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Abstract

Research on solid polymer electrolytes (SPEs) based on poly(ethylene oxide) (PEO) is
essential to propose an alternative to the conventional liquid electrolyte in order to increase
both the mechanical properties and the ionic conductivity. Strategies to increase the ionic
conductivity of SPEs are typically based on the development of new polymer architectures,
lithium salt natures, plasticizers, or additives. In addition, applying an external field such as
magnetic, electric, pressure, or a mechanical deformation onto the SPEs can alter the resulting
ionic transport properties. For the later one, the main difficulty lies in obtaining the
instantaneous evolution of the ionic conductivity coupled with the mechanical deformation
and its geometrical change, especially when a striction domain appears. For this, a dedicated
sample environment was designed to perform tensile tests in an inert atmosphere on SPE
membranes at different temperatures (below and above the PEO melting temperature).
Moreover, a methodology to calculate the instantaneous in-plane ionic conductivity is
proposed based on COMSOL simulations to back out the sample geometrical changes during
elongation. A strong impact on the in-plane ionic conductivity is observed when comparing
PEOQ electrolyte architectures; from homopolymers to single-ion conducting block copolymer
via binary conducting block copolymer electrolytes. Below the PEO melting temperature, a
striction domain appears upon elongation whose conductivity is higher than the one of the
bulk by a factor 2 and 18 for PEO homopolymer and binary conducting block copolymer

electrolytes, respectively.

Keywords: solid polymer electrolyte, anisotropy, ionic conductivity, stretching, in situ

measurements.
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1. Introduction

Existing Li-ion battery technologies are limited for large scale application because of the
presence of flammable liquid electrolytes (lithium salt in alkyl carbonate solvents).[1] The
solid polymer electrolytes (SPEs) based on polyethylene oxide (PEO) directly address this
issue, but present a relatively low ionic conductivity (o) at temperatures below the melting
point (Tn) of about 55 °C with value typically lower than 10 S.cm™. Thus, the operating
temperature is typically increased up to 60 - 80°C to achieve the required conductivity, above
10 S.cm™, for the application.[2] Therefore, there is a need to favor ionic transport in the
SPE below 60 °C to move toward a room temperature application. For example, the addition
of micro or nanoparticles in a polymer matrix helps to increase the mechanical properties and
to decrease the crystallinity of the PEO phase.[3] In addition, the ionic conductivity differs
depending on the nature of the SPE such as homopolymer, copolymers, crosslinked polymers,
or single-ion conducting electrolytes.[4—6] It has also been reported that SPES possess an
anisotropic ionic conductivity where the in-plane differs from the through-plane conductivity
depending on the SPE architecture and the orientation of the polymer chains (e.g. linear,
diblock, triblock or branched copolymers).[5,7] Moreover, this anisotropy can be further
exacerbated by structuring the materials with the application of either an electrical or
magnetic external field [8] during the solvent drying step[9] or by controlling the drying
temperature.[10] At last, the application of a mechanical strain is also known to modify the

electrical properties in homogeneous or heterogeneous systems.[11-16]

Golodnisky and Peled pioneered the study of the SPE elongation under uniaxial stress.[11,17]
For instance, they compared the ‘Li nuclear magnetic resonance (NMR) spectra of
unstretched and stretched PEO/Lil films at room temperature. In the stretched SPE, the
chemical shift upfield is consistent with a closer Li-O bond lengths where the PEO takes the
form of a helix with the -O atoms located inside and complexing the cations while the -H
atoms are facing outward. These changes within the microstructure are reversible by heating
the samples above Ty, the peak positions measured at room temperature returned to that of the
unstretched state. This results from the relaxation of the polymer chains that return to a
Gaussian state. Additional studies focused on the influence of temperature, stretching,
polymer chain structure (microscopy study), and Li salt concentration on the in-plane and/or
through-plane ionic conductivity of PEO homopolymer electrolytes.[11,14,18,19] For high
molecular weight PEO membranes doped with Lil (EO/Li = 20), Golodnitsky et al. reported
that stretching up to 150 % at room temperature leads to an increase in the in-plane

2/34



conductivity by a factor 4 to 7.[11,18,20] When changing salt with LiTFSI, the in-plane
conductivity was enhanced by a factor 10 at an elongation of about 450 %.[19] Typically,
stretching the electrolytes in their plastic domain leads to an increase in the in-plane
conductivity. This phenomenon has been ascribed to the morphological changes that occur
during the non-reversible deformation.[13] With increasing deformation, the crystalline grains
start to slide and align with the direction of the applied load. When the stress reaches a critical
point that marks the beginning of yielding, dislocation density rises in the favorably oriented
crystalline grains that experience excessive shear, leading to the formation of fibrils.[13] Liu
et al.[21] measured the in-plane conductivity at 25°C of PEO/LIiTFSI and PEO/LiICF3SO3
films before and after their stretching at 90 °C under dry air flow. They reported a decrease in
conductivity by a factor of 0.6 and 0.7 at 200 and 300 % of elongation, respectively. They
attributed this loss in conductivity to a modification of the PEO crystalline phase after the
stretching step that tends to adopt an orientation perpendicular to the stretching direction and
thus block in-plane ionic pathway. Conversely, in through-plane direction, the conductivity
increases in correlation with a reduced tortuosity. However, these results contradict the works
of Burba et al.[22] where the stretching at room temperature of high molecular weight
PEO/LITFSI is enhanced in a direction parallel to the stretched direction which indicate that
the stretching temperature, and thus the polymer state, plays a key role on the resulting

conductivity.

From this literature analysis (the data are summarized in Table S1, see supporting
information file), the change induced by mechanical stretching on the in-plane ionic
conductivity of PEO based electrolyte are not fully univocal. This results from the intrinsic
complexity to measure the changes of conductivity upon stretching, or to the high sensitivity
of small changes in the experimental conditions (dry air, ambient atmosphere, sample
preparation, etc.). In addition, the dynamic changes of the in-plane conductivity at different
temperatures have not been fully addressed. The relaxation mechanisms might also alter the
conclusions. Finally, the PEO homopolymer is the sole material for which the conductivity
has been measured upon stretching. This gives a little perspective to correlate and thereby
understand the changes in conductivity upon stretching of SPEs of different natures and/or
architectures. Indeed, from a practical point of view, understanding the evolution of the in-
plane as well as the through-plane conductivity to get the conductivity anisotropy (ratio of in-
plane over through plane conductivity), upon elongation is of interest for the solid-state

battery devices as solid-state electrolytes are foreseen to be produced in industry by extrusion
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process In addition, the anisotropy if understood and controlled can be used to increase the
anisotropy to get low parallel values limiting the formation of longitudinal gradient which has
been suggested as the origin of the dendrite nucleation even at current density far below the
Sand current density.[23]

Herein, we propose to revisit the in-plane ionic conductivity analysis. To perform reliable
experiments, we first developed a dedicated setup to couple electrochemical impedance
spectroscopy as a function of the elongation in an inert atmosphere and at various
temperatures. The measurements are performed either as a function of an on-going elongation
(continuous mode) or as a function of time after a stepwise elongation (stop-motion mode).
To obtain the intrinsic transport property, a methodology is presented based on the
combination of the SPE geometrical dimensions extracted from optical pictures and processed
with the Fiji software [24], and a finite element modeling done under COMSOL
Multiphysics[25] to dynamically take into account the evolution of the SPE geometry. This
leads to the determination of the cell constant as a function of the elongation. In this work, the
experiments were performed at given temperature, above and below T, of PEO, and the
nature of the SPEs was varied using PEO homopolymers, polystyrene (PS) reinforced triblock
copolymer (PS-PEO-PS), and a crosslinked single-ion conducting electrolytes. Below Tp, a
necking region is locally generated within the semi-crystalline stretched PEO and PS-PEO-PS
with higher conductivity than that of the bulk.

2. Experimental
2.1 Materials
Solid polymer electrolytes and cell assembly

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and high molecular weight (5000
kg.mol™) PEO homopolymers (PEOsop) were obtained from Sigma Aldrich and used as
received. Triblock copolymers with a central 20 kg.mol™ PEO sequence with outer blocks in
Polystyrene (PS) having a PS weight fraction of 0.53, denoted SEO,,S_53, was synthesized
by nitroxide mediated polymerization at Institut de Chimie Radicalaire (Aix-Marseille Univ.,
France) as reported previously.[6,7] The chemical structures of the PEO and SEO2S_53 are
shown in Table 1. To formulate SPE, the two polymers were blended with LiTFSI to reach a

salt concentration equivalent to EO/Li of 25.[25] The polymer and salt are solubilized in a
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good solvent, as N,N-dimethylformamide (DMF), and the resulting solution is casted onto a
Polytetrafluoroethylene Petri dish, then let dry and annealed at 60°C prior being stored in an
Argon filled glove box for at least a week prior use. Then, the SPEs were sealed in pouch
bags to be further annealed at 80 °C for 4 h in an oven to remove the formulation process
history [26-28] and subsequently stored again in the Argon dry glove box for at least a week
prior use. The SPEs were formulated in the form of thin films with typical thicknesses ranging
from 100 to 250 pum.

A crosslinked single-ion conducting electrolyte was also synthesized by Institut de Chimie
Radicalaire (Aix-Marseille Univ.) based on silica nodes functionalized with TFSI anions with
PEO chain in between. The generic chemical structure of this single-ion conducting SPE,
denoted HySI 20 with 20 the equivalent EO/L. ratio is added in Table 1 while the complet
set of physico-chemical and ionic transport properties are reported in reference [29]. The
HySI_20 film thicknesses range in between 100 to 300 um thick, i.e. similar to the PEO and
SEQOyo_53 electrolytes.

At last, for comparison purpose, a 49 = 1 pum thick commercial (Osaka Soda) crosslinked
PEO-based electrolyte denoted PEOgs was also used to validate our methodology.[30]

Acronym Chemical representation

PEOso00 \[\ o /\/];

SEO,S_53

HySI_20 o

A~ PEO chain
waro®  CHCHRSO N (LIT)SO,CF;

o]
Q : Silica network

HO ® ¢

Table 1. Chemical structure of the investigated polymer hosts, PEOsg and SEO,,S_53 that
are doped with LIiTFSI (EO/Li = 25), and of the HySI 20 crosslinked single-ion conducting

electrolyte.
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In the glove box, each SPEs were cut in the form of a rectangle or a dumbbell using hand
punchers whose typical dimensions are shown in Figure S1. These form factors are being
designed for in-plane impedance measurement as electrodes can be placed on both ends of the

materials. We thus define as L the distance in between the two electrodes.
2.2 Sample environment

A sample environment was specifically designed to perform in-plane electrochemical
impedance spectroscopy of the investigated SPEs depending on the strain (&) and temperature
(T) under a control atmosphere (constant Nitrogen (N,) flow). The sample environment is
schematized using Solidworks[31] in Figure 1a and a camera picture is displayed in Figure
1b. It consists in a Minimat 2000 tensile device that was modified to only keep the parts
necessary for uniaxial elongation. These parts correspond to the clamp, endless screws to
apply the strain, and the mechanical coupler to an external stepper-motor. In addition, the
clamps were elevated above the screws to be able to measure the SPE thickness with a
micrometer or its width as illustrated in Figure S2. Moreover, the clamps were insulated with
Kapton tape, and a rectangular Cu tape was placed in each of them to act as electrodes, i.e. a
Cu symmetric in-plane cell. The whole system was placed in a closed plastic box from
FIBOX Enclosing Innovation that can withstand up to 200 °C. It was partially covered with a
heat resistant and thermal insulating tape to help control the temperature in the box, leaving a
small open window to visualize the sample during elongation tests; enabling to take pictures
of the SPE sample for geometric corrections. A heater and a fan were also added into the box,
to enable temperature control via a thermocouple placed close to the SPE sample. In addition,
a stepper motor was connected to the Minimat to control the moving-clamp displacement in
both directions to widen or close the gap between the clamps. The speed was set to 1 mm.min
! (minimum possible) and no force sensor was installed. When the box was closed, inert N
gas was flown via two openings (inlet and outlet) placed on both ends. To mount a SPE, both
ends of a sample were placed on the Cu electrode in each clamp that was subsequently close
at 5 cN.m using a torque screwdriver. This value is the best trade-off ensuring good electrical
contacts of the SPE with the electrodes (to get reliable EIS spectra) and preventing the
membrane from breaking. Then, electric wires, indicated by the white arrows in Figure 1b,
enables the connection from the Cu electrodes to a potentiostat with impedance capability
(SP200, BioLogic) via electric connectors placed on the box wall. The complete setup is
displayed in Figure S3 where the sample environment is placed vertically, and a camera is

placed in front of the opening to capture images of the SPE.
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Figure 1. a) SolidWorks rendering of the sample environment for the in-plane impedance
analysis as a function of the strain, b) picture of the sample environment comprising a SPE

placed in between the clamps and the wire connection to the potentiostat.

2.3 Camera picture analysis

A Digital Single-Lens Reflex (DSLR) camera with a zoom lens (Nikon) was used to acquire
pictures of the SPE surface upon elongation which was controlled remotely to prevent
vibration and measure the width and the length (see Figure S3). As an example, a picture of
the HySI_20 electrolyte held in between the clamps is shown in Figure S4. For each picture,
the SPE is outlined using the Fiji software and the pixel size is defined using a millimeter
graph paper acting as a sight and located at the level of the SPE. The distance between the
electrodes (L) is thus the sum of the pixels in between the clamps while the projected surface
area (A) is the number of pixels within the outlined surface. Therefore, we define the averaged

width (Wayg) as:

A
Wayg = Z (1)

2.4 Electrochemical impedance spectroscopy

Using the sample environment, at a given temperature (T) and under constant flow of N, gas,
electrochemical impedance spectroscopy (EIS) was performed during SPE elongation in
working to ground mode to avoid interference from the heating power source with the cell

potential. EIS spectra were recorded from 7 MHz down to 20 mHz using an excitation signal
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between 500 and 1500 mV. Figure 2a shows an example of EIS spectrum of the HySI 20
electrolyte after temperature equilibrium at 35 °C. Because of the cell geometry with a large
SPE length, the impedance is very high and an electrical equivalent circuit made of the
electrolyte resistance (Re) in parallel with a pseudo-capacitance (Constant Phase Element,
CPEg), shown in the inset of Figure 2a, permit to fit the spectra.[32] The result of the best fit
is added in Figure 2a. In addition, a Bode representation of the impedance modulus (|Z]) is
provided in Figure 2b showing that for frequencies (f) below 0.4 Hz, Re(Z) is similar to |Z|.
This means that following Re(Z) as a function of time at f = 150 mHz permits to follow the R
during elongation. Indeed, at such f an impedance data point is recorded every 15 sec,
corresponding to a sample elongation of ~250 um (< 1.5 % x L), so they are performed in
quasi-stationary conditions. This protocol was validated with complete EIS spectra on
different SPEs prior and at the end of elongation to determine the f range at which R should
be measured. As an example, Figure S5 shows the EIS spectrum and the Bode-like at the
same SPE still at 35 °C at a 90 % elongation. Consequently, Re; was followed at a fixed
frequency of 150 mHz during elongation at 1 mm.min™ until SPE break-up for all the

investigated SPEs.

For comparison purpose, aluminum (Al) symmetric pouch cells were also assembled in the
glove box using similar SPE geometries (rectangle, dumbbell) following the cell assembly
methodology reported elsewhere.[33] The Al symmetric cell were placed in an oven and EIS
spectra were recorded in between the room temperature and 90 °C. The EIS spectra were of
similar shape than the one recorded using the sample environment (Figure 2a) and Re was

thus determined using the same electrical equivalent circuit.

10

6x10°

10

b) s |Z
5x10° 10° L o Re(7)
unuagvs.
|
4x10° 10°F C o my
@ 150 mHz ¢ o "a -
g 310’ g 10k o
<
g N
= 2x10° 10°F ° .
1x10° 150 mHz —> % 10°F o
0 1 1 1 L L IO" L 1 | N
0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 10° 10" 10’ 10' 10°
Re (Z) (©2) Frequency (Hz)

Figure 2. a) Nyquist plot of the HySI_20 electrolyte at 35 °C in initial state (¢ = 0 %) with the
data as open symbols and the result of the best fit from the equivalent circuit given in the inset

as a red curve, b) corresponding Bode-like plot of the modulus and real part of the impedance.
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2.5 Finite elements simulation

Two 3D geometries (length, width, thickness) of the SPE in the form of a dumbbell were
implemented in COMSOL Multiphysics to reflect the SPE dimensions at initial state and at a
given elongation. From camera pictures, the projected surface of a SPE was outlined in Fiji
and an in-house Python script transforms the outlined surface in (x, y) coordinates. For the
thickness, along the z-axis, a fixed value is used as input parameter corresponding to the
experimental average thickness measured prior or after an elongation test using a micrometer
(Mitutoyo, £ 1 um resolution). An example such volume rendering is provided in Figure 3
for the HySI_20 electrolyte at 0 % (332 pum thick) and 90 % (209 um thick) of elongation
along with their respective camera pictures. Then, finite element modeling was used to
simulate the current distribution within the SPE volume during constant polarization in
between electrodes located on both end of the samples. The complete methodology is similar
to that described in a previous work for which electrodes are placed on both end of a SPE in

an in-plane configuration.[25]

a)e=0%

b) €=90 %

Figure 3. 3D representations under COMSOL of the HySI_20 electrolyte at an elongation (&)
of a) 0 % and b) 90 %. The positions of the electrodes on each side are also indicated as well

as the corresponding camera pictures.
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2.6 Thermodynamic analysis

The thermodynamic properties of the electrolytes were analyzed on a Differential Scanning
Calorimetry (DSC) apparatus (DSC 2, Mettler Toledo) using several cool/heat/cool cycles
from -100 °C to 125 °C and at a heating and cooling rate of 20 °C.min". Since the sample
elongation can impact their thermodynamic properties, the samples were cooled down to -100
°C prior heating them up. The heating cycles were used to determine the glass transition
temperature (Tq) by the tangent lines method and from the endothermic peak the PEO melting
temperature (Ty,) as the intersection point of the baseline and the inflectional tangent at the
beginning of the melting peak. The Ty and T, values of the SPEs are listed in Table S2. In
addition, for PEO homopolymer electrolyte the crystallinity index (y.) was calculated from
the melting enthalpy (AHy, determined by melting peak integration) according to:

_éfﬁg
AHY,
with AH?, the melting enthalpy of a 100 % crystalline PEO, equal to 195 J.g™*.[34]

Xe = +100 ()

2.7 Mechanical analysis

A Dynamical Mechanical Analysis (DMA) apparatus (Q800, TA Instruments) was used to
perform strain-stress experiments on PEOsqgo at 60 °C. Rectangular samples were mounted on
the DMA clamps and dried for 45 min at the operating temperature via the flow of dry air in

the machine. Then, the SPE was stretched at 0.5 N.min™ up to 18 N or upon break-up.

3. Results and discussion

At a given elongation (&) the in-plane ionic conductivity (oy) is determined using the
conventional equation:

o =g C)

el

with kj; in-plane cell constant which depends on the geometrical dimensions of the SPE.
If during elongation, there is no phase transition within the SPE, then at a given ¢, gy is
considered as constant in the whole sample. This hypothesis only assumes that the strain

levels are comparable throughout the samples. Therefore, the SPE can be decomposed into N
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small parallelepipeds of length L/N of averaged width wayg and resistance R; (1 < i < N) such

as:

N
Ry = Z R; 4)
i=1

Then, assuming a constant SPE thickness (th), eq. 4 can be written based on the in-plane

conductivity of parallelepiped electrolyte[25] as:

N
L/N
Ry= ) ——— (%)
€ ;Wavg'th'a//
Eq. 5 can then be written in the form of eq. 3 as:

_ L
Wavg th - Rq

(6)

gy/

To assess on the validity of eq. 6 when the SPE is not stretched, Al symmetric pouch cells
comprising a PEOgs crosslinked electrolyte with a rectangular or dumbbell shape (see Figure
S1) were assembled. This SPE was selected because this industrial product has a constant
thickness. In-plane impedance measurements were then performed in between 25 and 90
°C. The pouch cells conductivities are shown as a function of the inverse of T in Figure 4. At
each T, oy is similar for both types of SPE geometries (rectangle and dumbbell) validating the
use of eqg. 6. In addition, the same SPE with a dumbbell shape was placed in the sample
environment and the electrolyte was heated at selected T (40, 60 and 80 °C) under a constant
N, flow without being stretched. From the impedance spectra of the Cu in-plane symmetric
cell comprising the SPE, eq. 6 was used to calculate o;. The results are added to Figure 4 and
overlap with the other data sets. Consequently, these impedance measurements show that i)
the proposed methodology to determine oy based on the coupling of impedance with camera
pictures is suitable as long as the thickness is known and ii) the atmosphere reached inside the
sample environments via heated N is close to that of the dry atmosphere of an Ar glove box.
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Figure 4. In-plane ionic conductivity (o) as a function of the inverse of the temperature (T)
of the PEOgs electrolyte having the shape of a (black open circle) rectangle in pouch cell,
(blue open triangle) dumbbell in pouch cell, and (yellow diamond) dumbbell in the sample

environment.

To verify further the use of eq. 6 when a SPE is stretched, the current density (J) distribution
within the electrolyte was simulated[25] on the implemented 3D geometries in COMSOL (see
Figure 3) during a 50 mV polarization step. For this, the input parameters correspond to the
experimental conductivity of the HySI_20 electrolyte of 5.83 107 S.cm™ at 35 °C, called
oinput, and the SPE geometrical dimensions. The output parameter is J located at each node of
the SPE volume. The results of the simulations are presented in Figure 5 displaying J within
the SPE (width per length) at initial state (¢ = 0 %) and at a ¢ = 90 % with a color code
ranging from dark blue (lower J) to dark red (higher J) along with camera picture of the SPE.
At initial state, J is almost constant throughout the sample with values around 1.5 10°
mA.cm™ as the SPE is almost a parallelepiped. When stretched, J is higher in the middle of
the SPE length where the width is the thinner with values around 8.1 10° mA.cm™ and tends

to be smaller when the width increases.
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Figure 5. Current density profiles from COMSOL simulations of the HySI 20 electrolyte at
a) e = 0 % and b) ¢ = 90 %. The current density color code is indicated as well as the

corresponding camera pictures.

The current densities were then converted into current (1) based on their usual relationship,

given in eq. 7, considering a section vector das along the SPE length:

I= ﬂsf.d_s’ 7)

For completeness, Figure S6 displays J and | as a function of the SPE length for the two
elongations. The current is constant all along the SPE length with an average value of 8.48
0.38 10® mA and 1.88 + 0.05 10® mA at ¢ of 0 and 90 %, respectively. These values were
then used to calculate the electrolyte resistance (Re) based on Ohm’s law (ratio E/I). The
results are presented in Table 2. Based on eq. 6, the output oy was calculated using the values
of Rel, L(¢), and th(e) while way(e) was determined from Fiji analysis (eq. 1). The output oy
lies within a 5 % margin error from the input conductivity at ¢ = 90 %, a value lower than the
typical experimental standard deviation. Therefore, this methodology based on camera picture
analysis of the sample dimensions (L(¢), A(e)) to determine the oy is in agreement with the
results from the COMSOL simulations and can be applied experimentally for any

homogeneous samples at a given elongation if the thickness is known.
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& Tinput E L th A Wavg I Rel (:E /I) O output (eq 6)

%) (Sem™) (V) (cm) (um)  (cm?) (mm) (A) MQ) (S.cm™)
0 583107 0.05 228 332 046 1.99 848+0410" 5896 5.80 107
90 5.83107 005 4.30 209 0.61 0.14 1.88+0.110  2659.6 5.50 107

Table 2. Results of the COMSOL simulations at 0 % and 90 % strain of a SPE.

To determine the thickness (th) evolution as a function of the strain, PEOsgo0, SEO20S 53, and
HySI_20 electrolytes were stretched at given elongations from 0 % to 115 % and at 35, 42, or
60 °C. As the sample environment is a closed box, the thicknesses are measured from SPEs
quickly unmount from the clamps at different locations along their length using a micrometer
to calculate an averaged value. As an example, Figure 6 represents the normalized average
thickness, th(e) / th(e=0), as a function of ¢ for the HySI 20 electrolyte. The normalized
average thickness of the SPEs decreases with ¢ and all the data tend to follow a negative
power law curve. To model this evolution, we propose to use the Poisson’s law in the case of
large elongation. The complete set of equations is presented at the end of the Supporting
Information document. The SPE volume variation, V(0) — V(¢), can be expressed as a function
of ¢ and the Poisson’s ratio (v) according to:

V() - V(e)

V(0)

with V(g) the volume at a given elongation and V(0) the initial one.

(1+6)12v -1 8)

In addition, V() is related to the SPE area A(e) determined using the camera pictures by:

V(€) = A(€) - th(e) )

Therefore, we obtain:

th(e) _ A(0) .
h(0) ~ A 2~ AFeT) (10)

In eq. 10, the SPE thickness follows a negative power law of the elongation considering the
experimental width variations. The average thickness of a sample is thus determined prior and
after stretching, and the camera pictures are used to determine A(¢). Then, eq. 10 interpolates
the thicknesses for intermediate ¢ by adjusting the thickness change with a constant v value.
This protocol is determined for each data set (a SPE at a given T) and exemplified in Figure
6. For PEOsggo, a Poisson’s ratio of 0.5 and 0.36 is obtained at 60 °C and 42 °C, respectively.
These values agree with literature data as v is typically of 0.5 for amorphous polymers and in
between 0.3 and 0.5 for semi-crystalline material.[35] In addition, it has also been reported for
a PEOJ/LICIO, electrolyte v values of 0.23 and 0.32 from 18 to 25 °C.** When a structural
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blocks is present within the SPE as in SEO»,S_53 and HySI_20 v is around 0.38 (see later for

example Figures 8 and 9).

11

1<
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Figure 6. Normalized average thickness, th(e) / th(0), as a function of the elongation (¢) at 35
°C for the HySI_20 electrolyte from (open symbols) experimental data and (black line)
interpolated data (eq. 10 with v=0.37).

In conclusion, with this methodology, the in-plane conductivity of SPEs can be calculated as a
function of the strain (¢) and the temperature (T) as the cell constant (k;) of the sample
environment takes into account the SPE geometrical deformation as long as no defect area

appears in the sample.

Series of SPEs were then subjected to elongation experiments at a given T, typically 35 or 60
°C, either in continuous mode or in stop-motion mode (See experimental part). The PEOsgy
electrolyte was first stretched at 60 °C. At such T the electrolyte is amorphous[25] as
confirmed by DSC analysis (see Table S2) and is a viscoelastic fluid.[37] Figure 7a
represents the evolution of the electrolyte resistance (Re) as a function of ¢ when the SPE is
stretched continuously or stopped time by time. For &€ < 60 %, there is no difference between
the two experimental protocols and R remains constant until e = 15 % then increases linearly
until 60 %. For higher &, R continues to increase in a quasi-linear fashion for the continuous
mode while during stop-motion it increases in a more pronounced manner. This is attributed
to the local reorganization of the polymer chain where the chains relax between two stretching

steps. Indeed, looking at the experimental time as a function of ¢ in Figure 7b, the longer the
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relaxation time during stop-motion experiment the higher Re. This is illustrated at ¢ = 60 %
where the deviation of Re from the continuous test (Figure 7a) is correlated with a longer
relaxation time of about 45 min (Figure 7b). To go further, o, was calculated based on eq. 6
using camera picture of the PEOsqoo at each elongation and the thickness evolution determined
from the initial and final one then using eq. 10 for intermediate thicknesses. Figure 7c
represents oy as a function of &. For the two types of experiment (continuous vs. stop-motion),
the initial oy (¢ = 0 %) at 60 °C is identical with an average value of 3.80 + 0.01 10 S.cm™.
This value is comparable with that obtained for the same electrolyte having a parallelepiped
shape in an Al symmetric pouch cell (3.84 + 0.05 10 S.cm™, see Figure S7a). For both
experimental modes, oy is identical and increases with & up to 21 % reaching 4.83 10 S.cm™,
i.e. an increase by a factor of about 1.3. This is a rather small factor compared to some
literature data where a factor of 3.5 was obtained at 65 °C for a PEO/LIl electrolyte[18]
whose ionic conductivity was measured back at room temperature. For 21 % <& < 60 %, g iS
plateauing for both experiments. For 60 % < € < 125 %, o) remains constant when the SPE is
continuously stretched while for the stop-motion experiment oy starts to decrease. Such
decrease is correlated with the increase of Re during longer relaxation time. We note that oy
tends to return to its initial value if sufficient time is given for the material, i.e. the stretched
polymer chains return to the relaxed conformation. For € > 100 %, oy of the stop-motion
experiment is even lower than the initial value as the SPE tends to bleed and its geometrical
dimensions (length, width, thickness) become hard to determine. To get a better
understanding of the PEOsyo behavior with elongation, stress-strain experiment was
performed under a dry air flow at 60 °C. Figure S8 shows the resulting stress as a function of
e. The amplitude of the curve and the shape are in relative agreement with literature
data.[12,38] For & < 15 %, the stress increases linearly with & corresponding to a zone of
entropic elasticity of entanglement. It is a pseudo-reversible elastic elongation where the
applied force causes a stretching of the entangled polymer chains which correlates with the
increase in oy (Figure 7c). In this elastic region, the chains tend to be aligned and adopt a
fibril-like structure where the cationic and anionic transport can be both favored. Indeed,
intrachain transport where the cations move along the polymer chain [7] may be enhanced
compared to interchain one, and the poorly solvated anions by the PEO chains [39] may also
have an higher conductivity as the elongated chains can better distribute the available free
volume leading to more efficient pathways. To go further, adapting our experimental setup to
use non-blocking Li electrodes, could help to determine the other transport properties, namely

the transference number and the diffusion coefficient, to make a clear distinction between
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cationic and anionic transport upon SPE elongation. For 15 % < & <46 %, there is a transition
between the elasticity zone and the flow zone that appears at about 46 % of elongation up to
about 120 %. In this flow zone, the stretched polymer chains tend to slip relative to each other
(creeping effect) inducing a drop in the SPE viscosity. In this zone, the local chain dynamic
which pilots the ionic transport mechanism may be weakly affected by the slipping effect
inducing a constant ionic conductivity. In addition, if there are stops during the SPE stretching
in the elastic or flow zone the polymer chains will tend to return to a state close to the initial
one as seen in the drop of oy in the stop-motion experiment (Figure 7c). At higher € values,
the PEOsq0o tends to reach the tensile strength. For the next set of measurements, we choose to
focus on the continuous elongation technique to investigate the effect of the polymer nature
rather than relaxing time between each elongation step.
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Figure 7. a) Electrolyte resistance (Re) at 60 °C as a function of the elongation (&) for the
PEOsooo electrolyte during continuous or stop-motion experiments. The corresponding

b) experimental time and c) in-plane ionic conductivity (o) are displayed as a function of ¢.
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The SEO,,S_53 electrolyte was then investigated at a temperature higher than its Tp, at 61 °C,
in the sample environment and under a continuous elongation. The evolution of Re with ¢ is
displayed in Figure 8a. Re increases linearly with ¢ with a transition at 60 % where the slope
becomes higher reaching then a value 5 times higher than the initial one after a 114 %
elongation. Then, using our methodology, the length (Figure 8b), projected surface (Figure
8c), average width (Figure 8d), and estimated thickness (Figure 8e) based on the initial (106
pum), final (65 pum) ones, and using eg. 10 (v = 0.38) for intermediate values are all displayed
as a function of ¢. From these results and using eq. 6, g is shown at the different elongation
rates in Figure 8f. Note, the initial o, (¢ = 0 %) of the SEO2S_53 corresponds to the
conductivity measured in pouch cells (see Figure S7b). For & <20 %, contrary to PEOsgo, o)/
remains constant with a value around 9.8 10 S.cm™ where the SPE is in its elastic zone.[5]
This effect may be ascribed to the confinement of the PEO chain due to the presence of the PS
block hindering the capability of the PEO chain to fully stretched and thus ionic transport.
Indeed, SEO,,S 53 is nanostructured adopting a lamellar morphology at the nm length
scale.[40] For 20 < & < 80 %, where SEO2S_53 is typically in its plastic zone[6], ), increases
slightly reaching a plateau value in a similar fashion than PEOsoq at 1.01 10 S.cm™. For
larger elongation, oy steps up reaching 1.22 10 S.cm™ at ¢ = 114 %. Such increase is
correlated with the transition observed for Re at ¢ = 80 % mainly due to a change of the slope
in the width with ¢ (reduction of the width). The experiment could not be performed at higher
elongation as the distance between the clamps reached the experimental limit. We tentatively
ascribe the observed transition to a reorganization of the SPE grain microstructure[40] with
for example alignment of the PS chain domains inducing a lowering of the tortuosity,
increasing thus o;. Therefore, it would be of interest to perform in situ small-angle X-ray
scattering during an elongation test[21] with similar experimental condition. Nevertheless, the
overall conductivity gain at 61 °C from ¢ of 0 % to 114 % is 1.23. This value is in the same
modest range as the one obtained for PEOsp (value of 1.3 obtained at 60 °C during
continuous elongation, see Figure 7¢). When the PEO domains are aligned the in-plane ionic
transport in nanostructured block copolymer (here SEO2S 53) is like that of a PEO
homopolymer electrolyte. The results from PEOsgo and SEO,,S_53 indicate that for T > Ty,
mechanical stretching moderately favor ¢;. To go further, it would also be interesting to
measure to corresponding through-plane conductivity to get insight on the effective

anisotropy[21] when polymer chains are stretched.
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(open symbols) and intermediate (eq. 10 with v = 0.38, black circles) thickness (th), and f) in-

plane ionic conductivity (o).

To get insight on the behavior of the electrolyte below T, SPEs shaped as a dumbbell were
stretched in between 35 and 42 °C. First, results for HySI_20 stretched under continuous
elongation at 35 °C are presented in Figure 9. The evolution of Re with & up to 90 % is
displayed in Figure 9a. Throughout the experiment, the sample remains homogeneous based
on the camera pictures which is attributed to the crosslinking, i.e. no phase transition. Then,
using our methodology, the length (Figure 9b), projected surface (Figure 9c), average width
(Figure 9d), and thickness with v=0.37 in eq. 10 (Figure 9e) were determined as a function
of &. Finally, oy vs. ¢ is shown in Figure 9f. Note, the initial o at ¢ = 0 % of the HySI_20 at
35 °C matches the pouch cell conductivity (Figure S7c). The length and the projected area
(and thus wayg) display a linear relationship with & while the thickness is decreasing according
to the empirical power law (eg. 10). Consequently, oy increases quasi-linearly with ¢ by a
factor 2.45 from 5.83 107 S.cm™ (e = 0 %) to 1.43 10° S.cm™ (¢ = 90 %) which is almost
twice that obtained for the PEOsgo and SEO2,S_53 electrolytes at 60 °C. Despite the different
nature of the HySI_20 electrolyte, being a crosslinked material, the gain in ionic conductivity
remains modest. In this experiment, the crosslinked HySI_20 electrolyte [29] remains in its
elastic domain over the elongation range. Indeed, after stretching the SPE returns to its initial
geometry. Moreover, the HySI_20 being a single-ion conductor, the linear increase of the in-
plane conductivity with elongation is attributed to cationic conductivity modification. In
single-ion conducting SPE, the gradual enhancement of the cationic transport mechanism with
elongation may be correlated with a more efficient intrachain transport. Going to higher ¢
value would further increase the conductivity and a gain of one decade would require
stretching at least up to 600 % without any break. Therefore, highly elastic electrolytes are
desired as for example those made of multiblock copolymers comprising poly(tetramethylene

oxide) and poly(ethylene terephthalate) that can withstand being stretched up to 600 % [41].
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In another series of experiment, SPEs made of PEOsyo Were stretched continuously at 1
mm.min™ and at 42 °C (T < Tn). As a typical example, the evolution of R of the PEOsono
electrolyte as a function of ¢, up to 76 %, is shown in Figure 10. In addition, camera pictures
of the SPE are shown at selected ¢ of 0, 9, 11, and 42 %.
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Figure 10. a) Electrolyte resistance (Re) as a function the elongation (¢) of the PEOsog

electrolyte at 42 °C, b - €) camera pictures of the electrolyte at selected e.

Similar to the evolution of Re with ¢ of the PEOsy at 60°C, Re at 42 °C remains first
constant up to 9 % of elongation then starts to increase linearly. For ¢ < 9 %, gy is 2.5 10
S.cm™ which is in accordance with the in-plane PEOsooo conductivity in pouch cell (Figure
S7a). For € > 9 %, the slope of the linear increase of Re; With ¢ is higher by a factor of 13 than
the one at 60 °C. Indeed, at 9 % elongation, a necking region appears having a blurred white
color in the lower part of the film as indicated by the arrow in the pictures in Figure 10c and
10d. At higher ¢ this region tends to expand as illustrated in Figure 10e (¢ = 42 %). The
formation of a neck within the samples corresponds to the beginning of an irreversible

deformation [42]. This plastic deformation in semi-crystalline polymer such as PEO involves
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large changes within the polymer structure for both the bulk and interfaces of the crystalline
regions. The amorphous part of the polymer also changes upon stretching, with a chain
alignment [16]. In PEO electrolytes, this domain is only seen for T < Ty, and during the
stretching of the semi-crystalline polymers as reported in literature by Golodnitsky and
coworkers [11]. This result also correlates the work of Gaucher-Miri et al.[43] on X-ray
scattering performed during the tensile test. They concluded that the necking region resulted
from the transformation of the polymer spherulites into fibrillar structures with the presence
of interfibrillar microvoids. This new structuration is accompanied by a whitening of the
sample (resulting from the presence of the voids that diffuses the light) which is observed as
well in the investigated SPEs (see for example Figure 10e). To understand its
thermodynamical properties, a PEOsqoo electrolyte was stretched up to ¢ of 150 % inside a
glove box at room temperature and the defect domain was cut and quickly placed in a DSC
pan and hermetically sealed. The DSC program was initiated by a cooling scan at 20 °C.min™
down to -100 °C to quench the sample prior performing a heat-cool-heat cycle still at 20
°C.min. The thermograms of the defect portion and of a neat PEOsoy electrolyte are
compared in Figure 11 for the first and second heating scans. During the first heating scan
(Figure 11a), the Ty of the defect domain and neat PEOsgy are -31.3 °C and -43.8 °C,
respectively. These values remain unchanged during the second heating scan (Figure 11Db)
showing the thermodynamical stability of the defect domain. The higher T, of the defect
phase may be ascribed to a salt segregation effect.[44] Indeed, Ty is highly influenced by the
salt concentration.[45] For the melting peaks at about 60 °C, during the first heating scan,
both melting transitions start at about 42.3 °C and the defect sample presents two endothermic
peaks ascribed to two populations of PEO crystallites in accordance with the work of Liu et
al.[21] During the second heating, the two melting peak starts also at similar values. In
addition, the PEO crystallinity index (y.) based on eq. 2 of the defect domain during the first
heating is 29.2 % which increases up to 34.8 % for the second heating scan remaining below
that of the neat PEO (42.4 % for the two heating scans). Therefore, the chain elongation of the
PEO homopolymer at T < T, induces the formation of a necking region made of modified
PEO whose Ty is higher and X lower than the neat PEO electrolyte. The goal is now to

determine the ionic conductivity in this specific region.
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Figure 11. DSC thermograms of the neat PEOsqg electrolyte and of the defect region of a 150
% stretched PEOsoq at room temperature during the a) first and b) second heating scan.

Because of the appearance of the defect region, the electrolyte film can be decomposed into
three domains, two closes to the clamps where the PEOsgo chains are stretched of resistances
Rs1 and Rs2 and in between the defect region of resistance Ry. This situation is depicted in
Figure 10e. Therefore, the electrolyte resistance is:

Ry =Rs1 + Rq+Rs (112)

Each resistance can be expressed as a function of the physical length, width and thickness and
respective ionic conductivity at a given elongation. Based on the picture analysis, the
evolution of the geometrical dimensions of the stretched and defect regions of the SPE can be
determined. Consequently, the evolution of each geometrical dimension of the SPE domains
is reported in Figure 12 as a function of ¢ using the subscript “s” for the stretched region and
“d” for the defect domain. Interestingly, by looking at the top and bottom domains of the
stretched PEOsqq0, their respective dimensions do not evolve much as soon as the defect
domain appears (Figure 12a-d). This suggests that the chains are stuck in their stretched
conformation at 9 %, i.e. they have the same conductivity (os). €g. 11 can then be reduced

into:

Rel = RS + Rd (12)

With Rs the sum of the stretched domains (Rs 1 and Rs») of similar conductivity.

Defining oy as the in-plane ionic conductivity of the defect domain, we have:
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In Figure 12a, the length of the stretched parts (Ls) remains almost constant at e = 9 % so the
linear increase is only due to the elongation of the defect domain (Lg). Similar behavior is
obtained for the projected area (Figure 12b) which induces little changes in the average width
(eqg. 1) for both domains (Figure 12c). This implies strong modification of the thickness as
seen in Figure 12d where the thickness of the stretched domain (ths) decreases until e =9 %
and then plateaus in the range of 140 pum while the thickness of the defect domain (thg)
remains constant at about 33 pum. These evolutions and values in thicknesses were confirmed
by additional experiments performed on the same PEOsgy electrolyte disk (similar initial
thickness) that were stretched but stopped at given elongations. The thickness of the different
domains was then measured with a micrometer without removing the SPE from the clamps.
For this, the sample environment was opened to air just for the time of the measurement
followed by a drying time of 10 min when closed back. All the samples gave thicknesses of
the stretched and defect domains independent of the elongation above ¢ = 9 %. This indicates
that a small portion of the stretched SPE located close to the defect domain is converted into a
defective one supplying this domain upon elongation. From this data set, the in-plane
conductivity of the stretched domain (o5) and of the defect domain (o4) are plotted as a
function of ¢ in Figure 12e. While o5 increases slightly between ¢ = 0 and ¢ = 9 % by a factor
1.2 from 2.4 10®° S.cm™ to 2.9 10®° S.cm™, as expected for SPE in their elastic zone, then
remains constant at higher ¢, a4 quickly stabilizes around 5 10®° S.cm™ independently of ¢. oq
is thus higher than the stretched one by a factor 1.7. This factor is similar to that reported for a
PEOQ/LIl (EO/Li = 40) stretched at room temperature[18] but remains lower than most of the
gain reported in literature with electrolytes made of PEO/LiCIO4 or PEO/LITFSI.[19,21]
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The last studied SPE is the nanostructured SEO2,S_53 stretched continuously in the sample
environment at 35 °C (T < T,). When placed in the sample environment, knowing the sample
geometry, o, was determined at 35 °C and the result is presented in Figure S7b showing the
good agreement with o;; from pouch cells during their first heating scan, i.e. the sample is not
annealed. For completeness, a parallel experiment was performed on an annealed sample
where the sample was held at 60 °C for about 30 min in a sealed pouch bag prior being
mounted into the sample environment. The resulting conductivity data at 35 °C overlap the
one of the pouch cells but during the cooling scan that followed the heating scan. This
hysteresis on conductivity is typical of semi-crystalline polymer electrolytes where the kinetic
of crystallization during cooling leads to a salt enrichment of the amorphous phase improving
thus the ionic conductivity at T < T,.[46,47] As for the previous SPEs, the result of the
elongation experiment at 35 °C is presented in Figure 13 with Re), L, A, Wayg, th, and oy as a
function of ¢. In Figure 13a, R increases from 2.75 10% Q with ¢ up to 20 % then plateaus for
higher elongation with an average value of 3.1 10° Q. This behavior differs from the steadily
resistance increased of PEOsy When the defect domain appears (Figure 10a). Here, the
defect domain appears sooner at about 5 % of elongation which explains the increase of R
with e. As for PEOsgno, the geometrical dimensions of the SPE are decomposed into a defect
(subscript d) between stretched (subscript s) domains. In Figure 13b, Ly increases linearly
with & when the defect domain appears while the stretched one (Ls) decreases smoothly. This
behavior is similar to the PEOsgy case. The main difference between the PEOsg and
SEQOyo_53 lies in the evolution of the area of the stretched domain (Figure 13c). Indeed, A; of
SEOyo_53 decreases with & while it remains almost constant (slight decrease) for PEOsgqo.
This translates into an average width of the defect domain (Figure 13d) that increases rapidly
then plateaus after 20 % of elongation. In addition, the thickness (Figure 13e) of both
domains when they coexist is independent of ¢ (ths = 95 um and thg = 45 um) in a similar
fashion than PEOsqoo (ths = 140 pm and thy = 33 um). This implies that little by little portions
of the stretched domain (Figure 13a) is converted into the defective one where the polymer
chains may adopt a given structure weakly dependent of ¢ possibly piloted by the glassy PS
blocks. This induces an in-plane conductivity of the defect domain (o4, Figure 13f) quasi-
independent of ¢ reaching 8.7 10 S.cm™. Interestingly, a4 is higher than the stretched one (os)
by a factor of 18, a decade higher than the factor of comparison obtained for the PEO
homopolymer which may be seen as equivalent to a reduction of the tortuosity factor[5]'[48]

in the defect domain compared to the stretched one.
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Figure 13. Elongation (¢) of the SEO2S_53 electrolyte at 35 °C with the a) electrolyte
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and f) in-plane ionic conductivity (o).
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4. Conclusion

In this study, we have developed a sample environment dedicated to the coupling of solid
polymer electrolyte elongation and impedance measurements in in-plane configuration. The
instrument enables to determine accurately the ionic conductivity in temperature and under a
dry atmosphere. Various SPEs were investigated depending on their architectures such as
PEO homopolymer, nanostructured block copolymer electrolyte, and crosslinked single-ion
conducting electrolyte. The developed experimental combines in-situ characterizations (a
controlled displacement, and a camera to track the geometrical changes) and geometrical
model (to determine the thickness) to accurately follow the changes in the cell constant upon
elongation. This is the only possible method to determine the intrinsic material conductivities
when the shape is evolving. This protocol was also compared and validated with results from
COMSOL simulations.

For the PEO homopolymer the conductivity increases moderately with the elongation for T >
Tm. This result is actually not very surprising and ascribed to continuous relaxation of the
chain elastic domain favoring ionic transport in the in-plane direction. The structure of this
material is not changing enough upon stretching to alter its conductivity, and this material can
be viewed as a reference to attest the methodology. The resistance changes measured upon
stretching are solely related to the geometrical changes, in contrast with the other studied PEO
based SPEs. In the case of SEO2S_53 above of the melting temperature, at large elongation
an increase in the ionic conductivity is ascribed to material microstructural changes such as
PS chain alignment inducing a lower tortuosity. The gain in ionic conductivity is even slightly
higher for the crosslinked SPE single-ion conducting electrolyte at T < T, where the
conductivity increases linearly with € up to 90 % due to a wider elasticity capability. Above
Tm, the polymer chains relax rapidly and when stopping the stretching the resistance tends to
go back the initial value. Below Ty, the plastic strain may alter permanently the amount and
nature of the various phases within the SPE. Both PEO homopolymer and SEO,,S 53 block
copolymer resulted in significant changes in the electric properties. Within these samples the
gain in conductivity is much larger than in the melted state because the morphological
changes are more important. This was observed especially for the block copolymer (factor of
18) due to the intrinsic nature of the defect domain which could be made of polymer chains
with different thermodynamical properties. This domain can be seen as a conductive domain

of different tortuosity. Performing local through-plane conductivity measurements as well as
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in-situ SAXS by coupling elongation and impedance experiments would give insight on the
effective correlation between local polymer chain deformation and the resulting ionic
conductivity (in-plane vs. through-plane) to move toward a better understanding of the

elongation effect on ionic transport.
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