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Liquid electrolyte-assisted stabilization of the
LLZO/Li interface for stable lithium metal batteries

xa,b,c

Mohammad Nasir, ©23° Jun Seo,? Seo In Jung 2@ and Hee Jung Park
Garnet-based solid-state batteries offer high energy density and improved safety but face challenges
such as poor interfacial compatibility and high resistance at the LLZO/Li interface due to their lithiophobic
nature. To address these issues, we applied small amounts of carbonate and ether-based liquid electro-
lytes to wet the surfaces of Lig 25Gag 25LazZroOq, (LLZO) pellets, enhancing wettability and reducing inter-
facial resistance. Cubic phase LLZO with a dense microstructure demonstrated an excellent ionic conduc-
tivity of 1.53 mS cm™ and a low activation energy of 0.268 eV, enabling efficient Li-ion transport.
Symmetric cell studies revealed superior performance with ether-based electrolytes due to the formation
of a LisN/LiF rich interphase, achieving a significantly lower interfacial resistance (~32 Q cm?) and a higher
critical current density (0.6 mA cm™2) compared to carbonate-based systems. Long-term cycling tests
confirmed the stability of ether-based cells, maintaining over 1000 h of stable cycling at 0.1 mA cm™2. Full
cells with LiFePO, (LFP) cathodes demonstrated excellent compatibility, retaining 78.5% capacity after 100
cycles with 99.9% coulombic efficiency. These results underscore the potential of minimal liquid electro-
lyte usage as a scalable and cost effective strategy to optimize the LLZO/Li interface for hybrid solid-state
batteries.

The transition to sustainable energy demands advanced storage solutions like lithium metal solid-state batteries, which offer high energy density and

improved safety but face challenges such as interfacial resistance and dendrite formation. Garnet-based solid electrolytes like LLZO show promise due to
their high ionic conductivity and stability, yet their lithiophobic nature hinders lithium compatibility. While strategies such as metallic coatings and chemi-

cal treatments address interfacial issues, they often lack scalability. In response to these challenges, we explore the use of minimal liquid electrolytes to

enhance the LLZO/Li interface wettability, reducing resistance, improving Li-ion transport, and suppressing dendrite growth. This scalable and cost effective

approach aligns with broader advancements in material design and interfacial engineering, contributing to the development of safer, more efficient next

generation solid-state batteries.

1. Introduction

Garnet-based systems, such as LLZO, are among the most
promising candidates for solid-state lithium batteries due to

Lithium metal batteries (LMBs) have garnered significant
attention to meet the growing demand for efficient and sus-
tainable energy storage systems as they offer high theoretical
energy density." However, due to the use of traditional liquid
electrolytes, LMBs suffer from flammability, dendrite induced
short circuits, and limited electrochemical stability*” To over-
come these limitations, solid-state electrolytes (SEs) have been
widely investigated as they offer improved safety, increased
energy density, and the ability to use lithium metal anodes.®*
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their superior thermal and chemical stability, high ionic con-
ductivity, and wide electrochemical window."*"* Nevertheless,
the practical implementation of LLZO faces significant chal-
lenges when paired with Li metal anodes. The lithiophobic
nature of the surface of LLZO leads to poor wettability, result-
ing in high interfacial resistance and non-uniform Li depo-
sition.”® These interfacial issues not only affect the charge
transfer efficiency but also lead to Li dendrite formation, thus
reducing the cycling stability of the cells."”™"” Hence, interface
engineering should be carried out deeply to uncover the full
potential of garnet-based SEs for solid-state batteries.

In the literature, various interface strategies to reduce the
interfacial resistance (area specific resistance, ASR) and
improve the compatibility of garnet-based solid electrolytes
with Li metal anodes have been explored. Metallic coatings,
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such as Au, Al, and Si, have been widely applied to improve
wetting at the interface, achieving ASR values as low as
~50-150 Q cm?®.'®2° These coatings enhance Li contact with
the garnet surface and facilitate ionic transport across the
interface. Similarly, Li-based interlayers, such as Li;PO, and
LiF, have been employed to further reduce interfacial resis-
tance by promoting better ionic conductivity and suppressing
interfacial reactions.>"*?> Chemical surface treatments have
also been utilized to modify the surface energy of LLZO,
improving wetting and ensuring a more uniform interface.>*>*
Polymeric interlayers, including polyethylene oxide (PEO)
based films, have been explored as well, serving as intermedi-
ate layers that bridge the gap between the garnet electrolyte
and lithium metal.>®*® These polymeric films enhance
adhesion and improve the mechanical compatibility of the
interface, thereby addressing the contact issues between the
two surfaces.

Despite the progress achieved with these strategies, signifi-
cant challenges remain in addressing interfacial resistance
and ensuring long term stability. Many approaches involve
complex fabrication techniques or materials that are prone to
degradation over extended cycling. Metallic coatings, for
instance, often face reactivity issues with Li, compromising
their stability. Although Li-based interlayers and polymeric
films are initially effective, their limited compatibility with
garnet surfaces and low ionic conductivity contribute to an
increase in ASR over time. Chemical surface treatments,
although beneficial for improving wetting, often lack reprodu-
cibility and can introduce impurities that degrade the overall
performance. These persistent issues highlight the difficulty of
achieving a robust and stable interface that balances low ASR
with practical scalability and reliability.

In this study, we propose an alternative approach for utiliz-
ing minimal amounts of liquid electrolytes (LEs) such as car-
bonate and ether-based LEs to enhance the wettability and
ionic conductivity at the LLZO/Li interface. Unlike complex
deposition or treatment processes required for other strat-
egies, the application of liquid electrolytes is straightforward,
scalable, and cost effective. This study bridges the gap by
examining the interfacial resistance and compatibility of
LLZO with carbonate and ether-based LEs in symmetric cells,
alongside its application in full cells with LiFePO, (LFP) cath-
odes. This approach reduces the physical gaps between the
LLZO and Li, reducing interfacial resistance and ensuring
uniform Li-ion transport, thereby suppressing dendrite
growth and enhancing long term cycling stability. Ether-based
electrolytes, in particular, demonstrate significant advantages
over conventional approaches, achieving ASR values as low as
~32 Q cm® These systems also exhibit a critical current
density (CCD) of ~0.6 mA cm ™2, highlighting their ability to
sustain high current densities without inducing dendrite for-
mation, enabling stable long term cycling, maintaining over
1000 h of operation at 0.1 mA cm™2, and delivering an excel-
lent capacity retention of 78.5% after 100 cycles with a cou-
lombic efficiency (CE) of 99.9% in full cells with LFP
cathodes.

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

Ga doped LLZO was synthesized via a solid state reaction
method using stoichiometric amounts of Li,CO; (Soekawa
Chemicals, 99.9%), La,O; (High Purity Chemicals, 99.9%),
ZrO, (Samchun Chemicals, 99.9%), and Ga,0O; (High Purity
Chemicals, 99.9%). The precursors were ball milled in isopro-
panol for 24 h, with 5 wt% excess Li,CO; added to compensate
for lithium loss during sintering. The mixture was calcined at
850 °C for 6 h, ground, and further milled to achieve finer par-
ticle sizes. The resulting powder was pressed into pellets at
200 MPa using a cold isostatic press and sintered in air at
1200 °C for 6 h. The sintered pellets were polished and pre-
pared for structural and electrochemical testing.

The structural properties were analyzed using X-ray diffrac-
tion (XRD, Rigaku) with Cu K, over the 26 range of 10-70° and
Raman spectroscopy (NANOBASE Inc.) with a 532 nm laser.
Microstructural analysis was performed with a scanning elec-
tron microscope (Compact SEM Seron, AIS2000C). Li-ion con-
ductivity was measured via electrochemical impedance spec-
troscopy (EIS) (Zurich Instruments MFIA) with a 20 mV AC
signal over a frequency range of 1 Hz to 5 MHz and a tempera-
ture range of 5-65 °C. Symmetric Li|LLZO|Li cells were
assembled in CR2032 type coin cells using minimal amounts
of carbonate (1 M LiPFg in EC/EMC (1:2 v/v) with 5 wt% FEC)
or ether-based (1 M LiTFSI in DOL/DME (1:1 v/v) with 2 wt%
LiNO;) LEs to ensure proper interfacial contact. The surface
chemistry of the LLZO/Li interface was examined using X-ray
photoelectron spectroscopy (XPS, Scientific K-Alpha system,
Thermo Scientific). Galvanostatic cycling tests were performed
using a battery cycler (Won-A-Tech) to evaluate the interfacial
stability and long term performance at different current den-
sities. Full Li|LLZO|LFP cells were fabricated with LFP cath-
odes prepared by coating a slurry of LFP, conductive carbon,
and PVDF in an 8:1:1 weight ratio onto aluminum foil.
Approximately 0.5 pL of ether-based LE was applied to improve
interfacial contact on both sides of the LLZO pellets. The cells
were heated at 60 °C for 24 h prior to testing and subsequently
evaluated at the same temperature under a 0.1C charge/dis-
charge rate.

3. Results and discussion

Fig. 1(a) shows the X-ray diffraction (XRD) pattern of Ga doped
LLZO, compared with the standard diffraction pattern of cubic
LLZO. The data confirm that LLZO crystallizes predominantly
in the cubic garnet structure, as evidenced by the excellent
agreement between the observed diffraction peaks and the
standard cubic phase (PDF#97-026-1302). Key reflections such
as (420), (332), and (422) are well defined, and no additional
peaks corresponding to secondary phases, such as Ga,O; or
La,Zr,0,, are detected. This indicates the successful
incorporation of Ga into the garnet lattice without forming
undesired byproducts. The sharp and symmetric diffraction
peaks reflect the high crystallinity of the material, with no evi-
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Fig. 1 (a) XRD pattern of LLZO with a standard cubic garnet phase confirming its cubic phase structure. (b) Raman spectrum further validating the

cubic phase formation.

dence of peak splitting associated with the tetragonal
phase. This confirms that Ga doping effectively stabilizes
the cubic structure by influencing the local environment of
the lattice.

Fig. 1(b) presents the Raman spectroscopy data, further
validating the cubic garnet structure. The spectrum reveals
characteristic vibrational modes of the cubic phase. Peaks in
the low frequency region (<150 cm™) correspond to La-O
stretching vibrations within the garnet framework, while those
in the mid frequency range (150-550 cm™") are assigned to Li-
O stretching and bending vibrations, confirming the occu-
pation of Li in the LLZO lattice.>” Notably, no peaks indicative
of secondary phases, such as carbonate or hydroxide species,
are observed, emphasizing the high purity of the sample.
Additionally, the absence of peak splitting in the Raman spec-
trum supports the conclusion that Ga-doped LLZO adopts a
pure cubic phase without any contribution from the tetragonal
phase.”®?” Thus, XRD and Raman spectroscopy confirm that
Ga doping stabilizes the cubic LLZO structure and ensures the
formation of a highly crystalline, phase pure material.

As shown in Fig. 2(a), SEM reveals a dense and uniform
microstructure for LLZO sintered at 1200 °C, with closely
packed grains and negligible porosity, indicative of effective
sintering. Such a dense microstructure reduces grain boundary
resistance and improves mechanical properties, which are
crucial for enhancing ionic conductivity. The elemental maps
shown in Fig. 2(b-e) demonstrate the uniform distribution of
La, Zr, and O, confirming their effective incorporation into the
LLZO structure. However, Ga exhibits partial segregation along
the grain boundaries, as seen in Fig. 2(d). This behavior is
commonly observed in Ga-doped LLZO and is attributed to
liquid-phase-assisted sintering, where Ga promotes grain
growth and enhances overall densification.”®*® The EDS spec-
trum in Fig. 2(f) further supports the presence of all constitu-
ent elements with distinct peaks corresponding to their
characteristic energies. The relative atomic ratios of elements
confirm the compositional integrity and phase purity of the
synthesized material.

Temperature dependent EIS was employed to gain insights
into the electrochemical behavior of LLZO. Fig. 3(a) presents
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Fig. 2 Microstructural and compositional properties of LLZO: (a) SEM image, (b—e) 2D maps of the constituent elements, and (f) EDS spectrum

showing the presence of La, Zr, Ga, and O.
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(a) Nyquist plots of impedance spectra measured at various temperatures, with a zoomed-out view and an equivalent circuit model shown in

the insets. (b) Arrhenius plot of temperature dependent ionic conductivity, indicating low activation energy.

the impedance behavior of LLZO at different temperatures,
along with the equivalent circuit model used for fitting the
data. The Nyquist plot exhibits typical semi-circular arcs at
higher frequencies, corresponding to the bulk (R,) and grain
boundary resistance (Rg), followed by a tail at lower frequencies
associated with electrode polarization (R.). The inset provides
a zoomed-out view of the high frequency region, showing a
highly depressed semicircle, which indicates indistinguishable
contributions from bulk and grain boundary resistances.
Therefore, the data were simulated using an equivalent circuit
model consisting of two parallel RC circuits composed of R,
(total resistance of the pellet) and R, resistances, and CPE,
and CPE,, constant phase elements.’® A good match was
achieved between the experimental and simulated impedance
patterns based on equivalent circuits, revealing a reduction in
impedance with increasing temperature.

Fig. 3(b) shows the temperature dependence of the ionic
conductivity (total) of LLZO. The conductivity was estimated
from the following relation using the dimensions of the pellet.

Ototal (T) = 0p€ (=Ea/ksT)

(1)
where o, is a pre-exponential factor and T is the absolute temp-
erature. E, and kg denote the activation energy and Boltzmann
constant, respectively. The data show a linear relationship
between logo and 1/7, indicating thermally activated ionic
transport governed by the Arrhenius equation. The calculated
room temperature ionic conductivity is approximately 1.53 mS
em™!, which competes with the high values of conductivity
reported for garnet-based solid electrolytes."**'3* The
observed low activation energy of 0.268 eV confirms an excel-
lent mobility and thus efficient Li-ion transport through the
cubic LLZO.

EIS and cycling tests were conducted to systematically
assess the impact of different LEs on the electrochemical per-
formance of Li|LLZO|Li symmetric cells fabricated with LLZO
as a SE (Fig. 4). As shown in Fig. 4a, the Nyquist plots reveal

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

substantial differences depending on the LE used. To quantify
the interfacial resistance, the impedance spectra were fitted
using an equivalent circuit model comprising two parallel RC
elements: Rsg and CPEgg, representing the bulk and grain
boundary resistance/capacitance of LLZO, and R;,; and CPE;;,
representing the interfacial resistance and non-ideal capaci-
tance at the LLZO/Li interface (inset, Fig. 4a).*>*® The ASR was
extracted from the fitted interfacial resistance normalized to
the electrode area. The cell assembled without any LE exhibi-
ted a significantly large semicircle (inset, Fig. 4a). A very high
ASR of ~39 800 Q cm” was observed, indicating poor wetting at
the LLZO/Li interface (Fig. 4b). Upon incorporating LEs, the
ASR dramatically decreased (Fig. 4b). The cell utilizing the car-
bonate-based electrolyte showed a notable reduction to ~185
Q cm?, suggesting improved wetting and enhanced Li-ion
transport. However, the ether-based electrolyte demonstrated
an even smaller semicircle, corresponding to an exceptionally
low ASR of ~32 Q cm? highlighting superior interfacial
contact and highly efficient ionic conduction across the LLZO/
Li interface. These differences in ASR were further reflected in
CCD measurements (Fig. 4c). The ether-based cell sustained a
reasonably higher CCD of ~0.6 mA cm ™, whereas the carbon-
ate-based cell failed at ~0.2 mA cm™>. The CCD achieved with
the ether-based LE is relatively higher than values reported for
many other strategies (~0.2-0.4 mA c¢cm?).>’*° The lower ASR
of ether-based cells minimizes interfacial defects and current
localization, promoting uniform lithium deposition and effec-
tively suppressing dendrite growth. Long term cycling tests of
Li|LLZO|Li symmetric cells at 0.1 mA cm™> and 60 °C further
validated these findings (Fig. 4d). The cell without any LE
failed to operate even for one cycle (Fig. S1b). This emphasizes
the necessity of interfacial modification of LLZO. The carbon-
ate-based symmetric cell initially exhibited reasonable cycling
with an overpotential of ~61 mvV; however, after ~730 h, a
sudden voltage drop was observed (inset, Fig. 4d). In sharp
contrast, the ether-based cell maintained exceptionally stable
voltage profiles with a consistently low overpotential (~58 mV)

EES Batteries, 2025, 1,1314-1322 | 1317
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Fig. 4 Electrochemical performance comparison of Li|LLZO|Li symmetric cells: (a) Nyquist plots along with an equivalent RC circuit with and
without LEs and (b) ASR values. Charge/discharge profiles (c) with increasing current density and (d) at 0.1 mA cm™2 for carbonate and ether-based
cells, with the insets showing zoomed-out voltage profiles at selected time intervals.

over 1000 h, confirming superior long term electrochemical
stability. Furthermore, even under a higher current density of
0.2 mA cm™? (Fig. S2), the ether-based cell demonstrated
stable cycling for 300 h with an average overpotential of
~70 mV, highlighting its excellent interfacial robustness.

To understand the origin of the observed interfacial stabi-
lity, cross-sectional SEM and EIS analyses were conducted for
symmetric cells assembled with and without LEs (Fig. 5).
Symmetric cells without any LE showed severe interfacial gaps
and poor adhesion, resulting in rapid cell degradation
(Fig. S1). Both carbonate and ether-based cells exhibited excel-
lent interfacial contact before cycling, with no major morpho-
logical differences or degradation observed after extended
cycling for 300 h (Fig. 5a-d). This suggests that the application
of a small amount of LE effectively improves and preserves the
LLZO/Li interface. Although both carbonate and ether-based
LEs initially enhanced wettability, subsequent EIS analysis
revealed that the ASR increased for carbonate based cells with
cycling, while ether-based systems exhibited negligible vari-
ation in impedance, maintaining superior interfacial stability
during long term cycling (Fig. 5e and f). These results align
with the voltage stability trends observed in Fig. 4d (Fig. S3),
reinforcing that strategic interfacial engineering with opti-
mized electrolyte formulations is essential for achieving a
stable LLZO/Li interface for durable LLZO-based lithium metal
batteries.

To gain deeper insight into the interfacial chemistry/stabi-
lity observed in symmetric cells with carbonate and ether-
based LEs, high resolution XPS analysis was conducted on
pristine LLZO and LLZO surfaces after LE exposure (Fig. 6).
Spectra were recorded for F 1s, N 1s, and Li 1s core levels. Due

1318 | EES Batteries, 2025, 1,1314-1322

to the high surface sensitivity of XPS and the small binding
energy differences between various lithium containing species,
peak deconvolution is challenging and often inconsistently
reported in the literature.*>*'*® Here, we carefully analyzed
the F 1s, N 1s, and Li 1s spectra using CasaXPS software, con-
sidering the underlying materials chemistry. The F 1s spec-
trum showed no detectable signal for pristine LLZO (Fig. 6a).
Upon exposure to the carbonate-based LE, three peaks
appeared at 685.4 eV, 686.9 eV, and 688.5 eV, corresponding to
LiF, Li,PF,0,, and CF; species, respectively (Fig. 6d).*>** Ether-
based LE treatment resulted in a single F 1s peak at 688.8 €V,
attributed to CF; species from the decomposition of FSI or
TFSI salts (Fig. 6g). The N 1s spectrum revealed no signal for
pristine or carbonate-treated LLZO (Fig. 6b and e). However,
the ether-treated sample showed two peaks at 399.5 eV and
400.9 eV, corresponding to LizN and LiN,O,, indicating the for-
mation of nitrogen rich interphases (Fig. 6h).*”*® The Li 1s
region was often omitted or briefly discussed in many previous
studies due to the overlapping signals of Li,O, LiOH, Li,COs3,
LiF, LiPFs, and Li,PF,0,." In our case, the Li 1s spectrum of
pristine LLZO exhibited two peaks centered at ~54.9 and 55.5
eV, associated with Li-O (LLZO lattice) and Li,COj; (Fig. 6c).”°
For carbonate-treated LLZO, peaks were observed at binding
energies of ~55.1 and 56.0 eV. These were assigned to LLZO
and LiF, respectively.*>>° In the case of the ether-based system,
peaks at ~55.2 and 56.2 eV were ascribed to Li;N and LiF,
respectively (Fig. 6i)."%®" These XPS findings suggest that
native Li,CO; on the LLZO surface decomposes upon contact
with both electrolyte types, forming chemically distinct inter-
phases. This was further supported by Fourier transform infra-
red spectroscopy (FTIR) analysis (Fig. S4). Pristine LLZO exhibi-

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

ted two characteristic absorption bands at ~1430 cm™
~850 cm™', which match well with the carbonate groups of
Li,CO;.**** These bands disappeared after wetting with both
carbonate and ether-based LEs and thermal treatment, con-
firming the Li,CO; conversion into LiF, Li;N, and LiPF,0,
depending on the electrolyte type.

To visualize the interfacial chemistry, schematic illus-
trations were developed (Fig. 7). In the absence of LE, a sub-
stantial interfacial gap exists between Li metal and LLZO due
to the presence of native Li,COj3, resulting in poor contact,
high ASR, and immediate cell failure (Fig. 7a). Carbonate-
based LE reacts to form LiF and Li,PF,0, rich interphases
(along with minor CF; species), reducing ASR and improving
interface stability (Fig. 7b). An ether-based system forms
highly conductive interphases dominated by Li;N and LiF
(with minor CF; and LiN,O, species), leading to enhanced
wetting, much lower ASR, higher critical current density, and
excellent long term cycling performance (Fig. 7¢).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To assess the practical viability of the developed interfacial
engineering strategy, Li|LLZO|LFP full cells were assembled
using LLZO as SE, LFP as the cathode, and an ether-based LE
to enhance interfacial wettability on both sides of the LLZO
pellet (schematic shown in the inset of Fig. 8a). Equivalent
circuit modeling of the Nyquist plot reveals a low interfacial
resistance of ~36 Q em” and capacitance values in the range
of 1077 F, confirming efficient Li-ion transport and excellent
compatibility at both the LLZO/Li and LLZO/LFP interfaces
(Fig. 8a). The charge/discharge profiles at 0.1C exhibit highly
stable voltage plateaus around 3.5 V, characteristic of the LFP
redox couple, with minimal polarization and voltage hyster-
esis over 100 cycles (Fig. 8b). As shown in Fig. 8c, the full cell
delivers an initial discharge capacity of ~127.4 mAh g™,
gradually decreasing to ~100.3 mAh g™' after 100 cycles,
corresponding to a capacity retention of 78.5%. This moder-
ate capacity fade reflects good durability for a hybrid solid-
state system. Moreover, the CE remains exceptionally high
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(~99.9%) throughout cycling, indicating minimal parasitic
reactions and excellent reversibility. In contrast, the full
cell utilizing a carbonate-based LE exhibited significantly
poorer capacity retention and unstable cycling performance
(Fig. S5). These results clearly demonstrate that the strategic
use of ether-based LE enables long term cycling stability and
reliable electrochemical performance in LLZO-based hybrid
solid-state batteries.

4. Conclusion

The interfacial compatibility of cubic phase, highly conductive,
and densely sintered LLZO was systematically investigated
using minimal amounts of carbonate and ether-based LEs.
Carbonate-based cells exhibited a high interfacial resistance of
185 Q ¢cm” and a low critical current density of 0.2 mA cm ™2,
limiting their electrochemical performance. In contrast, ether-
based systems significantly reduced the interfacial resistance
to 32 Q ecm” and achieved a higher CCD of 0.6 mA cm™, attrib-
uted to the formation of a stable Li;N/LiF rich interphase. As a
result, ether-based symmetric cells showed outstanding long
term stability for over 1000 h with a consistently low overpoten-
tial of 58 mV. Full cell tests further confirmed the compatibil-
ity and stability of LLZO with ether-based systems, achieving
78.5% capacity retention and 99.9% coulombic efficiency over
extended cycling. These findings emphasize the potential of
minimal LE usage to optimize SE/electrode interfaces, for
scalable and high performance next generation Dbattery
technologies.
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