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ABSTRACT

Multifunctional energy storage for use in the automotive or aeronautic field promises to resolve
current limits in energy density, by providing energy storage without the penalty of additional weight.
Reinforcing conventional battery systems and integration into composite structures allows to
manufacture panels with multifunctional energy storage. The integrated batteries, though, are required
to sustain similar mechanical stress at similar weights as the composite materials they are exchanged
with. This requirement poses quite a challenge considering that conventional batteries are just a layup
of three composite sheets (anode, cathode, and separator), soaked with a liquid electrolyte. Therefore,
many attempts to improve the mechanical properties of battery layups have been conducted with mixed
results. Especially the low mechanical strength of the electrolyte has been the focus of recent research.

In this work, PVVdF-based thermoplastic materials are investigated for use in multifunctional energy
storage cells and compared with thermoset materials. The morphological, electrochemical and
mechanical properties of the prepared electrolyte films are investigated by physico-chemical methods
and discussed for their application in multifunctional energy storage units. Vital challenges regarding
processability, adhesion, and thermal stability, which are often neglected, are highlighted in this work.

1 INTRODUCTION

Multifunctional energy storage solutions are of upper most interest for the mobility sector, including
both the aviation and automobile industry, as considerable overall weight savings are expected upon
implementation. Several different integration studies have been conducted showing the potential of this
upcoming technology. Nevertheless, a clear strategy on how to realize multifunctional electrical energy
storage, especially at larger scale, has not been established yet. One promising approach is to adopt
components of conventional energy storage systems, i.e. electrodes and electrolytes, and reinforce them
with mechanically strong matrices to obtain multifunctional materials [1-3].

Regarding the three main battery components, i.e. cathode, anode, and electrolyte, the latter is the
weakest link regarding mechanical strength. In conventional battery cells, the electrolyte is composed
of a thin, porous separator soaked with a carbonate-based liquid electrolyte. The soaked separator shows
even lower tensile strength compared to the dry one [4, 5]. In addition, negligible adhesion between the
three components does not allow for effective load transfer and thus poses a risk for mechanical failure.
Therefore, development of multifunctional energy storage must be accompanied with the development
of suitable electrolyte layers. Currently, two streams of research can be distinguished in this regard.
First, the liquid electrolyte is reinforced by addition of a mechanically strong porous network, which is
cured only after assembly of the battery cell. After curing, a bicontinuous material is obtained, being
composed of a percolating rigid thermoset polymer and a continuous liquid electrolyte phase [6]. These
so called bicontinuous (structural) electrolytes have attracted a lot of attention and were often seen as
the most promising choice for realizing multifunctional energy storage. They allow for the preparation
of a rigid and dense electrolyte sheet with high Young’s modulus. Usually epoxy-based or similar
thermoset materials are used for this approach [7-11]. Although the separator layer yields promising
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performance, the integration of the layer into a battery cell and especially the contact between the
separator layer and the electrodes has not been sufficiently investigated.

Another line of research regarding electrolytes for multifunctional energy storage, focuses on
homogenous mono-phasic systems, which are either prepared by reinforcing the liquid electrolyte with
a gelling polymer [12-14], or by using polymer electrolytes without liquid component [15]. These
electrolytes use thermoplastic materials, which on the one hand exhibit lower Young’s moduli compared
to their thermoset counterparts, but increased electrochemical performance and ease of processing. In
addition, they can be readily used as adhesive layer between the two electrodes by application of a
thermal joining process.

In this work thermoset and thermoplastic based electrolytes for use in multifunctional energy storage
are prepared and compared based on several parameters including ionic conductivity, Young’s modulus,
and processability. The chemical interactions of the electrolyte components are highlighted and their
impact on multifunctionality discussed.

2 EXPERIMENTALS
2.1 Materials and solvents

For all electrolyte films, an ionic liquid electrolyte is used. Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.9 % extra-dry, 20 ppm max.), N-Propyl-N-
methylpyrrolidinium  bis(fluorosulfonyl)imide  (PYR3FSI, 999 %) and  N-Propyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR13TFSI, 99.9 %) were all purchased from
Solvionic and used as received. The chemicals were only opened inside an Ar-filled glovebox (O, < 0.1
ppm, H.O < 0.1 ppm) and further used for preparation of the ionic liquid electrolytes (ILE). The
compositions were adapted depending on the requirements of the added polymers. Preparation of the
ionic liquid electrolyte was conducted inside the glovebox using an Al-bottle as container and a magnetic
Polytetrafluoroethylene (PTFE)-coated stirring bar. Appropriate amounts of the LiTFSI salt were added
to either PYR13TFSI, PYR13FSI or a mixture of both and stirred for 16 hours at 80 rpm. The clear and
colorless solutions were then transferred into a dry room (dew point around -50°C) and stored until
further use.

For the thermoset based polymers, two commercial epoxy-based systems were employed, i.e.
Araldite LY5052/ Aradur 5052 (Huntsman) and Araldite LY556/ XB3473 (Huntsman). For the
thermoplastic based electrolytes Poly(vinylidene fluoride) (PVdF, Solef 5130, Solvay) and
Poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP, Sigma Aldrich, avg. Mn ~400k) were
used. 1-Methyl-2-pyrrolidone (NMP, >99.8%, Carl Roth) was used as received for dissolution of the
thermoplastic polymers.

2.2 Preparation of electrolyte films

Preparation of the electrolyte films was conducted in a dry room at a dew point around -50°C unless
otherwise noted.

Araldite LY5052/ Aradur 5052 —first the Araldite component was weighed and put into a glass bottle.
Then the Aradur hardener is added, aiming for a weight ratio of 38 wt.% with respect to the overall
weight of the thermoset material (following the recommendations of the data sheet). Subsequently, the
ionic liquid electrolyte (0.1 LiTFSI-0.3 PYR41i3TFSI-0.6 PYR13FSI mol./mol.) was added. The
composition of the ILE was adopted from a recent publication which reported on its promising
performance [16]. Several samples with different amounts of ILE were prepared using 20 vol.%, 40
vol.%, 45 vol.%, 50 vol.%, and 60 vol.%. After mixing all components using a glass rod, the mixture
was degassed under dynamic vacuum for 10 min to remove possible air-bubbles inside the solution.
Then the mixture was cast onto Mylar foil using a variable doctor blade (50-500 pm). The cast film was
then cured at room temperature for 24 h and further at 100°C for 4 h.

Araldite LY556/ XB3473 — first the Araldite component is weighed and put into a glass bottle, and
the XB3473 hardener is added, aiming for a weight ratio of 23 wt.%, following the recommendations in
the data sheet. Then the ILE (0.22 LiTFSI-0.78 PYR13TFSI mol./mol.) was added, and the mixture was
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mixed using a glass rod. After degassing under dynamic vacuum for 10 min, the solutions were cast
onto PTFE-coated plates using a mask for setting the thickness of the obtained films.

PVdF/PVdF-HFP — For the preparation of the gel electrolytes, first, the respective polymers were
dissolved in NMP to obtain approx. 8-10 wt.% solutions. Appropriate amounts of these were further
mixed with the ionic liquid using a planetary centrifugal mixer (THINKY ARE-250) at 600 rpm for 2
min. The polymer-to-ionic liquid ratio was held constant at approx. 66:34 by weight and 70:30 by
volume for all samples, unless otherwise stated.

The obtained solutions were then cast onto glass plates and dried at 80°C for 48 hours. After drying,
colorless opaque films were obtained. Due to evaporation of the solvent, pores forming in the electrolyte
film cannot be avoided and a densification step is applied to remove them. Therefore, all samples were
subjected to a calendering step using a hot-rolling press (MTI, MSK-HRP-01). The temperature was set
to be close to the melting point of the polymer materials, i.e. 145°C for PVdF and to 120°C for PVdF-
HFP. Thus, samples with various thicknesses could be prepared. Usually, the as-cast films showed
thicknesses of 100-150 um and the minimum thickness obtained by calendaring was around 30-50 pum.
For densification, the electrolytes were sandwiched in-between two Kapton release films (50 pm thick)
to avoid contamination of the instrument with the ionic liquid electrolyte.

2.3 differential scanning calorimetry and scanning electron microscopy

Differential scanning calorimetry (DSC) was conducted using a NETZSCH DSC 204 F1 Phoenix. A
heating rate of 5 K/min was used and a temperature range of -30°C to 200°C for the thermoset samples,
whereas 10 K/min and a range of 25°C to 200°C for the thermoplast samples. All measurements were
conducted under protective N2 atmosphere.

Scanning electron microscopy (SEM) was performed using a ZEISS Supra 40 electron microscope.
An acceleration voltage of 3 kV was used. The sample films were mounted on sample holders under dry
atmosphere (dry room, dew point ~-50°C) using Ag-paste. Cross-sections for the samples were manually
cut using a scalpel. The samples were then transported to the microscope within a sealed container. The
container was opened only for mounting the samples to the SEM instrument, which exposed them to air
for around 30 s. Thus, contamination due to adsorbed moisture from the surrounding air could be limited
to a minimum, however not fully prevented.

2.3 Electrochemical and mechanical testing

The electrolyte films were cut into circular shapes (18 mm diameter) and tested by potentiostatic
electrochemical impedance spectroscopy (PEIS) to determine their ionic conductivity. The samples
were put between two stainless steel electrodes using an ECC-Std setup (EL-CELL). An excitation
potential of 10 mV and frequencies of 1 MHz to 0.1 Hz were applied. The PEIS measurements were
conducted inside a climatic chamber at temperatures ranging from 30°C to 80°C. All measurements
were conducted using a BIOLOGIC VSP potentiostat.

Mechanical tests were conducted using an Instron 4502 universal testing machine (Instron
Instruments Ltd, Bucks, UK). The samples were punched into miniaturized dog-bone shapes of 30 mm
x 2 mm. The thicknesses of the samples were in the range of 50 pm. At least three replicate tests were
performed for each sample. Young’s moduli were determined from the linear elastic region of the stress-
strain curves obtained from the measurements and were defined as the maximum values of this region.

3 RESULTS AND DISCUSSION
3.1 processability and ionic conductivity

Processability of the electrolytes was evaluated for different amounts of the ILE. First samples using
the Araldite LY5052/ Aradur 5052 system were prepared and analyzed. Figure 1 shows the prepared
samples ranging from 20 vol.% to 60 vol.% ILE. At 20 vol.% of ILE rigid and clear films (cf. Figure
1a,b) could be produced. The color after curing turned slightly bluish, which was not observed for the
thermoset polymer without the ILE. The ionic conductivity of this membrane was rather low at only
1-107 S/cm. Similarly, the MacMullin number (Nw), i.e. the ratio between the ionic conductivity of the
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pristine ionic liquid electrolyte (3-10 S/cm) and the electrolyte within the porous thermoset, was high
amounting to My = 30000. Addition of 40-45 vol.% ILE, showed similar processability as for the sample
with only 20 vol.% and thin electrolyte films of around 250 to 25 um (cf. Figure 1c) could be obtained
by simple tape casting. For these samples, dendritic structures could be observed within the thermoset
matrix (cf. Figure 1d). Some components or reaction products during curing have formed and
crystallized after thermal treatment. Additionally, some of the ionic liquid electrolyte could be observed
on the surface of the electrolyte film as small droplets (cf. Figure 1e). The ionic conductivity could be
increased by one order of magnitude to 1-1.3-:10% S/cm, and the MacMullin number decreased to My =
3020-2270.

Figure 1: electrolyte samples using Araldite LY5052/ Aradur 5052 thermoset system as reinforcing
agent. Samples using 20 vol.% (a,b), 40-45 vol.% (c-e), 50 vol.% (f-g), and 60 vol.% (h-i) are shown
after curing.

Nevertheless, the obtained ionic conductivities were not high enough for feasible cell performance.
Addition of even more ILE diminished the mechanical properties of the films after curing and samples
using 50 vol.% ILE could not be removed from the substrate anymore without major damage and
cracking (cf. Figure 1f,g). At 60 vol.% the electrolyte could not be properly cast anymore and a slush-
like mixture rather than a cohesive film was obtained (cf. Figure 1h,i). Thus, the combination of Araldite
LY5052/ Aradur 5052 and the ILE was deemed as not suitable for application in multifunctional energy
storage systems.

Therefore, another commercial thermoset was applied, i.e. Araldite LY556/ XB3473. Again, samples
with different ILE amounts were prepared and analyzed. For this system, the polyester (Mylar) foil,
which was used as substrate for tape casting of Araldite LY5052/ Aradur 5052 samples was not suitable
as the adhesion of this thermoset was too high and the prepared samples could not be removed after
curing. The same behavior was observed for polyimide (Kapton) foils (cf. Figure 2a,b). Therefore, PTFE
coated plates were used as substrate for the Araldite LY556/ XB3473 samples. However, due to the high
surface tension of the cast mixtures, inhomogeneous layers were obtained (cf. Figure 2c). Therefore, the
electrolyte mixtures were sandwiched in-between two PTFE coated plates using a polyester mask to set
the thickness for the electrolyte (cf. Figure 2d). The electrolyte samples were of opaque and milky color,
whereas the pristine thermoset was brownish clear.
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Figure 2: electrolyte samples using Araldite LY556/ XB3473 thermoset system as reinforcing agent.
Samples using 40-50 vol.% (a-c), 70 vol.% (d-e) are shown after curing.

For samples using <40 vol.% ILE, no ionic conductivity could be recorded by PEIS as the internal
resistance was too high. Only at ILE amounts of 50 vol.%, ionic conductivities of 5-107 S/cm were
obtained and My of 5970. Increasing the ILE amount to 60 vol.% increased the ionic conductivity
considerably to 1-10®° S/cm and the MacMullin number to 235. In addition, acceptable mechanical
properties made handling of the prepared films feasable. A further increase in the ILE content to 70
vol.% increased the ionic conductivity to 9-10 S/cm and My = 3.3. However, the mechanical properties
of the film also decreased significantly and handling the film without cracking or breaking was difficult.
The electrochemical performance, though, of these samples is well in line with commercial separators
for which My values of 5-10 are observed [17].

The thermoplastic samples showed good processability and ILE contents of 60 vol.% and 70 vol.%
were prepared using PVdF and PVdF-HFP. After drying a slightly and highly opaque electrolyte film
was obtained for samples using PVdF and PVdF-HFP, respectively (cf. Figure 3a,b). As no clear films
were obtained, highly porous electrolyte films were assumed and thus a hot-calendering step was applied
to the electrolyte films. Thereafter, clear and colourless electrolyte films were obtained for all samples
(cf. Figure 3c). The ionic conductivity of samples using 70 vol.% ILE showed promising ionic
conductivities of 7-10* S/cm and 1-10® S/cm for the PVdF and PVdF-HFP based electrolyte films,
respectively. Samples using PVdF but only 60 vol.% ILE showed ionic conductivities of only 3-10*
Slcm.

Figure 3: electrolyte samples after drying using a, PVdF and b, PVdF-HFP thermoplastic polymers
and 70 vol.% of ILE. After hot-calendering, transparent films (c) are obtained.
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Regarding processability, the brittle nature of the thermoset materials, as well as the difficult
processing when aiming for thin electrolyte sheets (<50 pum), makes them less attractive for
multifunctional electrolytes than thermoplast containing electrolytes. The simple processing of the latter
renders them superior regarding application in battery cells, as currently established processing methods
(e.g. tape casting, hot calendering) can be readily adopted from conventional battery production.
Furthermore, due to the thermoplast nature, electrode and electrolyte layers can be easily joined together
applying a thermal post-treatment of the assembled battery cells.

3.2 SEM and thermal analysis

For further analysis of the samples, scanning electron microscopy and thermal analysis by DSC was
conducted. In Figure 4, cross sections of different thermoset-based electrolyte layers are depicted. For
the pristine material without any addition of ILE, a dense monolith is obtained as depicted in Figure 4a.
Addition of 60 vol.% ILE results in the formation of a porous polymeric network into which the ILE
can penetrate. Primary particles showing diameters of around 1 pm seem to be fused together during the
curing process, building up the porous scaffold. Therefore, rather high ionic conductivities were
obtained, and the mechanical stability was high enough for feasible handling of the electrolyte films.
Further increase of the ILE content to 70 vol.% leads to an increase in the size of the primary particles
to >2 um and the particles seem to be isolated rather than connected. Thus, low mechanical stability was
obtained for these samples. When the ionic liquid of the ILE was changes from PYR13TFSI to a mixture
of PYR13TFSI and PYR13FSI, a quite different morphology was observed. For this sample, a bone-like
structure could be seen, showing a percolating network which itself is composed of a porous structure.
The inner pores, however, seem to be closed and the ILE within is not able to contribute to the ionic
conductivity of the electrolyte film. This complex behaviour and the dependency of the thermoset matrix
on the quality of the ILE allows to assume a strong interaction between the thermoset precursor materials
and the ILE.

Figure 4: SEM micrographs of cross-sections obtained from a, pristine Araldite LY556/ XB3473
thermoset material after curing, b, the same material mixed with 60 vol.% 1M LiTFSI in PYR13TFSI,
¢, with 70 vol.% 1M LIiTFSI in PYR3TFSI, d, with 60 vol.% of 1M LiTFSI in a mixture of
PYR13TFSI+PYRu13FSI.

Although the cross-sections of the thermoset electrolyte layers showed a well-connected percolation
network, which allows the ILE to fill the interconnected porous network, the surface of the electrolyte
films seemed to be quite different. As shown in Figure 5, the surface layer of all electrolyte films showed
a thermoset skin which did not exhibit any pores. This skin-effect inhibits proper ionic conduction and



ICCM 23 International conference on composite materials 30. July — 4. August 2023

needs to be addressed accordingly.
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Figure 5: SEM micrographs of the surface layers of a, Araldite LY556/ XB3473 mixed with 60 vol.%
1M LiTFSI in PYR1sTFSI, b, with 60 vol.% of 0.5M LiTFSI in PYRTFSI. ¢, EIS measurements of
sample depicted in (a) without any surface treatment and after scratching using a razor blade.

Indeed, if the surface of the thermoset electrolytes was scratched off using a razor blade, the measured
ionic conductivities increased from 1-10° S/cm to 9-10* S/cm as depicted in Figure 5c.

For the thermoplastic samples, SEM micrographs showed a porous structure of the electrolyte after
drying. The PVdF sample showed smaller and less amounts of pores, whereas the PVdF-HFP sample
showed small, interconnected beads forming a polymer scaffold (cf. Figure a-d). After densification of
both samples by hot-calendering, a dense and uniform layer is obtained with a smooth surface (cf. Figure
6 e-h).

Figure 6: SEM micrographs of cross-sections (a,c,e,g) and surfaces (b,d,f,h) of the electrolyte films
before (a-d) and after (e-h) hot-calendering, using thermoplastic polymers. a,b,e,f PVdF mixed with 70
vol.% of 1M LiTFSI in PYR3FSlI, ¢,d,g,h PVdF-HFP mixed with 70 vol.% 1M LiTFSI in PYRy3FSI.

Several parameters can affect the resulting morphologies of the thermoplastic electrolyte films after
drying, including specific interactions with the Li salt and ionic liquid [18, 19], as well as exposure to
moisture [20]. Clearly, the chemical “inertness” of fluorinated polymers, as they are often regarded [21],
cannot be verified for this system and a complex interplay between the ILE, the NMP solvent, as well
as residual moisture can all affect the resulting film morphology.

For both electrolyte classes, i.e. with thermoset and thermoplast, a strong interaction between the
polymer and the ILE could be observed. To further characterize this behavior, DSC measurements were
conducted (cf. Figure 7). First the thermoset mixture Araldite LY556/ XB3473 was measured starting
from -30°C to 200°C. A broad exothermic peak could be observed between 100°C and 200°C,
corresponding to the curing reactions which are expected to lie in the range of 120-220°C according to
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the recommended curing procedures stated in the data sheet. Then a mixture of the thermoset and the
ILE (0.2 LiTFSI- 0.2 PYR13TFSI- 0.6 PYR13FSI; 65 wt.%) was measured using the same measuring
procedure (cf. Figure 7a). Due to the lower amount of thermoset material in this sample, the intensity of
the resulting peak for the curing reaction of the thermoset was lower. However, the peak maximum also
shifted towards lower values and was observed at around 110°C compared to 170°C for the pristine
thermoset mixture. Therefore, a catalytic effect of the ILE on the curing reactions of the thermoset
material could be verified. The catalytic effect of Lewis-acids (e.g. Li*) on the polymerization of
thermoset materials is well established [22, 23] and can be assumed to be responsible for the shift of the
polymerization reactions towards lower temperatures.
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Figure 7: DSC signals of a, Araldite LY556/ XB3473 with and without ILE, b, PVdF (pristine), c, the
ILE (1M LiTFSI in PYR413FSI), and d, the electrolyte film using PVdF and 70 vol.% of the ILE.

For the thermoplast-based electrolyte films, first the PVVdF polymer, then the pristine ILE and finally
a mixture of both (electrolyte film after calendering) was measured between 30°C and 200°C. The DSC
data is presented in Figure 7b-d respectively. PVdF shows an endothermic peak centered around 170°C,
well in line with the expected melting range of the polymer. During cooling an exothermic peak at 130°C
is observed, indicating re-crystallization of the polymer. Otherwise, no further reaction could be
observed. The ILE (1M LiTFSI in PYR13FSI) showed an exothermic peak close to 160°C, which is only
observed for the first heating step. During cooling of the sample, no corresponding peak could be seen,
indicating a non-reversible reaction. When the same sample is heated again, no further peaks are
observed and only a flat baseline is observed. A highly exothermic reaction was reported for FSI-anions
in combination with Li* and residual moisture in the range between 120°C to 185°C, depending on the
moisture content of the sample [24, 25]. It is assumed that the S-N bonds of the FSI- anion decompose
and that FSO,N"-radicals are forming. In addition, this decomposition reaction leads to a Li* deficiency
in the ILE and thus reduces the ionic conductivity [24]. The dry room conditions under which the
electrolyte films are prepared might not suffice to fully avoid the exothermic reaction of FSI- as already
low amounts of H,O can trigger it. For the electrolyte films using PVVdF and the ILE, the melting range
of the polymer component is shifted towards lower temperature, showing a maximum at 150°C. This
further verifies a change in the polymer due to interactions with the ILE and might indicate a plasticizing
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effect of the latter on the system. Furthermore, the exothermic reaction observed for the pristine ILE is
also observed for the thermoplast-based electrolyte. The onset of the reaction, however, is decreased to
150°C. Thermoplast electrolyte samples heated at 150°C for one hour turned yellowish, and showed
reduced ionic conductivity by almost one order of magnitude; verifying decomposition of FSI-.

Clearly, the thermal analysis studies for the thermoset as well as thermoplastic electrolytes verified
the conclusions drawn from the SEM micrographs. Pronounced interactions between the polymeric
components and the ILE are observed, leading to different physico-chemical properties than expected
from non-reactive mixtures thereof.

3.3 mechanical testing

In order to determine the mechanical stability of the prepared electrolyte layers, tensile testing was
used on the thermoplast-electrolyte samples. Due to the limited mechanical stability of the thermoset
samples when thin sheets were prepared, no tensile testing could be performed for these samples. The
Young’s modulus of PVdF and PVdF-HFP should be in the range of 1-2 GPa [26, 27], whereas the
tested samples with 70 vol.% of the ILE showed values of only 60 MPa and 10 MPa for PVdF and
PVdF-HFP, respectively (cf. Figure 8a). Reducing the ILE content to 60 vol.%, though, significantly
increased the mechanical stability and Young’s moduli of 162 MPa could be obtained for samples using
PVdF.
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Figure 8: Tensile test (a) of thermoplast samples using PVdF-HFP (blue) and PVdF (red). For each
material, three different samples were tested; (b) ionic conductivity vs. Young’s modulus plot for
thermoplast samples.

The reduction of Young’s modulus of the polymer material with addition of the ILE can be estimated
by using theoretical models which calculate the reduction in Young’s modulus with porosity. Most of
the applicable models yield a reduction of 80-90% in the Young’s modulus [28] for porosities of 60-
70%. For pristine PVdF and PVdF-HFP a Young’s modulus of 1-2 GPa can be assumed and thus for the
thermoplast electrolytes using 60 vol.% and 70 vol.% ILE a Young’s modulus of around 200-400 MPa
and 100-200 MPa can be expected, respectively. The measured values, though, are considerably lower
compared to the expected ones. The interactions between the polymer and the ILE are assumed to
heavily reduce the mechanical properties of the polymers, yielding lower than expected mechanical
strength. Nevertheless, a significant difference can be seen in the Young’s modulus of the two different
thermoplast materials. Samples using PVdF seem to be less affected by the ILE compared to the PVdF-
HFP samples. At the same time, though the ionic conductivity seems to be less affected by addition of
PVdF-HFP compared to PVdF (cf. Figure 8b). This observations highlight the critical need to further
understand the chemical interactions between the lithium ion conducting and mechanically reinforcing
component of multifunctional electrolytes.
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9 CONCLUSIONS

In this work two different approaches for preparation of multifunctional electrolytes have been
investigated and compared with each other. An ionic liquid electrolyte with high safety and feasible
ionic conductivity was employed for the preparation of either a biphasic system using thermoset
materials as mechanically reinforcing component, or a monophasic electrolyte for which thermoplast
materials have been dissolved into the liquid electrolyte. Thus, two types of multifunctional electrolytes
were obtained. It could be shown by SEM and DSC analyses, that both approaches suffer from
interactions between the reinforcing polymers and the ionic liquid electrolyte, yielding lower than
expected mechanical properties and ionic conductivities. For the thermoset samples, a strong
dependence of the resulting polymer morphology and curing behavior on the used ionic liquid electrolyte
was observed. In addition, a skin-effect, i.e. a surface layer of the thermoset material on the electrolyte
film which showed lower porosity than the bulk material, inhibited proper ionic conduction. The
thermoplast electrolytes showed a porous structure after casting and drying of the films, indicating
repulsive interactions between the selected polymers and ionic liquid electrolytes. Furthermore, the
melting behavior of the polymer changed when mixed with the ionic liquid electrolyte. Nevertheless,
the straightforward processing of these materials rendered them superior compared to their thermoset
counterparts. Finally, ionic conductivities of around 1-10® S/cm and Young’s moduli of 60 MPa could
be reached. Further mechanical reinforcement of the electrolytes will be required to increase their
multifunctional nature. Advances in solid electrolytes, especially in ion-conducting ceramics, might
enable higher mechanical strength by preparation of monophasic thermoplast electrolytes with ceramic
fillers. These fillers can act as mechanically reinforcements and at the same time could contribute to the
lithium ion conduction. However, the complex physico-chemical interactions of the employed materials
need to be further investigated first to properly understand and anticipate their impact on the
electrochemical and mechanical performance.
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