 V um™" for 10 min
followed by 0 V um ™" for 10 min for 5 representative excitations
and relaxations. The 0 wt% PPy(DBS) film (Fig. 5a) does not
show any appreciable response beyond the measurement
uncertainty and noise. The 0.25-1 wt% PPy(DBS) films (Fig. 5b-
d) show a clear expansion response up to 0.6 pm (corresponding
to 6% strain for the approximately 10 um thick films) under an
electric field strength of 0.3 V um™" followed by a relaxation
when the electric field is removed (0 V um™"). This response is
primarily attributed to the polarization of the PPy(DBS) particles
in the polymer film. The PPy(DBS) particles are polarized under
an electric field and would try to align, causing the film to
expand. The expansion response increases from an average
expansion of 0.44 pm for 0.25 wt% PPy(DBS) to 0.56 um for
1 wt% PPy(DBS) and appears to be repeatable over several
cycles. The expansion response decreases with decreasing
electric field strength as shown in Fig. S7,T where the film does
not produce an appreciable response below 0.2 V pm™*
regardless of the concentration of PPy(DBS).

This journal is © The Royal Society of Chemistry 2025
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Fig.5 AFM continuous point measurement of polymer film under 0.3 V um ™ followed by 0 V um ™ electric field strength for (a) O wt% PPy(DBS),
(b) 0.25 wt% PPy(DBS), (c) 0.5 wt% PPy(DBS), and (d) 1 wt% PPy(DBS). (e) Film strain at the end of each excitation and relaxation and (f) excitation
and relaxation time constants with markers indicating median values and error bars indicating standard deviations.

The films not returning to zero displacement at the end of
the relaxations suggests there is a residual expansion left in the
films. This could be due to an irreversibility such as plastic
deformation or an irreversible rearrangement of PPy(DBS)
particles and polymer matrix chains during the initial excita-
tion. This behavior is also seen to some extent in the storage
modulus response for PPy-based and other ER elastomers.>*>*
The strain of the films at the end of excitations and relaxations
(€excitation aNd  Erelaxation, corresponding to expansion and
residual expansion, respectively) were calculated from the
displacement compared to the beginning of the excitation
(taken as zero) divided by the film thickness (approximately 10

This journal is © The Royal Society of Chemistry 2025

um). The results are shown in Fig. 5e with 0 wt% PPy(DBS)
included for comparison, even though it did not display a clear
expansion and relaxation response. For the 0.25-1 wt%
PPy(DBS) films, eexcitation increased from ~4-6% with increasing
PPy(DBS) whereas ¢ ejaxation did not display a clear trend. Further
characterization will be needed to fully elucidate the relaxation
behavior.

The temporal characteristics of the response was investi-
gated with the time constant for expansion and relaxation
(Texcitation and Trelaxationy reSPECtiVel}’)- Texcitation Was determined
from the time taken for the excitation to reach 1 — 1/e (63.2%) of
the final value. T ejaxation Was determined from the time taken for
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Fig. 6 Surface of 50 nm gold coated 1 wt% PPy(DBS) film (a) SEM micrograph, (b—d) AFM topography maps of 10 um x 10 um area (b) at initial
rest, (c) after the first excitation for 10 min, and (d) after the first relaxation for 10 min. Zoomed-out (e) SEM micrograph, (f—h) AFM topography
maps of 30 pm x 30 pum area (f) at initial rest, (g) after the first excitation for 10 min, and (h) after the first relaxation for 10 min. SEM micrographs
were obtained with secondary electron mode at an accelerating voltage of 5 kV and beam current of 0.20 nA.

the relaxation to decay to 1/e (36.8%) of the final excitation value
compared to the final relaxation value. The results are shown in
Fig. 5f, with the response times a similar magnitude to those of
storage modulus for a PPy-based ER elastomer.”® There was no
significant trend for the time constants with different amounts
of PPy(DBS). HoWever, Trejaxation Was lower than Teycitation DY
about 1 min for each case. This suggests the polymer starts to
return to its relaxed state faster than the excitation. This is seen
in the storage modulus response for a PPy-based ER elastomer
as well.”® The storage modulus quantifies the elastic response of
the polymer when it is subjected to a deformation. The energy is
stored elastically when undergoing deformation and can be
released once the stress is removed. This energy is required to
rearrange the polymer chain entanglements and cross links in
response to the stress (in this case, in response to the PPy(DBS)
particles polarizing and trying to align in the polymer matrix
under an electric field). However, this elastic energy can allow
the polymer chains in the matrix to return to the relaxed state
very fast, which could result in T,cjaxation being lower than
Texcitation- Also, the films do not return to zero displacement
during the relaxation, which may contribute to the lower time
constant.

Note that, while the AFM measurements were generally
reliable, they were subject to uncertainties such as thermal drift
over the long timescale of the polymer response. Some sharp
increases or decreases were noted during the transitions
between excited and relaxed states. These variations are likely
attributable to measurement artifacts, as the direction of these
changes was inconsistent across similar transitions. Despite

7922 | J Mater. Chem. A, 2025, 13, 7914-7928

these uncertainties, the results indicate the 0.25-1 wt%
PPy(DBS) films produce a significant expansion strain response
during excitation (4.2-5.9%) and residual strain following
relaxation (1.1-2.5%) compared to the 0 wt% PPy(DBS) control
(with strains of 0.2% =+ 0.3% and 0.1% =+ 0.4%, respectively).

The surface morphology of gold coated 1 wt% PPy(DBS) film
is shown in Fig. 6. SEM micrographs (Fig. 6a and e) of the
pristine film show relatively flat surfaces with the exception of
a few raised areas. AFM topography maps were used to inves-
tigate the uniformity of the polymer film expansion in local
regions. The AFM topography maps of the film at rest (Fig. 6b
and f), after the first excitation at 0.3 V um " (Fig. 6¢c and g), and
after the first relaxation (Fig. 6d and h) do not show any
significant changes in the surface locally, suggesting the
expansion response is relatively uniform across the surface of
the film.

A simplified schematic of the block force setup (insulative
layers between electrically conductive components not shown)
used for measuring the force response of the polymer electrolyte
compositions under an electric field is shown in Fig. 7a. The
polymer electrolyte film was sandwiched between electrical
contacts that were connected to a voltage source to apply an
electric field across the film. A membrane force sensor was used
in-line to measure force applied from the film (as deviations
from the ~1 N clamp force) with the entire stack clamped in
a small vise. This setup roughly corresponds to the polymer
electrolyte as an interlayer sandwiched between a Li-metal
anode and ceramic solid electrolyte, however, the clamp force
used here is lower than the stack pressure would be in a solid-

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Schematic of block force setup for the A-PE and (b) force

response measurements under different electric field strengths.
Markers indicate average values, and the shaded area indicates the
region below the detection limit of the force sensor.

state battery due to resolution limitations of force sensors with
higher load capacities.

The resulting force response measurements are shown in
Fig. 7b. For films with PPy(DBS), the force response increased
with increasing wt% of PPy(DBS) (from 0.25 wt% to 1 wt%) and
increasing electric field strength (from 0.1 V um™" to 0.3 V
um ™). This force response trend is associated primarily to the
polarization of PPy(DBS) under an electric field as the particles
may try to align, since this response of CP particles such as
PPy(DBS) has typically been shown to increase with increased
CP loading and electric field strength.>** Since the film is
mechanically compressed under the clamp, changes in stiffness
of the film under electric field may partially contribute to the
measured response, implying that the force required to main-
tain the same level of compression would increase.”***

It is worth noting that the 0 wt% PPy(DBS) films showed
a non-zero response (Fig. 7b) that, however, did not indicate any
appreciable relationship with the applied electric field strength.
Polarization of ions within the film under an electric field could
contribute to the response. The film responses in Fig. 7b are

This journal is © The Royal Society of Chemistry 2025
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only reported for the first actuation to mitigate possible effects
on the response from decomposition of the films (as the applied
voltages are above the ESW of around 4.5 V in Fig. 8d). However,
these results still suggest a desirable force response due to the
polarization of the PPy(DBS) particles as the responses of films
with PPy(DBS) are significantly larger than the responses in the
0 wt% PPy(DBS) films, increasing with increasing electric field
strength and amount of PPy(DBS) (and the ESW is similar
between all compositions).

4.3. Electrochemical characterizations

The electrochemical characterizations of the polymer electrolyte
compositions were all performed at 25 °C to investigate the
performance around room temperature. Symmetric Li/polymer/
Li coin cells were used to compare the polymer electrolyte
performance of the compositions with PPy(DBS) to the 0 wt%
PPy(DBS) composition. For symmetric cycling (30 min cycles at
4+0.1 mA cm %) and EIS, =10 coin cells were tested for each
composition. Results based on the 5 middle performing coin
cells are reported in this work.

A summary of the measured ionic conductivities for the 5
middle performing coin cells at 25 °C are shown in Fig. 8a. The
ionic conductivities (ojon) Were calculated using Rs from the
equivalent circuit as the bulk polymer electrolyte impedance
(Rp), thickness of the electrolyte (t) and contact area (A) in the
following equation:

t

Rod (2)

Tion =

The results indicate no significant trend for ionic conduc-
tivity between the compositions when considering the vari-
ability, with ionic conductivities between 0.11-0.16 mS cm™".

Out of the 5 middle performing coin cells for each compo-
sition the Li symmetric cycling overpotentials are shown in
Fig. S81 and the Nyquist plots obtained from EIS are shown in
Fig. S9t for 0-50 cycles of the representative cells. Equivalent
circuit model parameter fitting was performed with a series
resistor (R;) to model the bulk impedance of the polymer elec-
trolyte and two sets of parallel resistors (Rsg;, R.) with constant
phase elements (CPE;, CPE,) to model the solid electrolyte
interphase and charge transfer of the Li/polymer interfaces,
respectively. The total interfacial impedance is taken as the
combination of Rgg; and R, of both Li/polymer interfaces,
assuming the interfaces are nearly identical. CPEs are used to
account for non-ideal capacitive behavior. The equivalent
circuit model parameters for the representative cells are
summarized in Table S2.1 The bulk impedance (which can be
approximated as the left-side intersection of semicircle with the
real impedance Z' axis) remained relatively stable over 50 cycles.
The interfacial impedance (can be approximated as the right-
side intersection of semicircle with the real impedance Z' axis)
varied between the cells over 50 cycles with interfacial imped-
ance decreasing (suggesting the interface is still stabilizing),
increasing, a combination of the two, or remaining stable.
Thus, the cells are compared after 50 cycles when there was less
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Fig. 8 Summary of polymer electrolyte electrochemical characterizations at 25 °C. (a) lonic conductivity from EIS and (b) interfacial impedance
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electrolyte interphase resistance (Rsg|), charge transfer resistance (R.), and constant phase elements (CPE;, CPE,). (d) ESW from CV and LSV.

variability between the 5 cells with the interfacial impedances
shown in Fig. 8b and Nyquist plots from EIS for representative
cells shown in Fig. 8c.

As with the ionic conductivity, no significant trend in inter-
facial impedances was observed among the compositions with
increasing amounts of PPy(DBS) when considering the vari-
ability of the 5 cells of each composition in Fig. 8b. One notable
difference was the variability between the 0 wt% PPy(DBS)
composition cells was significantly higher than each of the
compositions with PPy(DBS). The use of wave springs in the
coin cells could contribute to increased variability in interfacial
impedance, due to uneven pressure applied by wave springs.**
Overall, the total interfacial impedances of the cells were on the
order of 4 kQ cm?®. This value is higher than comparable PEO

7924 | J Mater. Chem. A, 2025, 13, 7914-7928

based polymer electrolytes®>*® of ~500-700 Q cm” which could
be due to some experimental processing limitations in this work
such as: hot-pressing and UV-curing the films in ambient air
(possibility of moisture contamination that vacuum drying may
not fully remove), hot-pressing under lower pressure, greater
amount of photoinitiator used (evidenced by reaching target
insoluble fraction in a shorter curing time compared to Zhang
and coworkers* where photoinitiator amount was not speci-
fied), and differences in coin cell configuration (total spacer
thickness and type of spring will affect stack pressure and thus
interfacial impedance, which were not specified®®). Excess
photoinitiator in particular could cause increased interfacial
impedance due to increased storage modulus®® or premature
termination and incomplete cure of the polymer matrix.”

This journal is © The Royal Society of Chemistry 2025
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During polymerization, excess photoinitiator could cause more
polymer chains to become crosslinked leading to a higher
crosslink density. An increased storage modulus could result
from the higher crosslink density due to less mobility within the
polymer chains and the polymer would not be able to conform
as easily to the Li-metal surface, increasing the interfacial
impedance. An incomplete cure could lead to less crosslinks in
the matrix than expected or inhomogeneous crosslinking.
Regions of lower crosslinking could have higher mobility and
leaching of non-crosslinked moieties and regions of higher
crosslinking could have more defects resulting in cracks or
voids in the interface.

Although some polymer electrolytes have achieved sufficient
ionic conductivities at 25 °C, high interfacial impedances >100
Q cm? limit the commercial viability of polymer electrolytes in
LIMSSBs for applications such as electric vehicles and
consumer electronics (apart from semi-solid gel polymer elec-
trolytes that can pose safety concerns). Further advancements
are needed to lower interfacial impedance at 25 °C such as
developments with in situ polymerization or single ion con-
ducting polymer electrolytes.***” The incorporation of PPy(DBS)
particles and resulting properties presented in this work are
expected to be applicable for other polymer -electrolyte
compositions.

The ESW at 25 °C with Li-metal of each polymer electrolyte
composition was determined with cathodic CVs and anodic LSV
shown in Fig. 8d (with zoomed-in plots shown in Fig. S10a and
b,T respectively). For the cathodic sweep, a small peak is initially
seen around 1.5 V vs. Li/Li" that may be attributed to the
decomposition of some polymer electrolyte components to
form a passivation layer with Li-metal,®® as many polymer
electrolytes are not inherently stable with Li-metal but form
a stable passivation layer or interphase.®****3¢ This peak is
present in all compositions, suggesting components in the
0 wt% PPy(DBS) composition are responsible, not PPy(DBS).
Reversible Li plating and stripping on the Cu surface is seen
from —0.2 V to 0.3 V vs. Li/Li", as Li will plate on the Cu WE
when its potential goes below 0 V vs. Li/Li" then strip after the
potential increases above 0 V vs. Li/Li" again. From the anodic
sweep, the oxidative stability is conservatively determined as
when the current density surpasses 1 pA cm ™ > giving a stability
up to 4.5 V vs. Li/Li* for all compositions.

5. Conclusions

This study demonstrates the adaptive behavior of a polymer
electrolyte at room temperature (20-25 °C) by incorporating
conducting polymer particles, with the aim of investigating its
potential for application as an interlayer to enhance the
performance and durability of lithium metal solid-state
batteries (LIMSSBs). The adaptive polymer electrolyte (A-PE) in
this study consisted of a polyethylene oxide based polymer
electrolyte containing polypyrrole doped with dodecylbenzene
sulfonate (PPy(DBS)) conducting polymer particles. The incor-
poration of PPy(DBS) particles imparted adaptive properties to
a polymer electrolyte matrix, enabling force and expansion
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responses under electric fields through the polarization of
PPy(DBS) particles.

Experimental results confirmed the A-PE's adaptive
behavior. Atomic force microscopy (AFM) measurements
revealed an expansion response of films of up to 6% strain
under a field of 0.3 V um ™", repeatable over several cycles, with
reduced expansion observed at lower electric field strengths.
Block force response measurements showed a corresponding
increase in force with higher electric field (starting from 0.1 V
pum~') and greater PPy(DBS) loading. These findings are
consistent with the hypothesis that the adaptive response is
driven by the polarization of PPy(DBS) particles, a behavior
commonly observed in electrorheological fluids and
elastomers.”*® However, the direct alignment of PPy(DBS)
particles in solid films was not observed and remains an area for
further exploration.

The incorporation of PPy(DBS) particles affected the polymer
matrix by inhibiting UV curing, lowering the insoluble fraction
of the film and restricting the PPy(DBS) particle amount to
~1 wt% of polymer and monomer content (equivalent to
~0.45 wt% or ~8 vol% of final film). Despite these constraints
during the synthesis process, the films remained electrical
insulators with no significant increase in electrical conductivity,
indicating that the percolation threshold was not reached.
Furthermore, no substantial trends were observed in the elec-
trochemical performance of the polymer electrolytes at 25 °C
with increasing amounts of PPy(DBS). The amorphous structure
of the films showed only minor changes with the amounts of
PPy(DBS) incorporated in this study.

Beyond LIMSSBs, this adaptive polymer concept shows
promise for other applications, such as low voltage soft actua-
tors. Further research should focus on characterizing the
reversibility of the adaptive response, residual expansion upon
relaxation, and direct observation of PPy(DBS) particle align-
ment in solid films. Exploring synthesis methods that allow for
the addition of more PPy(DBS) is also of interest to determine if
there is an optimal amount before the films become electrically
conductive. Additionally, evaluating the performance of the A-
PE as a thin interlayer (ideally <10 um thick) between the
lithium metal anode and ceramic solid electrolyte in full
LIMSSBs will be critical to understanding its potential to miti-
gate interfacial changes upon lithiation/delithiation, and its
effects on battery durability.
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