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ABSTRACT: All-solid-state Li-batteries using solid-state electro-
Iytes (SSEs) offer enhanced safety over conventional Li-ion
batteries with organic liquid electrolytes due to the nonflammable
nature of SSEs. The superior mechanical strength of SSEs can
also protect against Li dendrite penetration, which enables the
use of the highest specific capacity (3861 mAh/g) and lowest
redox potential (—3.04 V vs standard hydrogen electrode) anode:
Li metal. However, contact between the Li metal and SSEs
presents a major challenge, where a large polarization occurs at
the Li metal/SSE interface. Here, the chemical properties of a
promising oxide-based SSE (garnet) changed from “super-
lithiophobicity” to “super-lithiophilicity” through an ultrathin
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Transition from Super-lithiophobicity to Super-lithiophilicity of Garnet
leads to a much smaller interfacial resistance

coating of amorphous Si deposited by plasma-enhanced chemical vapor deposition (PECVD). The wettability transition is due to
the reaction between Li and Si and the in situ formation of lithiated Si. As a result, symmetric cells composed of a Si-coated
garnet-structured SSE and Li metal electrodes exhibited much smaller impedance and excellent stability upon plating/stripping
cycles compared to cells using bare garnet SSE. Specifically, the interfacial resistance between Li and garnet dramatically
decreased from 925 to 127 Q cm® when lithiated Si was formed on the garnet. Our discovery of switchable lithiophobic-

lithiophilic surfaces to improve the Li metal/SSE interface opens opportunities for improving many other SSEs.

B INTRODUCTION

Since the commercialization of Li-ion batteries (LIBs) in the
1990s, they have attracted great interest and now dominate the
market for powering commercial electronics such as smart
phones and laptops.”” This successful battery technology
depends to a great extent on the use of graphite-based anodes.
However, Li metal itself is the optimal anode because it is
lighter and offers the lowest potential (—3.04 V vs standard
hydrogen electrode) and highest specific capacity (3861 mAh/
g).”* To date, well-known challenges with Li metal anodes still
remain: (i) safety issues associated with the formation of Li
dendrites, (ii) unstable solid electrolyte interphase (SEI) due to
the highly reactive nature of Li metal, and (iii) low Coulombic
efficiency upon cycling” To circumvent these problems,
numerous strategies were employed, including optimizin
electrolyte components,”’ fabricating an artificial SEL®*
minimizing the local current density,1 11 building a scaffold
structure,'~'? and using advanced separators.'* These strategies
have presented great progress; however, safety concerns still
exist due to potential Li dendrite growth and highly
combustible organic electrolytes.

Solid-state electrolytes (SSEs), on the basis of fast ion
conductors, are recognized as an all-encom7passing concept to
solve the Li metal anode problems.ls_1 For example, Li
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dendrites cannot penetrate through SSEs due to their superior
mechanical strength.lg‘19 Even during failure of all-solid-state Li
batteries (ASSLBs), such as short circuiting, the nonflammable
nature of SSEs would prevent dangerous fires or explosions
from occurring. Moreover, many SSEs have shown great
stability against Li metal even with the formation of SEL
Therefore, intensive efforts to develop SSEs are being
pursued.”’ > Among various SSEs, garnet-type materials are
attractive.”” In particular, Li;La;Zr,0,,, a type of garnet, has
exhibited superior Li-ion conductivity, a wide potential window,
as well as high thermal and chemical stability since its discovery
by Murugan et al. in 2007.° ASSLBs composed of a garnet
SSE, a high voltage cathode, and a Li metal anode have
stimulated research interest due to their safety, high energy/
power density, and long cycle life. Unfortunately, the large
interfacial resistance between the electrodes and the garnet
largely has hampered their development.”**” As pointed out by
Luntz and co-workers in their Viewpoint, minimizing the
interfacial resistance between the SSEs and the electrodes
should be more critical than maximizing the bulk ionic
conductivity of SSEs for electric vehicle applications.”®
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To date, some efforts have been devoted to improving the
cathode/garnet interface.””° Among various technologies,
doping or elemental substitution in garnet demonstrated
improvement.”””' Recently, Kato and co-workers reported
that the interface between garnet and the LiCoO, cathode
could be greatly improved by growing a thin layer of niobium
(Nb) on the garnet prior to LiCoO, deposition. ? Their results
suggested that an amorphous Li—Nb—O layer was formed in
situ, which significantly lowered the LiCoO,/garnet interfacial
resistivity. Although this breakthrough has been reported on
the cathode side, the interface between the Li metal anode and
garnet SSE still presents a major challenge due to the
“lithiophobic” nature of the garnet. Currently, vacuum
evaporation or high pressure processes are used to deposit
the Li metal anode onto garnet to minimize interfacial
resistance, which greatly limits technological applications.””™>*

The fundamental problem of poor contact between the Li
metal and garnet is due to the high stability of garnet against Li
metal. Recently, several strategies have been reported to
improve the wettability of materials with Li metal, where a
reaction between the Li metal and these materials is key.'”"”
Inspired by these works, we engineered the surface of garnet by
coating an ultrathin layer of amorphous Si, which is known to
be a highly reactive material, with Li. Through plasma-
enhanced chemical vapor deposition (PECVD), the ultrathin
(~10 nm) amorphous Si coating layer can create perfect
contact with the garnet. In this case, molten Li can wet the
garnet rapidly (up to 4 s). Our experiments and theoretical
calculations indicate that the reaction between Si and Li are
crucial for enhanced wettability, which causes the garnet surface
to switch from “superlithiophobic” to “superlithiophilic”
behavior (Figure la and b). Moreover, lithiated Si was in situ

(a) (c)

1000

8¢ E 8001
& 2 g
o

< é 6004
Lithiophobicity— high interfacial resistance ‘é
o

400
o E
i3 £

éig E 2004

04
Lithiated Si layer <—> Li-ion conducting Li/Garnet Li/Li,Si/Garnet

Lithiophilicity — low interfacial resistance

Figure 1. (a) Lithiophobic garnet has poor contact with Li metal,
which leads to a high interfacial resistance. (b) The wettability of
garnet is significantly improved due to the reaction between Li and Si
and the in situ-formed, lithiated Si can act as a Li-ion conducting layer.
(c) The wettability transition and the in situ-formed, lithiated Si lead
to the dramatic decrease of garnet/Li metal interfacial resistance from
925 Q cm® (bare garnet) to 127 Q cm® (Si-coated garnet).

formed between garnet and Li metal, which acts as a Li-ion
conductor layer; thus, symmetric cells using the lithiophilic
garnet showed a much smaller interfacial resistance compared
to that of the lithiophobic garnet (Figure 1c). We believe that
our method of transitioning garnet from superlithiophobicity to
superlithiophilicity is a promising strategy for future SSE and
ASSLB designs.

B RESULTS AND DISCUSSION

In this study, niobium (Nb) and calcium (Ca) codoped
Li;La3Zr,0, (LiggsLasoCag Zr; 7sNbg,sOq,, designated as
LLZ) was adopted, whereby Nb doping can stabilize the
cubic phase and increase the Li-ion conductivity and Ca doping
can serve as a sintering aid to densify the garnet body structure
at low sintering temperatures (see more details in the
experimental section of the Supporting Information). The
LLZ precursor powders were synthesized by a solid-state
reaction at 900 °C followed by ball milling to break up soft
agglomeration. The LLZ powders were pressed into pellets and
sintered at 1050 °C to yield the yellowish LLZ pellet (Figure
2a). Figure Sla displays the X-ray diffraction (XRD) patterns of

ST

Figure 2. Coating of an ultrathin layer of amorphous Si (~10 nm)
onto a garnet solid-state electrolyte (LLZ) via PECVD. (a) Digital
image of a bare LLZ pellet. (b,c) SEM images of bare LLZ at different
magnifications. Crystallized LLZ particles with a smooth surface can be
observed. (d) Digital image of the Si-coated LLZ, where a noticeable
color change from yellow to orange occurs. (e,f) SEM images of the Si-
coated LLZ, where the surface became rougher after coating. (g—i)
EDX elemental mapping images of Si-coated LLZ. The elemental Zr
and Si overlap well, which suggests that Si is uniformly distributed on
LLZ.

the calcined precursor LLZ powder and the sintered LLZ pellet
with the standard cubic phase present in the garnet structure
(PDF-80-0457). The stabilized cubic phase enables a high Li-
ion conductivity of 2.5 X 10™* S/cm, as displayed in Figure S1b.
The Li-ion conductivity of LLZ is also thermally activated and
obeys the Arrhenius equation, where the activation energy is
0.35 eV and comparable to other reported values.*®

Figure 2b is a low-magnification scanning electron
microscopy (SEM) image of the polished LLZ pellet, showing
a large quantity of crystallized particles on the order of several
micrometers. The zoomed-in SEM image in Figure 2c shows
the garnet’s smooth surface. After coating an ultrathin layer of
amorphous Si (~10 nm) by PECVD, the LLZ turns orange
(Figure 2d). High-magnification SEM images show that the
LLZ surface becomes rougher after coating (Figure 2e and f).
Figure 2g to 2i are energy-dispersive X-ray (EDX) elemental
mapping images, where the elemental Zr signal overlaps well
with elemental Si. These results verify the uniform distribution
of Si on the surface of LLZ by PECVD, a well-known technique
used in the semiconductor industry. Note that the surface of
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many other SSEs can be easily modified using an inexpensive Si
layer coating by PECVD.

To evaluate the wettability of LLZ before and after Si
coating, we designed and fabricated an LLZ pellet with
amorphous Si (~10 nm) selectively deposited on only one-
half of the pellet area (Figure 3a). As shown in Figure 3d, the
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Figure 3. Evaluation of LLZ wettability with Li metal. (a) Schematic
showing the designed LLZ pellet with only one half (orange)
selectively coated with amorphous Si. (b) SEM image showing the
contrast between the bare LLZ area and the Si-coated area. (c) A
homemade setup for the wettability evaluation, where molten Li was
loaded in a stainless steel boat on a hot plate (~200 °C). Digital
images of the half-coated LLZ pellet before and after dipping in
molten Li for (d) 0, (e) 1, and (f) 4 s. This shows the dramatic
wettability transition of LLZ from superlithiophobicity to super-
lithiophilicity using an amorphous Si coating.

orange half denotes the Si-coated LLZ pellet area, which is
further confirmed by SEM (Figure 3b) and EDX mapping
observations (Figure S2). The wettability was tested by dipping
this unique LLZ pellet into molten Li using a homemade setup
(Figure 3c). After dipping into molten Li for only 4 s, the Si-
coated side was fully coated with Li metal while the bare side
remained clean (Figure 3d—f). The entire Li coating process
can be found in MovieS1 of Supporting Information, where the
sharp contrast between the Si-coated and bare LLZ sides
indicates a dramatic wettability transition of LLZ from
superlithiophobicity to superlithiophilicity due to the amor-
phous Si coating.

Prompted by the enhanced wettability, the interfacial
resistance between the Li metal and Si-coated LLZ is expected
to decrease. For the Li metal/LLZ interface resistance to be
tested, LLZ or Si-coated LLZ was sandwiched by two Li metal
electrodes to assemble symmetric cells (Figure 4a and b). Prior
to the electrochemical measurements, all the cells were heated
at ~200 °C for 20 min in a glovebox because thermal treatment
promotes superior contact between Li and LLZ.*”*° Because of
the high reactivity of molten Lij, lithiated Si will be formed in
situ between the Li metal and the Si-coated LLZ. As shown in
Figure 4c, the Nyquist plots of symmetric cells exhibit two
distinct semicircles: one at high frequency and another at low
frequency. The overall resistance of the LLZ (bulk and grain
boundary) in an Au/LLZ/Au symmetric cell is 215 Q cm®
(Figure S3). The Li/LLZ/Li symmetric cell delivers a large
resistance of 2064 Q cm? where the interfacial resistance
between Li and LLZ was calculated to be 925 Q cm® (Figure
S4a). The calculation details can be found in Supporting
Information. Notably, the interfacial resistance between the Li
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Figure 4. Electrochemical performance of symmetric cells using Si-
coated and bare LLZ. Schematic illustration showing the structure of
symmetric cells with (a) LLZ or (b) Si-coated LLZ SSEs. (c)
Electrochemical impedance spectroscopy (EIS) measurements of
symmetric cells where the interfacial resistance of the Si-coated garnet
cell was significantly decreased. (inset) Digital image of a Li/Si-coated
LLZ/Li symmetric cell. (d) Long-term cycling performance of the Li/
Si-coated LLZ/Li symmetric cell at current densities of 0.05 and 0.1
mA/cm?. (e) Voltage profiles of the Li/Si-coated LLZ/Li symmetric
cell at current densities of 0.1 and 0.2 mA/cm?

and Si-coated LLZ was dramatically decreased to 127 Q cm?,
which is approximately 7.3 times lower than bare LLZ (Figure
S4b). Therefore, the improved wettability from Si coating and
the in situ formation of lithiated Si led to a much smaller
interfacial resistance. As expected, the cell with Si-coated LLZ
delivered stable plating/stripping behavior. When the Li/Si-
coated/Li cell was tested at 0.05 or 0.1 mA/cm’, the voltage
profiles exhibited flat and stable plating and stripping curves
with a small overpotential (Figure 4d). After cycling for 225 h,
the voltage profiles were still stable, indicating great cycling
performance. As the current density was increased to 0.2 mA/
cm?, the overpotential remained small, and the cell delivered
stable cycling performance (Figure 4e). However, the
symmetric cell with bare LLZ exhibited a large overpotential,
unstable voltage profiles, and poor cyclability (Figure S5). This
is due to the large interfacial resistance between the Li metal
and bare LLZ, which has been widely observed in previous
studies.”**”***® For example, Kotobuki et al. reported a Li/
LLZ/Li symmetric cell, which showed a large resistance of
~5500 Q and a large overpotential during plating/striping.*®
Similarly, Janek’s group demonstrated a large interfacial
resistance between Li and garnet.’® Therefore, our study
proves that the Li metal/LLZ interface and the striping/plating
process can be greatly improved by depositing an amorphous Si
as well as the in situ formation of a lithiated Si layer.

It is well-known that the reaction between molten Li and Si is
spontaneous'>*”** and that lithiated Si is a good Li-ion
conductor (D ~ 1072 m?/s).**~* To demonstrate the Li-ion
conduction of lithiated Si, we performed a simple experiment
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where Li metal foil was adhered to Si-coated LLZ and placed
on a hot plate (Figure Sa). When the Li metal started to melt at
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Figure 5. Structural evolution of Si-coated LLZ upon lithiation by
molten Li. Digital images of Si-coated LLZ (a) before and (b,c) after
lithiation, which shows the exceptional Li-ion conductivity of lithiated
Si. (d) Schematic view of the superlithiophilic garnet-Li metal interface
enabled by the in situ-formed, lithiated Si layer. (e) Theoretical
calculations demonstrate improved interfacial contacts between LLZ
and Li metal due to the enhanced wetting mediated by the in situ-
lithiated Si interlayer. Mutual reaction energy of interfaces between
LLZ and lithiated Si interfaces were calculated. The negative reaction
energy indicates enhanced wetting and good interfacial contacts
between LLZ and the in situ-formed, lithiated Si interlayer.

~190 °C, the Si-coated LLZ area near the Li metal changed
color from orange to black (Figure Sb). This color change
denotes the lithiation process of Si. Interestingly, the entire
surface became black upon lithiation, which suggests the
reaction occurred not only in areas directly in contact with Li
metal but also across the entire Si-coated LLZ (Figure 5c). A
detailed demonstration of this lithiation behavior can be found
in MovieS2 of the Supporting Information. As demonstrated in
Figure 5d, when a thin layer of Si was coated onto garnet, the in
situ-formed, lithiated Si can conduct Li ions effectively between
Li metal/LLZ. First-principles calculations were performed to
investigate the interface stability between the LLZ and the
newly formed lithiated Si. By considering the interface as a
pseudobinary system of lithiated Si and LLZ, the most
thermodynamically favorable phase equilibria as interphase
layer were identified, and the reaction energy to form these
interphases was calculated.** We found that the reaction
energies are in the range of —90 and —40 meV/atom (Figure
Se and details in Table S1), which suggests reasonable stability
of the interface between lithiated Si and LLZ. The limited
interfacial reaction energy indicates potential kinetic stabiliza-
tion and less interfacial degradation compared to those of other
SSEs.**** Additionally, the wettability at the interface is
improved by the minor reactions at the interface. Therefore,
the interface between lithiated Si and LLZ may exhibit both
good stability and wettability, which enhances the interfacial
contact and reduces the overall interfacial resistance.
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B CONCLUSIONS

In summary, we have developed a strategy to improve the Li
metal/LLZ interface by depositing an ultrathin layer of
amorphous Si via PECVD for the first time. The wettability
of the LLZ dramatically changed from superlithiophobic to
superlithiophilic behavior due to the reaction between Li and
Si. The resulting Si-coated LLZ symmetric cells exhibit a 7-fold
decrease in interfacial resistance as well as stable plating/
striping processes compared to those of bare LLZ. We believe
that our route to solve the interface problem between Li metal
and LLZ can also be extended to other solid-state electrolytes.
All solid-state Li batteries using Li metal as the anode can take
advantage of these findings. Note that PECVD Si coating is a
well-developed technique in the semiconductor industry, which
enables a straightforward transition toward scalable, all-solid-
state Li metal battery development. PECVD can also
conformally deposit material within three-dimensional porous
garnet networks. Therefore, this technique can facilitate more
advanced cell designs with numerous garnet-based electrolytes.
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