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Solid-state lithium batteries are widely considered as next-generation Lithium-ion battery technology
due to the potential advantages in safety and performance. Among various solid electrolyte materials,
Li-Barnet-elBctrolytes are promising due to their high ionic conductivity, good chemical and

electroghemical stability. However, the high interfacial impedance between the solid electrolyte and

ele syone of the major challenges. Moreover, short-circuiting caused by lithium dendrite

formation has been reported when using Li-garnet-electrolytes. Here we demonstrate that

Ei-marolytes wet well with lithium metal by removing the intrinsic impurity layer on the
surh lithium metal. The Li/garnet interfacial impedance was determined to be 6.95 ohm cm” at
roofn temp8ature. Lithium symmetric cells based on the Li-garnet-electrolytes were cycled at room
tem, for 950 hours and current density as high as 13.3 mA cm™ without showing signs of
shoffCigetitihg. Experimental and computational results reveal that it is the surface oxide layer on the
lith 1 together with the garnet surface that majorly determines the Li/garnet interfacial

pr “@tur findings suggest that removing the superficial impurity layer on the lithium metal can
en ettability, which might impact the manufacturing process of future high-energy-density

ga\C solid-state lithium battery systems.

Key words: garnet, solid electrolyte, interface, critical current density, solid-state

lithium bat

1. Intr
As the applications of Li-ion batteries have grown from consumer electronics to electric vehicles and
stamwer systems, the limitations of this technology have become more apparent. Specifically,

the between the continuously increasing energy-density and the inherent safety concerns in

Li-ion battery technology needs to be addressed more urgently than ever. Many research

endeavors have been dedicated to improving these properties (i.e. energy density and safety), but the

coaand energy density of Li-ion technology are reaching a plateau and a revolutionary transformation
Now_it_is_ widely accepted that solid-state batteries represent the next-generation of battery
technology f§' Solid-state electrolytes (SSE), such as garnet-type Li;La;Zr,0,, (LLZO), are usually

non- ammifle and ultimately safe.”) Among various SSE materials, lithium garnets have attracted
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much attention due to their good chemical/electrochemical stability with electrode materials,
close-to-unity transference number, and high room-temperature ionic conductivity (10°~10* S cm™) ,

| h ical liquid electrolyte has ionic conductivity up to 10> S cm™ and a transference number
~0.3,2221 However, The high interfacial impedance between SSE and electrodes have severely

hinl @ full-cell development. The Li/garnet interface is particularly significant for the following

reasons:"
be:es one of its main advantages; 2) Li/garnet interface with low impedance and relative stability

) garnet since its discovery has been regarded as stable towards Li, which eventually

ma attery systems based on new chemistry such as Li-air and Li-S batteries.

On@yof theSmajor challenges facing Li/LLZO interfaces is the sluggish Li ion transport across the

interfaceasignified by a large interfacial resistance./) This is partially related to the poor physical

confacgfor ghe solid-solid Li/LLZO interface.”” As a result, early attempts to improve the Li/LLZO
; .

in operties consist of heating the Li anode and maintaining high pressure between Li and

LLZO to inlprove the interfacial contact.”™ More recently, significant advances have been achieved in
oping a desirable Li/LLZO interface by modifying the LLZO. Various strategies have been
osed such as densifying LLZO pellets by hot isostatic pressing (HIP),"”! adding an interlayer

]
=
h<

(&)

“Au, C) on the LLZO surface that can react or form an alloy with Li during electrochemical
cy chemically or mechanically treating the LLZO surface to eliminate the effect of the

supenfi ,CO; layer that may form during sample processing or storage, "]

and increasing the

d

by making the LLZO surface porous.!'” With all these efforts, the Li/LLZO interfacial

resista been reduced to ~ 1 Q cm?.[1%

\

Another challenge is that the ability to suppress Li-dendrite formation and propagation during
cycling. In se, critical current density (CCD), at which the cell will be shorted, is

important o the Li-ion transport capability across the Li/SSE interface and the ability to

OF

suppress ndrites because the higher the cycling current densities, the greater the

N

possibility of dengrite formation due to inhomogeneous dissolution and deposition of metallic

!

Liatthe L interfaces.l'9. 131 Tremendous efforts have been dedicated to improving the

U

Li/garnet interfaggs and increasing the CCD. For example, HIP has been used to make

A
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well-densified garnet pellets because lithium dendrites were found to possibly form through
grain and interconnected pores in the ill-densified pellets.l'* Indeed, a current

density off m-2 was obtained without the occurrence of dendrite-related

[P

short-cifc Uitif@HElT his means that a well-densified garnet pellet is fundatmental to attaining

high CCD. :uquuently, grain boundaries of the garnet were engineered through

second-ph ping (i.e. LisPQOs, LiCl) to suppress the Li-dendrite formation by taking

D

advantag elf-limited interaction between the dopant and the freshly deposited Li, but

the current densily did not exceed 0.1 mA cm-=2.['91 With the understanding of the surface

Ll

chemistry t pellets, specifically, the correlation between the formation of Li.CO3 when

§

keeping th in moist environment and the Li/garnet interfacial impedance,'®! various
methods med to reduce if not remove the surface Li,COs3 layer.[4c. 10d. 11a, 11b, 17]
Evidently, t acial impedance was effectively reduced, but the CCD was merely 0.3 mA
cm=2.[M mental progress was reported where ultrathin Al,O3 was found to

significantly decrease the Li/garnet interfacial impedance from 1710 Q cm? to 1 Q cm?, but

the curre of the corresponding symmetric cells is 0.2 mA cm-2.['0a Other surface
modificatkgaches have been proposed and different interlayer materials such as Al,
Sn, C, Si, 2, Have been trialed with similar purpose.[®. 8 10a, 10c, 10d, 17-18] |n gpite of all these

efforts, to :of our knowledge, the highest reported CCD value of planar lithium garnets

is still less than :9 mA cm2 at room temperature.® In contrast, the CCD of liquid electrolytes

This article is protected by copyright. All rights reserved.
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can reach 4-10 mA cm2 at room temperature.['sl Meanwhile, none of these studies is

dedicatWtigating the effect of Li metal.

Hetrate that the surface oxide layer on lithium metal together with the garnet surface
determines the Li/garnet interfacial property. By removing the superficial impurity layer on the Li
megal, Li/garnet electrolytes exhibit intrinsic lithiophilicity, enabling a critical current density as high

m at room temperature and a stable high-rate lithium cycling of the symmetric cells for

as 19
huiireds offeycles. The effects of the surface oxide layer on Li metal and Li,CO; on garnet surface are
ana

ough various experimental techniques as well as first-principles calculations.

2. Resultjscussion

2.1 Li metal- T interface property
Thel SEM image (Fig. S1) of the Lig4La3Zr 4Tag40;, (designated as LLZT) pellets shows that the
LL 1 densified after sintering by a solid-state reaction process at 1140 °C for 16 hours. The

ity of the LLZT pellets is about 94% by measuring the mass and the volume of the pellets

ed to the theoretical density of 5.10 g cm™." The resulting LLZT pellets were 1 mm
urface area of 1.13 cm?. XRD patterns (Fig. S2) of the LLZT indicate that all peaks can be

assigne e cubic garnet phase (PDF #45-0109), implying that a fast Li-ion conducting cubic garnet
ained. Ionic conductivity of the LLZT was evaluated by electrochemical impedance
spectroscopy (EIS) with Ag electrodes at temperatures from 20 °-90 °C. As shown in Fig. S3a, the ionic
consuctivity at 20 °C is determined to be about 2 x 10™* S cm™ by fitting, and the activation energy of

the uction within the LLZT is 0.29 eV, as determined in Fig. S3b. These conductivity and

ergy values are well within the previously reported range.!*"

The L1 metal/LLZT interfacial resistance was examined by testing the symmetric Li/garnet/Li cells
usifig EIS technique. Symmetric cells were assembled in an Ar-filled glovebox with two methods: 1)
LLZT pellets between two Li foils (designated as Liy/LLZT/L4i;), heating the stacked cell
to improve the Li/LLZT contact, followed by cooling and making coin-cell under pressure

of Pa; and 2) rubbing the LLZT pellets on molten Li till the Li wets the garnet surface
s Li,/LLZT/Li,, as shown in Video S1), followed by cooling and coin-cell making. The

Kwere then subject to EIS measurements. As shown in Fig. 1a, the Nyquist plots of the

This article is protected by copyright. All rights reserved.
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Li/LLZT/L4, cells exhibit one semicircle in the high and medium frequency region followed by a tail at
a low frequency. The garnet resistance can be determined from the distance between zero point and the
highi-fr y x-intercept of the semicircle; the semicircle at the high and medium frequency arises

from harge transfer resistance (the interfacial resistance); the tail at low frequency may be

the Li" diffusion process, which is related to the contact between the lithium metal and

garne e.'% ¥ By fitting with the equivalent circuit shown in the inset of Fig. la, the ionic
|

conguctivity of the LLZT is determined to be 7.36 x 10* S cm™, which is significantly larger than the

I('D
[
i Q
=
o

va ined by using Ag blocking electrodes (2 x 10* S ecm™). It implies that the rub-coating

teclinique peovides a better metal/LLZT contact than the Ag paste. Furthermore, the interfacial area

C

spe stance (ASR) is determined by dividing the interfacial resistance by two and normalizing to

the surface area. The fitting results show that the interfacial ASR of the Li/LLZT/Li, cells is

S

6.9 criat 25 °C. The interfacial ASR decreases with increasing temperature as shown in Fig. 1b.
Fi

10d, 17, 20]

ares the present interfacial ASR value with the ASR values reported in the literature.* 1%

U

ently, the present work provides the lowest interfacial ASR for all the Li/garnet interfaces

wit urface modification.

1

Thy tional SEM images of the LiI/LLZT interfaces were collected to analyze the reason for this

sm cial ASR. As shown in Fig. lc-f, metallic Li is tightly bonded to LLZT and forms a

configu nd intimate interfacial contact by rub-coating molten Li, implying the intrinsic

d

of LLZT electrolyte. In contrast, stacking and mechanically pressing only offer poor

interfa tact, leading to a high interfacial ASR. This difference is observed in Fig. 1g, where

M

Li wetted LLZT properly and maintained good contact after rub-coating. However, the other
method where lithium was stacked and heated directly on LLZT pellet came off when attempts were

mage to remove the lithium foil intentionally. We speculate that there may be an impurity layer on the

[

lit] ce that hinders the wetting between the stack-coated lithium and LLZT; whereas

shmay break the impurity layer and expose the LLZT pellets to fresh molten lithium, so that

effectively wet molten lithium.

Auth
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Fi haracterization of the Li/LLZT interfaces. a, Nyquist plots of Li/LLZT/Li, symmetric
eratures from 25-85 °C. Inset shows the equivalent circuit used for modeling the EIS data.

b. Arrheniu§ plot of the interfacial resistance of Li/LLZT. c-f, SEM images of the LLZT/Li metal

nt wo different adding methods, rubbing (c,d) and stacking (e,f). g, Images of the melted Li
metal on topdof the LLZT surface after rub-coating and stacking.

{
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To evaluate the electrochemical stability and Li stripping and plating performance, cyclic voltammetry
(CV) analysis of the Li/LLZT was performed at room temperature. As displayed in Fig. S5, the
i anodic peaks corresponding to the plating/stripping of the lithium metal are observed near

0 V. Meicover, no other decomposition current is observed in the scanned potential range up to 6 V,

at the garnet maintains stability during the Li stripping and platting. The critical current

density and Li cycling behavior were characterized using a combination of DC cycling and EIS
]

anXSis to evaluate the Li-ion transport capability across the Li/LLZT interface (Fig. 2). The CCD is

de e lowest current density at which cell shorting occurs due to Li dendrite penetration.

W@i the duration of Li plating and stripping to 10 minutes, and obtained a CCD of 3.3 mA

[8b, 21]
cm maximum capacity of 0.55 mAh cm™ at 65 °C (Fig. 2a). Further current increase was
pr the significant potential perturbation, which is associated with the formation and
dis rafice of voids at the Li/LLZT interface.””” The accumulation of voids and/or the formation of
ocmds during cycling will cause deterioration of the Li/LLZT contact, increasing polarization,
an

otential perturbation at high current densities."® ! As a result, we fixed the cycling

capagi .36 mAh cm™ to limit the potential perturbation. A CCD of 13.3 mA ¢m™ was achieved at
roof_temperature (Fig. 2b). The CCD from the Li/LLZT sample is compared in Fig. S6 to other

Li/LLZQ/Li.symmetric cells reported in the literature.’™ !> 2*! Obviously, the CCD measured in the

has the highest value for a garnet-type electrolyte, which implies that the present

rub-coating technique provides excellent Li-ion transport property across the Li/LLZT interface.

To eva the long-term stability of the Li/LLZT interface and its ability to block lithium dendrite
the symmetric Li/LLZT/Li, cell was subject to galvanostatic cycling at various current
densities. As shown in Fig. 2¢, the symmetric cell can be successfully cycled at a current density of

s mA cm” with a capacity of 0.4 mAh cm™ at room temperature for 500 cycles and exhibits a

a
incya
imp ﬁ Li deposition. This phenomenon is typical for the Li/garnet interface.!*”! EIS analysis was
CO]E assess the impedance changes before and after the cycling tests. Fig. S7 depicts that after
the\@ycling tests the cell impedance still consists of two distinct arcs, similar to that before the tests,

wh" h conf,ns that no shorting takes place after the cycling test. Moreover, after cycling tests the cell

+1
st

Itage polarization of about 0.2 V. For each cycle (insets of Fig. 2c), the overpotential

he positive half cycle, implying the Li dissolution; it decreases in the negative half-cycle,

impedance decreases, which is related to the locally formed lithium on the Li/LLZT interface or within
the LLZT
Fi

lets during the stripping-plating process and agrees with previous literature.!'& ' 200231 [y

ig. S8, the long-term stability of the Li/LLZT interface is tested by cycling the symmetric

A.

This article is protected by copyright. All rights reserved.



WILEY-VCH

Li/LLZT/Li, cell at £2.2 mA cm™ with a capacity of 0.88 mAh cm™” and at £0.1 mA cm™ with a
capacity of 0.06 mAh cm™ for 80 hours and 950 hours, respectively. No sign of short-circuiting is

ing the whole cycling test, stressing the stable and durable Li/LLZT interface. In contrast,

Fig. S9, the potential of the Liy/LLZT/Li, cell exhibits a noisy profile with large voltage
before shorting at 70 hours, suggesting that poor contact in Fig. le, f leads to uneven Li
plating and stripping across the Li/LLZT interface.!"* It is notable that from Fig. 2b-d the total
res'anmased on the Ohm’s law are smaller than those estimated from the EIS results in Fig. 1a and
Fig%ilar phenomenon has been reported in other works.*** ! The exact reason is unclear at

thighmomenf) Nevertheless, we speculate that under high current densities, fast ion migration might be

C

achi a result of the concerted migration of multiple lithium ions with low energy barriers, rather
thafP1s ion hopping.*”! Also the total resistances among the samples in Fig. 2b-d are slightly
diff
ha

S

ause we used different LLZT pellets in these electrochemical tests to make sure that we

SE interfaces for each test. Thus, the pellet property may vary a little and this is common

!

aration by solid-state reaction.

Author Man
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Qlectrochemlcal characterization of the Li/LLZT interfaces. a, Galvanostatic cycling of
i/LLZT/Li, cells at 65 °C with fixed stripping/plating time of 10 minutes, stepping the
mty from 0.01 to 3.3 mA cm™. b, Galvanostatic cycling of symmetric Li/LLZT/Li, cells at
ture with fixed stripping/plating capacity of 0.36 mAh cm™, stepping the current density

fro 3.3 mA cm™. c-d, Galvanostatic cycling of Li/LLZT/Li, at various conditions: 13.3 mA
cm™ at 0.4 A cm™ for 500 cycles (¢), 2.2 mA cm™ at 0.88 mAh cm™ for 100 cycles (d).
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2.2 Characterization of Li metal-LLZT interface
To understand the origin of the outstanding Li/LLZT interface performance, we employed

imB-of-fliofit secondary-ion mass spectrometry (TOF-SIMS) to perform an in-depth chemical analysis

on thegli metals and the Li/LLZT interfaces. The surface of Li metal stored in glove box was
in by TOF-SIMS depth profiling. Fig. 3a and b show that a layer of Li,O exists on the Li
surface. Here the Li~ secondary ion (SI) signal represents Li from both Li,O and metal Li, while O*
I I . . . )

repggsents the Li,O. A false-color, three-dimensional (3D) view of the sputtered volume during the
deph in Fig. 3b shows slight Li,O penetration into the Li substrate, implying a rough Li

surface. High-resolution chemical maps of two main species of interest, Li” and 02', after 100 s, 1500 s

G

and sputtering of the Li surface are presented in Fig. S10. These maps confirm the coverage of
Li, i surface, which further implies that for Lis/LLZO/Lis cells, the Lis/LLZT interfaces are
in cp@Pated by a layer of Li,O.
I
2 s b Os
~ 2
5. '
%? : 4500 sﬂ
’ SDuIlie‘lli.ng ﬂme.t.s“]
i FIB SE Image
| > - d
g ) o E 100 5
- =
I 5 n.' i ! e _g I
s o R _
O depth analysis C depth analysils
TOF-SIMS characterization of Li metal and the Li/LLZT interfaces. a, TOF-SIMS
depth profiling of Li metal. b, A 3D view of the sputtered volume corresponding to the depth profile in

slight Li,O penetration into the Li substrate. Red color represents oxygen and blue color
Whium. ¢, TOF-SIMS depth profiling of the Li/LLZT interface. d, High-resolution maps

(40‘32) of the O and C secondary ion (SI) signals after shallow (100 s) and heavy (4500 s)
sp i
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The TOF-SIMS results of the Li,/LLZT interface are shown in Fig. 3c and d. A few interesting points

cted from these results. First, the FIB SE image confirms a sharp and intimate interface
bemetal and the LLZT ceramic. Second, the element depth analysis and the chemical
may O after shallow (100 s) and heavy (4500 s) sputtering show the existence of O on the Li
ISi d ematstii@aie cinning stage of sputtering; and as the sputtering proceeds, the O signal gets weaker. This
meNﬂer heavy sputtering a true Li/LLZT interface can be obtained, at which Li covers fully
an(@e‘s slightly into the LLZT surface. We believe that it is the direct contact between the fresh

th

Li e 181 7T that leads to the above excellent electrochemical performance.

2.3 Effecm03 on garnet surface
The“eftects” of surface Li,CO; of LLZT pellets on the Li/LLZT interface properties are specifically

stumuse it is widely accepted that the thin layer of Li,CO; formed on the surface of lithium

[4c, 11c, 16a, 16b, 28]

ga g sample handling or storage deteriorates the Li/garnet interface properties,
an us efforts have been dedicated to suppressing, if not eliminating, the Li,CO5 formation."**
He- @ 160 17] fyere the LLZT pellets with surface layer of Li,CO; were obtained by intentionally storing

5 in humid air for one week and the Li,CO; layer was confirmed by the XRD (Fig. S2). As

ed from Fig. S11, the thickness of Li,CO; is around 3 um. The symmetric cells were then

.95 Q cm?) in Fig. la. Nevertheless, as shown in Fig. 4b, the symmetric cells are steadily
mA cm? for 50 hours without shorting. The voltage profile is relatively stable and
smooth, very different from those noisy and spiky voltage profiles previously reported for the garnet
pel& with Li,CO5 surface layer."™ """ The cell polarization voltage is about 0.022 V, in contrast to

0.01 or the LLZT without Li,COs, and continuously increases with cycling, but no sign of shorting

This article is protected by copyright. All rights reserved.
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aracterization of the Li/LLZT (with Li,CO3) interfaces. a, Nyquist plots of Li/LLZT

)/Li, symmetric cells at temperatures from 30-90 °C. Inset shows the melted Li metal on

p ai a om;iant role in determining the Li/LLZT interface performance.

2.4 Com iom of Li metal and garnet interface
To further fihderstand the wettability of Li metal on different surfaces, we conducted first-principle

calculatio compare the interface formation energies of Li;La3Zr,O1,/Li, Lig4LasZr; 4Tag0;,/Li,

This article is protected by copyright. All rights reserved.
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Li,CO3/Li and Li,O/Li systems. As shown in Fig. 5 and Table S1, the interface formation energies of
LLZO/Li, LLZT/Li, Li,COs/Li and Li,O/Li are -2.52, -6.14, -0.63, and 0.23 J m'z, respectively, which
m h der of wettability with Li is LLZT>LLZO>Li,CO5>Li,0. Specifically, the formation

energ LZO/Li is -2.52 J m™, suggesting that the intrinsic lithiophilicity between lithium garnets

| which is consistent with previous calculation results.!"'¥ Moreover, the formation energy
of 11nterfaces as low as -6.14 J m™ implies that Ta-doping can improve the wettability between
Ei md Li. Indeed, as shown in Fig. S14, the interfacial ASR of Li/LLZO determined by EIS is
27.%, which is higher than that of the Li/LLZT interfaces (6.95 Q cm?). The introduction of
Li@inder lithium garnets from wetting Li since the formation energy of Li,COs/Li interfaces
is m 63 T m™. In contrast, the formation energy of Li,O/Li interfaces is 0.23 J m™, stressing that
Li, t wet well with Li metal. This implies that the Li,O on the surface of Li might play a more
im| t@0le in causing lithiophobicity than the Li,CO; on the garnet surface.

-
C
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=
. -
®,
L
e
-
<
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2.5 Lithiophilicity model for garnet
The schematic in Fig. Se can describe the above experimental and computational results. The Li metal
foillis intri8ically coated with a thin layer of Li,O, when such Li metal foil is mechanically stacked

garnets, poor Li/LLZT interface contact is obtained (Fig. 1c and Fig. 5e) due to the high

ation energies (Fig. 5d). Many reported works have used a reactive interlayer (Al,Os3, Si,
[8a, 10]

Au, modify the garnet surface and decrease the Li/LLZO interfacial impedance, which can
be gonsidered as using the interlayer to break the surface Li,O layer on the lithium metal and obtain
reahing.[zg] In contrast, when the effect of this thin layer of Li,O is eliminated by rubbing the
LL@ on molten Li and the fresh Li meets the LLZT surface, the intrinsic lithiophilicity of
gar its and an intimate Li-LLZT contact with small interfacial impedance is realized (Fig. 1d
anm providing a much higher CCD than these works using the interlayer. This Li/LLZT
inte bles a room-temperature CCD as high as 13.3 mA c¢m™ (Fig. 2b), which implies excellent

high* ium cycling without dendrite formation. Even with an intentionally-added thin layer of
Li, e garnet surface, the garnet pellets still show Li wetting property (Fig. 4 and Fig. 5Se).
Mo out the relative density of the Li garnets, on one hand, our previous results show that a
reladiyve density of 94% could not give us high CCD;!"**2%3% on the other hand, the highly densified
ith relative density of 99%) only exhibit a current density of 0.5 mA cm™ either.”) This

implies the previous studies paid much attention to the superficial impurity layer, the reactive

interlayer-and the relative density of the Li garnets, and neglected the crucial effect of the surface Li,O
the lithium metal, which might in fact play an equally, if not more, important role in providing

good et interfaces.

Regarding the correlation between the CCD and the dendrite formation mechanism for solid
elegtrolyte, an electronic-conduction-induced dendrite formation mechanism proposed earlier this year
su& at elevated temperatures (i.e. 60 °C and 100 °C) the increased electronic conductivity of
the @
lith
rec tational study.®"! These works further imply that lowering the electronic conductivity,
ratg than further increasing the ionic conductivity of solid electrolyte is critical to obtain a desirable
Li/ FE int’ace, which appears to be demonstrated in a recent experimental work where by coating a
thin electronically insulating buffer layer LiAlO, at the grain boundary, the CCD was increased from

ill cause Li ions to combine with electrons, hence reducing mobile Li ions and forming

rites within the garnet, for example at the grain boundary.!"’! This is consistent with a

0.4 to 0.75WA cm™. It is true that in some particular circumstances, the excess electrons within the

ga reduce Li’, but a more important question should be: what is the maximum CCD that a

<
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garnet-type electrolyte can provide with an intrinsic Li/garnet interface? Our work shows that the

Li/LLZT interface can render a CCD of 13.3 mA c¢m™ at room temperature.

wnem model, when the Li foil with the Li,O surface layer is mechanically stacked on the
gaich is a common practice in most previous studies, small part of garnet will penetrate
thre in Li,O film and directly contact the underneath fresh Li metal thanks to the
I dfeSEeRieally rough garnet surface. These direct yet sparse point contacts will function as charge

M charges accumulate during the Li plating, resulting in locally concentrated and increased

ce
curgent d@msities. The locally increased current densities lead to preferential Li deposition near the
confacts and/amplify the growth of Li dendrites. For other areas, the thin Li,O film on the Li foil will

prevent om wetting the garnet (Fig. 5d). The existence of the surficial Li,O film has been reported

wetting of molten lithium on metal substrates.”” In contrast, after exposing fresh Li
ea-contact rather than a point-contact can be obtained due to the intrinsic lithiophilicity of
garnet (Fige), which will significantly decrease the local current densities and subsequently inhibit
endrite formation. Interestingly, in recent work by Hitz et al,'**¢! molten lithium was infused into a
ﬁteiporous garnet framework to form the lithium metal anode and a CCD of 10 mA cm™ was

of the reason, as explained in that paper, is due to the fact that the pores of the porous

5
r@e ~40x higher surface area compared to a planar cell, leading to a true normalized current
i\

interface of ~0.25 mA cm™. Another important reason, based on our present work, is that

Al
ob
ga
de

impregnation, fresh lithium is exposed and directly contacts the garnet framework. Also

for the dense center garnet layer, the current density is still 10 mA ¢m™ no matter how

that lithium garnets contact fresh Li surfaces. The Li/garnet interfacial impedance was
Wo be 6.95 ohm cm? at room temperature. It enables a critical current density as high as 13.3
oom temperature and stable high-rate lithium cycling of the symmetric cells for hundreds
of e reasons for the excellent Li/garnet interface properties is analyzed through experiments

and ¢ tions: 1) the superficial impurity layer, mainly Li,O, on the Li metal leads to poor
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Li/garnet contact; 2) the thin Li,CO; layer on garnet surface increases the Li/garnet interfacial
impedance, yet plays a minor role in determining the Li/LLZT interface performance than the impurity
| n i metal; 3) the LLZT exhibits intrinsic lithiophilicity with an interface formation energy

of -6 da] m™. This work highlights that properly processing lithium metal anode is crucial for
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By removmnpurity layer on the surface of the lithium metal, Li-garnet-electrolytes are

demon ell wet the lithium metal, rendering a Li/garnet interfacial impedance of

6.950

M

, stable galvanostatic cycling for 950 hours and a current density as high as

13.3 mA cm2 without showing any sign of short-circuiting at room temperature.
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