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ABSTRACT: Solid-state batteries are seen as a possible revolu- 200 —
Reversible electrode mpiz

tionary technology, with increased safety and energy density
compared to their liquid-electrolyte-based counterparts. Composite
polymer/ceramic electrolytes are candidates of interest to develop
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a reliable solid-state battery due to the potential synergy between ?f{'f{“}‘ﬁgémrm% o Hosfistin
the organic (softness ensuring good interfaces) and inorganic (high W 0 50 100 150 200 250 300 350 400
ionic transport) material properties. Multilayers made of a Re(2)/ (@.cm’)
polymer/ceramic/polymer assembly are model composite electro- Biarisation = Bt + Ret speyce + Baip

lytes to investigate ionic charge transport and transfer. Here,

multilayer systems are thoroughly studied by electrochemical impedance spectroscopy (EIS) using poly(ethylene oxide) (PEO)-
based polymer electrolytes and a NaSICON-based ceramic electrolyte. The EIS methodology allows the decomposition of the total
polarization resistance (RP) of the multilayer cell as being the sum of bulk electrolyte (migration, R,), interfacial charge transfer
(Ry), and diffusion resistance (Rgy), i.e, R, = Ry + Ry + Ry The phenomena associated with R, R, and Ry are well decoupled in
frequencies, and none of the contributions is blocking for ionic transport. In addition, straightforward models to deduce R, Ry and
t* (cationic transference number) of the multilayer based on the transport properties of the polymer and ceramic electrolytes are
proposed. A kinetic model based on the Butler—Volmer framework is also presented to model R, and its dependency with the
polymer electrolyte salt concentration (Cp;). Interestingly, the polymer/ceramic interfacial capacitance is found to be independent

of Cyj.
KEYWORDS: impedance spectroscopy, polymer/ceramic electrolyte interfaces, solid-state electrolytes, polymer electrolytes, lithium batteries

Bl INTRODUCTION addition, adding polar solvents to form gels dramatically
increases their conductivity leading to batteries operating at
temperatures close to room temperature but to the detriment
of both the safety and their required mechanical proper-
ties.'”'* Conversely, ceramic electrolytes (CE) are advanta-

With our increasing demand for carbon-free renewable energy,
the development of high-energy-density and safe batteries is
key. Lithium (Li) metal has been identified as the ultimate

negative electrode due to its particularly high gravimetric . . . - .
capacity (3.86 A-h/g) and low potential (—3.04 V vs SHE geous in terms of thermostability and ionic conductivity, with
. . y

standard hydrogen electrode), which are the two levers to NaSICONS, garnet-type structures, e;nd sulglde—based materials
increase the energy density in an electrochemical generator.l_3 :eachmgt 2 1223‘1‘}11““’“5’ ofthIO —IhO . Sl/cm attlroon}
However, Li is known to form dendrites when the battery is emperature. o b OWZVerl; e me; tamSc;;E pfiopert 1e:hc?
recharged, which eventually short-circuit the device and lead to ceramucs are far from ideal compared to s due to theu

. . . brittle nature, preventing smooth and intimate contact at
hazard issues (fire, explosion). Many solutions to prevent . i
dendrite nucleation and growth have been proposed, such as electrode—electrolyte interfaces, and the assembly of flexible

using a nonflammable solid separator” or forming a stable solid commercial batteries

electrolyte interphase (SEI) at the Li/electrolyte interface.””” Composne. dearobﬂfé have therefor.e come to .hght as an
One strategy aims then at developing all-solid-state Li metal elegant solution comprising the mechanical properties of SPEs

batteries,”” which could mitigate dendrite growth and increase and the hlgh ronie .condu.ctmty of (,:ES' The adfhtlon. of

both battery safety and cycle life. nonconducting ceramic particles (e.g., SiO,, AL,O;, TiO,) into
Solid-state electrolytes fall into two major classes: organic —

polymers and inorganic ceramics. Solid polymer electrolytes Received:  October 6, 2021 - =

(SPEs) have significant advantages in terms of their mechanical Accepted:  February 14, 2022 o

properties, as they develop excellent contacts with electrodes Published: March 8, 2022

and withstand battery volume changes due to their plasticity.

However, their low ionic conductivity at room temperature

(typically 107> S/cm) hinders their practical use.'”'' In
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SPEs can increase the overall conductivity of the composite
SPE, especially at room temperature due to the mitigation of
the polymer crystallinity, allowin% Li* to easily transport
through the amorphous matrix.'>'® The addition of Li*
conducting ceramic particles (e.g., NaSICONSs, garnets, etc.)
to an ionically conducting polymer matrix can produce
electrolytes that can operate at room temperature,'” but the
role of the ceramic electrolyte is still unclear. Indeed, one
would expect CE/polymer composites to reach a conductivity
higher than composite electrolytes using nonconducting
ceramic in SPE, but disparate results are reported.> For
example, Chen et al. reported an increase in conductivity upon
addition of LLZTaO to a poly(ethylene oxide) (PEO)
electrolyte (from 0.5 X 107* to 1.2 X 10™* S/cm at 30 °C)
up to 10 wt % followed by a decrease at a higher ceramic
content,'® whereas other groups reported a continuous
decrease in ionic conductivity upon the addition of a garnet
to a PEO electrolyte.'””” A high charge transfer resistance at
the SPE/CE interface has been suggested as a possible
explanation for the decrease in conductivity, so several groups
have turned toward composites with an optimized struc-
ture,”' = designed to limit the amount of polymer/ceramic
interfaces a cation has to cross.”* Indeed, the SPE/CE interface
could add a signiﬁcant resistance compared to that of the bulk
electrolyte.”>~>’ Consequently, it is crucial to study SPE/CE/
SPE model assemblies in an attempt to probe separately the
contributions of ionic migration in the bulk and interfacial
ionic charge transfer to determine their governing factors.
More generally, the study of the ionic charge transfer
mechanism occurring at the interface between a liquid
electrolyte (LE) or an SPE and a solid Li* conductor by
means of such a model cell can be extended to the electrode
active material/electrolyte interface, following the approach of
Ogumi et al.”*~*° While at the electrolyte/electrode interface
an electrochemical charge transfer reaction involving a mixed
ionic/electronic exchange occurs, at the electrolyte/ceramic
interface, an ionic charge transfer reaction takes place.

Significant advances have been made in elucidating the
interface between liquid electrolytes and ceramic electro-
lytes.”*~** LE can be similar in their chemistry to polymers and
can therefore give insight into factors that affect the SPE/CE
interface. LE/CE interfaces have been thoroughly studied by
Ogumi et al. using electrochemical impedance spectroscopy
(EIS).>*1*% =" Measurements using direct current have also
been performed to further analyze the properties of the LE/CE
interface.””***> While the factors that affect the interfacial
resistance are still unclear, a strong solvent—cation interaction
in the LE seems to increase the interfacial resistance and
activation energy,31’32’35’38'39 as the cation needs more energy
to desolvate and transfer from the LE to the CE. Busche et al.
also showed that a resistive interphase generally made of
decomposition products of ceramic, solvent, and/or salt can
negatively affect the LE/CE interfacial resistance.””*”** To
understand the charge transfer kinetics at the interface between
a LE made of LiPF4 in a mixture of ethylene carbonate/
dimethyl carbonate (EC/DMC) and a CE in LLZTaO,
Schleutker et al. proposed a superposition of an ionic charge
transfer process™’~** based on Butler—Volmer kinetics in series
with an interphase resistance composed of degradation
products.*”

In the literature, a few SPE/CE interfaces have been
reportecl.‘m’%_56 As for the LE/CE interface studies, the
activation energies and resistances obtained vary vastly

between groups. For example, the resistance of the interface
between poly(ethylene oxide) (PEO) and NaSICON varies
between 2.5 and S0 kQ-cm? at 20 °C.***° Generally,
measurements are made by impedance spectroscopy in a
two-electrode cell as it is challenging to introduce reference
electrodes within the thin SPE layers to make a four-electrode
system. Nevertheless, independent of the electrode config-
uration, guaranteeing intimate contact in between each layer of
material comprising the solid-state cell is a complicated task.
Another difficulty impacting the interface resistance lies in the
delicate interpretation of the impedance spectra in a two-
electrode configuration due to (i) the choice of an adequate
equivalent circuit that may vary from one publication to
another”””” and (ii) the overlap in frequencies of the
electrode/SPE and SPE/CE interface contributions.”” In the
case of SPE/CE interfaces, to the best of our knowledge, only
Brogioli et al.”” reported a space charge layer model to describe
the interfacial charge transfer reaction. The authors studied an
SPE made of PEO/LIClO, at different Li salt concentrations
and a CE of LLZO. They interpreted the dielectric interfacial
contribution within the framework of the Stern model,** where
the SPE and LLZO domains are separated by the Stern layer.
In addition, they assumed that the charge transfer is driven by
a Butler—Volmer equation with a symmetry coeflicient of 0.5.
Similarly to the work of Schleutker et al.”* on the LE/CE
interface, they reported that the interfacial resistance decreases
with increasing salt concentration until a plateau value
attributed to a space charge effect. Unfortunately, no data
were provided for the evolution of the interface capacitance
with the SPE salt concentration.

Herein, the transport properties through multilayer SPE/
CE/SPE model cells are measured by EIS, using an LATP-type
CE and PEO/lithium bis(trifluoromethane)sulfonimide
(LiTFSI)-based SPE. A commercial cross-linked PEO-based
electrolyte from Osaka Soda Co., Ltd>® (OS) was used when a
uniform thickness was needed and a 100 kg/mol PEO doped
with LiTFSI was used to vary the salt concentration over a
wide range of 1.0 X 107% to 2.5 M.”” We provide a thorough
electrochemical impedance analysis based on two-electrode
cells comprising either blocking stainless steel (SS) electrodes
or reversible Li electrodes to specifically probe the ionic charge
transfer resistance at the CE/SPE interface as well as bulk and
diftusion properties in a broad range of temperature from —30
to 100 °C. Impedance analysis of the SPE/CE/SPE cell
showed that bulk (R,), interfacial (R.) and diffusion
contributions (Ry) are well decoupled in the impedance
spectra with different characteristic frequencies. Consequently,
the SPE/CE/SPE overall polarization resistance given by R, =
Ry + R, + Ry can be determined by measuring each resistive
contribution separately. Factors that pilot the bulk and the
diffusion resistances of SPE/CE/SPE multilayers are fully
determined, enabling prediction of apparent bulk ionic
conductivity and apparent transference number. The SPE/
CE interface is analyzed both in terms of resistance and
capacitance. In addition, a kinetic model with minimal
assumptions within the Butler—Volmer framework is proposed
to depict the ionic exchange current density at the SPE/CE
interface from which an expression of interfacial resistance is
deduced, in agreement with the experimental data. This study,
therefore, offers a full picture of a multilayer model system and
present methodologies to extract the limiting factors at the
SPE/CE interface. Such methodologies can then be applied to
numerous SPE/CE systems.

https://doi.org/10.1021/acsami.1c19235
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Figure 1. (a) Nyquist plots of the SS/OS/SS (red triangles), Au/Oh/Au (blue diamonds), and SS/0S/Oh/0S/SS (black squares) cells measured
at 20 °C. In addition, the subtraction (black open diamonds) of the SS/0OS capacitive contribution from the spectrum of SS/OS/Oh/OS/SS is also
displayed. Markers: experimental values; solid line: fitted values, using the equivalence circuit displayed in (c). (b) Zoom on the HF region of the

plot (a).

B EXPERIMENTAL SECTION

Materials. All products were stored in an argon (Ar)-filled
glovebox (H,0, O, <1 ppm, Jacomex) and used as received. Ceramic
plates (Oh) were purchased from Ohara Corp.60 in the form of one-
inch squared plates with thicknesses of 50 or 150 gm. The ceramic is
similar to LATP with the main crystalline phase being
LipyeryALTi, ,SiyP3_ Oy, but the exact chemical nature is the
property of the company. A 49 um thick SPE film (named OS in
this paper) based on a cross-linked polyethylene oxide (PEO) was
purchased from Osaka Soda Co., Ltd. In addition, PEO/LiTFSI
electrolytes were formulated using a solvent-free method: the relevant
amounts of lithium bis(trifluoromethane)sulfonimide (LiTFSI,
Solvay) and PEO 100 kg/mol (Alfa Aesar) were first cold-mixed by
hand and then heated to 80 °C for at least 4 h in the Ar-filled
glovebox (H,0, O, <1 ppm, Jacomex) while being frequently stirred
until a homogeneous mixture is obtained. Finally, the resulting
mixture was hot-pressed at 70 °C, still in the glovebox, to form the
electrolyte membrane. To confirm the exact Li salt concentration in
the polymer membrane, inductively coupled plasma mass spectros-
copy (ICP-MS, PerkinElmer NexION 2000c) was used (see the
Supporting Information, SI, for details). For simplicity, the PEO/
LiTFESI electrolytes are denoted PEO/LiTFSI-xM, with x being the
LiTFSI salt concentration ranging from 1.0 X 107> M (EO/Li =
2500) to 2.5 M (EO/Li = 7) and are also listed in Table S1.

Cell Assembly. All cells were assembled in the glovebox. To study
the interface between the SPE (OS or PEQ/LiTESI-xM) and the Oh
ceramic, symmetrical CR2032 coin cells comprising stainless steel
(SS) blocking electrodes or Li metal were used. For SS symmetric cell
assembly, a PEO/LiTFSI-xM film was flowed directly within a spacer
defining a 10 mm active diameter onto a 16 mm diameter SS
electrode using a hot press (Specac) to get an intimate contact. A
similar procedure was performed again to form a second SPE/SS
element. Then, a piece of Oh ceramic with sides longer than the
spacer inner diameter was placed between the two SPE/SS elements
by gently pressing them altogether prior to closing the coin cell with a
crimper. For Li symmetric cells, the assembly procedure is similar to
that of the blocking electrodes except that, beforehand, an SPE layer
and an 8 mm diameter Li electrode are laminated together at 80 °C
and 3 bar. For OS as the SPE, a similar procedure was used but by
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manually pressing the cross-linked polymer against the SS electrode
instead of flowing the polymer with a hot press. The cells are denoted
Li/SPE/Oh/SPE/Li or SS/SPE/Oh/SPE/SS depending on the cell
assembly and SPE nature (OS or PEOQ/LiTFSI-«M). In addition, Li/
SPE/Li and SS/SPE/SS symmetric cells were also assembled to study
the Li/SPE interface and the bulk SPE contributions separately.
Finally, the conductivity of the ceramics Oh was measured in
Swagelok-type cells in which the surface of the ceramic was coated by
gold spluttering (of known surface area) to ensure good electrical
contacts with the current collectors. This last cell is denoted Au/Oh/
Au.

Impedance Measurements. After assembly, the cells were taken
out of the glovebox, placed in a climatic chamber (Clima Temperatur
Systeme), and connected to a multipotentiostat with impedance
capabilities (VMP300, BioLogic). Electrochemical impedance spec-
troscopy (EIS) was performed in the frequency range of 7 MHz down
to 0.1 Hz (and 100 yHz for reversible Li/Li-based cells) using an
excitation voltage between 10 and 200 mV depending on the
impedance of the cell. The use of high excitation signal enabled the
reduction of noise for the large impedance measurements especially
when the temperature was low; however, the linearity of the
impedance answer was always checked. When OS was used as the
SPE, the chamber temperature was varied from —30 to 100 °C with a
temperature program by 10 °C steps as follows: (i) heat from room
temperature to 100 °C, (ii) cool to —30 °C and (iii) finally heat to
100 °C. With PEO/LiTFSI-xM as the SPE, the same sequence was
used in between 10 and 100 °C with temperature steps of 5 °C
between 60 and 100 °C, where the PEO is in a melted state, and steps
of 10 °C below 60 °C. EIS spectra were recorded after temperature
stabilization of the cells, i.e., when the EIS spectra reach a steady state.
The temperature was measured with a thermocouple type k located
close to the cells.

B METHODOLOGIES, RESULTS, AND DISCUSSION

EIS Data Treatment. Figure la displays the typical EIS
spectra obtained at 20 °C in Nyquist coordinates of symmetric
cells with blocking electrodes for the two reference cells SS/
0OS/SS and Au/Oh/Au as well as the multilayer SS/OS/Oh/

https://doi.org/10.1021/acsami.1c19235
ACS Appl. Mater. Interfaces 2022, 14, 13158—13168
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Figure 2. (a) Nyquist plots of the cells Li/OS/Li (red triangles) and Li/OS/0h/0S/Li (black squares) measured at 80 °C between 7 MHz and
0.2 mHz. The lines are the results of the fit using the equivalent circuit displayed in the inset. (b) Series of spectra detailing the difference
methodology with (b1) HF and MF zoom for Li/OS/Oh/OS/Li, (b2) Li/OS/Li, (b3) simulated Li/OS/OS/Li in the HF and MF range, and
(b4) the result of the difference between Li/OS/Oh/OS/Li (b1) and Li/OS/OS/Li (b3) in the HF and MF range.

OS/SS cell, while Figure 1b is a zoom on the high-frequency
(HF) domain. The bode plot at 20 °C and the spectra of the
same cells at 80 °C are displayed in Figures S1 and S2,
respectively. As expected for the two reference cells, the spectra
are composed of the HF bulk electrolyte response (modeled by
R,.//CPEg, (a resistance R in parallel with a constant phase
element CPE) or R,,//CPEqg) superimposed with the cable
contribution [resistance (R.) and inductance (L.)], followed at
low frequency (LF) by the capacitive behavior due to the
charge accumulation at the blocking SS electrode surface
(modeled by CPE,,y) as no charge transfer reaction is
possible. For the multilayer cell, in addition to the HF bulk
electrolytes contribution and the LF frequency capacitive
behavior, there is a medium-frequency (MF) contribution (at
around 60 Hz) superimposed with the beginning of the
capacitive behavior. To visualize the contribution of the OS/
Oh interface without the overlapping capacitive response, the
LF part of the SS/OS/SS spectra (assigned to the SS/OS
capacitive response) is subtracted from the spectrum of the
SS/0S/Oh/0S/SS cell, and the result is added in Figure la. A
clear loop appears at MF with a characteristic frequency of 58
Hz, which demonstrates that a simple circuit made of a
resistance in parallel with a constant phase element is correct
to model the CE/SPE interfacial contribution. Therefore, the
electrical equivalent circuit presented in Figure lc that takes
into account the HF, MF, and LF contributions is used to fit
the multilayer cell impedance spectra. The result of the fit (*
> 0.99) of the SS/0S/Oh/0S/SS spectrum, added in Figure
la,)b, is in very good agreement with the experimental data.
However, to get insight into the intricacies of the bulk
electrolyte properties with the interfacial contributions that are
still under debate in the literature,"”*”°" cells with reversible Li
electrodes were also investigated. Indeed, Li electrodes allow
charge transfer reactions between the electrolyte and the Li
enabling measurement of diffusion properties in the LF
range.””*"**%* Typically, to probe the diffusion contribution
in an acceptable frequency range, higher than 0.1 mHz, a high
temperature is preferred to increase the characteristic
frequency of the thermally activated finite-length diffusion
contribution.

Figure 2a,b presents typical EIS spectra recorded at 80 °C
for the cells Li/OS/Oh/OS/Li and Li/OS/Li. For complete-
ness, the spectra of the same cells at 20 °C are also shown in
Figure S3. The spectra are divided into three frequency
domains (HF, MF, and LF). For the Li/OS/Li spectrum, the
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HF, MF, and LF contributions are, respectively, assigned to the
OS bulk electrolyte response, the Li/OS interface response
mainly due to the solid electrolyte interphase (SEI) with a
characteristic frequency of 9 kHz, and the diffusion process
within the SPE with a 2 mHz characteristic frequency located
at the apex of the short Warburg loop.”> The HF contribution
is distorted by the inductive behavior of the electric cables
connecting the cell to the impedance meter, and at this
temperature, mainly the resistive behavior of the bulk
electrolyte is seen. For the Li/OS/Oh/OS/Li cell, the
spectrum is similar to the reference Li/OS/Li cell but with
bigger contributions in each frequency domain (HF, MF, LF).
Indeed, the HF resistance contains bulk contributions from
both the two SPE layers and the CE. The MF semicircle
presents a characteristic frequency of 5 kHz close to that of the
MF loop in the Li/OS/Li cell, and finally, at LF, a
characteristic limited-length diffusion loop is observed with a
similar characteristic frequency to that of the Li/OS/Li. It is
clear here that the contribution of the CE/SPE interface is
buried in the large MF loop, which illustrates the delicateness
of data analysis when reversible electrodes are used.***'*%>*

To extract meaningful physical information on the interfaces
from the spectra of the multilayer Li symmetric cell, we used a
difference methodology depicted in Figure 2b. First, a
theoretical Li/OS/OS/Li spectrum shown in Figure 2b3
limited to the HF and MF range (without the diffusion
process) is simulated by doubling the HF contributions
(Re(Z) and —Im(Z)) of the Li/OS/Li cell spectrum (Figure
2b2), which leads to the shift of its MF loop by a constant
value corresponding to Rgs. Then, this simulated spectrum is
subtracted from the experimental one of Li/OS/Oh/OS/Li
(Figure 2b1) resulting in the spectrum shown in Figure 2b4.
Interestingly in this difference spectrum, at high temperatures,
the HF contribution perfectly fits the Oh electrolyte behavior
(see Figure S4 for the Arrhenius plot), followed by an MF loop
assigned to the OS/Oh interface. Therefore, this methodology
allows the separation of all of the bulk and interfacial
contributions between the Li, SPE, and the CE.

Results Obtained for Each Frequency Domain. We
now focus on each contribution to detail the behavior of the
multilayer cell at equilibrium. For the HF loop, the associated
resistance is used to calculate the effective ionic conductivities
(0eg) in between —30 and 100 °C. Figure 3 represents ¢ of Oh,
0S8, and the sandwich OS/Oh/OS as a function of the inverse
of the temperature. The ceramic electrolyte (Oh) displays a

https://doi.org/10.1021/acsami.1c19235
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Figure 3. Arrhenius plot of the conductivities (high-frequency
contribution) of electrolytes OS (red triangles) and Oh (blue
diamonds) and the sandwich OS/Oh/OS (black squares) along with
the theoretical values of OS/Oh/OS (black line) using eq 1.

typical Arrhenius-type behavior, with a conductivity of 2.2 +
0.2 X 107 S/cm at 25 °C and an activation energy of 0.31 eV,
both values being in very good agreement with the producer’s
values. Concerning the polymer electrolyte OS, the con-
ductivity—temperature relationship follows a typical Vogel—
Tammann—Fulcher® (VTF) behavior (see Figure SS and
Table S2 for fitting, with T, experimentally determined by
differential scanning calorimetry (DSC) in Figure S6). The
SPE conductivity is always lower than that of the CE with a
difference being amplified as the temperature is lowered with a
factor of 1000 at —30 °C. Interestingly, the conductivity of the
multilayer OS/Oh/OS lies in between the ones of OS and Oh.
By considering that the overall resistance of the OS/Oh/OS
multilayer is simply the sum of each layer resistances, a
theoretical conductivity (6"™°) can be calculated from each
independent conductivity measurement of the OS (cqg) and

Oh (o) following eq 1

26 + lop
ﬂ + 10711

O_Theo _

Gos 1)

where Iy, and Ing are the thicknesses of the OS and Oh
electrolyte layers, respectively.

The values of 67" of the OS/Oh/OS multilayer electrolyte
are added as a continuous line in Figure 3. It fits almost
perfectly the experimental o4 values of the Li/OS/Oh/OS/Li
cell, showing that the resistances of the OS and Oh electrolytes
are purely additive and that the OS/Oh interface does not
limit the overall ionic transport. In addition, this result
confirms intimate contacts between the organic and inorganic
components in the multilayer system.

Note, for a battery application operating at room temper-
ature, eq 1 applied on a realistic multilayer made of 2 thin SPE
layers (typically 1 pm thick each with 6 ~ 107> S/cm)
surrounding a thicker CE (typically 20 ym thick with o¢g ~ 4
X 107* S/cm) leads to an effective conductivity (1.7 X 107* S/
cm) higher than the target value (107* S/cm) needed for solid-

O0h
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state battery cycling. In addition, the investigation of PEO/
LiTFSI-xM/Oh systems with x spanning over almost 3
decades, from 10 mM to 2.5 M (equivalent to a range of
EO/Li from 7 to 2500) as reported in Figure S8c, also
demonstrates that the PEO/LIiTFSI and Oh resistances are
additive.

To further probe the transport properties, the LF loops of
the OS/Oh/OS multilayer and the OS electrolyte (see Figure
2a) spectra are analyzed, as they present a typical short
Warburg behavior related to the diffusion process throughout
the ionically conductive domains made of SPE/CE/SPE or
sole SPE, respectively. At 80 °C, the associated Ry in the Li/
0S/O0h/0S/Li cell of 312 Q-cm? is the double of the one in
the Li/OS/Li cell (153 Q-cm?) within a 2% error margin. In
addition, the characteristic times for the Li/OS/Li and Li/OS/
Oh/O0S/Li diffusion loops are very similar of 240.7 and 239.5
s, respectively. These characteristic times are proportional to
the length of the diffusion gradient and the ambipolar diffusion
coefficient,” so the ionic diffusion process in the multilayered
system is ascribed only to the two independent SPE layers
surrounding the CE. In fact, the absence of a diffusive
contribution from the Oh CE is expected as its ¢* is equal to 1.
This situation depicted in Figure 4 is consistent with

A
C
s | [os os_ 9" os
© = — =
s
C
[0}
(8]
C
o
o
Li/oS/Li  vs.  Li/OS/Oh/OS/Li
Distance

Figure 4. Scheme representing the steady-state concentration
gradients formed across the respective electrolytes.

theoretical considerations published by Srinivasan et al.*’

Therefore, the limiting diffusion process in the multilayer
composite electrolyte is due to the ionic diffusion in the SPE
domains, which implies that (i) under the equilibrium
condition, the kinetics of the ionic charge transfer at the
SPE/CE interface is fast enough compared to mass transport
kinetics to be considered as a reversible process, and (ii) when
the thickness of the SPE is significantly reduced relative to that
of the CE, the effective multilayer " increases and tends to the
t" of the CE. Indeed, assuming that Bruce and Vincent
equations are valid,*”**® the transference number t* can be
calculated according to eq 2 whose develog)ment from the
Bruce—Vincent formula is detailed in the SI

Rel

th=—=—
R+ Ry

)

Equation 2 can be converted to apply to the multilayer
(tntultilayer) electrolytes based on R, and Ry, where i

corresponds to either the SPE or the CE material

+ 2RelSPE + RelCE

tmultilayer =

2R + RelCE + ZRdifSPE

3)

elgpg;
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Equation 3 can be rewritten using the geometry (thickness
I,) and physical properties (conductivity 6; and Li* transference
number t*) of the SPE and CE materials

2Uspg + leg.
+ _ OSPE OCE
tmultilayer - +
2spg lee 2lpg(1 — tspp)

OspE, Ock, Osp tspi (4)

Using the previous realistic multilayer example of the two
thin SPE layers having a t* of 0.2 (similar to a PEO electrolyte)
sandwiching a thicker single-ion conducting CE, a transference
number of 0.24 is calculated for the 22 um thick multilayer. In
the multilayer system, the matter transport kinetics corre-
sponding to the ion migration (effective electrolyte con-
ductivity at HF) and diffusion (LF) can be separately probed
by EIS and can be predicted according to eqs 1 and 4,
respectively. Therefore, the bulk transport properties are not
modified by the interfacial ionic charge transfer probed in the
MF range.

Finally, the MF loop of the multilayer symmetric cells (see
Figures 1 and 2) enables the extraction of the SPE/CE
interface contribution by the two different methodologies. The
characteristic frequencies, located at the apex of the semicircle
in the impedance spectra measured as a function of
temperature by the two cell types (Li/Li vs SS/SS), are
plotted in Arrhenius coordinates in Figure S7. The good
agreement between the two sets of data all over the explored
temperature range (between —20 and 100 °C) confirms that
the same phenomenon is probed in both cases. The Arrhenius
plot of the Oh/OS interface resistance (R,,) obtained from the
two symmetric cell types is displayed in Figure 5 showing very
similar R, values and activation energies from the slopes (y* >
0.99) with values of 0.85 eV and 0.84 eV for the blocking and
nonblocking electrodes, respectively. This result means that for
the realistic multilayer assembly used in the previous example,
R, will be 100 and 25 times higher than R, and R, + Ry at 20
°C, respectively. Thus, in the multilayer, the effective transport
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100 80 60 40 20 0 20
100 T T T T T T T
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Figure S. Arrhenius plots of the Oh/OS interfacial resistance
obtained through a blocking electrode configuration (filled squares)
from the cell SS/OS/Oh/OS/SS and a nonblocking electrode
configuration (open circles) from the cell Li/OS/Oh/OS/Li.

properties can be drastically improved (eqs 1 and 4), but the
overall polarization resistance, R, (with R, =Ry + R+ Ra),
depends mainly on R, i.e, to the ionic charge transfer at the
SPE/CE interface. In practice, unless R, is very small (fast
ionic charge transfer), composite electrolytes must be designed
to limit the number of SPE/CE interfaces the Li* ions must
cross. Moreover, by extrapolating this result to a well-dispersed
composite electrolyte without CE grains percolation (typically
<30% in volume), the effective conductivity due to ion
migration measured at HF should not be affected by the
interfacial ionic charge transfer occurring at MF.

To further understand the ionic charge transfer mechanism,
the R, between Oh and PEO/LiTFSI-xM membranes was
determined using blocking electrode cells. The PEO/Oh
interfacial resistances are displayed in an Arrhenius plot in
Figure 6a for the studied salt concentrations in between 70 and
100 °C. For each concentration, a linear trend is obtained,
indicating that R is linked to a thermally activated charge
transfer process that obeys an Arrhenius law. The activation
energy (E,) was then calculated from the slope of each curve in
Figure 6a and is reported as a function of the salt concentration
in Table S3. E, is found to be independent of the salt
concentration with an average value of 0.72 + 0.03 eV,
suggesting that the charge transfer mechanism is independent
of salt concentration, in contrast to the results of Sagane et
al,’! where a slight increase in activation energy is measured
with increasing salt concentration for the LLTO/PC-LiTFSI
interface. Moreover, the Arrhenius trend of R, is also
preserved at temperatures down to 10 °C as shown for the
PEO/LiTESI-0.6M SPE in Figure 6b, displaying R, and Rgpg
(SPE bulk conductivity). This indicates that R is not related
to the PEO bulk crystallization (at about 60 °C), as reported
by Tenhaeff and co-workers.”> For SPEs with a lower
concentration, R, could not be properly extracted below 60
°C due to the low SPE conductivity inducing strong frequency
superposition of the interfacial and bulk contributions.
Interestingly, despite using a quite similar SPE/CE combina-
tion [PEO/LiCF,;SO; (EO/Li = 16, x = 1.3 M) and Oh],
Chen et al.*® observed a disruption in their Arrhenius plot of
R, with an activation energy that doubles below the PEO
melting temperature T,, (from 0.36 eV for T > T, up to 0.81
eV for T < T,,), while their R, values are similar to ours for T
> T,, (42 Q-cm” at 70 °C compared to our value of 38 Q-cm?
for PEO/LiTESI-1.7M/Oh).

In the literature, to get a clearer view of the ionic charge
transfer mechanism, the phenomenology of an electrochemical
reaction governed by the Butler—Volmer equation occurring at
an electrode interface has been adopted by Schleutker et al.*”
and Brogioli et al.”” to describe Li-ion transfer at LE/CE and
an SPE/CE interface, respectively. Gondran et al.”’ proposed a
Butler—Volmer-like kinetic law to model Na*-ion transfer at
the SPE/CE interface. A similar model was adopted by Girault
et al. to study the charge transfer between two immiscible
liquids.68 Herein, we assume a Butler—Volmer kinetic for the
ionic charge transfer reaction according to

Ligpe = [Li'leg (5)

where Ligpy refers to Li* ions solvated inside the SPE and
[Li*]cg refers to sites occupied by Li* ions at the ceramic
surface.

The exchange current density in the equilibrium can be
written (see detailed calculation in the Supporting Informa-
tion) as
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Figure 6. Arrhenius plots displaying 1/R versus 1000/T for (a) the interfacial charge transfer at the PEO/Oh interface at different LiTFSI
concentrations for a temperature range of 100—70 °C and (b) comparison of the bulk PEO/LiTFSI-0.6M resistance (thickness of 102 ym) with
charge transfer resistance at the PEO/LiTFSI-0.6M/Oh interface for a temperature range of 100—10 °C.

. o~ (1-a)

fo = FKCrig, ©)
with

K° = klo e_(ArGSPE>CE )/RT (7)

where k] stands for the kinetic rate constant and A, ,Ggpg,cg
stands for the free activation energy related to Li* charge
transfer from the SPE to the CE. The activity coeflicients are
herein fixed to 1, simplifying the expression for K° compared
to the one given in the SI Finally, the interfacial charge
transfer resistance R, is linked* to i, by a factor RT/F such as

g _ RT __ RT
C F_ - 2 % pro~(l-a)
o FPERIC, (8)
Consequently, R is proportional to CI;E;E_(I)’ i.e., theoret-

ically the resistance will decrease with increasing Li*
concentration in the polymer electrolyte according to a
power law of exponent —(1 — ). By drawing a parallel
between this kinetic model and the Arrhenius behavior
reported in Figure 6, the activation energies (listed in Table
S3) refer to the enthalpic part of A,Ggpp.cp, whereas its
entropic term is embedded in the preexponential factor of eq
S13. To validate the kinetic law presented here, we investigate
the evolution of R, with the salt content (x).

Figure 7 displays in a log—log scale the isothermal evolutions
of R, at the PEO/Oh interface as a function of the salt
concentration, x, in between 70 and 100 °C. In this
representation, R, decreases linearly with x for each temper-
ature, indicating that the PEO/Oh interface obeys Butler—
Volmer kinetics and the activity coefficient of Li* charge carrier
in the SPE can be considered as constant and equal to 1 as
there is no effect of charge carrier interactions even at a high
concentration, supporting the simplification of eq S12 into eq
7. The linearity in Figure 7 also suggests that charge transfer is
the dominant contribution for the interfacial resistance, and
any other interface contributions (e.g, interphase) are small. In
contrast, in the work of Brogioli et al,”’ the dependence of R,
of a PEO/LLZO:Al interface at 70 °C with PEO salt content,
also displayed in Figure 7, presents first a —0.5 slope below 26
mM followed by a plateau value at a higher salt concentration.
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Figure 7. Variation of the PEO/Oh interface resistance at different
salt concentrations for different temperatures from 70 to 100 °C.
Literature values from Brogioli et al. at 70 °C are also included.”” The
dotted/dashed line represents a power law of —0.5.

The authors attributed this transition regime to the presence of
a space charge layer on either side of the interface between the
organic and inorganic materials. In addition, for the
EC:DMC:LiPF6/LLZO:Ta interface, Schleutker et al.*?
reported a similar trend to Brogioli et al,”” but interpreted
the transition regime as an additional interfacial resistance due
to the presence of an interphase. Several groups have studied
the influence of salt concentration on ionic charge transfer
resistance between a ceramic and a liquid®**~*® or an
SPE.****%7 In their recent revue, Janek et al.”® highlighted a
large variation of results in the R, salt dependence, which
suggests that additional factors other than salt content are at
stake. For example, Gupta et al.”® reported a decrease in
interfacial resistance at the PEO/LLZO:Ta interface with
increasing LiTFSI concentration between 0.8 and 1.4 M.
Above this concentration, an abrupt increase in R, was
observed, assigned to salt precipitation at the ceramic surface
hindering charge transfer. In the log—log plot in Figure 7, a
straight line is observed with a gradient of —0.82 + 0.03 (for all
temperatures), suggesting that R is a power law of the salt
concentration, which is in accordance with the kinetic model
(see eq 8). The symmetry factor « is therefore found equal to
0.18. Additionally, the exchange current density i, can be
calculated from the R values (see eq 8). For example, i, is
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equal to 0.77 + 0.08 mA/cm?* at 70 °C for the PEO/LiTFSI-
1.7M/Oh, which is in the same order of magnitude as the one
reported by Schleutker et al.** and almost 13 times larger than
that measured by Srinivasan et al.*® for an Oh/EC:DEC (1:1)-
LiPF4-0.5M interface. From the symmetry factor a, the
apparent kinetic constant K° (eq 8) at 20 °C of the PEO/
LiTFSI-1.7M/Oh charge transfer reaction is 7.3 & 0.7 X 107°
M™%82.571 obtained from the y-intercept of 1/R. vs 1/T. To
the best of our knowledge, this is the first time an SPE/CE
charge transfer kinetic constant is reported. Interestingly, the
K° value is in the same order of magnitude as the one
corresponding to Li" intercalation into a LiMn,O, electrode
using PC as the electrolyte.”’

Another physical parameter of importance provided by the
EIS analysis is the interfacial PEO/Oh capacitance (C,,). In the
electrical circuit in Figure lc, the interfacial CPEspg,cg)y (of
pseudocapacitance Q) is in parallel with R,. An equivalent
capacitance can be calculated according to

C

ct

= QM RY" ©)
with n being the exponent of the CPE.

The values of n, tabulated in Table S4, are always in the
range of [0.85; 1], reflecting a good contact quality at the
interface between the SPE and the CE. In addition, C, is
displayed as a function of x in Figure 8 at 80 and 100 °C. All
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Figure 8. PEO/Oh interfacial capacitance at different concentrations
of LiTFSI in the PEO. Circles and squares from data at 100 and 80
°C, respectively.

over the concentration range, C, is constant with an average
value of S + 2 yF/cm® independent of the temperature. This
result is similar to the work of Gondran et al. on the
NaSICON/PEO/Nal-xM interface’” and the NaSICON/
aqueous solution interface’” with interfacial capacitance values
in the range of 1 uF/cm”. Considering that space charge layers
are formed within the volume of both electrolytes on either
side of the SPE/CE interface, the interfacial capacitance (C,)
corresponds to the equivalent capacitance of two capacitances
in series, i.e., one for the PEO side (C,, ) and another at the

Ctpeo

CE side (C,,,); thus
1 1 1
- = 4
Cct Cct,l,EO Ctep (10)

The value of C is therefore dominated by the contribution
arising from the smallest capacitance. In our study, since the
total capacity measured is found to be independent of the salt
concentration in the polymer, the interfacial capacity that
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dominates here is attributed to the one on the ceramic side in
. 67
agreement with Gondran et al.

B CONCLUSIONS

In this study, we use impedance spectroscopy to study the
ionic transport in multilayers SPE/Oh/SPE, with PEO or
PEO-based polymer OS and the NaSICON-type ceramic
electrolyte Oh, using either SS blocking electrodes or
reversible Li electrodes. The electrolyte resistance (HF part
of the EIS spectrum) of the multilayer is found to be additive
while the diffusion contribution (LF part) is determined by the
polymer only, which confirms that the SPE/Oh interface is
nonblocking, and the charge transfer at the interface is
reversible. SPE/Oh interfacial resistances (MF part) deter-
mined using both SS (blocking) and Li (reversible) electrodes
give coherent values, indicating that both methods can be used
to extract the SPE/CE interface resistance and capacitance.

The PEO/Oh interface was subsequently probed using SS
electrodes and a PEO/Oh/PEO multilayer, varying the LiTFSI
concentration. The interfacial resistance R is found to be
inversely proportional to CLi+0'82 over the studied concen-
tration range, suggesting a nonsymmetrical Butler—Volmer-
type charge transfer reaction with a constant activation energy
of 0.72 eV. The interfacial capacitance value is also found
independent of the PEO salt concentration, suggesting that the
Oh ceramic capacitance is the dominating one.

Thus, in these types of multilayered system, the overall
polarization resistance (R,) can be fully decomposed by EIS
methodology as being the sum of all of the resistive processes
in the system such as the bulk migration resistance in the
electrolytes (SPE and CE) R,;, the bulk ion diffusion resistance
in the polymer electrolyte only Ry, and the ion transfer
reaction resistance R such that R, = R, + R, + Ry Simple
algebraic equations (eqs 1 and 4) allow the calculation of the
effective conductivity and transference number of the multi-
layer knowing the values for each layer SPE and CE. For Rp in
multilayer systems to be minimized, future research should aim
at minimizing R, the largest contribution. To design an
efficient multilayer system, many parameters must be taken
into account, such as temperature, salt content, nature of the
organic and inorganic electrolyte, as well as considering the
underlying parameters that control R, namely, ionic exchange
current density, which depends on symmetry factor and
apparent kinetic constant.
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