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Introduction

Optimizing the dry processing parameters of
thermoplastic vulcanizate electrolytes for
improved microstructure and its impact on
electrochemical stability

Mona Azimi, Gabrielle Foran, Cédric Barcha, Caroline St-Antoine, Arnaud Prébé
and Mickael Dollé 2 *

Solid polymer electrolytes have emerged as a promising option for enhancing safety in lithium metal
batteries (LMBs), offering advantages such as non-volatility, reduced flammability, straightforward
processing, and electrochemical and chemical stability. Nevertheless, they face significant challenges,
including limited ionic conductivity at room temperature and insufficient mechanical strength to inhibit
dendrite growth. The deliberate engineering of polymer materials with adequate ionic conductivity and
mechanical robustness is crucial for ensuring safe and stable batteries. In this study, thermoplastic
vulcanizate (TPV) electrolyte systems based on ethylene propylene diene monomer (EPDM) rubber and
polycaprolactone (PCL) were prepared using a dry processing method. Unlike solvent-based methods,
extruder blending eliminates the use of toxic solvents, reducing environmental hazards and eliminating
the need for solvent recovery or disposal, enabling a greener manufacturing process. The impact of
processing conditions, such as order of material feeding into the extruder and shear rate, on the
morphology (i.e., rubber domain size), mechanical strength, and ionic conductivity of the electrolytes
was investigated. The stability of crosslinked polymer electrolytes with different microstructures was
studied by cycling in symmetric Li—-TPV-Li cells. These experiments connected increased cell resistance
with processing conditions, electrolyte morphology and mechanical strength. Longer cycle life was
observed for electrolytes with small domain sizes and high mechanical strength. These morphologies
were obtained with lower mixing speeds during processing and salt addition following crosslinking
of the elastomeric phase.

cycle life. The high reactivity of Li metal and the uncontrolled
formation of lithium dendrites pose significant risks including

The field of energy storage has witnessed remarkable advance-
ments since the commercialization of lithium-ion batteries
(LiBs) in the early 1990’s." While LiBs remain an established
and widely used technology, the quest for higher energy density
and more efficient energy storage solutions has led to the
development of lithium metal batteries (LMBs). The use of
metallic lithium as an electrode material promises to unlock
new frontiers in energy storage technology owing to its high
theoretical capacity (3860 mA h g™ ) and low electrochemical
potential (—3.04 V vs. SHE).> However, the practical use of
LMBs presents significant challenges pertaining to safety and
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short circuits, battery failure, and explosions which impede the
widespread commercialization of Li metal anodes.” In systems
that employ liquid electrolytes, lithium deposition initially
occurs at the base of dendritic protrusions at current densities
below the limiting current, resulting in mossy lithium growth.
However, as the electrolyte diffusion limitation occurs at higher
current densities, lithium ions deposit at the tips of dendritic
protrusions, forming dendritic structures that can cause internal
short circuits.* Despite this, dendrite growth and short circuits
can happen at much lower current densities. This is possibly due
to the onset of diffusion limitations or current concentration at
specific points due to microstructural heterogeneity. Solid-state
batteries (SSBs) represent a significant advancement, as they
address key challenges of traditional liquid organic-electrolyte-
based Li-ion batteries, such as flammability and leakage issues,
while enabling higher energy density with lithium metal and
offering improved safety over flammable liquid electrolytes.’
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Several strategies have been introduced to suppress dendrite
formation in lithium metal batteries including homogeneous
distribution of metal ion flux which is achieved through adding
anion-immobilizing moieties or lithiophilic groups to the poly-
mer electrolyte or the use of an artificial solid electrolyte inter-
phase (SEI).®”® Polymer electrolytes can reduce the possibility of
dendrite formation due to their solid structure, which acts as a
physical barrier that inhibits dendrite growth and penetration,
thus enhancing the safety and longevity of lithium batteries
compared to conventional liquid electrolytes. Batteries with
polymer electrolytes must be operated at elevated temperatures
(i.e., 60-100 °C) owing to the low ionic conductivity of polymer
electrolytes at room temperature.'® As the temperature rises, the
mechanical strength of polymers can decrease. This decrease
can lead to the growth of needle-like dendrites, potentially
causing short circuiting. The risk of dendrite formation can be
reduced by mechanically blocking dendrite growth via the
utilization of polymer composites, polymer crosslinking and
polymer structure optimization via block copolymerization.'* ™
Cross-linked polymer systems feature a complex network struc-
ture that is established through the formation of either covalent
bonds or physical bonds between the polymer chain backbones
and/or cross-linkers. This complex network affords them elasti-
city and mechanical robustness.™* In addition to their ability to
mechanically inhibit dendrite growth, small-scale interfacial
forces arising from the cross-linked polymer structure play a
crucial role in reducing dendrite formation.">"°

In this study, thermoplastic vulcanizate (TPV) electrolytes
were prepared by extrusion. TPV are non-miscible polymer
blends that are comprised of a crosslinked elastomeric phase
that is dispersed in a continuous thermoplastic phase.'” Most
polymer-based electrolytes are prepared by solution casting
which involves dissolving the polymers and salt in a suitable
solvent, casting the mixture and evaporating off the solvent to
yield a film. Solution casting has some disadvantages linked to
solvent waste, higher cost and long evaporation times when used
on a large scale."® Extrusion, along with polymer melting and hot
pressing have been proposed as alternative solvent-free methods
to prepare polymer electrolytes.'® Extrusion, which involves
uniformly melting a thermoplastic material before pushing it
out through a die with applied pressure, has previously been
used to prepare polymer blend electrolytes.'® Unlike non-
crosslinked polymer blends, TPV electrolytes must be prepared
via extrusion because the crosslinking and the breaking up of
the elastomeric phase need to occur simultaneously."”

TPV blends have been extensively used to replace conven-
tional rubbers in industrial applications since the 1970’s.2° The
first incidence of the use of TPV materials as electrolytes was
the PCL-HNBR (hydrogenated nitrile butadiene rubber) elec-
trolytes that were presented by Caradant et al.>" These materials
possess improved ionic conductivity compared to blends in
which both phases are crosslinked, and improved mechanical
strength relative to non-crosslinked PCL-HNBR blends."**?
The PCL-HNBR TPV electrolytes possessed exceptional electro-
chemical stability and mechanical strength. The mechanical
strength of the crosslinked TPV electrolyte was nearly twice as
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high as that of the non-crosslinked polymer blend electrolyte.>*
Boudeville et al. have previously prepared electrodes comprised
of polypropylene, PCL, LiFePO, and carbon black by solvent-free
extrusion.”® The materials, like the above-mentioned electrolytes,
were both more durable and more flexible than comparable
electrodes that were made from a single polymer.”* A disadvan-
tage of the TPV electrolytes is that they tended to be less
conductive than non-crosslinked polymer blend electrolytes
which was remedied by Caradant et al. through the addition of
small amounts of liquid plasticizer.*' The presence of a cross-
linked elastomeric phase meant that the TPV electrolytes main-
tained sufficient resistance to oxidation to allow for cycling with
LiFePO, and Ni, 33Mny, 33C0, 330, electrodes.?!

Ethylene propylene diene monomer (EPDM), which under-
goes dynamic vulcanization during the blending process,
was mixed with polycaprolactone (PCL) to prepare the TPV
electrolytes presented here. During dynamic vulcanization,
the rubber phase undergoes chemical crosslinking reactions
while simultaneously being subjected to intense mechanical
shear forces. The partially crosslinked rubber phase imparts
elasticity and resilience to the final product, while the thermo-
plastic phase provides processability and, in the case of electro-
lytes, ionic conductivity."” Herein, EPDM is chosen as the
elastomeric phase due to its stable polyolefin structure, which
provides greater stability when interacting with lithium com-
pared to the reactive acrylonitrile groups in HNBR.>* Previous
work has shown that exposure to nitriles results in the for-
mation of Li;N.>* Furthermore, electrochemical studies of a
poly(ethylene oxide) (PEO)-HNBR electrolyte in a Li-Li cell
reveal that interactions between the lithium metal surface
and the HNBR in the polymer blend cause the interfacial
resistance to change over time, reducing cell stability.>*

PEO is a better ionic conductor than PCL due to improved ion
dissociating ability and higher ion affinity.>**® PCL was chosen
over PEO as the thermal plastic phase in these electrolytes as it has
improved affinity with EPDM which allows for easier processing
during dynamic crosslinking and the formation of smaller rubber
domains. Obtaining desirable morphology in a TPV requires good
compatibility between the thermoplastic and elastomeric phases.
This is typically enabled by blending phases with similar
properties.”” One such property is solubility. Solubility parameter
‘distance’ (R,) can be calculated based on eqn (1) where dq, J, and
Jn are the Hansen solubility parameters for the dispersion, polar
and hydrogen bonding interactions respectively.*®

Ry® =400 — 0a1)” + (p2 — 9p1)* + (92 — 0n1)® (1)

The Hansen solubility parameters for EPDM, PEO and PCL,
along with the respective R, values for PEO and PCL are given in
Table 1. It can be observed that the solubility of PCL is closer to
that of EDPM than the solubility of PEO is. This makes PCL a
better choice for the thermoplastic phase as higher compat-
ibility with EPDM will result in improved dispersion of the
thermoplastic phase in the resultant TPV electrolyte.

Processing parameters, in addition to the characteristics of
the component polymers, impact the properties of the resultant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Hansen solubility parameter comparison between EPDM, PEO
and PCL

Polymer 4 (MPa'®)  §, (MPa'?) &, (MPa'?) R, (MPa'?)
EPDM?® 17.2 2.0 2.6 N/A

PEO* 20.3 4.0 6.7 7.7

PCL* 15.9 1.4 2.0 2.7

TPV material. This work therefore explores the impact of proces-
sing parameters, such as the order of material addition and
screw speed, on the morphology, mechanical properties and
cycling stability in a symmetric Li-Li cell configuration of the
PCL-EPDM TPV electrolytes. These issues were not addressed in
Caradant et al.’s preliminary work on TPV electrolytes and yet are
anticipated to have a significant impact on electrolyte perfor-
mance and stability.

Results and discussion

Peroxide molecules are added during the dynamic vulcaniza-
tion of EPDM. The peroxides undergo homolytic cleavage to
generate free radicals which then react with the unsaturated
sites present along the EPDM polymer chain. These are pre-
dominantly the double bonds in the diene monomer units.
This process occurs at elevated temperatures. This initiation
step results in the formation of macroradicals within the
elastomeric phase. Subsequently, during the propagation stage,
these macroradicals propagate through the EPDM phase by
abstracting hydrogen atoms from neighboring chains resulting
in the formation of longer chains.’® The crosslinking mecha-
nism of EPDM with a peroxide crosslinking agent along with
two possible crosslinking network configurations of EPDM

View Article Online
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(through combination and addition) illustrated in
Fig. 1(a).*! PCL, which is used as the thermoplastic phase,
contains polar ester functional groups within the backbone
structure (Fig. 1(b)) and has a donor number of 17.3? This feature
enables PCL to effectively dissociate salts (e.g., LiTFSI) through
electrostatic interactions.®> In contrast, the non-polar EPDM
cannot dissociate salts. Fluorine mapping of the prepared elec-
trolytes by energy dispersive X-ray (EDX) analysis (Fig. S1, ESIt),
confirms that LiTFSI interacts exclusively with the PCL phase.
Fig. 1(c) presents an optical image of the TPV electrolyte film,
highlighting its homogeneity, flexibility, and freestanding nat-
ure, alongside a schematic representation of its structure.

Fig. 2 shows SEM images of TPV electrolytes that were
prepared using different processing conditions. Phase inver-
sion and the attainment of a uniformly distributed rubber
phase within the plastic matrix are two important factors in
the formation of the microstructure of the TPV electrolyte. The
thermoplastic phase is typically dispersed within the continuous
rubber phase before the rubber phase undergoes crosslinking.
The thermoplastic phase then melts, causing the two phases to
merge and form a co-continuous structure. Phase inversion
occurs as the crosslinking agent initiates crosslinking, leading
to an increase in the viscosity of the rubber phase. This is the
result of an increase in crosslink density. This phase inversion
typically advances through a co-continuous structure. Following
this, the continuous rubber phase is extended into unstable
fibrillar structures. The rubber phase then eventually breaks
down into micro-particles which are dispersed within the plastic
matrix as the crosslink density continues to rise during vulcani-
zation. This phenomenon is driven by the rapid increase of
viscosity and shear stress acting on the rubber phase, thereby
facilitating the process of phase inversion.** The SEM images of
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Fig. 1 Crosslinking of EPDM with peroxide crosslinking agent (a), molecular structure of PCL and LiTFSI (b), and optical image of TPV film and scheme of

the structure of a TPV electrolyte (c).
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Fig. 2 SEM images of TPV-A (a), TPV-B (b), TPV-C (c), TPV-D (d), and histogram of rubber domain size for various TPV electrolytes (e).

the prepared TPV electrolytes show two distinct phases, demon-
strating the immiscibility of the crosslinked rubber phase and
the thermoplastic phase.

Fig. 2(a) depicts an EPDM/PCL TPV electrolyte where LiTFSI
salt was added prior to the crosslinking of the EPDM rubber.
The screw speed in the extruder was 250 rpm during mixing
(TPV-A). The average domain size of the rubber phase in this
sample markedly surpasses those of TPV-B and C but remains
smaller than that of TPV-D. LiTFSI could potentially reduce the
viscosity of the PCL phase by increasing its plasticity.>*> This
change in viscosity prior to EPDM crosslinking significantly
influences the final morphology of the TPV electrolyte. The
plasticization of the thermoplastic phase through the incor-
poration of salt increases the difference in viscosity between the
two phases, which facilitates the coalescence of the rubber
domains during processing, thus explaining the large domain

3948 | Mater. Adv., 2025, 6, 3945-3956

sizes observed in TPV-D (Fig. 2(d)). As the blend flows more
easily, smaller rubber particles have a higher tendency to
coalesce and merge into larger domains. Lower viscosity may
also result in reduced shear forces acting on the rubber phase
during processing. Shear forces can contribute to the breakup
of rubber domains. With lower viscosity, there is less resistance
to these forces, allowing for the conservation of larger rubber
domains.?® Fig. 2(b) represents TPV-B where the salt is added
after the crosslinking of the EPDM at a screw speed of 250 rpm.
In this case, the rubber domains are significantly smaller than
those found in TPV-A and are more uniformly dispersed in the
PCL matrix. Fig. 2(c) shows the SEM image of (TPV-C) which
was prepared using a lower screw speed (150 rpm). LiTFSI salt
was added after crosslinking the EPDM rubber. The decrease in
screw speed results in larger domain sizes compared to TPV-B.
This was likely caused by reduced shear forces acting on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Stress—strain curves of the TPV electrolytes (a), storage-loss modulus curves as a function of frequency at 130 °C (b).

rubber phase. Decreased agitation means that the rubber
particles are less likely to break down into smaller domains.
Consequently, they can coalesce more easily, forming larger
domains within the thermoplastic matrix. A histogram showing
the distribution of rubber domain size in the four different TPV
electrolytes is presented in Fig. 2(e). TPV-B contains the greatest
proportion of small rubber domains with sizes ranging from
0.5-1 pm? TPV-A and D contain the largest rubber domains,
with the smallest starting in the range of 8.5-9 um>.

The mechanical strength of the samples was evaluated
through tensile measurements and rheological analysis. The
strain-stress curves presented in Fig. 3(a) show that the tensile
strength of TPV-C is 0.85 MPa which is two times higher than
that of TPV-A. The elongation at break of TPV-A and TPV-B are
650% and 480%, respectively which are 45% and 4% higher
than that of TPV-C. The inclusion of dispersed rubber domains
within a polymer matrix typically enhances tensile strength up
to a certain threshold. This enhancement arises from the ability
of rubber domains to dissipate energy and resist crack propa-
gation, thereby improving the toughness of the material.>” The
size of the rubber domains in the TPV electrolytes significantly
affects their mechanical strength. Smaller rubber domains
enhance the material’s mechanical properties by suppressing
interlamellar void formation, preventing void coalescence, pro-
moting homogeneous stress distribution, and reducing stress
concentration points.*® However, when the size of the dis-
persed rubber domains increases, they can become stress
concentrators, resulting in premature failure and a reduction
in tensile strength. This is attributed to the localized stress
concentrations around larger rubber particles, which facilitate
crack initiation and propagation.®®°

It seems counterintuitive that TPV-B, which has the smallest
rubber domains, has lower tensile strength than TPV-C. It is
believed that elevated shear rates caused by the use of a faster
screw speed during processing may subject the polymer chains
to increased mechanical stress, leading to chain scission or
other forms of degradation in the PCL phase.*° This hypothesis

© 2025 The Author(s). Published by the Royal Society of Chemistry

was tested by performing nuclear magnetic resonance (NMR)
spectroscopy on the TPV electrolytes (Fig. S2, ESIt). The extent of
polymer chain scission in the PCL fraction of the TPV electrolytes
was gauged by comparing the peak ratios in the 1H NMR spectra
(values are given in Table S1, ESIT). Chain scission is expected to
decrease the fraction of ester groups relative to the alkyl groups.
Based on this criterion, TPV-A which was mixed at 250 rpm with
LiTFSI added prior to crosslinking experienced the most chain
scission during preparation. Lower mixing speed and LiTFSI
addition after crosslinking (TPV-C) resulted in the least chain
scission. To gain deeper insight into the influence of screw speed
and the sequence of salt addition on PCL chain scission, a sample
(TPV-D) was prepared at a screw speed of 150 rpm, with salt
introduction prior to the crosslinking step. NMR analysis indi-
cated that the extent of chain scission across the TPV samples
follows the order: TPV-A > TPV-D > TPV-B > TPV-C. The
observation of slightly more chain scission in TPV-D than in
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Fig. 4 lonic conductivity of the TPV electrolytes between 30 and 80 °C.
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TPV-B suggests that adding LiTFSI prior to crosslinking has a
greater influence on PCL chain scission during TPV electrolyte
preparation than screw speed does. These results align with the
mechanical strengths of the various TPV electrolytes. TPV-D
exhibited a mechanical strength of 0.5 MPa and an elongation
of 600%. This sample was found to have lower mechanical
strength than TPV-B Fig. 3(a).

The mechanical strength of a non-crosslinked PCL-EPDM
sample was evaluated to emphasize the impact of crosslinking
on the strength and durability of the material. Fig. S3(a) (ESIt)
shows that the tensile strength of the non-crosslinked
PCL-EPDM sample, 0.13 MPa, is substantially lower than that
of the crosslinked samples. This considerable difference can be
attributed to the impact of crosslinking on the structural
integrity of the sample. In the non-crosslinked state, the poly-
mer chains can move more freely, which results in weaker
intermolecular forces and lower mechanical strength.

The thermal stability of the TPV electrolytes was studied by
thermogravimetric analysis (TGA). Observations indicate that
the thermal stability of all the TPV electrolytes is consistent,
with no mass loss observed until 300 °C. Mass loss in the TPV
electrolytes starts at temperatures above 300 °C and proceeds in
three distinct steps. The first mass loss, commencing at
approximately 320 °C, can be attributed to PCL. Subsequently,
the second mass loss is associated with EPDM, and the final
stage of mass loss corresponds to LiTFSI (Fig. S4, ESIf).*'
Electrolyte morphology did not have a significant impact on
thermal stability.

The rheological properties of the TPV electrolytes were
evaluated in the melt phase at 130 °C. The variation of G’
and G’ as a function of angular frequency is depicted in
Fig. 3(b). The graphs show that the storage modulus of the
TPV electrolytes is consistently higher than the loss modulus
across the entire frequency range (0.1-100 rad s~ '), indicating
that these electrolytes exhibit predominantly elastic behavior.
The values of G’ and G” increase gradually as a function of
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frequency for all TPVs. This is because at low frequencies,
sample deformation occurs over a longer time period, resulting
in a lower G’. This behavior is due to the extended relaxation
time available to the polymer chains. During this time, the
polymer chains have the opportunity to undergo significant
rearrangement and relaxation, allowing them to return to an
equilibrium state. Consequently, the material exhibits reduced
stiffness and elasticity because the polymer chains accommo-
date and adapt to the imposed deformation more easily. This
increased molecular mobility at lower frequencies leads to a
lower G, reflecting the greater ability of the material to relax
and deform under slow, sustained stress compared to fast
deformation at higher frequencies.*> The storage modulus of
TPV-C is nearly four times greater than that of TPV-A. This
significant difference, when combined with tensile test results,
highlights the superior mechanical stability of TPV-C. The
enhanced performance of TPV-C can be attributed to the more
homogeneous distribution and smaller size of the rubber domains
compared to TPV-A and TPV-D and the retention of the structural
integrity of PCL compared to TPV-B. This contributes to its
robustness and stability under mechanical deformation. As men-
tioned earlier, the degradation of PCL at higher extruder rotation
speeds compromises the mechanical stability of TPV-B, despite its
smaller rubber domain sizes. This degradation weakens the
thermoplastic phase, preventing it from achieving the superior
mechanical stability seen in TPV-C. TPV-B exhibited a higher
storage modulus than TPV-A and TPV-D, though it remains lower
than that of TPV-C. TPV-A, with the highest screw speed and the
addition of salt before crosslinking, exhibits the lowest mechanical
strength among the TPV electrolytes. The combination of these
two detrimental factors leads to the lowest storage modulus in
TPV-A. In contrast, reducing the screw speed, as in TPV-D, results
in a slightly higher storage modulus, though it remains lower than
that of TPV-C and B. These findings correlate with the extent of
PCL degradation as determined by NMR spectroscopy showing
that both phases contribute to the observed mechanical strength.

The rheological properties of a non-crosslinked PCL-EPDM
blend were also evaluated (Fig. S3(b), ESIT). This sample exhib-
ited significantly different behavior than its crosslinked counter-
part. Notably, in the non-crosslinked sample, a crossover
between the storage modulus (G’) and loss modulus (G”) was
observed. This indicates that at low frequencies, the material
behaves as viscous-dominant, with the loss modulus exceeding
the storage modulus.*® As the frequency increases, a transition
occurs, shifting the material’s behavior from viscous-dominant
to elastic-dominant, where the storage modulus surpasses the
loss modulus.”® In contrast, the crosslinked samples do not
exhibit a crossover point because crosslinking creates a network
of covalent bonds between polymer chains. This bonding pre-
vents chain mobility and viscous behavior, even at low frequen-
cies, resulting in the material behaving predominantly as an
elastic solid across the entire frequency range.*

Subsequent electrochemical tests were conducted on TPV-A,
TPV-B, TPV-C and TPV-D to assess the impact of mechanical
strength on the electrochemical properties of the material.
Ionic conductivity measurements were performed in a coin cell

© 2025 The Author(s). Published by the Royal Society of Chemistry
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configuration at temperatures ranging from 30 °C to 80 °C
(Fig. 4). No significant differences in the ionic conductivity were
observed among the prepared TPV electrolytes. However, TPV-A
and TPV-D exhibited slightly higher ionic conductivity com-
pared to the other TPV electrolytes, which can be attributed to a
decrease in the molar mass of PCL resulting from chain
scission during processing and a subsequent reduction in
tortuosity due to the large domain sizes of these two
samples.** Polymer chains with lower molar mass tend to
exhibit higher diffusion coefficients and greater ionic mobility.
Shorter chains exhibit increased segmental motion, allowing
them to move more freely within the polymer matrix. Addition-
ally, polymers with lower molar mass often possess higher free
volume, which provides more space for the diffusion of ionic
species.** Tortuosity is a dimensionless parameter that quan-
tifies the deviation of ion transport pathways from a straight
line, as influenced by the microstructural characteristics of the
material. In the TPV microstructure, the EPDM domains act as
barriers within the PCL matrix, disrupting and elongating ion
conduction pathways since ionic transport is confined to the
PCL phase. TPV-B and TPV-C, with smaller EPDM domains,
have higher tortuosity compared to TPV-A and TPV-D, which
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have larger EPDM domains. The smaller domains in TPV-B and
TPV-C create more obstacles for ion transport, leading to lower
ionic conductivity than what is observed in TPV-A and TPV-D.*®

PITT (potentiostatic intermittent titration technique) was
employed to determine the electrochemical stability window
of the TPV electrolytes. This technique monitors the current
response at each potential step once the system reaches equili-
brium, enabling the observation of the initial oxidation cur-
rents generated by the TPV electrolytes. The PITT curve is given
in Fig. 5. The graph presents the current response as a function
of time where the right Y-axis shows the applied voltage. The
electrochemical stability window of the electrolyte is identified
as the maximum potential at which the current spikes quickly
diminish to zero. Beyond this potential, the current fails to
return to zero after the applied voltage, indicating instability.
The oxidative stability was evaluated as 3.9 V for TPV-A and
4.05 V, 4.2 V and 3.9 V for TPV-B, C and D respectively. This
shows that rubber domain size and thus processing parameters
impact the oxidative stability of the TPV electrolyte. The elec-
trochemical stability window of the EPDM/PCL TPV electrolytes
is significantly higher than that of standard PEO-based polymer
electrolytes (typically around 3.8 V vs. Li'/Li), making it suitable
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Fig. 6 Galvanostatic stripping/plating profiles of symmetric cells using different TPVs at a current density of 0.1 mA cm 2 for TPV-A (a), TPV-B (b), TPV-C
(c) and TPV-D (d). Cycling stability of TPVs at different current densities of (0.1, 0.2, 0.3 mA cm™~2) for TPV-A (e), TPV-B (f), and TPV-C (g), and TPV-D (h).

(All of the cycles were performed with a hold time of 30 min.)
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for use with high-energy cathode materials such as NMC.*® It has
previously been shown that crosslinking can effectively shield
vulnerable functional groups from oxidative decomposition.*”
This protective effect is particularly important for hydroxyl and
carbonyl functional groups, which are prone to oxidation at high
voltages.”” The oxidative stability of HNBR/PCL TPV electrolytes,
with rubber domain sizes in the nanometer range, was reported
to be 4.4 Vvs. Li*/Li, surpassing that of the EPDM/PCL systems.*®
These results suggest that variations in oxidative stability are
likely correlated with TPV electrolyte morphology, where smaller
rubber domain sizes provide better protection against oxidative
decomposition due to increased contact between the crosslinked
and non-crosslinked phases.

Oxidative stability optimization is the reason why PCL and
EPDM were mixed in a 50/50 vol% ratio. This component ratio
was selected based on preliminary studies with a PCL-HNBR
TPV electrolyte which showed that the ratio of the thermoplastic
phase to the elastomeric phase had a strong influence on the
electrochemical stability of the material (Fig. S5, ESIt). PCL-
HNBR samples prepared with 40 vol% HNBR and 30 vol% HNBR
exhibited decreased oxidative stability compared to the sample
prepared with 50 vol%. This was attributed to decreasing contact
between the protective HNBR phase and PCL which is vulnerable
to oxidative damage. Previous work by Caradant et al. showed that
the 50/50 vol% PCL-HNBR mixture was stable up to 4.4 V.*® This
decreased to 4.2 and 3.9 V when the proportion of HNBR was
decreased to 40 and 30 vol% respectively (Fig. S5, ESIT). It was
assumed that decreasing oxidative stability would also be
observed with decreasing elastomeric phase content in the EPDM
system. The proportion of EPDM was not raised above 50 vol% as
the elastomeric phase cannot be the co-continuous phase in a
TPV. Increasing the elastomeric phase content to 60 and 70 vol%
has been associated with reduced crosslinking and agglomeration
of the elastomeric phase.*” These changes in phase distribution
were linked to lower tensile strength and less elongation at break
when compared to a 50/50 vol% mixture.*’

The galvanostatic cycling stability of TPV electrolytes was
evaluated in Li-TPV-Li symmetric cells at a current density of
0.1 mA cm ™ > and a hold time of 30 min at 60 °C. The threshold
current density, which represents the current density at which
the Li metal-TPV interface remains efficient for plating, of
HNBR-PCL TPV electrolytes was previously determined using
the Sand equation. Cycling below that threshold (0.1 mA cm™?)
allowed for stable operation, enabling over 100 reversible
cycles.'® Critical current density is proportional to the molar
concentration of lithium and the cation diffusion coefficient. It
is inversely proportional to the anion diffusion coefficient and
sample thickness. "NMR shows that PCL contains about 80% of
the salt at 60 °C in PCL-HNBR.?" PCL contains 100% of the salt
in PCL-EPDM because EPDM is not polar and cannot dissoci-
ate lithium salt. The corresponding molar concentrations of
salt, coupled with the respective ion diffusion coefficients as
determined by solid-state pulsed field gradient NMR (5 x 10~ **
and 1.77 x 10""* m”® s~ for "Li and '°F in PCL-HNBR and 2.2 x
107" and 8 x 107"* m” s~ for “Li and °F in PCL-EPDM) give
critical current densities of 0.0022 and 0.0027 mA cm™ > for
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PCL-HNBR and PCL-EPDM respectively for samples with the
same thickness. Based on these findings, similar critical cur-
rent densities can be expected for these materials. A current
density of 0.1 mA cm ™2 was used to evaluate the stability of the
EPDM-PCL electrolytes. Voltage profiles of TPV-A, TPV-B, TPV-
C and TPV-D during plating and stripping of Li are shown in
Fig. 6. The symmetric cell prepared with TPV-A short circuited
after 250 h which is potentially linked to dendrite formation
(Fig. 6a). This was attributed to large rubber domains in TPV-A
decreasing the mechanical strength of the electrolyte and/or
interfering with the homogeneity of the electrolyte-lithium
interface. TPV-B, characterized by small rubber domains but
lower mechanical strength, exhibited the first signs of cell
failure after 590 h. However, the cell continued to operate for
630 h before short circuiting (Fig. 6(b)). The initial voltage drop
may have occurred due to the possible formation and subse-
quent collapse of dendrites, driven by mechanical instability or
dissolution caused by localized heating or changes in ion
concentration. These processes temporarily stabilize the cell,
allowing it to continue functioning briefly, but ultimately lead
to an irreversible short circuit.>® The symmetric cell made with
TPV-C exhibited prolonged cycling life (1020 h) compared to the
other TPV electrolytes (Fig. 6(c)). This outcome can be attrib-
uted to the enhanced mechanical strength of TPV-C and the
uniform dispersion of small rubber domains within the ther-
moplastic matrix which leads to more uniform current distri-
bution. A stable voltage profile is evident, suggesting uniform
and stable lithium deposition, thus showing that electrolyte
processing conditions impact electrolyte morphology and
hence, cycling stability. TPV-D exhibited stability for up to
200 hours (Fig. 6(e)), which is lower than that of the other
TPVs. This lack of stability can be attributed to large domain
sizes as was seen for TPV-A. The small number of spikes that
are observed in the voltage profile are associated with tempera-
ture fluctuations due to the opening of the oven during cycling.
Fig. S6 (ESIT) presents a zoomed-in view of the cycling curves at
both the beginning and end of the cycling period. The cycling
stability of the TPV electrolytes was also evaluated at different
current densities during Li plating/stripping (i.e., 0.1, 0.2,
0.3 mA cm > where the current was held for 30 minute
intervals) to obtain the critical current density (CCD). The
CCD refers to the specific current density at which cell failure
occurs. This failure could potentially be explained by the
formation of dendrites at the Li metal anode which grow to
penetrate the electrolyte. The cycling performance of the sym-
metric cell that was prepared with TPV-A shows that the cell
maintained stable cycling behavior for up to 50 cycles at a
current density of 0.1 mA ecm ™2, indicating good initial electro-
chemical stability. However, when the current density was
increased to 0.2 mA cm™ 2, voltage fluctuations began to emerge
after 25 cycles, suggesting the onset of instability at higher currents.
The voltage instability was more pronounced when current density
was increased to 0.3 mA cm 2, indicating reduced ability to
maintain stable cycling (Fig. 6e). TPV-B (Fig. 6f) was shown to be
stable for 50 cycles at a current density of 0.1 mA cm™> (where the
current was held for 30 minutes). As the current density was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increased to 0.2 mA cm >

, the cell exhibited a moderate over-
potential of 0.05 V over 50 cycles. Upon increasing the current
density to 0.3 mA cm % the cell began to experience voltage
instability after 15 cycles. For TPV-C, smooth charging and dischar-
ging plateaus were observed across all the tested current densities,
without any signs of perturbation or overpotential over 80 cycles at
current density of 0.3 mA cm 2. TPV-D (Fig. 6(h)) demonstrated
stable cycling behavior for up to 50 cycles at a current density of
0.1 mA cm > and continued cycling for 45 cycles at a current
density of 0.2 mA cm ™ > before failure occurred. These observations
suggest that rubber domain size and/or PCL chain integrity, both of
which impact electrolyte mechanical strength, influence inter-phase
compatibility between the TPV electrolyte and the lithium metal
electrode. This behavior was previously observed by Costalin et al.
who found that increasing the mechanical strength of the electrolyte
by crosslinking allowed for cycling at higher current densities.'®

Conclusion

TPV electrolytes comprised of EPDM and PCL were prepared using
four different protocols, where both screw speed during mixing and
the order of component addition were varied. The purpose of these
experiments was to determine the impact of processing conditions
on sample morphology and to study the effects of the resultant
morphologies on the mechanical and electrochemical stability of
the electrolytes. Lithium salt addition prior to crosslinking yielded
TPV electrolytes with larger domain sizes and lower mechanical
strength (TPV-A). Increasing the screw speed was found to decrease
domain size but caused degradation of the PCL phase (TPV-B).
Degradation of the PCL phase resulted in reduced mechanical
strength. A comparison of TPV electrolytes prepared with high screw
speeds and those in which LiTFSI was added prior to crosslinking
showed that the order of component addition had a more signifi-
cant impact on TPV electrolyte stability. TPV-C was found to have
the best mechanical and electrochemical stability amongst the
tested formulations. Improved mechanical strength and stability
with respect to lithium metal during plating and stripping were
linked to a uniform distribution of the crosslinked EPDM phase and
minimal degradation of the PCL phase during processing. These
results suggest that electrolyte processing parameters should be
tightly controlled to optimize electrolyte performance.

Experimental
Materials

EPDM was supplied by TotalEnergies, (France). PCL (average
M,, = 80000) and the crosslinking agent (Di-tert-butyl peroxide)
were purchased from Sigma Aldrich. LiTFSI was purchased
from Shenzhen Capchem Technology and used as received.
Double-sided laminated Li metal foils with 40 um of Li on
11 pm of copper were purchased from MSE supplies.

Preparation of crosslinked polymer electrolytes

EPDM was initially compounded with a crosslinking agent at a
ratio of 3.5 parts per hundred rubber (phr). The compounding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Processing conditions of different EPDM/PCL TPV electrolytes

Sample Screw speed (rpm) Processing condition

TPV-A 250 LiTFSI addition before crosslinking
TPV-B 250 LiTFSI addition after crosslinking
TPV-C 150 LiTFSI addition after crosslinking
TPV-D 150 LiTFSI addition before crosslinking

process involved the utilization of an Xplore (model: MC 15 HT)
twin-screw extruder with a capacity of 15 mL. The EPDM/cross-
linking agent mixture was extruded at a temperature of 80 °C
and a rotation speed of 100 rpm. The TPV electrolyte was
prepared by mixing the peroxide-containing EPDM and PCL at
a ratio of (50/50 v%). Initially, EPDM containing peroxide was
introduced into the extruder at 80 °C and mixed at 100 rpm for
1 minute. Subsequently, the extruder temperature was increased
to 170 °C to activate the crosslinking agent. PCL and LiTFSI
(24 wt% relative to the total weight of the polymer blends) were
then added. The sequence of salt addition (before or after
crosslinking of EPDM) varied between samples as presented in
Table 2. The screw speed was then increased (150 or 250 rpm) to
break up rubber domains. Mixing continued for 10 minutes after
crosslinking had occurred.

The TPV electrolytes were then pressed at 150 °C to prepare
films with a thickness of 130 4+ 10 um. The films were dried at
60 °C under vacuum prior to use.

Morphology, mechanical and thermal properties

Scanning electron microscopy. SEM images were obtained
using a Phenom XL G2 high resolution tabletop SEM in back
scattered detection mode with an accelerating voltage of 10 KV.
EDS results were acquired with a field width of 451 um, using
Point mode at an accelerating voltage of 15 kV, and employing
backscattered detection mode. SEM images were processed
using Python’s NumPy and Matplotlib libraries, to calculate
the size of aggregates. The images were converted into single-
channel (black and white) images, where all pixels above a
threshold value of 0.5 were set to white, and pixels below that
threshold were set to black. The number of pixels representing
the aggregates was then counted, these counts were converted
to area measurements based on the magnification of the SEM
images.”"?

Tensile strength measurements. The tensile strength of the
TPV electrolytes was measured using an Instron 5565 electro-
mechanical universal testing machine under ambient condi-
tions. Specimens with a size of 7 em x 1 cm x 0.1 cm were
prepared on a hot press using a specially designed mold.
Samples were subjected to tensile testing at a constant strain
rate of 50 mm min " until failure.

Rheological measurements. The rheological properties of
the TPV electrolytes were obtained using a Discovery Hybrid
rheometer (TA instruments) at 130 °C. Frequency sweep mea-
surements were conducted at strain of 1% and frequency range
of 0.1-100 rad s~ .

Thermogravimetric analysis. The thermal stability of the
TPV electrolytes was evaluated using a TGA (8000 PerkinElmer).
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Samples were heated from 35 °C to 600 °C at a rate of
10 °C min~" under air.

Electrochemical measurements. Symmetric Li-TPV-Li cells
were cycled at 60 °C using a VMP series multichannel potentio-
stat manufactured by Bio-Logic Science Instruments.

The ionic conductivity of the TPV electrolytes was measured
via EIS using a SP300 potentiostat (Bio-logic) over a tempera-
ture range of 30-80 °C. Samples were pressed between two
stainless steel disks in a coin cell configuration. The coin cells
were assembled in an argon-filled glovebox.

Symmetric cells with a Li-TPV-Li configuration were pre-
pared. The TPV electrolytes were sandwiched between two Li
foils and then laminated to ensure optimal contact between the
solid electrolyte and Li foils. The cell assembly was completed
using two stainless steel (SS) spacers, each with a thickness
of 1 mm.

The ionic conductivity (¢) was calculated using the following
equation:

1 d
=R (2)
where d represents the thickness of the electrolyte, S indicates
the contact area between the electrode and electrolyte, and Ry,
denotes the bulk resistance.

The oxidative stability of the TPV electrolytes was deter-
mined using the PITT. A series of voltage steps from 3 up to
5.5 V vs. Li'/Li was applied in increments of 0.15 V for a
duration of 3 h for each voltage step to a coin cell with a SS/
TPV/Li configuration The current response of the system to
each voltage was monitored to evaluate the electrochemical
stability of the system.
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