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Understanding Li* transport at polymerllinorganic interfaces is crucial for developing composite electrolytes in solid-state
batteries. In our investigation, we employed impedance spectroscopy and established a multilayer methodology for assessing Li*
transport at this interface. The inorganic phase chosen was Lig »5Alp25La3Zr,01, (A/I-LLZO), and the organic phase comprised a
Poly(ethylene oxide) (PEO) network with dangling chains. Li* incorporation in the polymer, as a free either salt or associated with
anion grafting onto the PEO network, was explored. Additionally, the PEO network was either pressure-adhered to the inorganic
surface (ex-situ configuration) or synthesized onto the AI-LLZO surfaces (in situ configuration) to investigate processing effects
on Li" transport. Using a Transmission Line Model for impedance data analysis, our study identified two key elements governing
Li" transport at the interface: R;, representing resistance along the ionic pathway, and R, and C,, describing distributed resistance
and capacitance within the interface. We observed that R; is influenced by the polymerization process in the presence of A/—LLZO
ceramic, while R, remains constant regardless of the synthesis method. This suggests varying Li* concentrations at the interphase
in the in situ configuration, while interface/interphase heterogeneity remains consistent across configurations. The estimated
activation energy indicates more energetically favorable direct Li* transport in the in—situ configuration.

© 2024 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
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All—solid—state lithium batteries (ASSBs) represent the next
generation of electrochemical energy storage devices, primarily due
to their safety and their high energy density, reaching up to
400 Whkg~'. The integration of Li metal as the negative electrode
plays a pivotal role in achieving these remarkable attributes. Within
the realm of ASSBs, the electrolyte stands out as a critical
component, yet none of the existing electrolyte families currently
available fully satisfies all the essential requirements, which en-
compass ionic conductivity, processability, as well as electroche-
mical and chemical stability with respect to Li." In this context, the
design of composite materials emerges as the most promising
solution in the short term.” In the realm of electrolyte design, a
common trade-off is observed: incorporating a polymer enhances
electrolyte processability but often comes at the cost of reduced ionic
conductivity. In contrast, inorganic materials demonstrate enhanced
ionic conductivity at the expense of decreased processability. A
significant challenge when designing composite materials lies in the
tuning of the inorganicllorganic interface, as it governs several
critical properties, including the transport of Li* ions. To create the
ideal composite material, a crucial prerequisite is a thorough
comprehension of the experimental parameters that enhance effec-
tive Li* ion transport across this interface.>* To the best of our
knowledge, there have been relatively few studies focusing on
understanding Li* transport at the polymer electrolytellinorganic
interface where the polymer electrolyte is generally composed of a
Lithium salt solubilized in linear poly(ethylene oxide) (PEO—Li salt
polymer). Zheng et al.> demonstrated by NMR analysis that the
content of Lithium lanthanum zirconate (Li;La3Zr,O;,, LLZO) in
their composite with PEO-LiTFSI polymer, obtained by solution
casting, significantly impacts ion mobility. On one hand, when the
composite contains a high mass fraction of polymer (80-95 wt%), it
exhibits ionic conductivity similar to that of the polymer itself
(~107>S.cm™1). On the other hand, a high mass fraction of LLZO

“E-mail: christel.laberty @sorbonne-universite.fr

(=50 wt%) results in lower ionic conductivity (10_6—10_7 S.em™h,
attributed to poor LLZOIILLZO interface that restricts Li* ion
transport within the inorganic percolated network. To elucidate
this phenomenon, several hypotheses have been proposed, including
changes in the transport mechanism along or through the LLZOIl
polymer interface. Brogioli et al.® explored the latter through the
estimation of the activation energy of the ionic conduction at the
interface using impedance spectroscopy. Interestingly, they esti-
mated a high activation energy barrier for Li* between the two
phases (LLZO—PEO), indicating the challenge that Li™ ions face
when moving from one E)hase to the other. To overcome this
limitation, Kuhnert et al.” investigated surface modification by
covalently grafting PEO chains to Lig4la3Zr; 4Tag0;, (LLZTO)
particles. To archive this, the surface—terminated oxygen groups on
the LLZTO particles is activated by plasma etching. Subsequently,
(3—glycidyloxypropyDtrimethoxysilane (Si—R) was grafted on the
LLZTO surface via plasma-activated oxygen resulting in particles
functionalized with oxirane group. These oxirane groups were then
reacted with the hydroxyl -terminated PEOs, enabling surface
functionalization with PEO chains. Interestingly, this functionaliza-
tion induces changes in the surface charge properties of LLZTO. As
a result, the PEO segments self-organize around the LLZTO
particles, leading to a significant reduction in the distance that Li*
ions need to traverse between LLZTO and the PEO polymer. This
reduction, in turn, facilitates the smooth transfer of Li™ ions across
the LLZTOIIPEO interface, as evidenced by a decrease of the
resistance measured by impedance spectroscopy.

To quantify the interface resistance, Gupta et al.® designed a multi-
layer PEO—LiTFSIILLZTOIPEO—LITFSI system and studied the Li"
transport through these multilayers by impedance spectroscopy. In their
studies, the impedance spectra exhibit two distinct frequency-dependent
phenomena on the Nyquist representation, corresponding to two semi-
circles. The high frequency (HF) semi—circle is attributed to the bulk
response corresponding to both the resistance of the PEO—LIiTFSI
polymer and the bulk LLZTO. The second one, at a medium frequency
(MF), is attributed to the interface and noted Rjyeface. FOr determining,
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the value of Rjyerfuces they used the following electronic circuit model:
(CPEpun//Rpui) HCPEinerface/Rinterface) tMau. - CPEpud/Rpu - accounts
for the combined capacitance and resistance of the bulk layers of the
three electrolytes, while CPEjciface//Rinterface TEpresents the capacitance
and resistance between the two electrolytes. Finally, M4, represents the
capacitive effect arising from the presence of blocking gold electrodes.
They estimated a Rjyerface Of 15 kQ-cm? at 30 °C, noting a reduction in
this value when the LLZTO surface was cleaned through heat treatment
(02 kQ-cm® and when the Li™ concentration within the polymer
electrolyte was adjusted. Indeed, increasing the Li™ concentration in the
polymer caused a shift in the concentration gradient between the two
electrolytes, thereby facilitating the transport of Li* ions. These findings
align with similar observations made in multilayer systems involving
Lil+X+yAlei2,xSin3,yO12.9 Using a methodology comparable to Gupta
et al’ they demonstrated that the interfacial resistance, Riyerfaces 15
inversely proportional to the concentration of Li* in the polymer, within
the range of concentration of 0.01-2.5 M (Riperface ~ 2.10 Q.cm? and
20 Q.cn??, respectively at 30 °C and 70 °C). Interestingly, Langer et al.'”
observed an additional ion transfer process attributed to interface
processes on PEO—LiCIO4ILLZOIPEO—LiClO,4 multilayers. To better
understand and quantify its impact on the overall behavior, they
incorporated a de Levie element into their equivalent circuit:
Rsg+Z et evieFCPEg. In this model, Rgg characterizes the combined
resistance of the electrolytes, Ze 1 evie describes the porous structure at the
interface between the two electrolytes, and CPEy represents the
capacitance at the blocking electrodes. Using Zge pevie fOr porous
electrodes is a standard procedure for discerning between the transports of
Lit ions within the pores and their ionic transfer across the phase
boundary.”‘12 Under these conditions, a Riyerae Of 9kQcm® was
estimated at 70 °C. Notably unlike the previous studies,® this model
describes the heterogeneities present at the interface via a de Levie
element.

Drawing inspiration from these existing literature studies, we
propose an alternative approach to create a multilayer system
consisting of LiTFSI—PEO networkllA/-LLZOIILiTFSI—PEO
network, leveraging our understanding of the polymerization process
of PEO networks from liquid monomers.'? This methodology allows
us to investigate the impact of processing onto Li" transfer at the
Al-LLZOIILiTFSI—PEO interface. Firstly, a two—step assembly
approach is employed, involving the synthesis of the polymer
followed by its assembly onto the A/—LLZO ceramic through
pressure, referred to the ex situ approach. Secondly, the polymeriza-
tion of the PEO network is conducted directly onto A/—LLZO
ceramics, named the in—situ approach. Notably, in our synthesis
approach for PEO, lithium counterions can be grafted to polymer
chains by utilizing the lithium 3-[(trifluoromethane)sulfonamidosul-
fonyl] propyl methacrylate (MTFSI, see Fig. S1 for chemical
formula) monomer as a substitute for LiTFSI. This provides control
over the diffusion of Li" at the interfaces.'® Contrary to previous
studies, the LITFSI—PEO and LiMTFSI—PEO networks, synthe-
sized directly on the AI-LLZO pellet surface using liquid mono-
mers, are amorphous across a wide temperature range. This novel
approach is expected to yield a distinct interface compared to
traditional linear PEO. Notably, these LITFSI—PEO and LiMTFSI
—PEO networks exhibit conductivity values of 107> S.cm™ ' and
1077 S.cm ™, respectively, at 25 °C'** lower than the measurement
on dense Lis 4LasZr>Aly 0, ceramic (107* S.em ™' at 25 °C)."”

The results of the different multilayers were discussed with
respect to the processing methods (in—situ vs ex—situ for LiTFSI—
PEO network) and the diffusion of Li* (MTFSI vs LiTFSI). To
analyze our impedance data and understand the transport phenomena
at the interfaces, we incorporated a Transmission Line Model (TLM)
into the equivalent circuit. This element takes into account the
heterogeneities present at the interface, both chemical and micro-
structural. Compared to the de Levie model, which proposes a series/
parallel equivalent circuit comprised of a distribution of ohmic
(resistive) and capacitive elements, leading to modeling the entire
electrode with a non-uniform effective resistance and capacitance,

our system is different. In our system, only the transfer of Li* from
one electrolyte to the other occurs. Therefore, we propose a TLM
element, considering the ohmic drop due to the mobility of Li* in
the interphase (Ri that correspond to the homogeneous transport
inside the interphase) in series with a ohmic drop due to hetero-
geneity within the interface (R, corresponding to exchange pathway
for Li" between both electrolytes) in parallel with the space charge
capacitance (C,, created between both electrolytes from the existing
dielectric strength).Interestingly, Euler and Nonnnenmacher initially
introduced TLM to clarify the hindered diffusion of Li* within the
pores of porous Li—ion electrodes that are filled with a liquid
electrolyte.'®

Experimental

Materials.—Li6'25A10‘25La3Zr201 (AI—LLZO, 400 to 600 nm
D50, Ampcera) and Lithium bis(trifluoromethylsulfonyl)imide
(LiTFSI, >99%, Sigma Aldrich) was kept in the glove box (H,O
< 0.1 ppm). Poly(ethylene glycol) methyl ether methacrylate
(PEGM, M, = 500 g.mol ™', Sigma Aldrich), poly(ethylene glycol)
dimethacrylate (PEGDM, M, = 750 g.molfl, Sigma Aldrich) and
lithium 3 [(trifluoromethane)sulfonamidosulfonyl] propyl methacry-
late (LiMTFSI, Specific Polymer) were dried at 25 °C under vacuum
(10" mbar) before used. 2,2’ —azobis(2-methylpropionitrile)
(AIBN, initiator, 98%, Sigma Aldrich) was recrystallized in
methanol before used. For the synthesis of LizBO3 (LBO), H3;BO3
(Alfa Aesar) and LiOH (Alfa Aesar) have been used in stoichio-
metric proportion.

Materials Synthesis

Synthesis procedure for A1-LLZO ceramics.—LBO was first
synthesized by dissolving H;BO3 and LiOH into distilled water in a
1:3 molar ratio and stirred vigorously at 50 °C to make a homo-
geneous solution. The solution was then dried at 120 °C with stirring
under low rpm. The resulting powder was finally heat—treated at
600 °C for 12 h to obtain LBO. AI-LLZO ceramics were obtained
from commercial Al—LLZO powder manually ground with 5 wt% of
LBO. 1g of the ground powder mixture was then pressed under
296 MPa to achieve 13 mm diameter pellets. Excess of lithium
source was adopted to compensate for the lithium loss (volatiliza-
tion) during sintering. To do so, the pellets were covered in an Al,O3
crucible with commercial A/-LLZO powder. These pellets were
then sintered under air in an alumina crucible with a heating rate of
5°C.min~! at 780°C during 5h and then with a heating rate
of 1°C.min™" at 1150 °C for 12 h in a muffle furnace. The sintered
pellets exhibit a thickness of ~0.2cm and a diameter of
~1.0-1.2 cm. The relative density is about 90%.

Synthesis procedure of polymer networks.—Polymer electrolyte
syntheses were performed as previously reported in Naboulsi et al.'*
For LiTFSI/polymer network, PEGM and PEGDM (ratio PEGM/
PEGDM: 80/20 wt/wt) and 2 wt% AIBN by respect to the total
monomer weight were introduced into a vial. The precursor solution
was stirred until the total solubilization of AIBN then flushed with
nitrogen. The vial was then introduced in a glove box (H,O <
0.1 ppm). Finally, 18 wt% of LiTFSI (EO/Li = 24) was added to the
PEGM/PEGDM solution and stirred until the LiTFSI was comple-
tely dissolved.

For single-ion polymer electrolyte, PEGM and PEGDM (ratio
PEGM/PEGDM: 80/20 wt%) and 21 wt% LiMTFSI (EO/Li = 24)
were introduced in a vial and stirred until the total solubilization of
LiMTFSI (2 h) at room temperature. 2 wt% of AIBN concerning the
total weight of PEGM, PEGDM and LiMTFSI were added to the
mixture, which was then stirred and flushed with nitrogen until the
AIBN was dissolved.

For the synthesis of the polymer networks, the previous mixtures
were poured into a mold made with two glass plates separated by a
Teflon gasket (thickness ~ 0.025 cm). The mold was then placed in
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an oven at 70 °C for 2h and then at 90 °C for 1 h. The resulting
polymer networks were then dried under vacuum (10-15 mbar) at
70 °C in a glass oven (BUCHI B-585) for 12 h and then kept in a
glove box (H,O < 0.1 ppm) before use.

The obtained materials (LiTFSI-PEO network and LiMTFSI-
PEO network) are soft and flexible with soluble fractions in
methanol of 21 wt% (including 18 wt% of LiTFSI) and 2 wt%
respectivelzl, attesting the successful formation of polymer
networks. "

Synthesis of the (PEO network||A1-LLZO||PEO network)
multilayers.—Two different approaches have been used for the
fabrication of the multilayers to control AI—LLZOllpolymer inter-
face. As a first approach, the polymer layer was synthesized on the
surface of the AI-LLZO pellet; this approach will be called in—situ
in the rest of the manuscript. In the glove box, the AI-LLZO pellet
surface was first cleaned on both sides with silicon carbide sanded
polishing paper to avoid the presence of carbonate phases.'”'® A
volume of about 10 ul of the chosen precursor mixture was spread
with a micropipette on one whole side of the pellet (0.99 cm?) to
achieve a final thickness of around 0.02 cm. On a hot plate in glove
box, a thermal curing of 2 h at 70 °C, followed by a post-curing of
1 h at 90 °C was applied to obtain the AI—LLZO/polymer bilayer
assembly. The assembly was then cooled to room temperature. The
second polymer layer was synthesized on the uncovered side of the
Al-LLZO with the same procedure leading to a multilayer assembly
PEO networkllAI—LLZOIIPEO network, and called in—situ multi-
layer in the rest of the manuscript.

In a second approach, two polymer films (thickness of ~ 0.25 mm)
were first prepared as previously described (i.e., the synthesis procedure
of the polymer network). They were assembled with an A/—LLZO
pellet to form the configuration of PEO networkllA/-LLZOIPEO
network in a Swagelok cell, and the contact was maintained with a
spring (0.4 MPa). This approach is called ex—situ in the rest of the
manuscript. The two approaches for multilayers are described in Fig. 1
and Table SI. Multiple multilayer tests were carried out to assess
reproducibility, with the discussion focusing on three representative
selected samples.

Testing procedure.—The multilayers (in—situ and ex—situ) and
polymer electrolyte were then placed in a Swagelok—type cell using
two stainless-steel blocking electrodes (BE). A metallization with
50nm Au was performed for AI-LLZO pellet and PEO—Ilike
network to ensure good contact. In this configuration, Au is used
as blocking electrode. In all the cells, contact was made through a
spring (0.4 MPa).

Characterization

Electrochemical impedance spectroscopy (EIS) experiments
were carried out using a 1260 Solartron FRA device between 107
Hz and 10~" Hz, with a perturbation amplitude of 100 mV at the
OCV (open circuit voltage), recording 11 points per decade. The
activation energy was estimated from the complex impedance
spectra measured every 10 °C from 30 °C to 80 °C. Temperature
was controlled using an environmental simulation chamber
(Memmert). Cells were allowed to reach the thermal equilibrium

a) ¢ Stainless steel electrode
— LiTFSI-PEO network
O
0.019em ! 1,125¢m Interface
0,234¢cm AI-LLZO pellet
N Interface
0,013cm ! LiTFSI-PEO network

\ Stainless steel electrode

for at least 1 h before each measurement. The fit of the experimental
data was performed using Zview software.

Calculation of the capacitance from the constant phase element
(CPE).—Using the Zview software for the impedance data refine-
ment, the CPE element includes two components, CPE and «,
respectively. The equivalent capacitance is calculated according to
the following equation:

_ (CPE*R)(%)
B R

C [1]

with R, the resistance in parallel to the CPE element in the electrical
equivalent circuit.

Results and Discussion

To understand Li* ion transport in composite electrolytes, it is
crucial to investigate how Li* ions move at the interface between the
PEO network and A[-LLZO ceramics. To achieve this, we initially
developed multilayers comprising. Two distinct approaches were
explored to tune the LITFSI—PEO networkl|AI—LLZO interface. In
the in situ approach, the PEO network layer is directly synthesized
on the surface of AI—LLZO ceramics, while in the ex-situ approach,
the LiTFSI—PEO network layer is initially synthesized and then
maintained by pressure onto the A/l—LLZO surface. Electrochemical
Impedance Spectroscopy (EIS) was used to characterize the Li*
transport”®>" and all EIS measurements were realized in a Swagelok
—type cell and contacts were maintained with a constant pressure of
0.4 MPa using a spring.

Before studying the different multilayers, we have independently
characterized the Li™ transport in the individual electrolytes (LiTFSI
—PEO network and A/—LLZO ceramic) by using an Aullelectrolytell
Au cell configuration (where gold is acting as an ion—blocking
electrode, BE). The results are reported in Fig. 2. For all the
temperatures, the values of the different electrical elements used in
the model are summarized in Tables SII and SIII for the PEO based
networks and AI—LLZO, respectively. According to the literature,”
the BEIILITFSI—PEO networklBE impedance spectra can be
divided into two parts (Fig. 2a).

The High Frequency response is influenced by the ionic motion
within the material, while the low frequency (LF) component is
predominantly dictated by electrode polarization. When a low—fre-
quency perturbation signal is applied, Li* and TFSI" ions tend to
accumulate at the interface with the blocking electrodes. This accumu-
lation results in a reduction of positive charges on the opposing metallic
electrodes. The resistance of the LITFSI—PEO network, R,y and
its capacitance, CPE,,,j.» were determined from the impedance data
by fitting the spectra according to the equivalent circuit in the insert.
Figure 2a shows selected sample and fitted spectra, where CPE was
used to take into account the non-ideality of the capacitors (described in
the method). More precisely, this fitting was achieved using the
classical RgqgeiocktCPEpoiymer//(Rpolymert CPEgg) Debye  equivalent
circuit, as shown in the inset of Fig. 2a. Additionally,
Rageiocirepresents the resistance of the entire setup (cell, cables), while
CPEgp characterizes the capacitive response from the blocking
electrodes. From the modeling of the impedance data of the LiTFSI

b)
. Stainless steel electrode

0,030cm | LITFSLPEO network

1,125cm

.
0,230cm

0,027cm :i ‘I ITFSI-PEO network

. Stainless steel electrode

{I-LLZ0 pellet

Figure 1. Schematic representation of (a) in—situ LiTFSI—Multilayer, (b) ex—situ LiTFSI—Multilayer.



Journal of The Electrochemical Society, 2024 171 020523

a) 8.0x10* . . .
stagelock CPEp{I{mer
— vV —
6.0x10* - Roolymer ~ CPEgg E
£
3} £
G
= 4.0x10* 4 { )
N
g A
2.0x10% 4 A _6‘ [ 1
r s n, 4;;
7 N
0.0 T T T
0.0 2.0x10* 4.0x10* 6.0x10* 8.0x10*
Re(Z) / Q.cm

b)

8.0x10* T T T
Rawagelock CPEyz0-uik
AN\
7”7
6.0x10° - Ruzo-vuik Ruzogb CPEge | ]
CPEyz0.gb
5
G ‘
= 4.0x10* 4 1
S y
E
2.0x10% 1 4 .
6 Fi
0.0 T T T
0.0 2.0x10* 4.0x10* 6.0x10* 8.0x10*
Re(Z) / Q.cm

Figure 2. Nyquist plot at 30 °C of (a) BEIILiTESI—PEO networklBE, (b) AullA/-LLZOIlAu and (—) fit according to the equivalent circuit presented. Numbers

at the data points indicate power of frequency.

Table I. Values of electrical circuit elements at 30 °C for BE||LiTFSI—PEO network|[BE, BE||MTFSI—PEO network||BE and Au||A/-LLZO||Au.

RLLZO—bulk or polymer

Sample (F.cm™)

CLLZO—bulk or2 polymer

Conductivity (S.cm™ )
at 30 °C

CLizo-gb
(F.cm—2)

Rirzo-gb

(V)

2.107"
6.107"!
1.3.10°1°

Al-LLZO

LiTFSI—PEO network

LiMTFSI—PEO
network

2830
1700
95327

—PEO network using the classical equivalent circuit, a capacitance
value of 6.107'' Fem™? (Eq. 1) and a conductivity value of
1.9.107° S.cm™! at 30 °C were estimated (Table I).

In Fig. 2b, the impedance spectra of the AullA/-LLZOIlAu cell is
reported and reveals three distinct regions. The corresponding
equivalent circuit is represented in the inset. According to the
literature, the first semi-circle at HF is associated with the motion of
Li* ion within the bulk A/-LLZO grains. The capacitance for these
regions, estimated at 2.10™"! F.cm™2 (see Table I) calculated using
Eq. 1, has been determined based on the CPE;;zopux €stimated
from the fit of the impedance diagram with the equivalent circuit
represented in the insert. The second semicircle at medium
frequency (MF) corresponds to the grain boundaries (GB) response
with a capacitance of 7.10™° F.cm™~ (Table I). Finally, the capaci-
tive response, CPEgg, observed at LF is attributed to the AI-LLZOIl
Au blocking interface. By considering the bulk and grain boundaries
resistances, an effective ionic conductivity of 5.6 x 107> S.cm™
was estimated for our AI-LLZO ceramic. This value differs from the
107*S.cm™" usually reported in the literature due to the relative
density of our pellet (close to 90%).

We have then studied the in—situ LiTFSI—Multilayer by
impedance spectroscopy with the same setup configuration and the
experimental data (represented in a Nyquist plot) are reported in
Fig. 3.

The impedance spectrum of this multilayer exhibits four different
zones: a semi-circle at HF (107—105 Hz, zone a), a contribution at HF—
MF (3.10* Hz, zone b) followed by a shoulder at MF (zone c), and a
capacitive response at LF (zone d) corresponding to the charge
accumulation at the blocking electrode surface (modeled by CPEgg).
The HF response (zone a) was attributed to the transport of Li* into both
the LiTFSI—PEO network and A/—LLZO, according to the apparent
frequency of the two reference cells for both individual electrolytes
(~10°Hz) (see Figs. 2a and 2b). Accordingly, the HF—MF region
corresponds to the grain boundaries response of the AI-LLZO (zone b),
as the apparent frequency (3.10" Hz) corresponds to the one found for
Al-LLZO GB (see Fig. 2b). These different features are modeled by
stagelock+ [(Rpolylner+CPEBE)/ / CPEpolymer] + [RLLzofbulk'i' (RLLzofGB/ /

5.6 x 107°
19 x 1073
4 %1077

1306 7.107°

2.0x10° . i' g g

Stainless steel electrode

— " JLiTFSLPEO network |
Interface
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! Interface

1.5x1 05 - ! LITFSI-PEO netword 1 _|

\_ Stainless steel electrode )

1.0x10° 1 .

-Im(Z) / Q.cm?
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Figure 3. Nyquist plot at 30 °C of in—situ LiTFSI—Multilayer and its
schematic representation. Numbers at the data points indicate the power of
frequency. (a)—(d) on top of the Nyquist plot represent the different
frequency zones.

CPEL170—g0)///CPEL 1 z0_pui]- Interestingly, the MF contribution (zone
c) that coincides with the AI-LLZO—gb is also attributed to the LiTFSI
—PEO networkllA/—LLZO interface. This assignment is made because
of the fitting of the impedance spectra using solely the two electrolytes
in series provides an inadequate fit (sum of square 200), as
demonstrated in Fig. 4a.

According to Isaac et al., a resistance in parallel with a constant
phase element models this latter contribution.” Using the equivalent
circuit reported in Fig. 4b, the fit with the experimental data
demonstrates good agreement in the zones a and b (sum of square
= 40). However, the fit is poor in zone c, possibly due to a non-ideal
or more complex interface in our specific case.
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Figure 4. Nyquist plot at 30 °C of (@) in—situ LiTFSI—Multilayer, (—) fit according to the equivalent circuit presented respectively on each graph. a, b, c and d
on top of the Nyquist plot represent the different frequency zones. Note that the equivalent circuits presented in the insert are written with 2 R and CPE/2 to take
into account that the multilayer is made of two polymer layers. Numbers at the data points indicate the power of frequency.

In order to better describe the heterogeneity of our LiITFSI—PEO
networkllA/—LLZO interface, both in terms of morphology (possible
dense and porous zones) and chemistry (possible distribution of
conductive and insulating zones), we propose replacing the last
contribution with a TLM, represented as DX element in the software,
within our equivalent circuit (refer to Fig. 4c). This approach has
been extensively used in porous electrode of Li—ion batteries to
model the diffusion/transfer of Li* ions. In classical TLM (see Fig.
S2), R; reflects the percolated ionic path within the pores of the
electrode filled with liquid electrolyte while R, and Cy, represent the
charge transfer resistance and the double layer capacitance.?”
Inspiringly, in our hybrid interface, where only Li* ions diffuse
through it, we assigned R; to the resistivity of the direct ionic path at
the LiTFSI—PEO networkllA1-LLZO interface, particularly within
the percolated ionic conductive regions in our DX. Conversely, R,
and C; signify the distributed resistance and capacitance, repre-
senting the distributed resistivity and permittivity, within the
heterogeneous structure of this “hybrid” interface. The introduction
of this additional distributed R//C, element emphasizes a more
intricate, tortuous, and unfavorable pathway (polarization) for Li"
ions. The equivalent circuit shown in Fig. 4c is then proposed and
has been used to fit our experimental data. As shown in the same
figure, the fit is remarkably consistent with our experimental results
(sum of square = 0.24).

The LiTFSI—PEO networkllA/-LLZO interfacial resistance of
in—situ LiTFSI—Multilayer at 30 °C has then been evaluated to be
~8.0 kQ.cm2, taking into account that the interfacial resistance
corresponds to R; in the TLM element. This value is higher than
the one (Riperface = 0.2 kQ.cm?) estimated by Gupta et al.” on PEO
—LiTFSIILLZTOIPEO—LITFSI multilayer using a classical R/C
equivalent circuit. The key distinction between their investigation
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Figure 5. Nyquist plot at 30 °C of (@) ex—situ LiTFSI—Multilayer, (—) fit
according to the equivalent circuit presented. Numbers at the data points
indicate the power of frequency.

and our research pertains to the composition of the LiITFSI—PEO
organic phase. In their study, it relies on linear PEO at a high
concentration of LiTFSI ([OE]/[Li] = 15), whereas in our case, it is
cross—linked with a lower LiT concentration ([OEJ/[Li] = 24).
Moreover, the processing of the multilayer differs significantly.
Specifically, it involves either stacking and hot pressing pre-formed
layers or the in situ polymerization of the LITFSI—PEO polymer on
the surface of the AI—LLZO in our study.
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Figure 6. (a) Hypothesis on the reaction between PEO network precursors and A/-LLZO activated by the free radicals from AIBN, (b) Hypothesis on the

reaction between A/-LLZO and methacrylate from PEO network precursor.

To examine whether the fabrication process leads to variations in
the resistance of the LiITFSI—PEO networkllAl—LLZO interface, we
conducted a study on an ex—situ LiTESI—Multilayer, by stacking
the pre—formed layers and held under moderated pressure (0.4 MPa)
during the electrochemical tests. The shape of the impedance plot
(Fig. 5) is similar to the one obtained for in—situ polymerization.
Therefore, we employed the identical equivalent circuit as depicted
in Fig. 4c, and the results are illustrated in Fig. 5, affirming that this
circuit accurately models our data.

The modeling results yield the values of R; and R, for all
investigated temperatures, compiled in Table SIV for in—situ
LiTFSI—Multilayer and Table SV for ex-situ LiTFSI-Multilayer.
In the case of the ex—situ LiTFSI—Multilayer, the composite
interface exhibits a resistance R; of approximately 1.2 kQ.cm? at
30 °C. This value is significantly lower than the observed resistance
for the in—situ LiTFSI—based multilayer (8.0 kQ.cm?). The primary
distinction between the two multilayers lies in the fact that the
LiTFSI—PEO network is formed in—situ, allowing for covalent
bonding between PEO precursors and the A/—LLZO ceramic
through two distinct mechanisms (depicted in Fig. 6). In the first
mechanism, free radicals originating from the initial polymerization
state have the capacity to transfer to the hydroxyl group on the
surface of the AI-LLZO ceramic. Subsequently, the resultant radical
can initiate both polymerization and the grafting of PEGM or
PEGDM onto the ceramics, as illustrated in Fig. 6a. In the second
mechanism, transesterification may take place between the metha-
crylate group of the PEO network’s precursor (PEGM or/and
PEGDM) and the hydroxyl group on the surface of the AI-LLZO
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104_ -

1 01 T T T T T T
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Temperature (°C)

(refer to Fig. 6b). The grafted methacrylate function can then
actively contribute to the creation of a PEO network grafted onto
the surface of A/—-LLZO. This covalent bonding will probably
modify the organization of the PEO chain at the surface of the
Al-LLZO and eventually the concentration of Li* at the interface.
FTIR spectroscopy analyses were conducted to confirm the hypoth-
esis of a covalent bond between the PEO network and the AI-LLZO
ceramic. Unfortunately, the concentration of the PEO chain grafted
onto the ceramic surface is likely too small to be detected, possibly
owing to the 2D morphology of the interface.

The in—situ formation of the PEO network appears to be less
favorable to the direct transport of Li* at the LITFSI—PEO networkl
IAI-LLZO interface across the entire temperature range, as evi-
denced by the in—situ multilayer’s R; being at least one order of
magnitude higher than that of the ex—situ multilayer (see Fig. 7a).
However, this trend is not observed in the distributed phenomena
described by R¢//C; in the TML element (see Fig. 7b). R//C,
represents the distribution of conductivity and permittivity within
the interface thickness, with its value predominantly influenced by
the chemistry of this hybrid layer. The similarity in R, for both in
—situ and ex—situ multilayers suggests that the “bulk” chemistry is
likely identical. Furthermore, this implies that in—situ polymeriza-
tion only modifies the chemistry at the interface (presence of an
interphase). The noted variation in R; between the in situ and ex situ
polymerization approaches suggests that the PEO chains directly
grafted onto the A/—LLZO surface lead to a distinct concentration of
Li*" at the interface. This divergence is attributed to the presence of
methacrylate groups, which are less favorable for LiT ion
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Figure 7. Evolution of the interface resistance (a) R; and (b) R, as a function of temperature for (Jll) in—situ LiTFSI—Multilayer and (@) ex—situ LiTFSI—

Multilayer.
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Figure 8. Nyquist plot at 30 °C of (®) ex—situ LIMTFSI—Multilayer, (—)
fit according to the equivalent circuit presented and numbers at the data
points indicate the power of frequency for ex—situ LiIMTFSI—Multilayer
and (@) ex—situ LiTFSI—Multilayer.

interactions. In comparison to the study conducted on the LLZTOIl
PEO—LITFSI interface (R; = 0.2 kQ.cm?),® the measured value of
R; for our ex—situ LiTFSI—Multilayer (1.2 kQ.cm?) at 30 °C is an
order of magnitude higher. This discrepancy is likely attributed to a
simpler model employed to assess the interface resistance, one that
does not fully consider all the heterogeneities (microstructure and
chemistry) at the organicllinorganic interface. It is noteworthy that
most literature results are obtained at 70 °C, as the conductivities of
linear PEO at this temperature (1073 S.cm™ 1) are more suitable for
battery applications. Consequently, we compared our R; values at
70 °C with the literature, revealing a measured value of approxi-
mately 0.08 kQ.cm? This is two orders of magnitude lower than that
reported by Langer et al. (9kQ.cm? at 70 °C, estimated from the
Levie Model) in a symmetrical multilayer cell with LLZO and
PEO—LIiClO,."

To assess the significance of Li™ mobility at the interface, the
anion was additionally grafted to the polymer chain.'® The influence
of this modification on interfacial processes, encompassing resistive
and/or diffusional phenomena, was examined. To ensure an identical
concentration of Li" at the interface, we formulated an ex-situ
LiMTFSI—Multilayer, incorporating two single—ion polymer
membranes synthesized following the method outlined by
Naboulsi et al.'* The results are gathered in Fig. 8.
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First, the impedance spectra are comparable in shape to ex—situ
LiTFSI—Multilayers, especially at extremely high and low frequen-
cies. The primary discrepancies arise in the impedance values
themselves, and particularly in the MF range, where a distinct
shoulder appears, although it is more attenuated and flattened. These
impedance differences may be attributed to the significantly higher
resistance of the single—ion polymer membrane (~10~7 S.cm™ ) in
comparison to the polymer membrane with LiTESI (~107> S.cm™").
This higher resistance leads to a much more pronounced first
semicircle in the HF range.'® Using the equivalent circuit presented
in Fig. 3c, it is possible to fit the Nyquist plot and the values for R;
and R, are estimated and gathered in Table SVI.

Figure 9a represents the variation of R; as a function of the
temperature for ex—situ LiTFSI and LIMTFSLI. It is evident that, in
the ex—situ LiMTFSI—Multilayer, R; is an order of magnitude
higher compared to those observed for the ex—situ LiTFSI—
Multilayer. In the case of the ex—situ LiTFSI—Multilayer, the
mobility of Li" is less restricted compared to the ex—situ LiIMTFSI
—Multilayer, where the grafting of the anion to the polymer chain
alters its mobility.'® Interestingly, when examining R, (Fig. 9b) for
the ex—situ LIMTFSI multilayer, it closely compares with the values
obtained for the ex—situ LiTFSI multilayer. This suggests that R, is
less impacted by the “bulk™ chemical composition. In contrast, R;
appears to be influenced by the chemical composition of the
materials in contact and by the energy barrier that Lit must
overcome when moving from the inorganic to the polymeric phase.
In the case of LiTFSI, Li" and TFSI ions are freely distributed
within the PEO network, while with LiMTFSI, TESI' ions are
grafted to the PEO network. The disparity in R; values affirms its
close correlation with the concentration of Li* ions at the
Al—-LLZOIIPEO network interface.

By examining the temperature-dependent changes in R; and R,
we determined the activation energy (E,) associated with each of
these phenomena, considering the assembly processes (Figs. S3 and
S4, Table II). We find that the activation energy for R; is comparable
in the case of ex—situ LiTFSI and ex—situ LIMTFSI, showing that
the energy barrier for the Li* to cross the interface by this shaping
process is identical. The polymers are simply held to the surface of
the AI-LLZO pellet only by pressure. Conversely, the activation
energies for LiTFSI differ between in—situ and ex—situ approaches.
For R;, the activation energy is about 0.38 eV for in—situ while it is
~0.54 eV for the ex—situ one. This suggests that the transport
mechanism of Li* ions at the interface differs and is easier when the
polymer is surface—grafted onto the ceramic. Interestingly, the R;
value is higher in the case of in—situ polymerization compared to the
ex—situ one. This indicates that the concentration of Li* differs in
both situations. For in—situ polymerization, the methacrylate groups
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Figure 9. (a) Evolution of the interface resistance (a) R; and (b) R, as a function of temperature for (®) ex—situ LIMTFSI—Multilayer and (®) ex—situ LiTFSI

—Multilayer.



Journal of The Electrochemical Society, 2024 171 020523

Table II. Activation energy is estimated for interfacial resistances (R; and R,) for the three multilayers.

Sample E. (R) eV R? E. (R) eV R?
in—situ LiTFSI—Multilayer 0.38 0.99 0.60 0.98
ex—situ LiTFSI—Multilayer 0.54 0.99 0.53 0.98
ex—situ LIMTFSI—Multilayer 0.54 0.96 0.43 0.99

reacts with the —OH groups at the AI—LLZO surface, creating an
“interphase” that is less favorable to the presence of Li". This
contrasts with the ex-situ configuration, where a homogeneous
concentration of Li* in the membrane is achieved.

The values of R, remain consistent regardless of how the PEO
polymer is assembled at the surface of the ceramics (in—situ vs ex
—situ) and the mobility of Li™ at the interface (whether TFSI is grafted
or not), signifying the existence of heterogeneities at the interface.
Additionally, the mechanism of Li" ion transport at the interface or
interphase (in the case of in—situ polymerization) varies, as distinct
activation energies (E,) are measured for different configurations (in
—situ LiTFESI, ex—situ LiTFSI, and ex—situ LiIMTFESI). This illustrates
that regardless of the process used, heterogeneities are present at the
interface and influence the indirect transport of Li™.

Conclusions

In this paper, we investigated the transport of Li™ ions across the
PEO based networklILLZO interface by designing multilayer struc-
tures. Our objective was to understand the motion of Li™ ions
through the composite interphase and identify the physical-chemical
parameters that predominantly influence its transport. In this context,
we used our knowledge of cross—linked PEO network synthesis
from a liquid monomer precursor to examine the impact of grafting
the cross—linked PEO network onto the AI—LLZO surface. We also
explored the effects of Lit mobility at the interface by grafting
anions (TFSI) to the PEO chain.

Impedance spectroscopy has been effectively used to evaluate
different resistances (polymer, A/I-LLZO and interphase) by incor-
porating an equivalent circuit that includes a TLM element. This
model aids in highlighting heterogeneities at the interfaces.
Interestingly, we found that R;, representing the direct transport of
Lit across the composite interphase, was larger in the case of in
—situ polymerization. This may be due to the formation of an
interphase with different concentration of Li™. On the contrary, the
R; value seems to be unaffected by the method of polymer assembly
on the AI-LLZO surface and the manner in which Li™ is introduced
to the PEO network, whether through LiTFSI salts or grafted anions.
This resistance is attributed to distribute conductive/insulating zones
inside the interphase or interphase (in—situ polymerization) thick-
ness, indicating that this heterogeneity is maintained regardless of
the process used. Interestingly, the estimation of activation energy
from R; and R, confirms the modification of the cross—linked PEO

networkllA/-LLZO interface in the case of in—situ polymerization.
Specifically, direct Li™ transport appears to be energetically more
favorable.
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