Origin of lithiophilicity of lithium garnets: compositing or cleaning?
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ABSTRAO
Garnet-type_lisslasZrisTaps012 (LLZTO), a promising solid-state electrolyte, has been
report lithiophobicity. Herein, we demonstrate that the origin of the lithiophobicity

{

is closely to the surface compositions of both the lithium and LLZTO. Surface

U
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impurities with high melting points such as Li»O, Li>COs3, LiOH, or LiF inhibit the wettability
betweeWetal and LLZTO, and the widely adopted compositing strategy may improve
the wetterely breaking the surface impurity layers. A simple but effective
"polishifigf@m@ssptcading"” strategy is proposed to remove the surface impurities and obtain
clean Li/L@eﬁaces. Thus, a tight and continuous Li/LLZTO interface with an interfacial

resistance "0 Q) cm? is achieved, which leads to stable cycling of the symmetric Li cells

S

and a crit cuffent density up to 2.8 mA cm2. This work provides a new perspective to

understand the lithiophilicity of garnet-type electrolytes and contributes to designing robust

2]

Li/garnet i

(O

N

1. Intrud

In electric vehicles and large energy storage devices, rechargeable lithium

batteri

capacity, high energy density, and long cycle life have become urgently

]

needed. The ever-increasing energy density makes the lithium-ion battery based on

[

lithium-ion lation electrodes gradually approach the theoretical limit and brings serious

O

battery sa s due to the flammability of liquid electrolytes. Lithium metal is the best

h

anode f its high theoretical specific capacity (3860 mAh g') and low electrode

t

potentia v.s. standard hydrogen electrode, SHE). Hence, by replacing the current
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anodes with lithium metal, one of the most promising batteries can be achieved, called the
lithium Weries (LMBs). However, lithium dendrites could grow and penetrate the
separatoring on the lithium metal anode, causing capacity decay and possible
short cifcitm@m@l of the most attractive and practical strategies to develop LMBs is to use
solid-state &ytes (SSEs). Thus, all-solid-state lithium batteries (ASSLBs) have attracted

many inte s the next high-energy-density battery. Inorganic solid electrolytes are

5

non-flam gphon-corrosive, and extremely safe. Electric vehicles equipped with

all-solid-state lithium batteries could significantly reduce the probability of catching fire.

Ul

Dense s rolytes are believed to prevent lithium dendrites in high-energy Li-metal

n

batteries. all the solid-state electrolytes, garnet-type Li;LasZr.O12 (LLZO) is an

d

outstandin idate with ionic conductivity of more than 104 S cm-', good chemical

stability, an electrochemical windows (>5 V).l

\Y

However, the development of LLZO-based ASSLBs is hindered by the poor interfacial

{

contact a iderable interfacial resistance between the Lithium and LLZO. Some

researche w te this to the lithiophobicity of the garnet SSE material.l2 It was reported

that Li meg@l cannot wet garnet LLZO until heating for a long time (24—-168 h) at a temperature

I

of 300~ 2 ch higher than the Li metal melting point of 180.5 °C.Bl 4l The wettability

;
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issue will lead to uneven current distribution or current focusing across the Li/LLZO interface,

which Wause lithium filament formation. As a result, improving the interfacial

wettabilitdesirable to lower the interfacial resistance as well as inhibit the

developm&m@@iiie lithium filament.

Varieg’ strategies, such as introducing an intermediate layer and modifying the

Gl

compositiwe Li anode, have been proposed to manipulate the wettability. The

interlayer, such as Au,!®! ZnO,81 Al,O3,41 SnF,,["1 AlF3,1® hard carbon,®! via complex chemical
and phys:osition processes, was found to react with Li by alloying reactions and
improve tRe interface contact. As reported by Hu and his colleagues, a 5-6 nm thick Al.O3
coating bmyer deposition (ALD) decreased the interfacial ASR from 1710 ohm cm? to
34 oh 2 higher binding energy of Li with lithiated alumina than that with LLZO
enhan::gformal interface. The alumina provides facile Li-ion transport paths across
the interface. However, growing such nano-scale layers by ALD is complex and expensive,

which hinhctical applications.

ModifDof Li metal itself seems another effective way to improve the wettability
betwee@lo. The molten lithium was reported to dewet most solid substrates, such

as ceraw , Polymers, and even metals, due to the large difference in surface energy. ['% By

-
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compositing to change the bonding energy, viscosity, and surface tension of the molten
Iithium,m energy of the molten Li can be tuned so that the composite can wet the

LLZO. Grhave been dedicated to this end. Different compositing materials span

from nigtdISmikEENa, '] Mg,['2l and nonmetallic materials like graphite,!'3] C3N4,['4 BNNS.['9]

For instanﬁn et al. developed a lithium-graphite composite anode by mixing graphite

into molte m, which gives an intimate contact against LLZO with an interfacial

S

resistanc cmZ2. The symmetric cells were cycled stably with small voltage hysteresis

and enabled a crjtical current density up to 1 mA cm=2. Such improvements were ascribed to

Gl

the incre osity of the composite anode and interfacial reaction between the Li-C and

n

LLZO. 132 er, Sn was even reported as a universal soldering/alloying element to

c

improve t tability against different substrates, including metals, ceramics, and

polymers.I ever, even if the compositing strategy can be proven to be effective in the

I\

long t , is yet to know at present, there are several obvious drawbacks of

compositiRg: 1) additional materials cost and processing cost, 2) decreasing the specific

£

energy of @ pry because the inactive compositing materials may add mass and increase

the electr ntial of the anode, and 3) compromising cycling performance unless the

N

compo an maintain integrity upon cycling.l®l
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On the other hand, previous work offers a different explanation of the lithiophobicity of
LLZO.“MO is intrinsically lithiophilic; it is the surface impurity on the LLZO that
prevents from wetting the molten Li. Several studies showed that impurities
mainly BofsistiAgiof Li.CO3; and LIOH*H>O can form on the air-exposed LLZO surface as a
result of a fwosstep process: 1) the formation of intermediate LIOH*H2O due to the Li*/H*
exchangeQ moisture in the air, and 2) the reaction of LIOH*H20 with CO; in the air to
form Lisze insulating surface impurities will increase the interfacial resistance as well
as inhibit the wetibility with Li. Subsequently, efforts have been taken to remove the surface
impurity IELZO. Chen. L. et al. adopted laser cleaning to treat the garnet surface
and found Li2COs layer was effectively reduced, and the garnet surface turned from
lithiophobiCity hiophilicity after the treatment. The resulting Li/garnet interfacial resistance
was reduce 2479.7 Q cm? to 76.4 Q cm? at 30 °C.I'"e Similarly, various approaches

were suppress the Li>COs; formation or remove Li;COs3 for the air-exposed

garnets, iRcluding doping,!'¥ polishing and heating in an inert atmosphere,['7t. 201 and rapid

[

acid treat

€

Our rgCent findings agree with the point of "intrinsic lithiophilicity" of garnet. We observed

£

that th ifpurity layer, mainly Li.O, on the Li metal affected its wetting with garnet. By
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rubbing the air-exposed garnet pellets with a 3-um thick surface Li:CO3 layer on molten Li
and eIiWe effect of the surface layer, a robust and stable Li/garnet interface was

achieved, bnabled stable cycling of the symmetric cells without shorting. Based on

these fiRdIAGSMiIEs of great interest to reconsider the origin of lithiophilicity of lithium garnets.
The presewﬁrst elucidates the surface impurities to be high-melting-point salts such as

Li.O, Li; B¥LIOH, or LiF. Second, comparing the wettability between the

S

LigsLasZr &> (LLZTO) and pure lithium/lithium-graphite (Li-C)/lithium-LLZTO

(Li-LLZTO) compesite anode, we demonstrate that impurities on the anode side affect the

U

wettability, an compositing. Third, an ideal Li/garnet interface can be obtained by

removing ace impurities from both LLZTO and lithium, delivering an interface

dl]

resistance '@s as 17.5 Q cm? The symmetric Li/LLZTO/Li cell exhibits stable cycling

performanc h small voltage polarization. With a simple but effective

N

"polish eading" strategy, the molten lithium can be quickly coated onto LLZTO as

well as m other solid substrates (Fe, carbon cloth, Ni foam, and Cu foam). The present

A

work de m s a promising strategy to obtain the intrinsic lithiophilicity between garnet

and Li wit ing an intermediate layer or compositing for ASSBs.

N
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2. RESULTS AND DISCUSSION
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Figure 1.

indicate c@lleGtedidata; lines through them are the model fit along with different curves shown

3

at the e tick marks belong to the cubic garnet phase. (b) Cross-sectional SEM

M

image LZTO interface and the photograph of the sample in the glovebox. (c)

Schematic_and photographs show different wetting behaviour between molten lithium and

[

LLZTO alo ifferent routes.

G
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The as-prepared LLZTO pellets by the solid-state reaction method exhibit a relative
densitym, which was measured by the Archimedes method and based on the

theoreticf 5.4 g cm3. Figure 1a shows the Rietveld refinement results of

Lis sLa-2r,EMags@®, with the related refinement parameters given in Table S2. The refinement

result ind@ pure cubic garnet phase without unknown diffraction peaks. The pure

cubic garn se was rechecked by the synchrotron-based XRD implemented on the

O

BL14B1 b li€ at Shanghai Synchrotron Radiation Facility (SSRF) in Figure S1.

U

Th d continuous surface contact can be obtained by coating the molten lithium

q

onto the slurface of the LLZTO pellet. Video S1 recorded the coating process in detail. The

lithium m melted on a Ni plate at 350 °C in an Ar-filled glovebox. In the beginning, the

d

molten wed limited liquidity and was covered with a greyish and dull surficial layer

(Figure S olten lithium in this state did not wet the LLZTO pellet when the pellet was

VA

placed on its top, similar to most previous works.['3a.14.22] After using the tweezer to spread

[

the molte evenly on the Ni plate, the molten lithium exhibits a shining metallic luster,

good fluid @ a smooth surface (Figure S3a). Then, the LLZTO pellet was put on the

spread m@lien lithium and kept for about one minute. The molten Lithium wetted well the

§

LLZTO gure S3b).

t
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The wetted Li-LLZTO interface was examined by SEM. The cross-sectional image in
Figure Mhows a tight and continuous contact. The tight contact between the lithium
metal an pellet largely determines the electrochemical performance, enabling a
low int&tfdeem@sistance and high critical current density. The result in Figure 1b is in sharp
comparisotto jeviously reported results. Table S3 compiles some typical works that used

modified la r lithium alloys to improve the wettability. As shown in Table S3, when the

S

molten it i§ directly placed on the surface of LLZTO, it looks dark greyish and

non-wetting. In c@ntrast, the present work shows that the spread molten Li wet the LLZTO

G

even with surface as long as the contacting lithium is shining and pure. It is also

noted that ad molten lithium can wet various substrates such as solid Fe, porous Ni,

al3

and Cu foams@hd porous carbon cloth, as shown in Figure S4.

To furt ore the effects of the surface state of molten lithium and LLZTO on wetting,

W

wettability experiments, as shown in Figure 1c, were designed and carried out. Along route 1,

r

the LLZT as polished in the air and quickly transferred to the Ar-filled glovebox to

avoid air @ ation. After putting molten Li on it, it shows poor wettability with a large

contact anfigle, and the Li surface turned dark greyish in a moment, which suggests possible

§

reactio the surface of the lithium metal and the garnet. Along route 2, the molten

This article is protected by copyright. All rights reserved.
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lithium was spread evenly on the Ni plate to have a smooth and shining surface. Once the
polisheWas put to touch the spread Li, part of the Li surface became hazy and not

as glossy p impurities formed on the Li surface (Figure S5). Meanwhile, the spread Li

P

wets the igarmemrather well. As for route 3, the LLZTO pellet was polished in the Ar
atmospherg, After putting molten Li on it, the lithium shows a metallic luster with no color
change le not wet the garnet. Along route 4, when the polished LLZTO contacts the
spread mm, it is quickly wetted to form a mirror-like Li coating layer. The above
observation cleai/ shows that the surfaces of the LLZTO pellet and lithium metal will jointly
affect theﬂ process. For LLZTO, X-ray photoelectron spectroscopy (XPS) results in

Figure SBmat the surface pollution is more severe for the LLZTO polished in air than

that polish lovebox. Previous studies also show that LLZTO surface impurities form

e and the impurities can be effectively removed by mechanical polishing in
Moreover, a small amount of moisture and carbon dioxide adsorbed by the

LLZTO sdgface in the air will contaminate the molten lithium, as evidenced by the color

[

change, can be avoided by polishing the pellets in the inert atmosphere. As for

G

lithium me ng as the clean molten lithium surface is obtained, for example, by simple

n

friction, electrolyte can be wetted. This obviously implies that the impurities on the

{
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Li anode play a more important role than the impurities on the LLZTO surface in determining

the Li/gMbility.
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Figure mposition comparison of the surface of pristine Li, heated-Li, and

heated ted-Li samples determined via XPS after 100 s etching. (b) Depth profiles

of elements of the heated-and-contacted-Li sample for 4000 s etching. (c) Li 1s spectra were

[;

collected fr heated-and-contacted-Li sample after 0 s, 100 s, 1500 s, 3000 s, and 3600

O

s etching. S spectra of O 1s (d), C 1s (e), and F 1s (f) of the heated-and-contacted-Li

1

sampl etching.
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To determine the chemical composition of the impurity layer formed on the lithium metal,
XPS deMg was employed to characterize three types of lithium: "pristine Li", "heated

Li", and " @ d-contacted Li". The "pristine Li" was a commercial lithium foil without any

P

treatmd@nt MpR@Rcated Li" referred to the lithium that was melted and cooled down in the
Ar-filled gloye , while the "heated-and-contacted Li" referred to the lithium that went

through m > touching the LLZTO pellet, and cooling in the Ar atmosphere. The LLZTO

D

pellet use regvas polished in the air. Since the exposure of the Li to air led to almost

immediate surfa@e reactions, a method for anaerobic transfer of the sample from the

U

glovebox cuum chamber of the XPS is required. A specially designed gastight vessel

£

filled with as used to avoid moisture/air exposure (Figure S7).

d

In , the compositions of surface species were extracted after 100-second

etching. F e Li, a contaminated layer composed of C (23.92 at%), O (19.38 at%), and

W

F (3.89 at%) exists on the surface. In comparison, the amount of lithium element has

[

decrease 52.89 at% to 39.09 at% and 36.36 at% for the heated Li and the

heated-a @ ted Li, respectively, with simultaneous increase of other impurity elements

(C, O, andiF). The content of the lithium element is used to evaluate the surficial purity.[? The

£

higher iupiicontent, the purer the lithium foil. Therefore, the surficial contamination of

t
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the heated-and-contacted Li is more severe than that of the heated Li, resulting from the
contactMZTO pellet, which is consistent with the observation in Figure 1c. Sharafi et

al. claime @ e surface layer on LLZTO polished in the air is composed almost entirely of

o

H, Li, % aA@e@sy XPS 20, Consequently, these impurities will react and change the surface

chemistry Qf lithium.

The mf the impurity elements (C, O, and F) in the pristine Li is mainly from the
production process, which is inevitable due to the high reactivity of lithium elements. Indeed,

commerci is commonly passivated to reduce corrosion during storage and increase

safety, an!the passivation treatment usually involves wax, CO-, polymer coatings, as well as

phosphor fluorinating agents.[?5! Another source of fluorine element may be the
volatil ' ents containing fluorine (HF and PFs) in the glovebox. Although the content
of moTs’:w'Sz is carefully controlled in the glovebox, there might still be detectable

reactions, especially at the temperatures investigated (350-400 °C), which is consistent with

the previo&s.lzﬂ 100, 24]

FigurQows the depth profile of different element contents in atomic ratio for the
heated- cted Li. With the etching starting from the surface into the inside of lithium

foil, theWcontents tend to reach a plateau. The contents of C and F display a rapid

<This article is protected by copyright. All rights reserved.
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drop in the initial etching, and the contents of O and Li have a corresponding increase. After
that, thmof C and F maintain a low level, and the content of O gradually decreases

but is mo 0 at%. These findings show that the Li, C, O, and F elements mainly make

9

the surfacell@y@mof the heated-and-contacted Li, and the thickness of the oxide layer is more
than the ﬁ depth of the XPS. To further analyze the chemical composition of the

surface laye® s spectra are extracted and shown in Figure 2c. With the etching time from

S

0 to 3600 egd€ak shifted from the high binding energy to the low. The binding energy of Li

1s is 55.9 eV, 5 eV, 53.7 eV, and 52.3 eV for LiF, LiCOs, LiOH or Li2O, and Li,

U

respectively. , with the etching starting from the surface into the inside of the

§

heated-and- ted Li, the main impurities probably change successively from LiF, LioCOs3,

a

LiOH, or LIFONAe coexistence of more than one impurity in the surface layer leads to the

peak broa f the binding energy. Figure 2d-f shows the spectra of O 1s, C 1s, and F 1s

V]

of the -contacted Li after 100-second etching. They confirm that the impurity layer

on the healed-and-contacted Li mainly consists of Li-.CO3 or LiOH, Li>O, and LiF.

This article is protected by copyright. All rights reserved.
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SEM ima e Li-C/LLZTO (b) and Li-LLZTO/LLZTO interfaces (c). (d-f) TOF-SIMS

interfa LLZTO interface (e), Li-LLZTO/LLZTO interface (f).

To i

or

e the effects of compositing on wettability, three types of lithium-based

compositglanode were designed and examined. One was lithium without any additives, and

o

|

the oth lithium added with graphite and LLZTO powders, respectively. Figure 3a
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shows the X-ray diffraction patterns of the Li-C and Li-LLZTO composites. For the Li-C
compoWracteristic peaks of lithium (PDF#01-1131) and LiCs (PDF#34-1320) both

occur, co @‘ he existence of LiCe. For the Li-LLZTO composite, the characteristic peaks

P

of lithium (RDE#E1-1131) and garnet cubic phase (PDF#80-0457) both exist, indicating the

chemical si:bil:: of LLZTO with molten lithium. From the SEM images and the EDX mapping

images sh Figure S8, LiCs and LLZTO particles are uniformly distributed in the lithium
matrix. m
AppI:above three types of the lithium-based anode, the wettability to LLZTO was

[)

surveyed @and recorded in Video S2. None of them could wet the LLZTO pellet with just

covering ing on the Ni plate. In contrast, following Route 4 in Figure 1c, when the

d

Li-C a composites were melted and spread on the Ni plate, they wet the LLZTO

pellet as r in Video S3-1 and S3-2, respectively. The molten Li-C composite looked

M

greyish at first and showed a metallic luster after being spread on the Ni plate. The lithium
composit a state easily wet the LLZTO pellet. A similar phenomenon was observed

for the

or

composite. Cross-sectional SEM images of the Li-C/LLZTO and

Li-LLZTO interfaces are shown in Figure 3b and Figure 3c, respectively. Both

¢

interfa tight and continuous contact without any noticeable voids. These

This article is protected by copyright. All rights reserved.
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observations suggest that the LLZTO pellet exhibits lithiophobic to the melted lithium-based
compoWiophilic to the spread one. Combining the results in Figure 1, we propose

that it is yurities on the anode surface rather than alloying or compositing that

determifcEii@W@ttability. This might provide a new perspective to understand the function of

compositing, and intermediate layer reported previously:[47. 11-13, 14-15, 22a, 22e, 28] they improve

the wettabi breaking (for alloying) or reacting (for intermediate layer) the impurity layer

5

on the lith ce.

U

Fu e, time-of-flight secondary-ion mass spectrometry (TOF-SIMS) with

q

depth-profiling analysis was performed to investigate the interfaces of Li/LLZTO, Li-C/LLZTO,

and Li-LL TO obtained by the spread technique. TOF-SIMS is a surface-sensitive

d

techni mine the chemical composition of buried interfaces with lithium. Due to the

matrix eff e TOF-SIMS results are only semiquantitative and not inherently

Vi

compound-specific.?4l From the secondary ion signals of O and Al shown in Figure 3d, the

Li/LLZTO can be divided into three regions: the top one that is O-rich and Al-poor is

or

attributed @ purity layer on the Li surface mainly consisting of Li-.O; the middle one that

is O-poorfan -poor area represent the lithium-based anode; and the inner one that is

N

O-rich ich is the LLZTO pellet. The LLZTO pellet contains a certain amount of Al
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because the Al element coming from the alumina crucibles may enter the LLZTO pellet and
help stwubic garnet structure during sintering.[® 2°1 As shown in Figures 3e and 3f,
the elemon profiles of the Li-C/LLZTO and Li-LLZTO/LLZTO interfaces have a
similar Bhr@e=r@gion structure as that of the Li/LLZTO. It should be noted that the top two
regions are:ot:s distinct in Figure 3f as in Figure 3d and 3e. The reason is probably that the

O element Li-LLZTO anode is higher than those in the lithium anode and Li-C anode

S

since 20 LZTO powders were added into the Li-LLZTO anode. For the top region,

that is, the impurity layer, the secondary ion signals like OH-, COs2 and F- are also detected

d

and show, re S9, indicating more than one type of impurity existing on the surface,

N

which is ¢ t with the XPS results in Figure 2. Between the anode and the LLZTO,

c

there was tectable impurity layer for all three interfaces, confirming the superior

wettability o O to Li.
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Figure 4.!a) Nyquist plots and (b) DRT analysis of the EIS spectra of the symmetric
Li/LLZTO/m Li-C/LLZTO/Li-C cells. (c-d) Galvanostatic cycling of the symmetric

Li/LLZ d Li-C/LLZTO/Li-C (d) cells at 0.5 mA cm-2. (e-f) Galvanostatic cycling of

the symmets LZTO/Li and Li-C/LLZTO/LI-C cells with a stripping/plating capacity of 0.1

mAh cm2 and ramping current density from 0.1 mA cm=2to 4 mA cm2 at room temperature.

electro aluation. The typical Nyquist plots in Figure 4a exhibit a semicircle in the

Li ﬁu-c composite were assembled into symmetric cells and subject to

high and j frequency region followed by a tail in the low-frequency region. The

<This article is protected by copyright. All rights reserved.
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high-frequency x-intercept of the semicircle can be attributed to the garnet resistance; the
interfache (the charge transfer resistance) can be determined from the semicircle

at the hig @ edium frequencies; the low-frequency tail may correspond to the Li*

[P

diffusion.[‘emByEfitting with the equivalent circuit shown in the inset of Figure 4a, the interfacial
area-spec@tance (ASR) is determined by dividing the interfacial resistance by two and

normalizin e electrode surface area (0.98 cm?2). The interfacial ASR of the Li/LLZTO/Li

S

and Li-C/ i-C cells are 17.5 Q cm? and 20 Q cm?, respectively. These values are

much smaller than most of the previously reported values.[22a. 28b. 3115 Notably, the small

G

interfacial ces were achieved without any surface modification, which emphasizes the

i

tight and ¢ us contact between the anode and the electrolyte facilitates the fast ion

d

transport aéto e interface. On the other hand, there is still a slight difference in interfacial

resistance, can be attributed to the way Li-ions transport across the interface. In the

V]

Li-C a ) o the layered structure of LiCs, only when the LiCs layer is vertical to the

Li-C/LLZTQ interface can effectively occur Li transport across the interface. Nevertheless, the

q

orientatio iCe in the composite anode is random, so the misorientation will inhibit the

€

Li transpo use high interfacial resistance.

n
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To better understand the ion transport process, the distribution of relaxation times (DRT)
analysiMoyed, which transforms the impedance data from the frequency domain to

the time @ so that peaks associated with characteristic relaxation times can be

P

identifidd. MASIBRT analysis results are shown in Figure 4b. The peaks in the small (~10-7 s),
medium (~10° 2106 s), and large (~10° -10" s) relaxation time regions are associated with
the ion fr. within the garnet lattices, near the grain boundaries, and across the
Li/electrolmrace, respectively.34 A strong peak means large resistance and slow ion
transport. ObvioFIy, from Figure 4b, the main difference between the Li/LLZTO/Li and
Li-C/LLZTEaeIIs is the peak corresponding to the Li/electrolyte interface. The peak
intensity wj elaxation time of ~10-0 -10" s is slightly larger for the Li-C/LLZTO/Li-C cell
than for thm

TOI/Li cell, consistent with the larger interfacial resistance for the former in

Figure 4a.

The electrochemical performance of the symmetric cells was evaluated in terms of

galvanosthling. As shown in Figures 4c and 4d, both the Li/LLZTO/Li and the

9

Li-C/LLZ @ ells exhibit stable cycling and maintain a voltage polarization of about

0.017 V fi ours at a relatively high current density of 0.5 mA cm at 35 °C. The areal

£

capacit infdined to be 0.5 mAh cm2 throughout the tests. From the voltage profile of

{
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each cycle (insets in Figures 4c and 4d), the voltage increases in the positive half cycle
correspWhe Li dissolution and decreases in the negative half cycle corresponding to
the Li plsting no sign of short circuit. It should be noted that the resistances
estimatéd IymREEOhm’s law in Figures 4c and 4d are smaller than those by the Nyquist
plots in Figi:e j which can be attributed to the activation process of the Li/LLZTO interfaces

and a ce gree of penetration of the plated lithium into the ceramic electrolyte. 8

S

Post-test ty study in Figure S11and S12 shows that on the plating side, a ~2.5 um

thick lithium layel forms between the anode and LLZTO, which corresponds to the plating

Ll

capacity . h cm-2; on the stripping side, voids are present in the lithium electrode as a

n

result of i nt mass transport of lithium atom, causing the polarization increase. It is

noted fro S12 c-d that the plated lithium has very low carbon content by the element

distribution is, which implies that the plated lithium is pure lithium rather than Li-C.

\

Moreover, the critical current density (CCD), which is defined as the maximum current

I

density of rolyte that can withstand before shorting, was determined with the method

reported p w .70l As shown in Figures 4e and 4f, with the ramping current density, the

charge/dis€harge voltage increases accordingly till a sudden decrease occurs, indicating the

£

appear orting. The CCD of the Li/LLZTO/Li and the Li-C/LLZTO/Li-C cells were

t
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determined to be 2.8 mA cm2 and 2.6 mA cm2, respectively. These CCD values are among

the hig ed values, emphasizing that the lithiophilicity of LLZTO with the spread

{

lithium-ba @ de endows excellent Li-ion transport property across the Li/garnet interface.

To futher demonstrate the effectiveness of the “polished-and-spreading” strategy, the

as-prepargd Li/LZTO stacks were coupled with three types of cathodes to assemble

G

Li/LLZTO/\dr PgflaiFePQO4), Li/LLZTO/NMC (LiNio.sC00.1Mno.102) and Li/LLZTO/S (sulfer) cells.

S

A small amount (~15 ulL) of liquid electrolyte was added to wet the interface between the

L

cathode O. As shown in Figure S13, these full cells with the spreaded Li anode

[

demonstrated decent specific capacity and good cycle stability. Take Li/LLZTO/LFP as an

example, .51 mA cm-2), the discharge capacity in the first and 50t cycle is 155.0 mAh

d

g’ an g, respectively, implying excellent capacity retention. This shows good

compatibilj “polished-and-spreading” strategy.

M
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Figure 5.¥Fhe optimized interface models of LLZTO/LIOH (a), LLZTO/LIF (b),

LLZTO/Li, LLZTO/Li2O (d), LLZTO/LiCs (e), and LLZTO/Li (f) for first-principle

calculatiofi§. (g) Comparison of the interface formation energies of LLZTO with different

¢

surfac matic of lithiophobicity and lithiophilicity of LLZTO with molten Li.
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TOH the lithiophilicity of LLZTO, the interface formation energies (y) of LLZTO

P

(001)/Li (( @ ZTO (001)/LiOH (010), LLZTO (001)/LiF (001), LLZTO (001)/LiCs (110),
LLZTO™ (G8FEC05(001) and LLZTO (001)/Li:O (001) systems were calculated by
first-principle calculations. The interface formation energy is the energy difference between

an interfac em and the isolated components. y = (Ean — Na*Ea-Nbv*Ep)/2S, where Eap

S

refers to t taPenergy of the interface model; N, and A, refer to the formula unit number of

)

a and b, respeglively; Ea and E, refer to the bulk energy per formula unit of a and 5,

respectively; refers to the interfacial area, and 2 accounts for the existence of two

N

interfaces interface system.[33!

d

A

in Figure 5a to 5g, the y for the LLZTO/LIOH, LLZTO/LIiF, LLZTO/Li>2COs,

LLZTO/Lj O/LiCs, and LLZTO/Li interfaces is about 1.53 J m2, 0.45 J m=2, 3.19 J m-=,

Vi

0.53 J m2, -0.55 J m=2, and -6.19 J m, respectively. The negative value of y means that the

I

interface ends to spontaneously form and be thermodynamically stable, and the

O

tendency ositive correlation with the absolute value of y, so the y can be used to

describe tfle wettability of different Li-containing materials. The wettability to LLZT follows the

g

order: i LiF > Li2O > LiOH > Li.COs. According to the calculation results, only the

t
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lithium metal and Li-C alloy have intrinsic wettability, whereas the impurities like LiF, Li2O,
LiOH, M:a are not able to wet LLZTO, which is consistent with the previous
experimel Moreover, as shown in Figures 5e and 5f, the y for the LLZTO/Li
interfadé S@@8mId\w as -6.19 J m2, which is more negative than that of the LLZTO/LiCs
interface, wthat Li can form a stable anode/garnet interface more favorably than LiCs,

or the gra ill impair, not enhance, the wettability between LLZTO and Li. This is

S

consisten e interfacial ASR results of the LLZTO/Li (17.5 Q cm?2) and LLZTO/LiCs
interfaces (20 Q inz) in Figure 4a. In contrast, the LiF, LiOH, and Li2CO3z do not wet LLZTO,
which corﬂat it is the impurity layer on the Li surface that hinders the lithiophilicity. As

for wheth | lithium needs to be composited with graphite, it will not change the

wettablllty reduce the ion transport across the interface.

Figur marizes the above experimental and computational results and describes

M

the lithiophobicity and lithiophilicity of LLZTO with molten Li. Figure 2 shows that the surface

't

impurities sually consist of Li2O, Li2COgs, LiOH, or LiF. There are three possible

sources o @ purities. First, during the production and transportation of the lithium foil,

partial oxi@ation and residues of impurities such as paraffin inevitably exist on the lithium

§

surfac uring heating in the glovebox, lithium metal may react rapidly with volatile

{

This article is protected by copyright. All rights reserved.

AU

28



WILEY-VCH

organics (i.e., PFs) in the glovebox. Third, the adsorbed gas molecules (i.e., CO-, H,O) or the
impurit)w., Li.COs3) on the LLZTO surface might contaminate the lithium surface.

These img despite the small amount, are not able to wet LLZTO because all of them

P

show p@sitiv@lii@rface formation energy with LLZTO, as shown in Figure 5. In contrast, the y
for the LLZLO/L interface is as low as -6.19 J m2. This implies that it is the impurity layer on
the Li suer[ hinders the lithiophilicity. By spreading the molten Li on a heating plate,
impuritiesmy formed on the Li surface are broken by the shear force so that fresh

molten lithium c; directly contact LLZTO. Thanks to the intrinsic lithiophilicity of LLZTO, it

will show Etting behavior and form intimate Li/LLZTO interface, as evidenced in Figure

1c. Moreo se impurity layers can be effectively eliminated by polishing the LLZTO
pellets in the ebox and spreading the molten Li on a heating plate. Once the clean
surfaces a ained, the LLZTO displays excellent wettability to the molten Li or
lithiop \ h results in intimate Li/LLZTO interface contact, low interfacial resistance,

high CCD®and stable cycling, as shown in Figure 3 and 4. The present understanding, on the

§

one hands that the often-neglected surface impurities on the Li anode play an

important ils determining wettability. On the other hand, it provides an alternative
viewpo ret the function of the heavily researched strategies of compositing or

introducin:ediate layers. They might turn lithiophobic garnet into lithiophilic by either

<This article is protected by copyright. All rights reserved.
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breaking (for compositing) or reacting (for intermediate layer) the impurity layer on the lithium

surfaceWore, a simple but effective "polishing-and-spreading" strategy is proposed

to complthe possible drawbacks involved in compositing or using intermediate

layers By @@#img@®additional materials and processing costs and preventing cell energy loss,

which is im:ortjt to consider when designing future garnet-based ASSLBs.

3. Conclusio

S

In su we have demonstrated that the origin of the lithiophobicity of a garnet-type

u

LLZTO is closely related to the surface impurities of both the lithium and LLZTO.

i

Experime ysis and theoretical calculations show that the surface impurities usually

consist offLi» COg, LiOH, or LiF, which, despite the small amount, inhibit the wettability

d

betwe

etal and LLZTO. Comparative study of the wetting behavior of pure lithium,

Li-C a ZTO composite anode implies that the effectiveness of the heavily researched

M

strategies of compositing or introducing intermediate layers may be due to breaking the

[

surface im layers. Furthermore, a simple but effective "polishing-and-spreading”

O

strategy osed to obtain clean Li/LLZTO interfaces, which provides an interfacial

h

resistancegof 17.5 Q cm? and a critical current density up to 2.8 mA cm2. This work sheds
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light on understanding the lithium/solid electrolyte interfaces and contributes to designing

garnet-WLBs.
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