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Synergistic Enhancement of Mechanical and
Electrochemical Properties in Grafted Polymer/Oxide
Hybrid Electrolytes

Felix Scharf, Annalena Krude, Peter Lennartz, Moritz Clausnitzer, Gourav Shukla,
Annika Buchheit, Fabian Kempe, Diddo Diddens, Pascal Glomb, Melanie M. Mitchell,
Timo Danner, Andreas Heuer, Arnulf Latz, Martin Winter, and Gunther Brunklaus*

Lithium metal batteries operated with high voltage cathodes are predestined for
the realization of high energy storage systems, where solid polymer electrolytes
offer a possibility to improve battery safety. Al2O3_PCL is introduced
as promising hybrid electrolyte made from polycaprolactone (PCL) and Al2O3

nanoparticles that can be prepared in a one-pot synthesis as a random mixture
of linear PCL and PCL-grafted Al2O3. Upon grafting, synergistic effects of
mechanical stability and ionic conductivity are achieved. Due to the mechanical
stability, manufacture of PCL-based membranes with a thickness of 50 μm is
feasible, yielding an ionic conductivity of 5·10−5 S cm−1 at 60 °C. The membrane
exhibits an impressive performance of Li deposition in symmetric Li||Li cells,
operating for 1200 h at a constant and low overvoltage of 54 mV and a current
density of 0.2 mA cm−2. NMC622 | Al2O3_PCL | Li cells are cycled at rates of
up to 1 C, achieving 140 cycles at >80% state of health. The straightforward
synthesis and opportunity of upscaling as well as solvent-free polymerization
render the Al2O3_PCL hybrid material as rather safe, potentially sustainable
and affordable alternative to conventional polymer-based electrolytes.

1. Introduction

All-solid-state batteries that operate without volatile flowable
components might improve the overall operational safety of
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secondary batteries, potentially enabling
the application of higher capacity anodes
such as silicon or lithium metal.[1–3] How-
ever, both promising anodes may suffer
from substantial volume changes upon
cycling, that solid electrolyte separators
are required to sufficiently withstand or
even counteract electrochemical perfor-
mance losses or cell capacity fading im-
posed by mechanical strain, including is-
sues of limited reversibility of Li inven-
tory arising from eventually inhomoge-
neous lithium deposition.[4] In this respect,
polymer electrolytes and polymer artificial
solid electrolyte interphases might consti-
tute versatile options, since their adjustable
mechanical and adhesive properties facil-
itate reasonable contacts at electrode in-
terfaces even at conditions of lower pres-
sure operation of solid-state batteries.[5]

In recent years, many polymer systems
were explored to possibly go beyond the

established poly(ethylene oxide), including poly(nitriles),
carbonyl-coordinating polymers, and hydrogen-bonding ma-
terials derived from poly(alcohols) or poly-(amines), respectively,
as well as poly(caprolactones).[6,7] Nevertheless, efforts are still
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Figure 1. Schematic representation of the grafting process and chain growth of 𝜖-caprolactone onto Al2O3 nano-particles by surface-initiated ring-
opening polymerization, exploiting present hydroxyl moieties. Note that the compound Sn(Oct)2 represents tin(II) 2-ethylhexanoate, the catalyst invoked
for the ring-opening polymerization.

required to boost fast-charge capability of currently available
polymer electrolytes and compatibility with higher voltage
cathodes without limiting mechanical stability of the respec-
tive polymer membranes. Various strategies were developed
to establish compromises among the conflicting demands of
ionic conductivity and mechanical properties, where a rather
promising approach includes manufacture of polymer blends
or tailored copolymers.[8] Other strategies invoke cross-linking
of polymer constituents, addition of ceramic fillers, or infil-
tration into (often polymer-based) support matrices.[6,9–11] In
contrast, ceramic electrolytes may combine superior mechanical
strength with sufficiently good ionic conductivity, though their
low ductility renders processing challenging while their rigid
surfaces could lead to insufficient interfacial contacts and thus
high cell impedance.[12] Notably, balancing of ionic conductivity,
mechanical strength, adhesive properties and ductility is fea-
sible when designing so-called hybrid electrolytes. Thus, in
the present work, we focus on ceramic-in-polymer hybrid
electrolytes, exploiting ceramic particles for a direct grafting
of polymers, in this way yielding polymer brushes that afford
properties quite similar to star-like polymers, depending on
the brush length, ceramic particle sizes, size distribution and
available surface functionalities, respectively.[13,14] Here, ce-
ramic particles could either afford intrinsic ionic conductivity
or merely be exploited as inert fillers. Available compounds
such as lithium lanthanum zirconium oxide (LLZO) or lithium
aluminum titanium phosphate (LATP) might boost the overall
ionic conductivity upon polymer grafting, but eventually suf-
fer from surface reactivity or instability against lithium metal
electrodes and the abundant presence of structural lithium that
does not contribute to the charge carrier transport.[15] Inert
ceramics including Al2O3, TiO2 or SiO2 are readily available
as commercially produced nanomaterials and were employed
as inorganic fillers in polymer electrolytes, adjusting the vis-
coelastic properties of the hybrid electrolytes.[9,16,17] In case of
semi-crystalline polymers such as PEO, poly(vinylidene fluoride)
(PVdF) or poly(acrylonitrile) (PAN), an addition of inorganic
fillers mechanically may soften the electrolytes, hence limit-
ing the actual degree of crystallinity.[18,19] This also applies to

semi-crystalline poly(caprolactone) (PCL), which was blended
with nano-fillers such as hexagonal boron nitride (h-BN), TiO2
or Al2O3, respectively.[20,21] Notably, the ionic conductivity of
PCL increases to 1·10−4 S cm−1 at 60 °C upon addition of
Al2O3 compared to pristine PCL polymer electrolytes (8·10−5 S
cm−1 at 60 °C). Also, PCL-based systems afford higher lithium
transference numbers that contribute to an overall better ionic
conductivity than reported for PEO-based materials, accom-
panied by limited polarization effects of the cells.[6] Since in
theory, anion drift velocities are associated with lithium dendrite
propagation, a lower anion mobility might be beneficial for
more homogeneous lithium deposition and better reversibility
of Li inventory.[22] However, PCL-based polymers may encounter
mechanical instability at elevated temperatures, owing to their
lower melting point compared to PEO-based separators.[8] To
overcome this challenge, while accounting for a scalability of the
synthetic approach, a hybrid polymer made from Al2O3 particles
grafted with PCL polymer is introduced. Due to covalent bonds
among polymer moieties and particle surface hydroxyl groups,
3D networks with enhanced mechanical properties are obtained,
providing better compatibility of the constituents while avoiding
macro-phase separation and nanoparticle agglomeration.[23,24]

Motivated by reports of PEO/PEG grafted onto either SiO2 or
Al2O3 particles, where highly increased ionic conductivities
were presented[23–26] and expanding on our recently introduced
beyond-PEO hybrid concept,[10] the suitability of PCL-grafted
ceramic particles as all-dry solid polymer hybrid electrolyte in
lithium metal-based batteries (LMBs) is explored. To the best
of our knowledge, this approach is reported for the first time.
Notably, the presented experimental and simulated data are
intended as proof-of-concept that provides original insights and
opportunities for the design of a new type of PCL-based hybrid
electrolytes.

2. Results and Discussion

In an attempt to establish an all-dry beyond-PEO materials de-
sign concept, the hybrid polymer electrolyte Al2O3_PCL (ran-
dom mixture of polymer grafted particle and linear bulk polymer,
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Figure 2. a) TGA curves of PCL-Al2O3 and pristine Al2O3 particles and b) DSC curves of Al2O3_PCL and Al2O3_PCL_onlymix electrolyte membranes.

with 20 wt.% of Al2O3) is introduced, that is made by grafting
of poly(caprolactone) (PCL) onto Al2O3 nano-particles (Figure 1).
The ratio of 20 wt.% showed the best performance in terms of
conductivity and mechanical properties (see in the Supporting
Information). The reaction comprises straightforward surface-
initiated ring-opening polymerization where both grafted poly-
mer and linear PCL polymer are produced.[27] From size exclu-
sion chromatography (SEC) analysis, a molar mass Mw of 40 kg
mol−1 was experimentally determined for linear PCL, which is
formed concurrently with grafted polymer (Figure S3, Support-
ing Information). It is assumed that in view of the reaction con-
ditions, the grafted PCL chains will likely reflect a similar mo-
lar mass distribution as the linear PCL, in agreement with rhe-
ological data (vide supra, see below). Since Al2O3 nano-particles
are readily dispersed within the liquid monomer 𝜖-caprolactone,
no additional solvents are required for the reaction, hence
avoiding subsequent removal of residual and potentially harm-
ful solvents.[6]

2.1. Synthesis and Thermal Characterization

Notably, the Al2O3_PCL synthesis reflects a straightforward
one-pot reaction where no complex or additional intermediate
steps are required for grafting of the particles, refraining from
surface functionalization based on for example silyl ethers. In
view of potential application in batteries, sufficient availability
and scale-up of the electrolyte materials are highly important.
Up to 500 g of Al2O3_PCL were successfully produced in a 2
L reactor (Figure S13, Supporting Information), and even at
laboratory scale, the precursor costs for Al2O3_PCL manufacture
are rather affordable when comparing the starting materials
ɛ-caprolactone and Al2O3 nano-particles with commercially
available PEO variants. Since poly(caprolactone) is potentially
biodegradable, the hybrid electrolytes Al2O3_PCL could in prin-
ciple be considered as sustainable alternative to conventional
liquid electrolytes.[28] Thermogravimetric analysis (TGA) was
performed to probe successful grafting of PCL onto Al2O3
nano-particles, comparing mass losses in the temperature range
(25–900 °C) of both the pristine Al2O3 nano-particles and PCL

grafted Al2O3 particles (Figure 2a). Note that the PCL grafted
Al2O3 particles were separated from bulk linear PCL polymer
by washing with THF and subsequent ultrasonic treatment.
Pristine Al2O3 nano-particles exhibit a small and uniform
weight loss of 0.5 wt.%, whereas in case of PCL-grafted Al2O3,
a weight loss of 4 wt.% occurs in the temperature range of
(200–400 °C), attributed to covalently bonded PCL.[27] For
comparison, TGA data of pristine PCL was also obtained,
where the mass loss occurs in a similar temperature range
compared to PCL-grafted Al2O3 (Figure S5, Supporting
Information).

The corresponding hybrid polymer membranes were manu-
factured by a solvent-free approach, though production from so-
lution casting is feasible. Notably, dry melt processing avoids
evaporation of residual solvents within the membrane, that may
result in side reactions or misinterpretation of electrochemical
data. Upon preparation of the PCL-based polymer electrolytes,
the conducting salt LiTFSI was added at a [C = O]/[Li] ratio
of 5:1, reflecting a Li ion concentration of 1.752 mol kg−1. It
should be emphasized that reasonably thin Al2O3_PCL mem-
branes (Figure 3) with an average thickness of 50 μm were fabri-
cated, which is considered as favorable in view of higher energy
densities to be achieved in case of Al2O3_PCL-based NMC||Li
cells.[29]

Upon exploiting extrusion and heated roll pressing, it may
be possible to produce larger quantities of Al2O3_PCL mem-
branes continuously, thereby further thinning the Al2O3_PCL
membranes, which, however, is beyond the scope of the cur-
rent work. Differential Scanning Calorimetry (DSC) measure-
ments were performed to analyze the impact of PCL-grafting
on the resulting physical properties of the polymer electrolyte,
yielding both the glass transition temperature (Tg) and melting
point (Tm) (Figure 2b). Al2O3_PCL was compared with blends
of linear PCL and pristine Al2O3 nano-particles (denoted as
Al2O3_PCL_onlymix); the respective mass fractions of inorganic
particles and salt were the same in both cases. The chain length
of linear PCL polymer corresponds to the chain length of bulk
linear PCL (45.000 g mol−1) resulting from Al2O3_PCL synthe-
sis. Note that the particle size of the Al2O3 was 300 nm. The
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Figure 3. a) Example of a 1.2 g Al2O3_PCL membrane produced by hot-pressing, and b) mechanical handling of the corresponding Al2O3_PCl discs for
cell assembly.

corresponding Tg values of Al2O3_PCL and Al2O3_PCL_onlymix
amount to −32 and −33 °C, respectively, while the Tm in
both cases is 46 °C. Also, the electrolyte membrane heat ca-
pacities were determined, yielding a higher specific heat ca-
pacity for the electrolyte membranes made from Al2O3_PCL
(1.0152 kJ kg−1 K−1) compared to Al2O3_PCL_onlymix (0.8797 kJ
kg−1 K−1). Note that the heat capacities were derived below the
Tg of the two materials. An increase in specific heat capac-
ity can be noted based on the integral of heat over tempera-
ture (a curve shift in Y direction),[30] reasonably indicating that
the mobility within the PCL-grafted material is more limited
with respect to plain mixtures of PCL-polymer and Al2O3 nano-
particles.[30] The second heating ramp during the DSC measure-
ment (see Figure S6, Supporting Information) demonstrates that
Al2O3_PCL no longer exhibits a melting point, whereas a minor
peak is visible in case of Al2O3_PCL_onlymix, clearly indicative
of minor fractions of crystalline structures present in the
samples.

2.2. Mechanical Characterization

Upon grafting, a formation of covalent bonds between PCL and
Al2O3 nano-particles occurs, in this way changing the mechanical
features of the electrolyte membranes, as evidenced based on the
corresponding storage and loss moduli determined from the rhe-
ological measurements. In particular, the moduli of Al2O3_PCL
were compared to a blend of linear PCL and Al2O3 nano-particles
(Al2O3_PCL_onlymix) (Figure 4a) at a temperature of 60 °C. In-
deed, the storage modulus G’ and loss modulus G″ of viscoelas-
tic compounds provide information on the amount of energy that
can be stored in the elastic fraction, while the energy dissipated as
heat reflects the viscous fraction. If a storage modulus exceeds the
loss modulus, then the material is considered as predominantly
elastic, which is the case for Al2O3_PCL, whereas the blend ap-
pears more as a viscous fluid.[31] This is also illustrated by the
loss factor tan 𝛿 (Figure 4b), which is the ratio of loss and storage
modulus (tan 𝛿 = G′′/G′). Though the Al2O3_PCL is completely

Figure 4. a) Storage (G´) and loss moduli (G´´) as well as b) loss factor tan 𝛿 versus angular frequency in case of Al2O3_PCL and Al2O3_PCL_onlymix
electrolyte membranes at 60 °C.
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Figure 5. a) Temperature-dependent overall ionic conductivities of Al2O3_PCL, Al2O3_PCL_onlymix, LPCL and GCD-PCL, respectively, and b) the LSV
curve of Al2O3_PCL at a scan rate of 1 mV s−1.

amorphous at 60 °C, as the Tm is 46 °C, it has the properties of a
solid.

In agreement with previous reports, the storage modulus
G′ tends to increase upon addition of polymer-grafted nano-
particles, provided that the respective polymer matrix molecu-
lar weight is comparable to the molecular weight of the grafted
polymers.[32] Due to the invoked in situ polymerization pro-
cess, this condition can be considered as fulfilled for the intro-
duced hybrid polymer electrolytes, in agreement with available
rheological data. Increasing the mechanical stability of polymer
electrolytes is not only advantageous for producing thin mem-
branes, but is also helpful in suppressing or limiting lithium
dendrites.[33] Due to the higher storage modulus of the grafted
system, higher pressures can be applied to the hybrid polymer
electrolyte upon cell operation without damaging it. In addition
to improved lithium dendrite suppression, this can also result in
a reduction of charge transfer resistances.[34] In comparison to
PCL-based polymer electrolytes known from the literature and
the Al2O3_PCL_onlymix, the mechanical properties of the hy-
brid polymer electrolyte Al2O3_PCL could be notably improved
by grafting.

2.3. Charge Transport Properties

Previously reported PCL-based electrolytes achieved the highest
ionic conductivity at a ratio of 5:1 [C = O]/[Li], with Al2O3_PCL
affording an ionic conductivity of 0.053 mS cm−1 at 60 °C at this
concentration.[6,35] It is apparent that in case of Al2O3_PCL, the
mechanical properties of poly(caprolactone) were considerably
boosted without overly compromising the achievable ionic con-
ductivity, as shown by electrochemical impedance spectroscopy
data (Figure 5a). Linear PCL (LPCL) was compared to both a
mixture of Al2O3 particles and LPCL (Al2O3_PCL_onlymix) and
Al2O3_PCL, as well as to a PCL-grafted electrolyte from previous
work (cyclodextrin ring grafted with poly(caprolactone): GCD-
PCL).[10] Note that compared to GCD-PCL (0.014 mS cm−1 at
60 °C) the resulting ionic conductivity was notably higher, high-
lighting the benefits of grafting onto ceramic particles, whereas

the ionic conductivities of LPCL (0.033 mS cm−1 at 60 °C)
and Al2O3_PCL_onlymix (0.04 mS cm−1 at 60 °C) are compa-
rable. A comparison with other PCL-based electrolyte systems
also shows an improvement in ionic conductivity (Table S4,
Supporting Information).[6,10] For the three systems Al2O3_PCL,
Al2O3_PCL_onlymix and LPCL, a change in the slope of the curve
between 30 and 40 °C can be observed (Figure 5a). This observa-
tion correlates with the DSC data, where the polymers started a
transformation from crystalline to amorphous phases already at
30 °C (Figure 2b).

Note that the slope of the curve (see Figure 5a) represents
an apparent activation energy required for ion transport within
the polymer electrolytes; above 30 °C the required activation en-
ergy is lower due to the higher mobility of the polymer chains
(Ea ≈52 kJ mol−1 for Al2O3_PCL). However, in both cases, be-
low and above the melting point, the ionic conductivity follows
an Arrhenius-type behavior (that is, a linear dependence of ionic
conductivity with temperature). In case of Al2O3_PCL_onlymix
and LPCL, the change in activation energy was even more pro-
nounced than observed for the hybrid electrolyte Al2O3_PCL,
which most likely indicates the presence of a higher propor-
tion of amorphous structures within Al2O3_PCL.[36,37] In addi-
tion to ionic conductivity, the lithium transference number of
Al2O3_PCL was determined, yielding t+ = 0.65, which is simi-
lar to other PCL-based electrolytes.[38] In contrast, transference
numbers of PEO-based electrolytes are around t+ = (0.1–0.3).[39]

A linear sweep voltammetry measurement was performed to de-
termine the electrochemical stability window (ESW), revealing an
ESW of ≈5 V, as determined by a cut-off current density of 0.1 mA
cm−2 (Figure 5b).

2.4. MD Simulation

Molecular dynamics (MD) simulations were performed for
the concentrated polymer brush region of PCL-grafted Al2O3
nanoparticles. The simulation was carried out for a simulation
box with a size of ≈5.78 × 4.96 × 20 nm3 and a 3-nm-thick slab
of filler material (Al2O3) in the center with polymer chains made
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from five repeating units that have been grafted onto the nanopar-
ticle surfaces (Figure 6). Two grafting densities Γ, with 16 and 64
grafted PCL chains on the total surface area of 28.67 nm2, were
considered, corresponding to number densities of Γ = 0.56 and
2.23 PCL chains per nm2 of Al2O3 surface area, respectively.

Figure 6a shows two representative snapshots of the simu-
lated polymer systems, representing two different grafting den-
sities (left: 0.56 PCL chains per nm2; right: 2.23 PCL chains
per nm2). It is apparent that for the smaller grafting density,
the grafted chains are rather coiled as compared to the system
with the higher grafting density, in which the chains adapt rather
stretched conformations. Figure 6b displays corresponding den-
sity profiles for grafted and non-grafted PCL monomers for dif-
ferent positions along the z-coordinate normal to the Al2O3 sur-
face, in addition to the respective charge carrier density profiles
(Li+ and TFSI). It is observed that while for the system with Γ
= 0.56 nm−2 some of the non-grafted PCL chains are in direct
contact with the Al2O3 surface, the corresponding density decays
to zero within the grafted region for the system with the higher
grafting density of 2.23 nm−2. This is in line with de Gennes
theory, predicting that for sufficiently high grafting densities the
non-grafted chains are expelled from the grafted domains due to
entropic reasons.[40] However, it should be mentioned that the
PCL chains subjected to the MD simulations are too short to
fully reach the expected scaling regime, although other MD stud-
ies using PEO support de Gennes theory.[41] Notably, according
to theory, a linear scaling of the chain extension with the num-
ber of monomers is predicted for grafted chains in case of suf-
ficiently high grafting densities, whereas a square-root scaling is
anticipated in case of lower grafting densities and for non-grafted
chains.[40]

From the charge carrier density distribution, a certain layer-
ing near the Al2O3 interface due to the dipole arising from the
surface termination is noticed (Figure 6b), similar to other re-
cent MD studies of an interface between LLZO and (non-grafted)
PEO.[42–45] Since in the considered simulation setup the Al2O3
slab was obtained by cutting a periodic Al2O3 supercell, the re-
sulting structure of both surfaces is not identical. This has an
impact on the accumulation of charge carriers near the surface
in the domain of the grafted PCL chains, as in one case the Li+

ion peak directly at the interface is higher, whereas in the other
case the TFSI peak is larger.

Figure 6c exhibits the mean squared displacement (MSD) par-
allel and perpendicular to the Al2O3 surface as a function of po-
sition, evaluated on a time scale of 1 ns. The Li+ mobility is slow-
est close to the surface of the Al2O3 particles by up to one or-
der of magnitude as compared to regions that are 4–5 nm away
from the particle surface. This slowdown is present for both graft-
ing densities, and can likely be attributed to both direct interac-
tions between Li+ and the Al2O3 surface as well as to the lower
polymer chain mobility due to anchoring/grafting. Another re-
markable feature is that the MSDs for both grafting densities are
anisotropic, where the lithium ion mobility parallel to the Al2O3
surface is higher than in the perpendicular direction (Figure 6c).
Moreover, this effect is slightly more pronounced for the higher
grafting density. While in the immediate vicinity of the surface
such behavior might be expected, Figure 6c demonstrates that
the anisotropically enhanced diffusion extends even beyond the
region of the PCL brush into the domain of free PCL chains, un-

til the isotropic bulk behavior is recovered for large distances to
the surface. Although the observed anisotropy could partly be
related to slight structural ordering effects at the boundary be-
tween the grafted and the free PCL chains (see Figure S2, Sup-
porting Information), a certain degree of dynamical anisotropy
persists even beyond z = ± 5 nm, for which structural isotropy
of the bulk is recovered (Figure S2, Supporting Information). A
similar dynamical anisotropic behavior is observed for the MSD
of free PCL chains (Figure 6d). Notably, these findings are in
line with the density-dependent lubrication properties of grafted
polymer brushes in contact with a polymer melt,[46] although
it should be stressed that the latter mechanism was observed
under shear.

In total, one might therefore assume that the experimentally
observed increase of the ionic conductivity results from an en-
hanced segmental mobility of free PCL chains in the vicinity of
the grafted PCL brushes. This is also in line with the observation
that grafting PCL on a molecular species, such as in GCD-PCL,
rather than an oxidic surface does not result in improved trans-
port properties (Figure 5a). Importantly, the local enhancement
depends on the actual PCL-grafting density due to the fact that
the dynamical increase within the free PCL/grafted PCL bound-
ary region is larger for the higher grafting density. Here, fur-
ther optimization of this control parameter seems to be a viable
strategy for future materials design. Moreover, preliminary sim-
ulations of PCL grafted on an LLZO surface indicate that the
dynamical enhancement could be even larger than for Al2O3.
It should be stressed that additional enhancement mechanisms
of the polymer-based ion transport could be induced by longer
grafted chains employed experimentally, which will not be ob-
served from the present MD simulations using short PCL chains.
Due to the structural ordering predicted by de Gennes theory[40]

for sufficiently high grafting densities, the effective radius of
the nanoparticles would increase significantly in this limit. In
this way, an additional potentially modified lithium ion transport
mechanism within the grafted domain could even extend over
several hundred nanometers.

2.5. Conductivity Simulation

To develop a better fundamental understanding how such an en-
hancement of the local ion transport mechanisms affects the con-
duction properties on larger scales, additional continuum simu-
lations of the effective conductivity of the introduced hybrid elec-
trolytes were also performed, where the data served for inverse
analysis.

Figure 7 displays the simulated effective conductivities of the
considered hybrid electrolytes Al2O3_PCL, assuming the pres-
ence of a homogeneous layer with enhanced ionic conduc-
tivity around the Al2O3 nano-particles originating from graft-
ing of the polymer chains (brush). For the simulations, the
thickness of the layer with enhanced conductivity is varied
as is the ionic conductivity relative to bulk PCL polymer. A
comparison of simulation data and experimental results ob-
tained for the hybrid polymer electrolytes provides insights into
underlying effects that are likely responsible for the notice-
able increase in the overall ionic conductivity. Note that the
corresponding thickness of the grafted polymer layer can be

Small 2024, 20, 2404537 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404537 (6 of 14)
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Figure 6. a) Snapshots of the simulated systems with different grafting densities (0.56 and 2.23 PCL chains per nm2; gray: Al2O3, red: Li+, blue: TFSI,
green: grafted PCL, orange dots: free PCL). b) Corresponding number densities of grafted and non-grafted PCL chains as well as cations and anions as a
function of the distance z to the center of the Al2O3 slab. Mean squared displacements (MSDs) of c) the lithium ions and d) an average double bonded
oxygen atom in a PCL chain as a function of z (coordinate perpendicular to the PCL/Al2O3 interface) in parallel (x,y) and perpendicular direction (z) to
the interface. The dashed vertical lines in (c) and (d) indicate the position of the Al2O3 interface.

Small 2024, 20, 2404537 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404537 (7 of 14)
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estimated based on scaling methods from polymer theory,[40,47]

whereas experimental data from size exclusion chromatography
(SEC) analysis revealed a molar mass Mw of 40 kg mol−1 for
bulk PCL, whose chains could extent 20 to 250 nm, depend-
ing on the actual grafting density. However, certain key param-
eters, such as the actual grafting density, are experimentally not
readily accessible. Based on preliminary estimates and includ-
ing observations of MD simulations above, a layer thickness of
up to a few hundred nanometers in case of the stretched PCL
chains appears very plausible. Thus, in simulations, this thick-
ness is varied from 50 to 250 nm, respectively. At a thickness of
100 nm, a percolating network of the conductive polymer layers
starts to emerge, in this way providing pathways for faster ionic
conduction throughout the micro-structured polymer hybrid
electrolytes.

Upon comparison of the simulated ionic conductivities with
the experimentally derived values, the plausibility of the exploited
simulation parameters is assessed, also corroborating classifica-
tion of the observed ionic conductivity enhancements. At a layer
thickness of 50 nm, even a rather high increase of ionic conduc-
tivity within grafted polymer layers results in a minor overall en-
hancement of the effective conductivity, though with increasing
layer thickness, the corresponding volume fraction of the highly
conductive polymer rises notably in microstructure. At a thick-
ness of 100 nm, the experimentally measured conductivity of the
hybrid electrolytes is reached with an approximately eightfold in-
crease in ionic conductivity relative to bulk PCL polymer. At layer
thicknesses ranging between 150 and 250 nm, the boost of ionic
conductivity requires a factor of 2 up to 4. The MD simulations
indicate that a geometrical stretching of the PCL polymer chains,
facilitating Li ion transport, may account for the substantial in-
crease in the effective ionic conductivity within the considered
Al2O3_PCL hybrid electrolytes. In theory, an even more notable
increase in effective ionic conductivity is anticipated for polymers
with longer grafted chains (that is, polymers with a higher num-
ber of monomers, larger monomer size and optimized grafting

Figure 7. Impact of the simulated layer thickness of grafted polymer on the
effective conductivity of Al2O3_PCL hybrid electrolytes and comparison
with experimental data (dashed lines).

density)[40] and overall better charge carrier transport. This may
include a template effect in the outer semi-dilute brush region
where grafted polymer chains are interpenetrated by free (lin-
ear) polymer chains, effectively increasing the size of the graft-
ing layer. As the MD simulation demonstrated, interfacial ef-
fects do not contribute to the observable higher ionic conduc-
tivity at the regions near the Al2O3/grafted PCL interface. Con-
sidering the experimental data, a grafted molecular weight of
40 kg mol−1 would yield an up to 250 nm large grafting layer
where the corresponding lithium ion conductivity is boosted
by a factor of 2, which appears realistic in view of the simu-
lations. This increase is most likely to occur within the outer
layer (semi-dilute brush region), as the molecular dynamics sim-
ulation suggest a slowdown of Li mobility closer to the particle
surface.

2.6. Lithium Metal Anode Compatibility

To classify Al2O3_PCL as viable all-dry solid electrolyte suitable
for operation in lithium metal-based batteries, electrochemical
investigations of Al2O3_PCL in Li||Li cells were performed, also
accounting for reversible Li deposition and inventory as well
as capability for fast charge application. Hence, galvanostatic Li
metal stripping and plating experiments at current densities of
0.1 up to 1.1 mA cm−2 were done (Figure S7, Supporting Infor-
mation), in each case keeping the time for Li metal stripping and
plating constant at 1 h. As the actually applied current density
increases, so does the overvoltage in the cells, and at a rather
high current density of 1.1 mA cm−2, a dramatic increase in
overvoltage is noticed. It is assumed that at this current den-
sity, depletion of lithium ions near the electrode surfaces and
concentration polarization across the electrolyte occurred. Conse-
quently, the limiting current density for operation of Al2O3_PCL
amounts to 1 mA cm−2, which is comparably high for fully dry
polymer electrolytes.[10,48,49] However, we note that for polymer
electrolytes in general, even further improvement (>3 mA cm−2)
is needed to increase the suitability for practical applications.[50]

Since a reversible lithium deposition and formation of robust
SEI layers are of particular importance for potential longevity
of polymer-based cells, long-term lithium stripping/plating tests
were performed in Li||Li cells (Figure 8).

Note that ten cycles at a current density of 0.1 mA cm−2 were
performed, while for consideration of long-term stability, the
current density upon lithium stripping/plating was increased to
0.2 mA cm−2. In both cases, the time for stripping and plat-
ing was 1 h each, reflecting that subsequent NMC||Li cells were
charged and discharged at C-rates of up to 1 C. Figure 8b,c
displays typical voltage curves as a function of time for Li||Li
cells operated with Al2O3_PCL and PEO reference electrolyte. Af-
ter formation, the overvoltage of lithium deposition in case of
Al2O3_PCL hybrid electrolyte rises to 55 mV, which is twice as
high compared to lithium deposition at 0.1 mA cm−2 (27 mV), in
agreement with Ohm’s law. Both systems were cycled for>1000 h
(Figure 8a), equivalent to 500 cycles at a rate of 1 C, correspond-
ing to a theoretical cathode capacity of 0.2 mAh cm−2. In compar-
ison to other completely dry and solid polymer/oxide electrolyte
systems in the literature (Table S4, Supporting Information) and
in comparison to previous work, the number of cycles and the
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Figure 8. a) Long-term lithium plating/stripping performance of Li||Li cells operated with Al2O3_PCL and PEO reference electrolyte, and b) at a current
density of 0.1 mA cm−2 and 60 °C, c) at a current density of 0.2 mA cm−2 and 60 °C. Here, the corresponding membrane thickness was 50–60 μm for
both Al2O3_PCL and PEO.

current density were considerably increased.[6,10] Al2O3_PCL ex-
hibits cycling at very stable overvoltage even after operation for
1200 h, whereas the cells with PEO reference demonstrate a
higher and less robust overvoltage evolution (initially 64 mV at
0.2 mA cm−2) and cell failure evident at cycle 850. Indeed, the
continuous increase of overvoltage in case of PEO represents
insufficient SEI layer formation,[51] while the shape of the volt-
age curve clearly demonstrates arcing behavior for cells operated
with PEO, reflecting an occurrence of concentration polariza-
tion. In contrast, cells cycled with Al2O3_PCL hybrid electrolyte
exhibit a more rectangular shape of the voltage curve, suggest-
ing that charge carrier diffusion is less limited at these current
rates, in agreement with a significantly higher lithium transfer-
ence number for Al2O3_PCL electrolytes compared to the PEO
reference.[38,39]

2.7. Interfacial Charge Transfer

The interfacial charge transfer is evaluated by electrochemical
impedance spectroscopy (EIS) and distribution of relaxation
times (DRT) analysis. Impedance spectra of Li||Li cells were
recorded before and after ten plating/stripping cycles at a cur-
rent density of 0.1 mA cm−2 (0.1 mAh cm−2) at a temperature
of 60 °C (Figure 9c). The high frequency impedance (>100 kHz)
corresponds to the bulk resistance of the respective electrolyte,
that scales inversely with the ionic conductivity, and is substan-
tially lower in case of PEO. At a membrane thickness of 54 μm for
Al2O3_PCL and 48 μm for PEO, the derived ionic conductivities
are 5.4⋅10−5 and 2.1⋅10−4 S cm−1 for Al2O3_PCL and PEO (Table
1), respectively, and thus in good agreement with the values
obtained with blocking electrodes. Remarkably, the interfacial

Small 2024, 20, 2404537 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404537 (9 of 14)
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Figure 9. a) Constant current polarization of Li||Li cells containing PEO and Al2O3_PCL hybrid electrolytes at a current density of 0.1 mA cm−2 and
a temperature of 60 °C. b) Inset of the first polarization step; and c) impedance spectra of cells before and after plating/stripping experiments.
d) Corresponding DRT spectra.

resistances of Al2O3_PCL containing cells is half that of the PEO
containing cells, eventually contributing to the favorably low
overvoltage of 22 mV compared to 41 mV (Figure 9a). The Ohmic
drop (IR drop) is proportional to the bulk resistance and accounts
for almost half of the overvoltage for Al2O3_PCL (10 mV). In case
of cells with PEO, most of the observed overvoltage originates
from interfacial and mass transfer related resistances, as the
Ohmic drop is only 2 mV. The higher mass transfer resistance
for cells operated with PEO is also visible in the Nyquist and
DRT plots, as the typical Warburg-type impedance is much more
pronounced compared to Al2O3_PCL-based cells.

The interfacial and bulk resistances, corresponding time con-
stants and ionic conductivities are collected in Table 1. The val-

Table 1. Bulk resistances, ionic conductivities, interfacial resistances and
their corresponding characteristic time constants of Li||Li cells containing
PEO and Al2O3_PCL.

Li|PEO|Li Li|Al2O3_PCL|Li

Bulk resistance Rb (Ω cm2) 23 100

Ionic conductivity 𝜎 (S cm−1) 2.1 × 10−4 5.4 × 10−5

Interfacial resistance Rint (Ω cm2) 110 55

Characteristic time constant 𝜏 (s) 1.0 × 10−4 1.0 × 10−4

ues for the interfacial resistances were derived by integrating the
area of the DRT peaks between 10−3 and 10−6 s. With 55 Ω cm2,
the interfacial resistance of the Li|Al2O3_PCL|Li cell is relatively
low compared to other polymer electrolytes.[29] For comparison,
a benchmark value of 40 Ω cm2 was defined for inorganic solid
state electrolytes to sustain charging rates of 1 C.[52] Bulk resis-
tances represent the sum of the series resistances obtained from
DRT analysis and the integrated area of DRT spectra at time con-
stants <10−6 s.

2.8. Cell Cycling Performance

The respective C-rate and electrochemical cycling performance
of NMC622||Li cells operated with Al2O3_PCL was determined
at 60 °C (Figure 10). For formation of the cells, a rate of 0.1
C for three cycles and a rate of 0.5 C for three cycles were ap-
plied, following a previously defined protocol. Subsequently, to
establish rate performance and suitability for faster charge con-
ditions, three cycles each at 1 C, 2 C, and 5 C were applied to
the NMC622||Li cells, while the long-term cycling was monitored
at a rate of 1 C. In addition to Al2O3_PCL and PEO, the electro-
chemical performance of cells cycled with Al2O3_PCL_onlymix
separator was obtained. In the latter case, as shown in (Figure
S8, Supporting Information) all cells with Al2O3_PCL_onlymix

Small 2024, 20, 2404537 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404537 (10 of 14)
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Figure 10. a) C-rate performance at 0.1 C, 0.5 C, 1 C, 2 C, and 5 C; and b) long-term cycling performance at 1 C of NMC622||Li cells with Al2O3_PCL and
PEO separator, operated at 60 °C; dotted lines mark SOH 80 condition. The cathode active mass loading was 1.7 mg cm−2, a lithium foil with thickness
of 50 μm was utilized as anode, while the electrolyte membrane thickness ranged between 50 and 60 μm, respectively.

shorted after a few hours during the resting phase, attributed to
the rather poor mechanical properties of linear PCL, where the
simple addition of 20 wt.% Al2O3 nano-particles as ceramic filler
is insufficient to stabilize the resulting electrolyte membrane.
The C-rate test reveals that the achievable specific capacities of
cells in case of Al2O3_PCL are higher than those with PEO at all
C-rates. Even after straining of the cells at higher C-rates of up to 5
C, it can be seen that the initial specific capacity of 140 mAh g−1

for cells operated with Al2O3_PCL separator can be regained at
rates of 1 C, clearly illustrating the electrochemical stability and
application potential of the introduced Al2O3_PCL hybrid elec-
trolyte. In case of PEO, it is noticeable that the standard deviation
of the achievable specific capacity during cell formation was sig-
nificantly higher than for the remaining cycles, reflecting poor
stability of PEO against NMC cathodes at higher cell voltage (of
up to 4.3 V).[53–55] Indeed, long-term cycling of NMC622||Li cells
at 1 C demonstrates that Al2O3_PCL is much more electrochem-
ically stable than PEO, and the initially achieved specific capacity
is 12% higher than that of the cells with PEO electrolyte. The
capacity drop for the PEO cells at 0.1 C could be attributed to
parasitic side reactions with the NMC cathode material, which
is likely stabilized in the short term by the formation of a CEI,
as observed in the subsequent cycles. Even after more than 100
cycles at 1 C, the capacity of cells cycled with Al2O3_PCL is still
above the state-of-health (SOH) 80, whereas the cells with PEO
electrolyte suffer from strong capacity fading after a short opera-
tional time, reaching the limit of SOH 80 at the 60th cycle. The
Coulombic efficiency at the 100th cycle for cells operated with
Al2O3_PCL amounts to >99% compared to merely 73.5% in case
of PEO, in agreement with an occurrence of parasitic currents,
likely caused by PEO decomposition at the electrodes.[53,56]

In addition to the proof-of-concept lower mass loadings (≤
2 mg cm−2), the suitability of the all-dry solid hybrid polymer
electrolytes to potentially operate with higher mass loading cath-
odes was explored based on NMC622||Li cells and cathodes with
mass loadings of 6 mg cm−2. In order to contact the higher
mass-loading cathodes and cycle cells with Al2O3_PCL hybrid

electrolytes, a mixture of linear PCL and conductive lithium salt
(LiTFSI) was melted and infiltrated into the corresponding cath-
odes. The results of the C-rate test are shown in Figure 11.

Upon infiltration with linear PCL, it was possible to sufficiently
contact the cathodes, that at a C-rates of up to 0.1 C, specific
capacities of 150 mAh g−1 could be achieved, reflecting almost
full discharge of the cathodes, while at higher C-rates of 0.25 C,
merely 100 mAh g−1 discharge capacity was obtained. The drop
in specific capacity in case of the all-dry polymer cell system likely
results from charge carrier kinetic limitation within the porous
composite cathodes and across electrolyte-|electrode interfaces,
as well as presence of internal voids that are otherwise filled by
flowable liquid electrolytes.[57,58] The infiltration process could be

Figure 11. C-rate performance at rates of 0.05 C, 0.1 C, 0.25 C of
NMC622||Li cells operated with Al2O3_PCL separator, at a temperature of
60 °C. The cathode active mass loading was adjusted to 6 mg cm−2, a
lithium foil with thickness of 50 μm was utilized as anode, while the elec-
trolyte membrane thickness ranged between 50 and 60 μm, respectively.
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further optimized to achieve more complete contacts with the ac-
tive material particles. By using polymers with a lower viscosity
in the melt, the polymer could flow better into the cavities of the
cathode during melting. Note that the commercial cathodes were
already calendered prior to cell assembly and thus were com-
pressed; upon infiltrating the polymer upstream and then calen-
dering, the voids in the cathode would initially be larger, which
should facilitate pronounced polymer penetration. In case of all-
dry solid electrolyte systems, application of cathodes with higher
mass loadings is anything but trivial, as also documented based
on data available from current literature and patents (Table S2,
Supporting Information), where higher cathode mass loadings
were realized only when invoking non-volatile flowable compo-
nents such as PCL-based oligomers or other plasticizers.[10] An
alternative to non-volatile flowable catholytes could be tailored
composite cathodes whose intrinsic charge carrier transport
ability is notably boosted by the presence of argyrodites (that
is, a solid electrolyte is mixed with cathode active material dur-
ing cathode manufacture and processing). The latter may suffi-
ciently counteract kinetic limitations of charge carrier transport,
considering the exceptionally good ionic conductivity (of up to
25⋅10−3 S cm−1).[59,60] Indeed, preliminary electrochemical cy-
cling of NMC-Ni82||Li cells operated with argyrodite-based com-
posite cathodes with mass loadings of 6–7 mg cm−2 and
Al2O3_PCL electrolytes were already carried out, yielding spe-
cific capacities of 70 mAh g−1 at C-rates of 0.1 C, temperature
of 60 °C and a pressure of 12.5 MPa. Despite invoking so-called
“press cells”, the up to now unfavorably low achieved discharge
capacity is yet attributed to cell operation at lower pressure con-
ditions, which otherwise typically amount to up to 50 MPa in
case of argyrodites.[61–63] Such high-pressure conditions, how-
ever, appear too demanding even for the introduced mechanically
reinforced Al2O3_PCL hybrid polymer electrolytes, in principle
reflecting mechanical weakness of polymer-based compared to
available inorganic electrolytes. Nevertheless, no degradation of
Al2O3_PCl electrolytes in the presence of argyrodites was noticed,
emphasizing versatility of the hybrid electrolyte. While the re-
quired cell pressure could possibly be reduced by further opti-
mizing the respective cathode composition (which will be inves-
tigated in subsequent work), the demonstrated compatibility of
Al2O3_PCL with Li metal anodes in principle could facilitate fu-
ture hybrid NMC||Li cell designs that are operated with either
argyrodite or halide-based electrolytes and an Al2O3_PCL protec-
tive coating on the lithium metal electrode.

3. Conclusion

In this work, hybrid electrolytes Al2O3_PCL, based on
poly(caprolactone) polymer and aluminum oxide nano-particles,
are introduced and prepared by a one-pot grafting reaction of
Al2O3 nano-particles with caprolactone precursor. The solvent-
free polymerization of Al2O3_PCL is straightforward and suitable
for up-scaling to a kg batch size. Poly(caprolactone) in princi-
ple is biodegradable, environmentally friendly and affordable,
as are commercially available Al2O3 nano-particles, render-
ing the hybrid electrolyte potentially sustainable. Al2O3_PCL
could be produced as all-dry, flexible and mechanically robust,
free-standing membrane with a thickness of 50 μm, eventually al-
lowing polymer processing by extrusion and heated calendering

for automated production of even thinner polymer membranes.
Indeed, PCL-based electrolytes are an attractive alternative to
PEO-based electrolytes, attributed to higher lithium transference
numbers and lithium ion conductivities compared to PEO-based
materials. Lithium metal could be reversibly stripped and plated
in Li||Li cells at comparatively high current densities of up to
0.2 mA cm−2 for more than 1200 h, where Al2O3_PCL exhibited
a favorably low overvoltage of 54 mA. The mechanical weakness
of pristine PCL-based systems could be eliminated by grafting,
that is formation of covalent bonds among Al2O3 nano-particles
and PCL. Grafting also showed in this case a decoupled behavior
for the ionic conductivity from mechanical stability of the hybrid
polymer electrolyte, enabling better mechanical stability and
increased ionic conductivity. The latter results from a local
increase in ionic conductivity in areas of the grafted chains in
the vicinity of the ceramic particle surfaces. The determined
electrochemical stability window (ESW > 5 V) enabled cycling
of Al2O3_PCL against higher voltage cathodes materials such
as NMC622, yielding SOH >80% for more than 140 cycles in
NMC622||Li cells at C-rates of up to 1 C. In summary, this work
provides a proof-of-concept for exploitation of PCL-grafted ce-
ramic particles as hybrid electrolyte in lithium metal batteries.
Though the Al2O3_PCL is still not a fully optimized system
in terms of particle/polymer ratio, grafting density, and other
conditions, the significant potential of these new type of hybrid
electrolytes is evident. The described concept can be expanded
by invoking differently conditioned ceramic materials with
variable particle sizes and shapes, allowing for a variety of
range PCL-based hybrid materials. Note that key factors such as
particle size, chain length of the grafted polymer chains, chain
length of the polymers, particle/polymer ratio, grafting density
on the particle surface, and many others affect the achievable
mechanical and electrochemical properties (including ionic
conductivity) of the grafted hybrid electrolytes, and further com-
putational efforts could corroborate identification of promising
hybrid electrolytes with tailored properties. Since the presented
data of this work emphasizes the potential of polymer-grafted
ceramic particle hybrid electrolytes, it should be considered as
an incentive to further explore the concept of grafting for the
design of hybrid electrolytes based on synergistic effects that are
readily up-scalable and suitable for operation in metal-based cell
chemistries. We emphasize, that even under more challenging
conditions, this approach will pave ways for new beyond-PEO
polymer based solid state electrolytes.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors gratefully acknowledge generous support by the German Fed-
eral Ministry of Education and Research (BMBF) within the projects “FB2-
POLY” (grant: 13XP0429A), “FB2-Hybrid” (grant: 13XP0428A) and “FB2-
TheoDat” (grant: 03XP0435A/E). The authors would also like to thank: Se-
bastian Puls, for support and testing of composite argyrodite cathodes;
Prof. Dr. Jürgen Janek (Univ. Giessen) and his team, for providing the com-
posite argyrodite cathode for early testing; and Melania Kozdra (University

Small 2024, 20, 2404537 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404537 (12 of 14)

 16136829, 2024, 47, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202404537 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [25/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

of Uppsala) for helpful discussions and help with the analysis of the MD
data.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
The manuscript was written through contributions of all authors. All au-
thors have given approval to the final version of the manuscript. F.S. per-
formed Conceptualization, Investigation, Wrote the Original Draft. A.K.,
P.L., A.B., F.K., P.G., M.M.M. performed Investigation. M.C. and G.S. per-
formed Simulations. D.D. and T.D. performed Simulations and Editing.
A.H., A.L., M.W., and G.B. performed Supervision, Funding Acquisition,
Wrote the Original Draft, Review & Edited the final manuscript.

Data Availability Statement
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords
alumina, dry electrolyte, grafted oxide particles, hybrid electrolyte, lithium
metal, poly(caprolactone), solid electrolyte, solid-state batteries

Received: July 24, 2024
Published online: August 26, 2024

[1] S. Kim, G. Park, S. J. Lee, S. Seo, K. Ryu, C. H. Kim, J. W. Choi, Adv.
Mater. 2023, 35, 2206625.

[2] M. Je, D.-Y. Han, J. Ryu, S. Park, Acc. Chem. Res. 2023, 56, 2213.
[3] G. Brunklaus, P. Lennartz, M. Winter, Nat. Rev. Electr. Eng. 2024, 1,

79.
[4] P. Minnmann, F. Strauss, A. Bielefeld, R. Ruess, P. Adelhelm, S.

Burkhardt, S. L. Dreyer, E. Trevisanello, H. Ehrenberg, T. Brezesinski,
F. H. Richter, J. Janek, Adv. Energy Mater. 2022, 12, 2201425.

[5] J. Li, Y. Cai, H. Wu, Z. Yu, X. Yan, Q. Zhang, T. Z. Gao, K. Liu, X. Jia, Z.
Bao, Adv. Energy Mater. 2021, 11, 2003239.

[6] Y. Chen, Y. Hsieh, K. L. Liu, L. Wichmann, J. H. Thienenkamp, A.
Choudhary, D. Bedrov, M. Winter, G. Brunklaus, Macromol. Rapid
Commun. 2022, 43, 2200335.

[7] J. Mindemark, M. J. Lacey, T. Bowden, D. Brandell, Prog. Polym. Sci.
2018, 81, 114.

[8] A. Bergfelt, M. J. Lacey, J. Hedman, C. Sångeland, D. Brandell, T.
Bowden, RSC Adv. 2018, 8, 16716.

[9] J. Weston, B. Steele, Solid State Ionics 1982, 7, 75.
[10] Y. Chen, P. Lennartz, K. L. Liu, Y. Hsieh, F. Scharf, R. Guerdelli, A.

Buchheit, M. Grünebaum, F. Kempe, M. Winter, G. Brunklaus, Adv.
Funct. Mater. 2023, 33, 2300501.

[11] Z. Zhang, G. Z. YingHuang, L. Chao, Energy Storage Mater. 2021, 41,
631.

[12] X. Yu, A. Manthiram, Energy Storage Mater. 2021, 34, 282.
[13] D. F. Sunday, D. L. Green, Macromolecules 2015, 48, 8651.
[14] M. McEwan, D. Green, Soft Matter 2009, 5, 1705.
[15] C. Huang, Z. Li, S. Duan, S. Xie, S. Yuan, S. Hou, G. Cao, H. Jin, J.

Power Sources 2022, 536, 231491.

[16] J. I. Kim, Y. Choi, K. Y. Chung, J. H. Park, Adv. Funct. Mater. 2017, 27,
1701768.

[17] T. Eriksson, J. Mindemark, M. Yue, D. Brandell, Electrochim. Acta
2019, 300, 489.

[18] Y. L. Ni’mah, Z. H. Muhaiminah, S. Suprapto, Polymers 2021, 13,
4240.

[19] T. Wang, M. Zhang, K. Zhou, H. Wang, A. Shao, L. Hou, Z. Wang, X.
Tang, M. Bai, S. Li, Y. Ma, Adv. Funct. Mater. 2023, 33, 2215117.

[20] D. Pei, Z. Liu, R. Ma, S. Huang, S. Hou, M. Liu, G. Cao, H. Jin, Chem.
Eng. J. 2022, 446, 136827.

[21] Y. Li, M. Liu, S. Duan, Z. Liu, S. Hou, X. Tian, G. Cao, H. Jin, ACS Appl.
Energy Mater. 2021, 4, 2318.

[22] K. Borzutzki, J. Thienenkamp, M. Diehl, M. Winter, G. Brunklaus, J.
Mater. Chem. A 2019, 7, 188.

[23] Z. Jia, W. Yuan, H. Zhao, H. Hu, G. L. Baker, RSC Adv. 2014, 4, 41087.
[24] E. Fedeli, O. Garcia-Calvo, A. Gutiérrez-Pardo, T. Thieu, I. Combarro,

R. Paris, J. Nicolas, H.-J. Grande, I. Urdampilleta, A. Kvasha, Solid
State Ionics 2023, 392, 116148.

[25] S. Choudhury, S. Stalin, Y. Deng, L. A. Archer, Chem. Mater. 2018, 30,
5996.

[26] Y. Kim, S. J. Kwon, H. Jang, B. M. Jung, S. B. Lee, U. H. Choi, Chem.
Mater. 2017, 29, 4401.

[27] B. He, L. Zhou, RSC Adv. 2015, 5, 97764.
[28] C. G. Pitt, F. I. Chasalow, Y. M. Hibionada, D. M. Klimas, A. Schindler,

J. Appl. Polym. Sci. 1981, 26, 3779.
[29] P. Lennartz, B. A. Paren, A. Herzog-Arbeitman, X. C. Chen, J. A.

Johnson, M. Winter, Y. Shao-Horn, G. Brunklaus, Joule 2023, 7,
1471.

[30] M. Sorai, Comprehensive handbook of calorimetry and thermal analysis,
John Wiley & Sons, Hoboken, NJ, USA 2004.

[31] A. Frank, T. I. Germany, Viscoelasticity and dynamic mechanical testing,
TA Instruments, New Castle, DE 1993.

[32] M. Giovino, J. Pribyl, B. Benicewicz, S. Kumar, L. Schadler, Polymer
2017, 131, 104.

[33] P. Barai, K. Higa, V. Srinivasan, J. Electrochem. Soc. 2018, 165, A2654.
[34] P. Roering, G. M. Overhoff, K. L. Liu, M. Winter, G. Brunklaus, ACS

Appl. Mater. Interfaces 2024, 16, 21932.
[35] J. Mindemark, B. Sun, E. Törmä, D. Brandell, J. Power Sources 2015,

298, 166.
[36] D. K. Pradhan, B. K. Samantaray, R. N. P. Choudhary, A. K. Thakur,

Ionics 2005, 11, 95.
[37] S. Ibrahim, S. M. Mohd Yasin, N. M. Nee, R. Ahmad, M. R. Johan,

Solid State Commun. 2012, 152, 426.
[38] T. Eriksson, A. Mace, J. Mindemark, D. Brandell, Phys. Chem. Chem.

Phys. 2021, 23, 25550.
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