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ABSTRACT

Hybrid solid electrolytes (HSEs) aim at combining the superior ionic conductivity of inorganic
fillers with the scalable process of polymer electrolytes in a unique material for solid-state
batteries. Pursuing the goal of optimizing the key metrics (oion = 10 S.cm™ at 25°C and self-
standing property), we successfully developed a HSE based on a modified poly(ethylene
oxide):LiTFSI organic matrix which binds together a high loading (75 wt.%) of LisPSsCl particles,
following a solvent-free route. A rational study of available formulation parameters has
enabled us to understand the role of each component in the conductivity, the mixing and the
mechanical cohesion. Especially, the type of activation mechanism (Arrhenius or Vogel-

Fulcher-Tammann (VFT)) and its associated energy are proposed as a new metric to unravel
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the ionic pathway inside the HSE. We showed that a polymer-in-ceramic approach is
mandatory to obtain enhanced conduction through the HSE ceramic network, as well as
superior mechanical properties, revealed by tensile test. Probing the compatibility of phases,
using electrochemical impedance spectroscopy (EIS) alongside ’Li nuclear magnetic resonance
(NMR), reveals the formation of an interphase, the quantity and resistivity of which grow with
time and temperature. Finally, electrochemical performances are evaluated by assembling a
HSE-based battery, which displays comparable stability as pure-ceramic ones but still suffers
from higher polarization and thus lower capacity. Altogether, we hope these findings provide
valuable knowledge to develop a successful HSE, by placing the optimization of the right

metrics at the core of the formulation.
INTRODUCTION

Solid-state batteries (SSBs) generate immense excitement as a potential upgrade to Li-ion
technology, offering the promise of higher energy density and enhanced safety. The key to
this technology lies in the use of lithium metal as the anode, leading to a theoretical increase
of 70% in volumetric (Wh.L!) and 40% in gravimetric (Wh.kg!) energy densities!. Recent
advancements in the development of solid inorganic ionic conductors, such as LiioGeP2S1; in
2011 (102 S.cm™)? and argyrodite - LigPSsX, X = Cl, Br, | - in 2008 (103 S.cm™)3, have
demonstrated conductivity comparable to that of liquid electrolytes. However, it is important
not to overlook their inherent limitations. Ceramic electrolytes are brittle materials: they
require high pressure during cell assembly and when cycling, to ensure sufficient contact
between particles and limit cracks appearance.* They cannot therefore be directly
implemented in commercial cells, as pure-ceramic processing would require an entirely new
design of existing Li-ion batteries (LIB) manufacturing lines. The need for flexible, easily
processable solid electrolytes makes hybrid solid electrolytes (HSEs) a tangible compromise to
get mechanical stability along with sufficient ionic conductivity. They are typically composed
of inorganic particles embedded in a polymer electrolyte phase. The addition of these particles
serves a dual purpose: to enhance the room temperature ionic conductivity and to reinforce
the organic phase. In fact, polymer electrolytes suffer from low ionic conductivity at room
temperature (10”7 to 10 S.cm™) but stand out for their mechanical properties and ease of
processing. Poly(ethylene oxide) (PEO) combined with a dissolved lithium salt is the system

dominating the field since its discovery by Wright in 1973 and its first application in a battery



proposed by Armand in 1978’. When used above its melting point, which is its current
commercial application?, its conductivity becomes sufficient to cycle a battery, but mechanical
integrity must be ensured by another polymer (e.g. PVDF-HFP)°. With the aim to increase
room temperature conductivity, the addition of non-conductive inorganic nanoparticles, such
as Al,0310, SiOy! or TiO21112, results in the suppression of polymer crystalized domains, which
reinforces the segmental mobility of Li* along polymer chains. Additionally, the Lewis acid
property of these fillers favors the dissociation of the lithium salt. Altogether, those properties

increases the HSE ionic conductivity at room temperature.

More recently, conductive inorganic particles have been incorporated into a polymer matrix
to develop new types of HSE. Ceramic electrolytes, whether oxides (e.g. LLZO'37%) or sulfides
(e.g. LGPS'®17, LisPS4*8, LigPSsCI*®2%) have been extensively studied, each time in combination
with different types of polymer electrolytes. Two different approaches emerge from the
literature??: (i) the addition of a small amount of ceramic filler to disturb the crystallinity of
the organic phase, known as a ceramic-in-polymer system; (ii) and its opposite, in which the
polymer electrolyte, in low content, acts primarily as a binder, called polymer-in-ceramic.
Overall, the wide range of reported formulations often leads to a large disparity of
performances.?? The formulation of a HSE requires fine tuning of the available parameters:
polymer chemistry and molecular weight, choice of Li salt anion and concentration, type of
ceramic electrolyte (particle size, surface chemistry), organic-to-inorganic ratio, presence of
plasticizer and mixing route (wet or dry). Most published work on sulfide HSEs introduce
slurry-assisted preparation, which outperforms dry mixing in terms of homogeneity and ease
of processing. However, the wet process suffers from the instability of the ceramic towards
the solvent?®?* and the extensive coverage of the particles by the binder, which impedes
lithium ion transfer?>26, The practical metrics, that should guide the design of an effective HSE,
are its ionic conductivity and mechanical properties. To guarantee the cyclability of a HSE-
based battery, 10* S.cm™ is required at room temperature with a self-standing property and
a thickness of 10 um to achieve an ohmic drop similar to that of a typical LicPSsCl separator
(350 um and 3 mS.cm™). In the perspective of formulating the best HSE, it is also essential to
understand possible reactivity at the interface between organic and inorganic phases to assess

the extent to which it may be detrimental.



In this study, we propose a rational solvent-free formulation of a HSE based on PEO and LiTFSI
(Lithium bis(trifluoromethanesulfonyl)imide) as the organic electrolyte and LisPSsCl argyrodite
as ceramic phase. With the aim of meeting the two criteria of conductivity at room
temperature (104 S.cm™ at 25°C) and self-standing property, we explore various adjustable
parameters: Li salt concentration, organic-to-inorganic ratio and polymer molar mass. We
unravel a ceramic content threshold above which we observed a change in conductivity and
mechanical properties, leading to a necessary compromise. After successfully reaching this
threshold by fine-tuning of the PEO molar mass, we characterize the mechanical properties of
the optimized HSE and provide insight into the interphase, by electrochemical impedance
spectroscopy (EIS) and nuclear magnetic resonance (NMR). Finally, we probe the practical
assets of our HSE by testing its electrochemical performances in a full-cell SSB and

demonstrate its good capacity retention.
EXPERIMENTAL SECTION
Materials and electrolytes preparation

Preparation of electrolytes was carried out in an argon-filled glovebox (02 < 1 ppm and H;0 <
1 ppm). PEO of different molar mass (600, 6 and 1.5 kg.molt) were bought from Sigma-Aldrich
and dried just below their respective melting point under vacuum for two days. The same
procedure was applied to poly(ethylene-co-propylene oxide) (P(EO-co-PO), Meisei Chemical
Works, Ltd.). Poly(ethylene glycol) (PEG 0.4 kg.mol) was dried over molecular sieves (4A)
inside the glovebox. LiTFSI from Solvionic was vacuum dried at 110°C for two days. The ceramic
solid electrolyte LisPSsCl was purchased from NEI Corporation (d = 1 - 30 um). The NMC
cathode active material (LiNip.sMno.2C00.202 monolithic, d = 4 um) was kindly provided by
UMICORE. Vapor Grown Carbon Fibers (VGCF) were bought from Sigma-Aldrich and dried at
280°C under vacuum for one day. Polyvinylidene Fluoride-Hexafluoropropylene (PVDF-HFP)

binder was obtained from Solvay.

HSEs were prepared following a dry mixing of powders in an agate mortar. First, LiTFSI was
mixed with the desired quantity of polymer and the resulting gum was hot pressed (80°C)
several times between poly(ethylene terephthalate) (PET) foils to ensure homogeneity. Then,
the appropriate amount of LisPSsCl powder was grinded for 5 min and the organic phase was

added to LisPSsCl to agglomerate. The obtained HSE paste was spread as a thin membrane (e



= 100 um) by hand-rolling it between PET foils. In case the membrane processing was not
possible due to lack of mechanical cohesion, the HSE was pelletized in an 8 mm diameter die-

set under 100 MPa for 1 min, using a manual hydraulic press (Specac, 15T).

The organic-to-inorganic ratio is expressed in both mass and volume according to the

following equation:

M
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where x}fwrg (resp. x{‘fmrg) is the volume (resp. mass) fraction of the inorganic phase, pinorg
=1.64 g.cm3is LigPSsCl theoretical density and Porg = 1.4 g.cm3 is the organic phase density.
Porg is calculated according the following equation:
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where ppgo =1.2 g.cm3, prirrs; =2.023 g.cm3and A = EO: Li - (Trro—Mrro) Mizrme (Equation
2

3).
The ratio of lithium in the organic phase is expressed as
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where Corg = (pmm + EO: Li PPEO> = 1.9 mmol.cm” (Equation 5) and Ci,,, = 36.7

mmol.cm3.%7
lonic conductivity measurements

According to a blocking electrode configuration, polymer electrolytes and HSEs were placed
between stainless steel discs and LigPSsCl pellets were faced with carbon electrodes to ensure
good contact. A dedicated two-electrode cell (Fig. S15a), developed in our laboratory, was
employed to perform EIS measurements. It is composed of a body in three parts (PEl and
stainless steel) that are assembled together with screws. The HSE membrane, wider than the
cell section (0.5027 cm?), was clamped in between these parts before placing the stainless
steel discs. The cell was then closed with the stainless steel plungers using dedicated screws

at a constant torque of 1.7 N.m. Airtightness was ensured by compressed O-rings. The cells



were preheated at 80°C for 1h in advance of the measurement to improve the contact
between electrodes and electrolyte. EIS was performed in the frequency range of 1 MHz — 1
Hz with a voltage amplitude of 50 mV, using a VMP3 potenstiotat/galvanostat (Biologic)
controlled by EC-lab® software. Fifteen points were acquired per decade of frequency with
ten repetitions per point. To determine activation mechanism and the associated energy
(Arrhenius or VFT), temperature was applied to the cell through heated silicon oil traveling in
a PVC pipe wrapped around the cell. It was connected to a thermal immersion circulator
(ThermoFisher Scientific), controlled by EC-lab® to vary the temperature from 20 to 80°C, with
step of 20°C and 3h intervals for equilibration. In parallel, real cell temperature was monitored
thanks to a thermocouple inserted in the upper cell plunger, for sake of precision when

calculating activation energies. Conductivities were calculated with the following equation:

e
Oipnic = ————— Equation 6
onic S . Rionic q

where e is the membrane thickness, S the cell section and R;,,i. the ionic resistance by
reading the real impedance value at the high-frequency intercept of the arc onto the Nyquist

diagram.
Scanning electron microscopy

HSE cross section morphology was observed on a FEI Magellan scanning electron microscope

(SEM) and samples were prepared by blade cutting inside glovebox.
Differential scanning calorimetry

Thermal properties of the prepared electrolytes were studied with a differential scanning
calorimeter (DSC — TA Instruments Q20) in the temperature range of -70 — 200°C, at a heating
rate of 10 °C.mint. Samples of 5 — 15 mg were hermetically sealed in aluminum pans inside
the argon-filled glovebox. Analysis of the melting enthalpy allows the calculation of the degree

of crystallinity for PEOx:LITFSI electrolytes:

melt
_ AHPEO in electrolyte

melt
AHpure PEO

Equation 7

Xc
Mechanical characterization

Tensile test was performed on a universal testing machine (Zwick Z100) located in a dry room

(dew point below - 40°C). HSE paste was first calendered as a large-area membrane (e = 100



um) thanks to a prototyping machine. Four samples per formulation were cut to the chosen
dimensions (60 x 10 mm), fixed at a distance of 41 mm between jaws and tested at a load rate
of 5mm.min"'. Force was measured against the elongation until the sample fractures (F = 0 N)

and the stress-strain curve (o — €) is obtained using these equations:

o= g ;in MPa Equation 8
AL
e=—;in% Equation 9
Ly
O- -
E =—;in MPa Equation 10
£

with F the force, S the sample section, AL the elongation and L, the initial distance between
jaws. Young’s modulus E is calculated by fitting the initial linear domain (e = 1.22% for HSE 40
wt.% ceramic and € = 0.14 % for HSE 75 wt.% ceramic). Yield strength g,, is the stress at the
end of the linear (i.e. elastic) limit. Ultimate strength g,, is defined as the maximum of stress
undergone by the sample. Resilience modulus U, is calculated as the elastic energy (area
under the stress-strain curve in the linear domain) and toughness modulus U; is computed as

the total energy absorbed before fracturing.

2
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0

EIS to determine interfacial resistance

To measure the interfacial resistance between the organic and inorganic phases, trilayer stack
of PEOx:LITFSI | LigPSsCl | PEO:LITFSI were assembled (x = 10, 20 and 40). Polymer electrolyte
membranes were prepared by hot pressing (80°C) between PET foils to reach a thickness of
35 um. Ceramic powder was densified as a pellet at 400 MPa using an 8 mm diameter die-set.
Then, polymer membranes were carefully attached to the cell stainless steel plungers and the
ceramic pellet was place in between them before closing. A pressure of 4.5 MPa was applied
via a spring assisted setup, so that the polymer does not creep at high temperature. EIS was
performed at room temperature before and after an hour stabilization at 80°C. Afterwards,
temperature-dependent EIS was carried out in the same conditions as previously described.
Impedance data were fitted with Z-view4 software (Scribner). The following model (Scheme

1) was used to extract Rionic and Rinterface:



Q capacitive current
~
7
R ionic

Rinterface Q bl\osklng Scheme 1

Q interface

with Rionic the resistance of electrolytes, Rinterface and Qinterface the contribution of the interface
and Quiocking describing the capacitive response against blocking electrodes at low frequency.
The other branch, composed only of Qcapacitive current, describes the capacitive current in parallel

to the faradic current.
X-ray photoelectron spectroscopy

XPS spectra were collected on an Omicron Argus X-ray photoelectron spectrometer, using a
monochromated Al Ka. (hv = 1486.6 eV) radiation source having a 300 W electron beam power. The
samples were analyzed under ultra-high vacuum conditions (1 x 108 Pa). After recording a broad
range spectrum (pass energy 100 eV), high resolution spectra were recorded for all core XPS levels
(Pass energy 20 eV). Spectrum processing was carried out using the Casa XPS software package.

The spectra were fitted by applying a Gaussian/ Lorentzian function with a ratio G/L equal to 70:30.
Nuclear magnetic resonance

’Li NMR spectra were recorded on a 20T (850 MHz for 'H, 330 MHz for ’Li) Bruker WB Avance
spectrometer equipped with 1.3 mm 'H-1°F/X double resonance probe head. The Magic Angle
Sinning (MAS) rate was set at 40 kHz to prevent unwanted pressure gradients on the polymer
sample inside the ZrO; rotor, and the bearing and drive gas were pure nitrogen. The samples
were prepared inside an argon-filled glovebox. The “Li chemical shift was referenced with 1M
’LiCl in water, and the RF strength was set to 86 kHz (90° pulse of 2.9 us). The longitudinal
relaxation times of ’Li in argyrodite and the polymer phase were measured in the same
conditions at 526 ms and 1.0 s respectively. All 1D spectra were recorded using a rotor
synchronized Hahn echo sequence (with a half echo time equal to a single rotor period), using
a recovery delay of 5 s to ensure quantitative measurements, and 16 transients were recorded
for each. The EXchange SpectroscopY 2D experiment was recorded with a 1.5 s recovery delay,
64 transients were recorded for each one of the 512 time increments, and the sweep width in

the indirect dimension was set to 2000 Hz, using the States method for quadrature detection.



Battery assembly and electrochemical testing

Battery assembly and electrochemical tests were carried out in the same cell (Fig. S15a) as for
ionic conductivity measurement, when HSE was used as the separator. When a pellet of
LiPSsCl fulfilled this task, we used a simpler version of our two-electrode cell (Fig. S15b),
consisting in a unique PEl body and two stainless steel plungers. The assembly followed a first
step of placing the electrolyte: either by clamping a HSE membrane (e = 100 um) or by
compressing 30 mg of LigPSsCl (e = 400 um) in the cell body at 100 MPa for few seconds, thanks
to a manual hydraulic press. The next steps were identical for both battery configurations. A
disc of cathode was placed on one side (m = 4 mg — e = 30 um) and the appropriate amount
of counter electrode powder (Liosln : LisPSsCl = 60:40 (w)) was spread on the other side (m =
30 mg — e = 250 um). The whole stack was finally densified under 400 MPa for 15 min (etot =
700 pum). The closure was carried out by applying 2.3 N.m to each screw to obtain an internal
pressure of 100 MPa. All assembly steps were performed in an argon-filled glovebox to
prevent any potential contamination from moisture. Cathode tape was prepared by hand-
grinding powders in an agate mortar to reach the desired ratio NMC622 : LigPSsCl : VGCF =
67.2:28.8: 1.5 (w). 2.5 wt.% of PVDF-HFP was then added to the mix. To prepare the slurry,
powders and the appropriate amount of ethyl acetate (extra dry 99.9%, Thermo Scientific)
were stirred together for 15 min. It was then casted onto the aluminum current collector using

the doctor blade method and tape was vacuum dried at 60°C for 12h.

Galvanostatic cycling was performed in the voltage range of 2.1 — 3.6 V vs Liln/In (2.72 — 4.22
V vs Li*/Li) at a varying C-rate (calculated according to theoretical capacity Qnmcs22 = 276.5
mAh.g1): two cycles at C/20 followed by five cycles steps of C/10, C/5, C/2 and C before long
cycling at C/5. Measurements were conducted on a BCS potentiostat/galvanostat (BiolLogic)

controlled with EC-Lab® software.
RESULTS AND DISCUSSION
Salt concentration in organic phase

The organic phase for preparing HSE was formulated in order to maximize its ionic conductivity
at room temperature. In the model system of PEO:LIiTFSI, salt concentration (or inversely EO:Li
ratio) is the key parameter to adjust both Li* conductivity and mechanical properties.?8730 |n

accordance with literature, the EO:Li = 10 ratio was chosen because of its high room



temperature conductivity. Measured by EIS in a blocking electrode configuration, it reaches
2.10° S.cm™ at 20°C compared with the less concentrated electrolyte (EO:Li = 20), which
displays only 5.10®S.cm™ (Fig. S1a). This increase of conductivity, occurring below the melting
temperature of PEO (Tm = 40-55.9 °C depending on the salt concentration), is due to the
shrinkage of pure PEO crystalline domains which are not Li* conductive, as illustrated by the
decrease in enthalpy of fusion measured by DSC at high salt concentration (Fig. S1b).
Consequently, we choose the highly concentrated polymer electrolyte (EO:Li = 10) as the

organic phase for HSE formulation.

Organic-to-inorganic ratio

Figure 1: Influence of organic-to-inorganic ratio on HSE preparation. Images of (a) flexible
HSE (60 wt.% LisPSsCl) and (b) brittle HSE (80 wt.% LisPSsCl). (c) to (f) SEM cross-section

pictures of HSE according to the ceramic content.



HSEs composed of PEQ10:LiTFSI (also indistinctly referred as polymer phase or organic phase)
and LigPSsCl (also indistinctly referred as ceramic phase or inorganic phase) were prepared
varying the inorganic mass ratio from 20 to 95 % by weight. The precursors were dry mixed in
a mortar, to avoid possible reactivity between LisPSsCl and a solvent, then hand spread to form
a membrane when possible (see the Experimental section). The mechanical properties of the
films obtained differ according to the quantity of ceramic particles. HSEs with an inorganic
content of 60 wt.% or less are flexible, self-supporting membranes (Fig. 1a), while HSEs with
more than 75wt.% LisPSsCl are difficult to agglomerate and the resulting material is brittle (Fig.
1b). Depending on the ratio, the prepared membranes exhibit mechanical behavior similar to
either polymer (< 60 wt.% ceramic) or a ceramic (2 75 wt.%). SEM images of HSE cross-sections
(Fig. 1c-f) show a globally homogeneous distribution of ceramic particles within the polymer
electrolyte matrix. However, due to LisPSsCl particle sizes ranging from 1 to 30 um (Fig. S2),
the membranes are heterogeneous at the micrometer level, resulting in increased roughness

for HSEs with high inorganic content.

Figure 2a shows the effect of the organic-to-inorganic ratio on ionic conductivity of HSE, at
temperatures ranging from 20 to 80°C. There is no noticeable effect of adding ceramics to the
polymer electrolyte up to 75 wt.% at each temperature step. In contrast, the addition of a
small amount of PEO10:LiTFSI (from 5 to 20 wt.%) to the ceramic powder results in a significant
decrease in the ionic conductivity of the HSE, with a similar trend at each temperature. The
threshold at which conductivity starts to increase, around 75 wt.% of ceramic, corresponds
well to the transition from a flexible, self-standing membrane to a brittle mixture. This implies
that a compromise between mechanical and conductivity properties will be necessary to meet
the expected HSE requirements. Figure 2b shows the ionic conductivities as a function of
temperature and the associated mechanism for the precursor materials and two selected
HSEs. LigPSsCl can be fitted according to an Arrhenius model3! (Equation 13) with an activation
energy E, of 0.41 eV, in good agreement with Hanghofer et al.3? who reported a value of 0.396

eV.

0o E, ) E .
=_". - quation 13
77T eXp( kT

PEO10:LiTFSI exhibits a different type of temperature activation due to the segmental mobility

of the polymer chains. Conductivity follows the empirical Vogel-Fulcher-Tammann (VFT) 33-3°



model (Equation 14), which describes the conduction in amorphous electrolytes above the
glass transition temperature Tj,. g is the pre-exponential factor, k the Boltzmann constant, B
the pseudo-activation energy and T, the Vogel temperature. The latter is equal to the glass

transition in ideal glasses but is generally set 50°C below T}, for salt-in-polymer complexes.?!-3

0o B .
o= F - exp (— m) Equation 14
For HSEs, the model that best describes their activation mechanism was chosen based on the
highest value of the adapted correlation coefficient between VFT and Arrhenius fits (Fig. S3
and S4). This again corresponds to the two domains of the organic-to-inorganic ratio: HSEs
with £ 60 wt.% of ceramic behaves like PEO10:LiTFSI following a VFT model, while HSEs with >
75 wt.% follow an Arrhenius law similar to LigPSsCl (Fig. 2c). The addition of ceramic particles
(from 20 to 60 wt.%) to the organic matrix has no significant effect on the pseudo-activation
energy B which remains stable around 0.11 eV (Fig. 2c), in the same way as conductivity.
Clearly, the absence of PEO crystalline domains in the starting polymer phase (Fig. S1) makes
the presence of inorganic fillers insignificant, as long as organic phase percolation is
maintained (< 30 vol.%)3’. To confirm this, we prepared a HSE without LiTFSI to suppress the
conductivity of the organic phase (Fig. S5), with 50 vol.% of LicPSsCl. The resulting HSE
conductivity (1.4 - 10® S.cm™) is ten times lower than the one containing LiTFSI (56 vol.% of
LisPSsCl). In the absence of LiTFSI, the ionic pathway must occur through the network of
LisPSsCl which is very tortuous and thus, impeded by non-conductive PEO. With LiTFSI, the
organic network can conduct Li ions faster than LigPSsCl tortuous network. Following a
polymer-in-ceramic approach, the addition of a small amount of organic phase (from 5 to 25
wt.%) results in a higher activation energy (from 0.49 to 0.69 eV), directly linked to a
downward trend in ionic conductivity. The presence of a less conductive phase, PEO10:LiTFSI,
located between LigPSsCl particles increases tortuosity within the highly conductive ceramic
percolating network. As the organic phase content increases, the tortuosity increases, thus
the lithium conduction becomes weaker. Here, we propose to use the activation mechanism
fitting as an easily accessible metric to gain a deeper understanding of the HSE ionic pathway.
These results support the hypothesis of Li* conduction via the organic matrix in HSEs with 20
to 60 wt.% of ceramic, while LisPSsCl particles may be the preferred pathway for lithium ions

at higher ceramic contents (75 to 95 wt.%).
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Figure 2: (a) HSE ionic conductivity according to organic-to-inorganic ratio and temperature,
(b) activation mechanism for precursor and HSE, and (c) associated energies of Arrhenius and

VFT models.



Polymer molar mass

Since conductivity and mechanical criteria cannot be met by simply adjusting the organic-to-
inorganic ratio, we took advantage of the wide range of molar masses available for PEO to
study the effect of reducing the polymer length on the ionic conductivity. Figure 3a shows the
increase of conductivity in PEO10:LiTFSI systems due to polymer shortening (from 600 to 0.4
kg.mol?), as previously observed by Devaux et al.?’ A lower molar mass decreases the glass
transition and increases chain mobility due to a greater amount of end groups, which are more
mobile than the backbone. The consequence is an increase of free volume and hence ionic
conductivity3!. Reducing the weight of PEO from 600 to 0.4 kg.mol* results in a three-fold gain
of the conductivity (from 1.5 + 0.2 to 4.6 + 0.4 - 10> S.cm™) at room temperature. The effect
is significantly higher when we switch to a HSE system with high inorganic content
(PEO10:LiTFSI : LigPSsCl = 25:75 (w) — Fig. 3b). The benefit is in this case twelve-fold, from 1.4 +
0.2to 17 +4 - 10 S.cm™. This means that the addition of Li-conductive ceramic particles has
a clear positive impact on the ionic mobility through the HSE, regardless of the initial
conductivity of the organic phase. The quality of the mixing between the two precursor
electrolytes may explain the difference between high and low molar mass systems. At room
temperature, PEO10:LiTFSI (600 kg.mol?) is in solid-state, requiring hot-processing (around
80°C) to mix it with LisPSsCl. In contrast, PEO10:LiTFSI (0.4 kg.mol?) is in liquid-state at 25°C,
making mixing easier and more complete (cross-section SEM images in Fig. S6). PEO chain
length can also have an impact on the arrangement of ceramic particles within the organic
matrix. The percolation of the inorganic phase is easier to access in a low molar mass system
since the viscosity of the organic phase is lower?’, which explains the beneficial effect on ionic
conductivity. While the conductivity criterion is met for the low molar mass PEO system (0.4
kg.mol?) with a conductivity over 104 S.cm™ at room temperature, this HSE suffers from poor
mechanical properties as it is a brittle material that cannot be processed as a thin and flexible

self-standing membrane (Fig. S6).
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to polymer electrolyte (a) according to PEO molar mass.
Mixed molar masses HSE

Given that high molar mass PEO is known to enhance the elasticity of an electrolyte3® and
based on our findings that a low molar mass PEO (referred as PEG in the following text) allows
a better mixing and therefore higher conductivity, the logical approach is to formulate a HSE
based on an organic phase with mixed molar masses. To this end, a polymer electrolyte was
prepared with PEO (600 kg.mol?) and PEG (0.4 kg.mol?) at different ratios (1:0, 2:1, 1:1, 1:2
and 0:1 (w)). They were mixed with 75 wt.% of LisPSsCl to obtain a range of high ceramic-
loading HSEs; their ionic conductivities at temperature are shown in Figure 4a. As predicted
from previous discussion, increasing amount of PEG improves the ionic conductivity at 20°C.
Up to 50 wt.%, this benefit is significant with a five-fold increase (1.4 +0.2t0 7.7 £ 0.9 - 10°
S.cm™). For higher amounts of PEG, the gain in conductivity is smaller (only twofold from 50
to 100 wt.%) and the loss of mechanical properties is too important to be interesting in terms
of formulation. HSE with the polymer blend PEO:PEG=1:2 (w) is indeed a brittle material (Fig.
S7). To finalize the formulation, the ceramic content was varied from 70 to 80 wt.% to check
the influence on ionic conductivity and mechanical properties (Fig. S8). It was confirmed that
a HSE with 75 wt.% of ceramic is the best compromise in terms of conductivity and mechanical
properties. Figure 4b shows the ionic conductivities of the precursor materials and the HSEs
as a function of temperature and their respective mechanisms. It appears that the HSE with

the modified organic phase follows an Arrhenius law and has a higher activation energy (0.51



eV) compared with pure LigPSsCl (0.41 eV). Here, shifting from the initial PEO10:LiTFSI to the
modified (PEO:PEG=1:1)10:LiTFSI polymeric matrix enables a significant reduction in activation
energy from 0.69 to 0.51 eV. The conductivity criterion is reached here with 10* S.cm™ at
room temperature (25°C). The SEM cross-section (Fig. 4c) shows the overall homogeneity and
the possibility of processing the optimized HSE as thin membranes (80 um). This feature is
essential to ensure low ohmic drop and high energy density in a complete cell configuration.
As a point of comparison, a conductivity of 6 - 10° S.cm™ at 30°C was obtained by Simon et
al.2% using 40 wt.% of LigPSsCl and 60 wt.% of PEO»o:LiTFSI, which is close to our measurements
(Fig. 2b). Following a similar solvent-based route, Li et al.? explored HSEs based on Li1oGeP2S12
(LGPS — 0ion = 102 S.cm™) and PEO10:LiTFSI and obtained a maximum conductivity of was 107
S.cm™at 20°C with 90 wt.% of LGPS, indicating no synergy between the phases. Our systematic
approach successfully reaches higher room temperature conductivity following a
straightforward solvent-free process. In the transition to larger scale production of our HSE,
the optimized mixture was processed as a membrane in a dry room (dew point below -40°C)
using a calendering machine. It was observed that this operation systematically induced long
cracks, preventing the preparation of large area HSE (Fig. S9a). To solve this problem, the
homopolymer (PEO 600 kg.mol) was replaced by a copolymer, known to be less resistant to
creep and to have higher tensile strength. The chosen copolymer differs only in the presence
of a propylene oxide unit at a 12:1 ratio with ethylene oxide units (Fig. S9b) and the new HSE
exhibits similar ionic conductivity at room temperature (0.9 - 10 S.cmt), when prepared in
the glovebox. It is referred to P(EO-co-PO) in the following discussion and has a similar
molecular weight (average of 1000 kg.mol). In the dry room, the preparation of large area
membranes (around 30 cm?) was possible without crack propagation from the edges (Fig. S9c).
However, significant water uptake occurs during the manufacturing process (approximately
3000 ppm), rendering the HSE unsuitable for additional characterization due to probable
degradation. Therefore, stricter control of water levels is necessary to avoid this constraining
phenomenon. Nevertheless, we demonstrate the feasibility of preparing critical-size HSE

membranes using a solvent-free process.
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the large area optimized HSE membrane.



Mechanical characterization of HSE
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Figure 5: Evolution of HSE tensile properties with ceramic amount: (a) Young’s modulus, yield

and ultimate strengths, (b) resilience and toughness moduli.

To assess the difference in mechanical behavior between HSEs, a tensile test was performed
on two representative membranes. LisPSsCl content was set to 40 and 75 wt.% to compare a
ceramic-in-polymer system with a polymer-in-ceramic one. The organic phase was kept
identical as the optimized one, [P(EO-co-PO):PEG=1:1]10:LiTFSI. Figure S10 shows the stress-
strain curves for HSE, demonstrating good reproducibility in both cases. It is another indication
of the homogeneity of the dry mixing. Changing the organic-to-inorganic ratio leads to very
different mechanical behaviors. Low ceramic-content HSE (40 wt.%) deforms mainly in a
plastic regime (e = 25%) under low applied stress (o = 0.12MPa). This results in a low Young’s
modulus of 3.6 MPa (Fig. 5a), which is 200 times smaller than the high ceramic-content HSE
(75 wt.%). The Young’s modulus of 0.82 GPa illustrates the stronger elastic behavior of the
optimized formulation. Overall, the polymer-in-ceramic configuration withstands higher stress
under elastic (resp. plastic) deformation than the ceramic-in-polymer one — yield stress g,, =
1.8 MPa (Fig. 5a) versus 0.067 MPa (resp. ultimate strength o,, = 2.8 MPa versus 0.12 MPa). In
terms of its ability to absorb mechanical energy, the high-ceramic content HSE still
outperforms the low content one. The resilience modulus U (energy absorbed under elastic
deformation i.e. reversible) is 2.1 kJ.m3 compared to 0.68 kJ.m™ (Fig. 5b). In the same trend,

the toughness modulus U: (energy absorbed before fracture i.e. non-reversible) is almost four



times higher (86.5 kJ.m™ versus 24.3 kl.m3). This tensile characterization demonstrates that
the addition of LisPSsCl particles is beneficial for mechanical resistance of the HSE. To compare
our results with other work, Lopez et al.>® have characterized the tensile behavior of a
PEO10:LiTFSI membrane and found a Young’s modulus of 0.4 MPa, which is much lower than
our optimized HSE. The yield strength is also lower (g, = 0.04 MPa) as the material deforms
mainly plastically under a long stress plateau. However, resilience (U, = 3 kJ.m3) and toughness
moduli (Ur = 40-50 kJ.m3 — estimated graphically) are comparable. Although our HSE
withstands a higher mechanical stress, this means that it is a more brittle material than the
conventional polymer electrolyte, which may be expected given the high content of LisPSsCl,
known to be a brittle ceramic. Ultimately, we show that a combined increase of ionic
conductivity (o; = 10° to 10* S.cm™ at 25°C) and mechanical resistance is possible using a
systematic formulation approach for HSEs. Improving the mechanical properties of polymer
or hybrid electrolytes generally leads to a drop in conductivity. Stolz et al.?® demonstrated the
negative correlation between compression resistance and ionic conductivity at 40°C by simply
changing the salt concentration in PEOx:LITFSI (x = 10 — 50). Lee et al.*° studied a HSE
composed of PEO:LiTFSI and LAGP, and showed that increasing the ceramic amount has a
positive impact on the Young’s modulus, although it strongly affects the toughness and the

ionic conductivity.



Chemical compatibility of phases
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In addition to sufficient ionic conductivity and mechanical properties, compatibility between
organic and inorganic phases is another essential parameter for HSE to quantify. X-ray
photoelectron spectroscopy (XPS) was first performed on a HSE containing 40 wt.% of LisPSsCl

and after a thermal aging treatment for six days at 80°C. Comparison of the S2p spectra shows



a direct impact of temperature on the stability of the ceramic in contact with the polymer
phase (Fig. S11a-d). Degraded sulfide species are formed with the appearance of a polysulfide
peak. However, in comparison to the work of Simon et al.??, dry mixing of the precursors
seems less detrimental to the chemical stability of HSE than the slurry route using THF. In our
study, no polysulfide or other degradation species can be identified in the S2p spectrum of
pristine HSE. Nor is there any evidence of LiF formation on the HSE F1s spectrum (Fig. S1le-
g), even after the aging procedure, in the absence of solvent. This demonstrates the value of
avoiding solvents when formulating HSE. Since XPS measurements revealed the impact of
temperature on the chemical stability of HSE, an EIS study from 20 to 80°C was carried out to
guantify the interfacial resistance between organic and inorganic phases. Trilayer stacks of
PEOx:LITFSI | LisPSsCl | PEOx:LITFSI (x = 10, 20 and 40) were assembled with blocking
electrodes at a low pressure of 4.5 MPa in order to prevent polymer creep around the ceramic
pellet or along the stainless steel pistons. Impedance contributions were assigned by varying
the salt concentration, i.e. the polymer electrolyte ionic conductivity (Fig. S12). The high
frequency semi-circle describes the electrolytes conduction (picofarad range) while the
interfacial contribution appears at medium frequencies (nanofarad range), both of which
increase with decreasing salt concentration. Figure 6a shows the unambiguous growth of the
interfacial resistance after one hour treatment at 80°C for the x = 10 system, while the semi-
circle attributed to the electrolyte conduction of the trilayer remains stable. Figure 6b shows
the temperature-dependence of the electrolytes and interface resistances after performing
the heat treatment displayed in Figure 6a. It shows the stability of the values during the
measurements and equilibration time (around 22h in total) as the heating and cooling data
match well. Electrolytes resistance follows a VFT model, confirming that polymer electrolyte
layers are the limiting conduction step, since they have a lower conductivity (2.10° S.cm™)
than ceramic at low pressure (4.104S.cm™). Figure S13 shows the significant effect of lowering
the pressure on the conductivity of a LigPSsCl pellet, probably due to loss of mechanical
cohesion between the particles. Considering the interfacial resistance (Fig. 6b), it follows an
Arrhenius law with a high activation energy of 0.84 eV. Assuming the formation of an
interphase between the organic and inorganic phases (see NMR section for supporting this
hypothesis), this is an energetically unfavorable obstacle to the passage of Li ions, since its
activation energy is much higher than that of the pure ceramic phase (0.44 eV — Fig. S13). This

result is in reasonable agreement with the reported value of 0.67 eV4, where the author used



a more accurate setup with four-point EIS measurement. Overall, we have identified the
negative effect of high temperature on the chemical stability of our HSE via the formation of

interphases with high activation energies, hence the need for a room temperature processing.

NMR characterization of interphase formation
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obtained from the sum of 0.234 ppm wide slices to identified off-diagonal peaks (*). (e)

Schematics of the interphase formation via the depletion of the organic phase.

To better understand the structural environments of lithium in our HSE, we used solid-state
’Li Magic Angle Spinning NMR. Reference spectra of LisPSsCl and polymer electrolyte (P(EO-
co-PO):PEG:LITFSI) facilitate identification of contributions in the spectrum of our optimized
HSE (75 wt.% ceramic) (Fig. 7a). Two components centered on 1.47 ppm are observed in the
pure ceramic spectrum accounting for 67.9% (green and sharp) and 32.1% (grey and broad).
Several factors can explain the presence of two components: firstly, ’Li ions are quadrupolar
(nuclear spin S = 3/2) and quadrupolar relaxation is intrinsically biexponential, especially for
samples where the correlation time of the environment fluctuations (i.e. site-to-site jumps) is
close to the inverse of the Larmor frequency (3 ns for 330 MHz here). In such a case,
biexponential relaxation leads to a complex line shape which is made of two Lorentzian lines,
a broad one representing 60% of the signal and a narrower one accounting for the remaining
40%.%2 This applies to a homogeneous sample, and in this case, heterogeneities (magnetic field
inhomogeneities, interfaces, defects, differences in lithium mobility) may lead to additional
sources of broadening that will lead to a more complex line shape. The overall heterogeneity
of the sample in terms of particle size (1 — 30 um; Fig. S2) may be one of the reason for this
phenomenon. The spectrum acquired with the pure polymer electrolyte displays a single
component at -1.07 ppm (red). When the organic phase is mixed with LisPSsCl, the resonance
from Li* in LiTFSI shifts to -0.74 ppm and the peak broadens. This indicates a change in the
local Li* environment in the polymer phase. Indeed, most of the volume in the HSE is occupied
by ceramic particles (72 vol.%), which alters the global susceptibility and magnetic field
experienced by the organic phase. The peak accounts for 2.15% of the signal, as described by
the model (Fig. S14a) in line with the theoretical calculation giving 2.0% of the overall lithium
in the organic phase (see Experimental section for calculation). There is also a change in the
LisPSsCl peak which becomes asymmetric, with two additional contributions at 1.53 ppm
(pink) and 1.36 ppm (yellow). This is again the signature of a global disorder within the hybrid
sample, and of a possible discontinuity in magnetic susceptibilities at the interface between
the organic and the inorganic phases. A new feature appears at 0.33 ppm (blue), as a right
shoulder to the ceramic resonance. Its position between the ceramic and the polymer

environments suggests that this is the interphase, the existence of which was previously



deduced by EIS analysis. The HSE was prepared just before the measurement, enabling us to
follow the appearance of this peak over time as shown in Figure 7b. It is interesting to note
that the increase and the sharpening of the interphase peak are simultaneous with the
decrease in the contribution of the polymer electrolyte, confirming the nature of this new,
less mobile lithium environment for lithium. Lithium from the polymer phase gets trapped in
the interphase created by a slow chemical reaction. Quantitative analysis of spectra, acquired
at different times from a few minutes to one day after mixing, enables the intensity of each
contribution to be calculated (Fig. S14h). To support the observed evolution of the peaks, the
intensity ratio between the interphase and the organic phase was calculated (Fig. 7c). It shows
a rapid increase from 0.5 to 1.0 within the first three hours, followed by a slower increase up
to 1.5 and stabilization after one day. This highlights a phenomenon of lithium depletion in

the organic phase to form the interphase, which tends to stabilize after one day.

To probe the exchange ability of lithium between phases, a homonuclear 2D Exchange
SpectroscopY (EXSY, see Fig. 7d) was performed with a 100 ms mixing delay under ultra-fast
Magic Angle Spinning (40 kHz) to quench spin diffusion resulting from weak dipolar
interactions. As two ’Li spins separated by 3 A experience a dipolar interaction of 672 Hz in
magnitude, we considered that spin diffusion is negligible at such a fast MAS rate, and that
lithium should be further apart, particularly in the polymer phase. In the resulting contour
plot, the intense and broad cross region is the signature of the disordered LisPSsCl
environment. Less intense peaks are identified on the diagonal as the interphase and polymer
electrolyte environments. Off-diagonal intensity is detected between the interphase, ceramic
and organic phase environments. To clearly observe the chemical exchange process, we
analyzed the 1D cross sections (grey areas) centered on the organic (1) and interphase (2)
environments. Both reveal chemical exchange between the interphase, the organic electrolyte
and the ceramic phase. Despite the resistive nature of the interphase, previously observed by
EIS, this confirms that lithium ions slowly diffuse across the interphase over a 100 ms
timescale. However, evidence of Li exchange at the micrometric scale is not necessarily
synonymous with macroscopic Li conduction through both phases, as we have previously

elucidated through conductivity measurements and activation mechanisms.



Electrochemical performances of the HSE

From a practical perspective, our optimized HSE has been tested in a
NMC:LisPSsCl:VGCF:PVDF-HFP | HSE | LiosIn:LisPSsCl solid-state battery to assess its
electrochemical performances. It is compared with our reference LisPSsCl-based separator for
SSB, both cycling at 100 MPa in airtight cells at room temperature, to ensure sufficient contact
between all components and prevent any moisture-induced degradation (Fig. S15). Here, an
in-house prepared cathode tape is used to ensure good reproducibility between cells. Figure
8a shows the first cycle voltage profile at C/20, which reveals a higher polarization when
employing HSE as a solid-state separator instead of a densified ceramic pellet, despite a lower
cathode mass loading. The result is a discharge capacity 15% lower for the HSE battery (130.2
mAh.g!) than for the reference batteries (153.25 mAh.g'). This figure is nonetheless
encouraging as the thinner hybrid membrane (87 um) compared with the LisPSsCl separator
(= 400 um) does not compensate for the lower ionic conductivity of the HSE (10*S.cm™ versus
3103 S.cm™). However, as the ohmic drop becomes significant at a higher C-rate (Fig. 8b),
polarization increases more rapidly for the HSE battery than for the reference battery,
resulting in almost zero capacity at 1C. When the current density is reduced to C/5 (Fig. 8c),
both systems return to their previous capacity levels and show good capacity retention, with
a similar decay rate of -0.14 mAh.g*.cycle (resp. -0.155) for the HSE-based battery (resp. pure
ceramic batteries). Finally, these data indicate that it is possible to operate a battery
assembled with our optimized HSE, with low capacity loss at a slow C-rate. However, the
insufficient ionic conductivity of the HSE compared with the LisPSsCl separator affects the
capacity accessible at higher C-rates due to greater polarization. More interestingly, the
capacity retention at C/5 is not affected by replacing the pure ceramic separator with the HSE.
A possible strategy to overcome the poor performances at higher C-rates, or similarly at higher
cathode loads, could be to reduce the HSE thickness to less than 10 um to have an ohmic drop
equivalent to that of the reference battery. For the time being, this prospect is limited by the
size of LigPSsCl particles, some of which exceed 30 um. On the other hand, the interfaces at
the cathode and anode may not be as optimized with the HSE as with pure ceramic, which

would require some surface engineering (use of temperature, roll-to-roll assembly).
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CONCLUSION

In this study, our aim was to develop a hybrid solid electrolyte (HSE) with good ionic
conductivity (10 S.cm™ at 25°C) and mechanical properties. We used PEO10:LiTFSI and
LisPSsCl as the organic and inorganic components and employed a solvent-free method to
prepare the HSE, preventing ceramic degradation. The addition of LisPSsCl improved ionic
conductivity beyond 75 wt.%, but it compromised mechanical strength, representing a
typical trade-off in HSEs. To address it, we reduced PEO molar mass and proposed a modified
organic matrix that combines elasticity and ionic conductivity, resulting in a high-ceramic
loading HSE that meets our criteria. Additionally, we introduced a novel approach by utilizing
activation mechanism fitting as a powerful metric to elucidate the preferred ionic pathway
within HSEs. The VFT model serves as a signature of organic conductivity, while the Arrhenius
model characterizes ceramic conductivity. Intrinsic chemical reactivity was investigated with
EIS, which revealed temperature impact on interfacial resistance, and NMR, that confirmed
the interphase growth. We evaluated the HSE membrane as a separator in batteries, showing
decent cyclability at low C-rates and low cathode loading. However, its higher ohmic drop
coming from lower conductivity affected high current densities cycling. Nevertheless,
capacity retention remained comparable to that of pure-ceramic batteries, suggesting good
stability with the electrodes. This study underscores the prime importance of optimizing
ionic conductivity and mechanical properties concurrently, for successful HSE formulation,
and provides valuable insights into key conduction mechanisms. Future research should
focus on reducing membrane thickness through particle size control and limiting chemical
reactivity, by polymer end group modification*® or particle protective coating*, to match
pure ceramic battery performances. Ultimately, we hope this work serves as guideline for
HSEs rational formulation, with emphasis on metric optimization driving further

advancements.
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