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Abstract

Multi-functional interface for high-
rate and long-durable garnet-type
solid electrolyte in lithium metal
batteries

Kyeong-su Lee

Department of Material Science and Engineering
College of Engineering

The Graduate School

Seoul National University

The growth of lithium dendrite in solid electrolytes is one of the major
unexpected obstacles to the commercialization of solid-state batteries based on
garnet-type solid electrolytes. The poor interface with lithium metal and the non-
negligible electronic conductivity of the solid electrolyte have been pointed out as
the two major causes of this growth. Although various attempts have been recently
made to address each issue, the employment of garnet-type solid electrolytes still
suffers from a low critical current density and inferior cycle performance. Herein,
we propose a novel strategy that can simultaneously resolve both the interface and
electronic conductivity issues via a simple one-step procedure that provides multi-
layer protection at low temperature. By taking advantage of the facile chemical
conversion reaction of metal fluoride, we show that the wet coating of SnF;
particles on the solid electrolyte effectively produces a multi-functional interface

composed of LiF and Li-Sn alloy upon contact with lithium. It is unraveled that it
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surprisingly results in the conformal coating of the LiF layer, which significantly
lowers the interfacial resistance and blocks the leakage current to the solid
electrolyte. Moreover, micro-sized Li-Sn alloys formed inside the Li metal
promote the prolonged interfacial stability, especially during high-current stripping,
by suppressing the void formation, which is attributed to the fast lithium kinetics in
the alloying medium. We demonstrate that this multi-function enables the
remarkably high critical current density value up to 2.4 mA cm? at room
temperature and the stable galvanostatic cycling for over 1000 hours at 0.5 mA
cm 2 in the lithium symmetric cell. Moreover, the full cell employing the modified
garnet electrolyte delivers an unprecedentedly robust cycle life of more than 600
cycles at a current density of 1.0 mA cm? which is the highest performance

achieved at room temperature reported to date.

Keyword : Li-ion rechargeable batteries; Garnet-type Solid electrolyte; Tin
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Chapter 1. Introduction

1.1 Motivation and outline

The demands for lithium-ion batteries with higher energy density and safety
have recently soared with the growing interest in electric vehicles as the next-
generation transportation. All-solid-state batteries that employ a lithium-metal
anode are one of the most promising candidates that can offer both desirable safety
and high energy density. The lithium-metal anode delivers the highest theoretical
capacity (3860 mAh g ) and the lowest redox potential as an ideal anode material,
and the use of the non-flammable solid electrolyte is expected to mitigate the
critical issues of the lithium-metal anode observed in conventional liquid
electrolytes.l 2 It is widely known that the uncontrollable lithium growth in the
liquid-based cell causes the formation of an excessive solid electrolyte interphase
(SEI) layer, leading to deterioration of the energy efficiency and cycle stability and
initiating the short-circuit that leads to thermal runaway, posing a high risk for
battery explosion.?# In contrast, the solid electrolyte is thought to be capable of
preventing lithium dendrite formation owing to its high mechanical and chemical
robustness. Over the past decades, progress toward the realization of solid-state
lithium batteries has thus extensively been made by developing various types of
solid electrolytes including sulfide-, garnet-, NASICON-, and perovskite-type
materials.®™ Among them, the cubic garnet-type LisLasZr,0:; (LLZO) is
considered an attractive option owing to its interfacial stability with lithium metal,

wide electrochemical window, and high ion conductivity (close to 1 mS cm* at
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room temperature)."?* Moreover, LLZO can be easily synthesized in ambient air
and is chemically stable, which is advantageous for the large-scale fabrication of
solid-state batteries.[* *°!

Recent investigations, however, have shown that a short-circuit can easily occur
even in solid-state batteries, which was unexpectedly caused by lithium dendritic
growth and propagation through the solid electrolyte.l'’?%1 Extensive research
efforts have revealed that various factors may affect the abnormal lithium growth
in solid-state batteries based on garnet-type electrolytes.? 22! In particular, the poor
physical/chemical contact between the solid electrolyte and lithium was shown to
be one of the major roots, causing a locally high interfacial resistance. This poor
contact subsequently results in inhomogeneous lithium-ion flux through the
interface, triggering preferred lithium growth/propagation at local regions such as
defects and cracks. Previous attempts have thus been focused on tailoring the
interfacial resistance by removing the contamination layer or introducing a
lithiophilic buffer layer that enhances the wettability with lithium (e.g., LiF, Al,Os,
LisPO,), which have led to partial success. **%® Nevertheless, it was found that
even such a well-manufactured interface could not be sustainably maintained
during repeated cycling, resulting in non-uniform lithium growth at the interface
and premature cell failure. This phenomenon was attributed to the voids that are
continuously formed at the interface during the repeated stripping process because
of the sluggish lithium transport in the bulk lithium metal compared with the
lithium stripping flux.!?> %! Several studies have thus suggested that the use of an
alloy or interlayers such as Li-Ag, Li-Mg, or Li-Au could improve the lithium
transport kinetics in the electrode, thus mitigating the formation of voids at the

interface.B1*31 More recently, it was revealed that the non-negligible electronic

T
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conductivity of the solid electrolyte could also serve as the chief source of the
dendrite formation.**! Han et al. showed that the solid electrolyte could partly
allow electron conduction, especially through the grain boundaries, where the
lithium ions could be directly reduced. This high electronic conductivity
accompanied the nucleation and growth of lithium metal along the grain
boundaries during cycling, which eventually caused the short-circuit of the
system. !

The various factors that cause abnormal lithium growth in solid-state batteries
imply that there can be no single solution to resolve the short-circuit issues.
Moreover, previously proposed approaches that use costly deposition equipment
and/or high-temperature processes are not likely to be feasible for industrial-scale
applications. Herein, we propose a multi-functional interlayer that can be simply
and cost-effectively applied to the solid-state battery system at a relatively low
temperature and that is capable of overcoming the key issues of the interface and
the electronic conductivity, achieving markedly improved cycle stability at
practically high current rates. We show that a simple one-step wet-coating
procedure of metal fluoride (SnF;) can produce a multi-layer interface comprised
of (i) an electronically insulating and lithiophilic LiF layer and (ii) a metallic
lithium alloy (Li-Sn) with high ionic conductivity. It is elucidated that the wet
coating of SnF; particles results in the formation of a thin LiF layer upon contact
with the lithium-metal anode, which conformally coats the electrolyte surface,
filling up the defects/cracks, thereby leading to a low interfacial resistance and
passivation of the leakage current. It is also shown that the Li—Sn alloys inside the
lithium matrix promote the chemical diffusion of lithium, thus suppressing the

lithium void formation at the interface even with the high-rate stripping p_rocess.[zg'

T
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% The presence of the multi-functional layer in the garnet-type electrolyte enables
a high critical current density up to 2.4 mA cm? at room temperature and stable
cycling for over 1,000 hours at 0.5 mA cm™. Moreover, the full cell assembled
with commercial cathodes such as LiFePOs and LiNiy3Co13Mny30. delivers an
unprecedentedly long cycle life (> 600 cycles) at a high current density (~1.0 mA
cm2), which is the highest performance achieved at room temperature reported to
date. We Dbelieve that our strategy will be widely applicable to various solid
electrolytes owing to the facile and simple low-temperature process. In addition, it
is further extendable to other conversion-based metal fluorides, whose exploration
is expected to expedite the practical employment of garnet-type solid electrolytes

in all-solid-state batteries.



Chapter 2. Experimental section

2.1 Preparation of solid garnet electrolyte.

The LisalasZri14TagsO12 (LLZTO) garnet electrolyte was synthesized using a
solid-state reaction method. LiOH-H.O (99.99%, Sigma-Aldrich), La>Oz (99.99%,
Sigma-Aldrich), Ta-0s (99.99%, Sigma-Aldrich), and ZrO; (99%, Sigma-Aldrich)
were used as precursors. An additional of 20 wt.% LiOH-H,O was used to
compensate for the Li loss during the sintering process. These staring materials
were first ball milled (Pulverisette5, Fritsch) at 200 rpm for 10 hours with yttrium-
stabilized zirconium oxide balls. The mixed powder was pressed into a pellet with
a diameter of 15 mm and calcinated at 900 °C for 12 hours in an alumina crucible.
After calcination, the pellet was ground and ball milled again for 10 hours to
produce fine a LLZTO powder. The obtained powder was pressed into pellet with a
diameter of 10 mm and sintered at 1100 °C for 10 hours with 0.2 wt.% y-Al,O3
(99.9%, Sigma-Aldrich) as the sintering agent. To obtain a clean surface for the
solid electrolyte, the LLZTO pellet was polished with 600, 1000, and 2000 grit
sandpaper and cleaned with hydrochloric acid for 15 minutes. The thickness of

LLZTO was fixed at ~700 um, and the density of the pellets was 90%—92%.

2.2 Modification of interface.

First, 30 mg of SnF, powder (99%, Sigma-Aldrich) was completely dispersed in

1 mL of isopropanol solution using a stirrer at room temperature. Then,|15cpL of)]
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SnF; solution was slowly added dropwise onto the cleaned LLZTO pellet and dried
at 60 °C in a vacuum oven to avoid contamination of the surface. A 300-um layer
of Li metal was carefully pressed onto the SnF.-treated LLZTO in an Ar-filled
glove box, and then, the pellets were heated to different temperatures (120 °C,

180 °C, 220 °C) for 2 hours to form an artificial interlayer.

2.3 Material characterization.

XRD (New D8 Advance, Bruker) was employed to characterize the crystal
structure of LLZTO using Cu-Ka radiation in the 26 range of 10°-70° with a step
size of 0.02°. To observe the interface of the ceramic pellet at high resolution, a
cross-section polisher (CP, 1B-09020CP, JEOL) was used to prepare the sample.
The specimen cross-sections were polished by an Ar* ion beam at an acceleration
voltage of 7 kV and gun current of 120 pA for 8 hours. The polishing process was
performed in an Ar atmosphere at —120 °C to prevent deformation of the highly
reactive Li and solid electrolyte. The morphology and elemental distribution of
prepared sample were investigated using SEM (Helios G4 HX, Thermo Fisher
Scientific) and EDS (Ultim Extreme, Oxford Instruments). To characterize the
chemical composition of the artificial interlayer, XPS was performed on an
ESCALAB 250 Xl (Thermo Fisher Scientific) with monochromatic Al-Ka.
radiation (1486.6¢V). The XPS spectrometer was directly connected to the Ar
glove box via a transfer chamber to prevent contact of the sample with moisture
and air. The C 1s peak at 284.5 eV corresponding to C—C bonding was used as a

reference for charge compensation.



2.4 Electrochemical measurements.

To measure the ionic conductivity and electronic conductivity of garnet-type
solid electrolytes, both sides of the pellet were sputtered with gold (Au) as the
lithium-ion blocking electrode. To reinforce adhesion with Au and LLZTO, the
deposited pellet was heated to 120 °C in a glove box. The EIS spectrum
measurements of the Au symmetric 2032-type coin cell were performed using a
potentiostat (VSP-300, Bio-Logic Science Instruments) in the frequency range
from 3 MHz to 0.1 Hz at room temperature. The DC polarization to measure
electronic conductivity was conducted with an applied voltage of 1 V for 3000
seconds. The stripping measurement of the Li symmetric cell was performed using
a potentio-galvanostat (WBCS 3000, WonATech) at a constant current of 0.2 mA
cm 2. The critical current density was measured by galvanostatic cycling from 0.05
to 2.5 mA cm? with increasing current at intervals of 0.1 mA cm2 and the
duration of each cycling step was 0.5 hours. The cycling stability of the symmetric
cells was evaluated at current densities of 0.5 and 1.0 mA cm™? with a fixed

plating/stripping interval of 0.5 hours.

2.5 Full cell fabrication.

To assemble full cells, the lithium iron phosphate (LFP) cathode was prepared
with a mixture of LFP powder, super P carbon, and polyvinylidene fluoride binder
in a weight ratio of 80:10:10. The slurry was coated on Al foil and dried at 60 °C
under vacuum overnight. The areal mass loading of the active material was 3-3.5

mg cm2 An ionic liquid (2 M LiFSI in Pyr13FSI) was used.to imﬁ)roy'e.tt]e;g
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interfacial contact with the cathode.



Chapter 3. Results and discussion

3.1 Characterization of the interface modified by SnF-.

A tantalum (Ta)-doped LisslasZri4TaosO12 (LLZTO) pellet was prepared using
the conventional solid-state reaction method and was employed in our study (see
Experimental section for details on the sample preparation). The electrochemical
impedance spectroscopy (EIS) spectra and chronoamperometry results in Figure 1
confirm that the ionic and electronic conductivities of the LLZTO were 1.55 x 10™*
S cm and 1.57 x 10° S cm?, respectively, at room temperature, in agreement
with previous literatures.®+%! Before further investigation of the interface, the
LLZTO pellet samples were immersed in 1 M hydrochloric acid for 15 minutes and
immediately washed with ethanol to remove any surface contaminants. Upon
exposure to the atmosphere, LLZTO is known to rapidly react with air or moisture
to produce insulating Li.COs and LiOH.E™ The X-ray diffraction (XRD) patterns
of the treated samples indicate that the cubic garnet structure was well preserved
while the contamination layer was successfully removed by the acid treatment
(Figure 2).

The surface of the LLZTO pellet was coated by slowly adding isopropanol
solution dispersed with SnF, powder dropwise at room temperature, followed by
drying at 60 °C in a vacuum oven (see Experimental section for details).
Subsequently, the lithium-metal disc was placed on the coated LLZTO pellet and
was heated to 220 °C to promote the chemical conversion reaction to form lithium

fluoride (LiF) and Sn. Figure 3a shows that the pristine pellet coated W:ilthl the SnF
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layer (white) gradually turned black as the temperature increased, indicating that
SnF, had reacted with lithium metal.*® 3% It was noted that not only the region of
direct contact with the lithium-metal disc but also the whole region of the SnF
layer reacted, indicating the relatively fast and homogeneous conversion reaction at
220 °C. This result is also partly attributable to the melting temperatures of Sn and
SnF, of approximately 232 °C and 213 °C, respectively, which are close to our
heat-treatment temperature (220 °C). The scanning electron microscopy (SEM)
images in Figure 3b—e confirm that the particulate morphologies of SnF, on the as-
coated pellet surface gradually changed to a homogeneous film upon increasing the
temperature to 220 °C. According to the energy dispersive X-ray spectroscopy
(EDS) results in Figure 4, the F elements were evenly distributed on the surface of
the solid electrolyte after the drop casting, which was maintained regardless of the
heat treatment. Interestingly, the Sn element was locally segregated at micrometer
scales after the heat treatment at 220 °C, implying the formation of the micron-
sized Li-Sn alloy after the conversion reaction, whose effects will be discussed
further later. The chemical composition of the interlayer was carefully investigated
using X-ray photoelectron spectroscopy (XPS), as shown in Figure 3f-g. The as-
coated pellet displays only the characteristic peaks of Sn—F bonds arising from the
SnF; particles, as evidenced by the Sn 3d (486.5 and 495.0 eV) and F 1s (685.8 eV)
spectra.”” However, as the samples were heated at higher temperatures, a new F 1s
XPS peak (684.5 eV) corresponding to Li—F gradually emerged at the expense of
the Sn—F peak. Moreover, the characteristic Sn—metal peaks began to appear at
483.8 and 492.3 eV, indicating the progress of the conversion reaction between
SnF; and lithium metal.

The microstructure of the LLZTO pellet treated at 220 °C was investigated using

|
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SEMV/EDS cross-sectional image analysis. Cryo-milling using an Ar*-ion beam was
performed with extra care in an inert environment to reliably probe the submicron
interlayer present between the highly reactive lithium metal and the solid
electrolyte. Figure 5a shows that the LLZTO surface was covered with a thin
conformal layer (a few hundreds of nanometers) of dark gray in the image. The
EDS mapping in Figure 5b—e indicates that the thin layer was mostly F-rich in
composition and passivated the entire LLZTO surface, even filling up the void
space present near the surface. Considering the expected conversion reaction
between SnF and lithium, the F-rich layer is believed to be mainly LiF. Meanwhile,
it was observed that the Sn element exists in the form of micron-sized (~10 pum)
particles inside the lithium-metal matrix (Figure 5c), which is supposed to be the
result of the Li—Sn alloy formation at near the melting temperature of Sn (232 °C)
and is in agreement with the top-view EDS results in Figure 4. Additionally, a
small amount of Sn was detected in the thin F-rich layer. High-resolution SEM
images in back-scattered electron mode (Figure 5f) suggest that the F-rich layer
was hundreds of nanometers thick and consisted of two or more phases, as
indicated by the arrow in the image contrast. According to the elemental line
profile in Figure 5f, the bright spots in the F-rich layer were observed to
correspond to the Sn-containing phase, which is likely to be nano-sized Li-Sn alloy.
Combining these EDS results with the XPS findings, we speculate that during the
conversion reaction between lithium metal and SnF,, a major portion of Sn has
undergone the alloying reaction with the excess amount of lithium while some Li-
Sn particles were trapped in the LiF layer on the interface. Figure 5g schematically
illustrates the reaction process between the SnF,-treated LLZTO and lithium metal

and the consequent interface morphologies.
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Figure 4. Morphological characterization of coating layer. Top-view EDS
mapping of SnF layer before heating, a. F element and b. Sn element, and after

heating, c. F element and d. Sn element.
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_16_



3.2 ldentify the role of each artificial layer.

Investigation of the electrochemical properties of the multi-layer coated LLZTO
was preliminarily conducted by measuring the EIS spectra and the critical current
densities, as shown in Figure 6a—c. Li-Li symmetric cells were assembled
employing SnFa-treated LLZTO as the solid electrolyte and were compared with
the reference systems of the uncoated LLZTO. The electrochemical impedance
spectra in Figure 6a show that the total resistance was significantly decreased from
164 to 56 Q cm?® by employing the SnF-treated LLZTO as the electrolyte in the
cell at room temperature. Moreover, the semicircle at low frequency that is
typically attributed to the interfacial resistance became notably smaller for the
SnF,-treated LLZTO compared with that of the uncoated LLZTO. ¥ This result
indicates that the interface resistance could be effectively reduced by the interlayer
that was formed from the reaction between Li and SnF,. Concerning the improved
interfacial property, we attempted to clarify the effect of the conformal LiF
interlayer decoupled from that of the micron-sized Li-Sn alloy present in the
lithium metal. In this regard, the top lithium electrode containing the alloy was
physically peeled off from the LLZTO, and new fresh lithium metal was placed
instead. In this process, the F-rich conformal layer was not damaged, maintaining
good contact without the introduction of any voids or defects. The impedance test
on the cell with the new lithium metal (hereafter, SnF,-LLZTO-New Li) indicated
that the interface resistance was comparable to that of the original SnF.-treated
LLZTO (~73 Q cm?), suggesting that the observed small interface resistance was
mainly attributable to the conformal LiF nanolayer that could enhance the
interfacial contact between lithium and the LLZTO.

_17_



We further investigated the efficacy of the multi-layer interface during the harsh
lithium stripping process in the symmetric cell. Figure 6b presents the
electrochemical profiles of the stripping process of the cells employing the lithium
metal anode with a thickness of 300 um at room temperature. At a current density
of 0.2 mA cm 2, the theoretical total depletion time (marked as Ty in the graph) was
approximately 162 hours, when all the lithium was completely stripped out from
the electrode. The comparison of the depletion times indicates that the SnF,-treated
LLZTO could deliver a stripping capacity close to 90% of the theoretical value
(144 hours). In contrast, the symmetric cell with the uncoated LLZTO or the SnF»-
LLZTO-New Li could only deliver approximately 30% of the theoretical value
(~45 hours), and was accompanied by the rapid growth of the overpotential after 45
hours. The significantly reduced capacity and the large overpotential during the
stripping process have been previously attributed to the resistance increases at the
interface, arising from the formation of the lithium voids at the interface.™ 3! In
previous literatures, it has been reported that the sluggish vacancy diffusion in the
lithium metal causes the formation of voids at the interface, when the flux of
lithium stripping is comparatively greater than the intrinsic vacancy diffusion
rate.*® 3 This implies that the LiF conformal layer in SnF>-LLZTO-New Li could
not contribute to mitigating the formation of the lithium voids during the stripping,
but it could simply reduce the interfacial resistance, as shown in Figure 6a. The
remarkable improvement of the stripping capability with the SnF,-treated LLZTO
is likely due to the presence of the Li-Sn alloy in the lithium metal, which aids in
expediting the lithium transport at the interface. We suppose that the lithium-ion
transport could be facilitated through the Li—Sn alloy via chemical diffusion rather

than intrinsic vacancy diffusion, thereby mitigating the imbalance in the lithium

T
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transference, resulting in high interfacial stability during the continuous stripping.
Similar findings were recently reported by Krauskopf et al. and Meng et al., who
disclosed that the use of a lithium-alloy electrode could shift the lithium transport
mechanism in the electrode from vacancy diffusion to more facile chemical
diffusion, thereby suppressing the pore formation during stripping. %44 To further
support our speculation, we performed an additional experiment, where Sn metal
powder (~10 um) was simply placed between lithium metal and the uncoated
LLZTO with the equivalent ratio/lamount of the Sn used in the SnF, coating
protocols. Figure 8 demonstrates that the simple addition of the Sn metal powder
could also lead to significant enhancement of the stripping capacity of the lithium
metal. The result of the stripping experiment manifest that the depletion time was
extended to 120 hours, similar to that of the SnF.-treated LLZTO, even though the
resistance was relatively high because of the poor interfacial contact.

The improved interfacial stability of the SnF.-treated LLZTO, as evidenced in
Figure 6a and b, could help achieve the notable increase in the critical current
density (CCD) in Figure 6c. The lithium symmetric cell employing the uncoated
LLZTO displayed premature short-circuit at a current rate of 0.6 mA cm 2, which
agrees with previous reports on typical garnet-type solid electrolytes. On the other
hand, the CCD could increase to a value of 2.4 mA cm™2 at room temperature with
the SnF.-treated LLZTO cell. The higher CCD value suggests that the lithium
dendrite formation through the solid electrolyte could be effectively suppressed
even under the harsh current conditions, confirming the effectiveness of the multi-
layer strategy. Meanwhile, the SnF.-LLZTO-New Li case yielded a CCD value of
1.8 mA cm?, which suggests that the sole presence of the LiF conformal interlayer

could also contribute to reducing the risk of short-circuit to some extent. These

|

_19_



series of electrochemical footprints suggest the multifunction of the interlayer, i.e.,
(i) the LiF conformal layer reduces the interfacial resistance while serving as an
electronic insulating buffer, and (ii) the micro-alloy aids in the lithium-transport
kinetics to prevent pore formation at the interface. Nevertheless, it is noteworthy
that our LiF-based interlayer on the LLZTO has a thickness of a few hundred
nanometers, and considering the intrinsically low ionic conductivity of the LiF, it
would cause a substantial overpotential in the cell operation.[? 454641 Moreover,
according to our own experiments in Figure 9, the LLZTO that was simply coated
with a 100-nm-thick LiF layer via a thermal evaporator exhibited a much higher
resistance than that of the uncoated LLZTO; thus, the overpotential was
exceedingly large even at a low current density of 0.1 mA cm™2 unlike the case of
SnkFo-treated LLZTO. Although further study is needed to elucidate the difference,
we suspect that the presence of the Li-Sn alloy nanoparticles dispersed in the LiF
matrix, as depicted in Figure 5g, could contribute to lowering the overpotential by

promoting the lithium-ion transport in the medium.
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Figure 6. Electrochemical stability of SnF,-modified LLZTO. a. EIS spectra of
Li symmetric cells at room temperature b. Potential profile during stripping at 0.2
mA cm 2. c. Critical current density measurement of Li symmetric cell at room
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Figure 7. Cross-sectional morphology. a. Cross-sectional SEM image of SnF,-
treated LLZTO with Li metal removed. b. Cross-sectional SEM image of SnF,-
LLZTO with new Li attached without micro-sized Li-Sn alloy. c. Corresponding

EDS mapping of F, Zr, Sn, and O elements from (b).
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3.3 Electrochemical properties benefiting from artificial

layer.

Figure 10a—b compare the long-term cycle stability of the lithium symmetric
cells employing the SnF,-treated LLZTO and the uncoated LLZTO, respectively, at
a current density of 0.5 mA cm 2 at room temperature. The galvanostatic profile of
the uncoated LLZTO indicates an initial overpotential of ~100 mV, which
gradually increased with cycling. In addition, the short-circuit was observed in less
than 20 hours, which is consistent with the previous results at the same current
density. &1 In contrast, the SnFo-treated LLZTO cells could steadily maintain the
stripping and deposition cycles for more than 1000 hours displaying an
overpotential of approximately 80 mV without a significant increase with cycling.
To scrutinize the stability of the interlayer after cycling, we disassembled the cells
before the short-circuits occurred (~15 hours of galvanostatic cycling at a current
density of 0.5 mA cm2) and comparatively examined the interfaces, as shown in
Figure 10c—d. The cross-sectional SEM images of the uncoated LLZTO and SnF,-
treated LLZTO reveal that significant damage of the interface occurred for the
uncoated LLZTO case, and pores and voids were extensively detected not only at
the surface but also inside the solid electrolyte. These results indicate that the
repeated stripping and deposition of lithium led to significant deterioration of the
solid electrolyte structure near the interface, triggering the premature short-circuit
of the uncoated LLZTO cells.[*® %% In contrast, the SnF,-treated LLZTO maintained
the initial interface structure without the apparent formation of defects, indicating
that the interlayer contributed to the stability of the interface and the solid

electrolyte during cycling. Inspired by the improved stability of the int_égrfacl'e,.v_\{e;g
_ o5 - I = I



additionally carried out the galvanostatic cycling tests at a higher current density of
1.0 mA cm2 for the symmetric cell with the SnFo-treated LLZTO. Figure 10e
presents that it could also exhibit stable cycling performance for over 300 hours
with a small increase in the overpotential from 160 to 310 mV. This result confirms
that the multi-layer coating performed using a simple process could remarkably
enhance the stability and compatibility of the LLZTO in contact with the lithium-
metal electrode.

To further verify the viability of our strategy, a full cell was fabricated
employing a lithium-metal anode, the SnF.-treated LLZTO electrolyte, and a
commercial LiFePO, (LFP) cathode. Note that a small amount of ionic liquid
electrolyte (2 M LiFSI in Pyr13FSI) was dropped on the LFP cathode to exclude
the issue of the wetting between the LFP powder cathode and LLZTO pellet.
Figure 11a shows the galvanostatic cycle performance of the cell for 600 cycles at
a current density of 1.0 mA cm 2 for the lithium electrode, which corresponds to ~2
C for the cathode at room temperature. It shows that the Li/garnet/LFP cell using
SnFo-treated LLZTO could exhibit remarkable cycling stability with a capacity of
110 MAh geamode - and a coulombic efficiency of over 99% after 600 cycles. For the
comparisons, we attempted to cycle the full cell employing the uncoated LLZTO
electrolyte at the same current density of 1.0 mA cm 2 however, failed cycling of
the cell was observed at room temperature. The short-circuit of the cell with
uncoated LLZTO was observed only after the first cycle at 1.0 mA cm, revealing
that lithium metal propagated inside the solid electrolyte at the current density
(Figure 12). Instead, we cycled both cells at a current density that was ten times
lower, e.g., 0.1 mAcm 2 (or ~0.2 C for the LFP cathode), which is moderately low

enough to avoid the short-circuit. Figure 11b shows that the assembled Li/SnF-
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treated LLZTO/LFP cell maintained a high capacity of 140 mAh Qeatode - Without a
noticeable capacity loss after 100 cycles, whereas the cell with the uncoated
LLZTO suffered from capacity fading to 79% of the initial value and eventually
reached a short-circuit after 80 cycles. The rate performance of the Li/SnF,-treated
LLZTO/LFP was evaluated with current densities ranging from 0.1 C to 2 C in
Figure 11c. The discharge capacities of the full cell were 144, 140, 132, 123, and
110 MAh geanode - at current densities of 0.05, 0.1, 0.25, 0.5, and 1.0 mA cm 2,
respectively. As we restored the current rate to 0.2 C after 25 cycles of the rate test,
the full cell recovered the initial discharge capacity of 144 mAh Qeanode . Figure
11d shows that the typical discharge profile of the LFP cathode could be
maintained in the Li/SnF.-treated LLZTO/LFP cell without a significant change.
Additionally, we assembled a full cell employing a commercial LiNiy3C013Mnyz0;
cathode and performed similar electrochemical tests on the SnF,-treated LLZTO
electrolyte. Figure 13 manifests that the SnF.-treated LLZTO also successfully
served as a stable solid electrolyte for the LiNiy3Co13Mny30- cathode, delivering a
capacity of approximately 130 mAh Qeanose © at @ current density of 0.5 mA cm 2
(~1 C) in the voltage range of 2.8-4.3 V for over 100 cycles. This finding indicates
the general applicability of our multilayer strategy for various cathode materials for
lithium batteries. In Figure 1le, the performance standings of our SnF.-treated
LLZTO electrolyte are presented in comparison with representative previous
reports on garnet-type solid electrolytes, 123 25 44 45.48.51-54] Tha plot clearly shows
that it has been challenging to achieve both high-rate capability and long durability
from garnet-type solid electrolytes as indicated by the dotted line in the figure. The
cycling performance with long-term stability (over 600 cycles) at a high rate (1.0

mA cm?) in this work is unrivalled by that in previous research, supporting the
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efficacy of the multilayer approach.
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Figure 10. Electrochemical performance of Li symmetric cells and SEM
images of cycled LLZTO. a. Long-term performance of Li/SnF,-treated
LLZTO/Li symmetric cell with a current density of 0.5 mA cm2 at room
temperature. b. Comparison of galvanostatic cycling for symmetric cells of
uncoated LLZTO and SnF-treated LLZTO at 0.5 mA cm 2. Cross-sectional SEM
image of c. uncoated LLZTO interface and d. SnF.-treated LLZTO interface after
cycling. e—-g. Charge/discharge curves of Li/SnF.-treated LLZTO/Li cell at 1.0 mA

cm 2 at room temperature.
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Chapter 4. Conclusion

We have proposed a facile interface strategy exploiting the chemical conversion
reaction between SnF, and lithium metal to address the short-circuit issue caused
by the lithium dendrite formation and propagation in garnet-type solid electrolytes.
It was verified that a conformal LiF thin layer including Li-Sn alloys could be
effectively formed on the surface of the solid electrolyte to reinforce the adhesion
to lithium metal, leading to a lower interfacial resistance and preventing short-
circuits even at a high current density of 2.4 mA cm 2 at room temperature. The Li—
Sn alloy present in the lithium electrode enhanced the kinetics of lithium diffusion
at the interface, suppressing the formation of voids and pores during the continuous
cycling. Benefiting from this artificial interlayer, the lithium symmetric cell could
achieve an outstanding cycle stability of over 1000 hours at 0.5 mA cm 2 and 300
hours at 1.0 mA cm2. These properties were further confirmed for full solid-state
batteries of both LFP and LiNiysCoyzsMnyszO2 cathodes, which exhibited stable
capacity retention and high coulombic efficiency over 600 cycles. We believe that
our strategy is widely applicable to other solid electrolytes due to its facile and
simple low-temperature process. Considering the variety of conversion-based metal
fluorides, further exploration is expected to identify the optimal solutions for
garnet-type solid electrolytes in the future, which would expedite the development

of all-solid-state batteries.
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