
ARTICLES
PUBLISHED: 31 JULY 2017 | VOLUME: 2 | ARTICLE NUMBER: 17119

A facile surface chemistry route to a stabilized
lithiummetal anode
Xiao Liang1†, Quan Pang1, Ivan R. Kochetkov1, Marina Safont Sempere2, He Huang1, Xiaoqi Sun1

and Linda F. Nazar1*

Lithium metal is a highly desirable anode for lithium rechargeable batteries, having the highest theoretical specific capacity
and lowest electrochemical potential of all material candidates. Its most notable problem is dendritic growth upon Li plating,
which is a major safety concern and exacerbates reactivity with the electrolyte. Here we report that Li-rich composite alloy
films synthesized in situ on lithium by a simple and low-cost methodology e�ectively prevent dendrite growth. This is
attributed to the synergy of fast lithium ion migration through Li-rich ion conductive alloys coupled with an electronically
insulating surface component. The protected lithium is stabilized to sustain electrodeposition over 700 cycles (1,400h) of
repeated plating/stripping at a practical current density of 2mAcm−2 and a 1,500 cycle-life is realized for a cell paired with a
Li4Ti5O12 positive electrode. These findings open up a promising avenue to stabilize lithium metal with surface layers having
targeted properties.

Over the past decades, rechargeable batteries based on Li-ion
intercalation positive and negative electrode materials have
been widely used as ‘cathodes’ and ‘anodes’, respectively.

However, cells based on intercalation chemistry can provide only
limited energy density, which is problematic in light of growing
demands for large-scale storage1. Alternative approaches based on
conversion chemistry such as Li/O2 and Li/S batteries have attracted
increasing attention2–5. The advantages of such potentially high
specific energy systems arise from the combination of a very high
capacity cathodewith a lithiummetal anodewhich exhibits an order
of magnitude higher specific capacity than graphite (3,860 versus
370mAh g−1; ref. 6). Although significant effort has been put into
the cathode side of these batteries, their eventual success relies on the
realization of a stable and safe lithiummetal anode, and a favourable
electrode–electrolyte interface7. If stabilized lithium anodes could
be employed for Li-ion batteries to replace graphitic carbons,
significantly higher energy densities could also be achieved8.

A major problem associated with lithium metal is the formation
of Li dendrites on cycling9. These result in cell short circuits, and
accelerate detrimental reactions with the electrolyte6, which not
only corrodes the Li metal anode but also consumes the electrolyte,
leading to cell ‘dry-out’ and early failure10. Much effort has been
devoted to tackling this problem. However, there have been few
significant breakthroughs to date that enable long-term stable
cycling at practical current densities greater than 1mA cm−2, with
some noteworthy exceptions based on electrolyte developments11,12.
Electrolytes with low Cs+ concentrations can eliminate dendrite
growth at low currents13. Other approaches, including in situ
generation of a solid electrolyte interphase (SEI) on lithium using
electrolyte additives14–16, high lithium salt concentrations17, and
ex situ embellishment of lithiumwith artificial protection layers18–20,
or pre-treatment methodologies21, can stabilize the lithium surface.
However, owing to the low electron/ion conductivity and poor
mechanical stability of most protection layers, they are often
effective only for a few hundred cycles at relatively low current

densities (that is, <0.5mA cm−2). Suppressing dendrite formation
by reducing the local current density via high-surface-area current
collectors was reported recently22–24. Although this approach is
efficient, because the plated lithium duplicates the porous structure,
electrolyte reactivity could be aggravated. Physically blocking
dendrite growth by solid electrolytes25,26 and polymer electrolytes27
with a high shear modulus can prevent dendrites from piercing
the separator. However, it does not change the fundamental, self-
amplifying behaviour of dendrite growth6. Application of inorganic
solid electrolytes is also challenged by their poor interface with
lithium28, and difficulty in fabricating thin membranes. Although
some sulfide-based and garnet-type solid electrolytes exhibit
comparable ionic conductivity to that of liquid electrolytes—and
are relatively stable toward Li—dendrite growth through the grain
boundaries is nonetheless a major issue29.

Here we report a highly effective approach to prevent Li dendrite
formation by in situ formed surface films comprised of lithium-
based compounds (for example, Li13In3, LiZn, Li3Bi, or Li3As),
which exhibit fast lithium diffusion in the bulk. Our approach was
realized by direct reduction of themetal chlorides by Li at room tem-
perature. The resultant metal reacts with the underlying Li to give a
film comprised of the respective lithium-richest LixM alloy (M can
be In, Zn, Bi or As), and electronically insulating LiCl is formed as a
by-product of the initial reaction. This alloy remains composition-
ally invariant on cycling—providing a conduit for Li transport to
the underlying lithium—and the LiCl bestows insulating qualities to
the film, preventing reduction of the Li+ on the surface. The alloy-
protected Limetal delivers an extended cycling life of 1,400 h of con-
tinuous plating/stripping in symmetric cells at a high current density
of 2mA cm−2. Furthermore, cells with protected lithiumpairedwith
a Li4Ti5O12 (LTO) electrode were cycled up to 1,500 cycles at a 5C
rate (1C = 1 Li/h).Operando imaging of the lithium surface in liquid
electrolyte cells during cycling confirms that dendrite formation is
suppressed by the surface layer, and ex situ SEMmeasurements show
that Li electrodeposition occurs under the alloy layer.
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Figure 1 | Characterization of alloy-protected lithium foil. a, X-ray di�raction patterns of lithium metal and alloy-protected lithium metal (reference data
from the corresponding JCPDS files: 00-033-0615 for Li13In3, 01-074-1158 for Li3As, 00-027-0427 for Li3Bi and 98-064-2412 for LiZn, respectively). After
the Li foil was reacted with metal chlorides it was aged for two days in vacuum. b, SEM image of ‘fresh’ lithium. c,d, EDS mapping of In and Cl, respectively,
of the cross-section of Li13In3|Li. e,g, SEM images of the top alloy-covered surface of Li13In3|Li (e) and LiZn|Li (g). f,h, Cross-sectional SEM images of
Li13In3|Li (f) and LiZn|Li (h). The scale bars are 20 µm.

Fabrication of alloy-protected lithiummetal foils
The facile, scalable procedure to fabricate thin alloy layers chemi-
cally bound onto Li metal foil starts with in situ reduction of metal
chlorides by Li:

xLi+MClx→M+xLiCl (M= In,Zn,Bi,As) (1)

The metal layer immediately undergoes reaction with the underly-
ing lithium, proceeding until a single phase composition is achieved:

yLi+ zM→LiyMz (2)

The kinetics of equation (1) are very fast. The colour of the lithium
metal changes within seconds upon dipping it in the chloride
solutions (Supplementary Fig. 1). The equilibrated LiM protection
layer was characterized by X-ray diffraction (XRD) (Fig. 1a),
showing that the lithium-rich phases Li13In3, LiZn, Li3Bi, and Li3As
are the only crystalline phases evident on the respective lithium
foils. Crystalline defects are undoubtedly present in the films, owing
to the room-temperature growth conditions: significant XRD line-
broadening was observed for Li3Bi, for example (Fig. 1a). Scanning
electron microscopy (SEM) images of a lithium surface (Fig. 1b)
compared to that reacted with InCl3 and ZnCl2 as representatives
(Fig. 1e,g) show the Li surface is uniformly covered with the alloy
films. Energy dispersive spectroscopy (EDS) mapping of the In film
shows a uniform distribution of In and Cl in the layer (Fig. 1c,d),
where the latter is present as LiCl (see equation (1)). It accounts for
a weight ratio of 14.5% in the layer (EDS spectrum, Supplementary
Fig. 2). The protected lithium foils are denoted henceforth as
LiyMz|Li, where LiCl is omitted for clarity. The composite alloy
layer is less than 10 µm thick as measured by cross-sectional SEM
(Fig. 1f,h).

Importantly, the layers function quite differently than alloy anode
materials (Li–Mg, Li–Al, Li–In, and so on) that have been employed
as sole lithium sources. Cycling the alloys through a range of Li
compositions results in deleterious volume expansion/contraction
and invokes rate-limiting two-phase transitions between different
line phases30,31. Our approach benefits from the fast Li conduction
of the LixM alloys while the underlying Li foil provides the
source of lithium. Bulk chemical diffusion coefficients (DLi) for
high-temperature synthesized phases are 4.7 × 10−8 cm2 s−1 for

LiZn at 300K (ref. 32), 3× 10−6 cm2 s−1 for Li3Bi at 320K (ref. 33),
and 10−8–10−6 cm2 s−1 for the Li–In phase containing 47–63 at%
Li (ref. 34). Assuming a 200 µm lithium foil, the protecting alloy
layer accounts only for <5% volume. Because the alloys are line
phases—not solid solutions—they remain as the Li-rich phase on
cycling by virtue of contact with the lithium foil (see Supplementary
Fig. 3, Li13In3|Li). The bulk alloy phases are likely to be electronic
conductors (either metals or small band-gap semiconductors, as
suggested by our band structure calculations, Supplementary Fig. 4)
but the fortuitous co-production of insulating LiCl with the alloy
renders the composite film resistive. Such resistance, as exhibited by
some amorphous carbons and graphenes which have been explored
as protective layers35–37, is sufficient to establish an electric field
across the film, and provides a driving force for lithium to migrate
through the layer, as we will show in the next sections.

Physical characterization of the alloy protection layers
The composition of the protection layer was determined by X-ray
photoelectron spectroscopy (XPS) analysis, using In-protected Li
as the example. The In 3d spectrum of a reference material,
bulk Li13In3, exhibits a main peak at 442.2 eV (Fig. 2a, top),
assigned to Inδ− in Li13In3 (ref. 38). The same Li13In3 alloy
phase is clearly formed on the surface of the InCl3-treated
lithium. Some In (443.2 eV) (and its oxide, (444.5 eV; ref. 39))
are also present (Fig. 2a, centre), but their fraction dramatically
decreased after Ar sputtering, indicating their existence only on
the upper 10 nm (Fig. 2a, bottom). This means that the self-
alloying process (equation (2)) is a kinetically limited process and
results in a gradient of alloy concentration. The presence of LiCl
in the composite layer is evidenced by its characteristic signal at
199.8 eV in the Cl 2p spectrum (Fig. 2b, top; see survey spectrum,
Supplementary Fig. 5a). The Li fraction (as LiCl) is about 16 at% in
the uppermost portion of the layer that is probed by XPS; that is,
a weight fraction of 19% (Li 1s XPS, Supplementary Fig. 5b). The
Li–Zn protection layer contains 12wt% LiCl. LiCl is also evident
in the Li–In film after Ar sputtering for 10min (Fig. 2b, bottom)—
indicating that it penetrates well below the upper surface, in accord
with the bulk probe afforded by the EDS (Fig. 1d) that shows an
overall 14.5 wt% Li(Cl) content in the layer.

This insulating halide component results in resistive protecting
films, as indicated by direct current–voltage measurements of the
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Figure 2 | XPS analysis of the film-protected lithiummetal before and after Li plating. Data are shown as open circle markers, and the fits in solid colour.
a, High-resolution In 3d spectra of cold-pressed bulk Li–In alloy (as a reference, top), film-protected Li before (centre) and after 10 min Ar sputtering
(bottom), respectively. b, Cl 2p spectra of the Li–In film-protected Li before (top) and after (bottom) 10 min sputtering. c,d, In 3d and Li 1s spectra,
respectively, of protected Li with 2 mAh cm−2 Li plating, before sputtering (top), after 5 min sputtering (centre), and after 10 min sputtering (bottom).
The chemical environments of the individual peaks are as shown. Details of the fitting procedure can be found in the Methods.

In- and Bi-based films as representative examples (Fig. 3). The
electronic resistivity of the Li13In3 and Li3Bi protection layers is
(0.5± 0.2)× 104� cm and (2.8 ± 0.9) × 104� cm, respectively
(that is, σ e = 2 × 10−4 and 3.6 × 10−5 S cm−1; see Supplementary
Fig. 6 for details). The resistance values are two–three orders of
magnitude higher than those of amorphous carbon nanosphere
films (1.3 × 101� cm) that induce Li plating underneath the
film35. The polarization I–V curves of symmetric cells also show
that the Li|Li13In3 electrode exhibits a much smaller I–V slope
than the Li electrode (20± 2mAV−1 versus 4.7 ± 0.1mAV−1,
Supplementary Fig. 6a). This supports electron transfer impedance
from the protection layer, consistent with the electrochemical
impedance measurements (Supplementary Fig. 6b).

Probing lithium deposition under the alloy layer
We employed a combination of SEM and optical microscopy to
investigate Li electrodeposition with the alloy protective layers
(Fig. 4). Li13In3|Li and LiZn|Li were used as the representative
foils. Figure 4a shows a top-surface SEM view of the dendritic
morphology of the electrodeposited lithium on Li metal. These
high-surface-area dendrites exacerbate reaction with the electrolyte,
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Figure 3 | Measurements of d.c. conductivity of lithiummetal protected
with the alloy-composite films using blocking electrodes. Voltage
response of pristine lithium (red curve), Li3Bi|Li|Li3Bi (blue curve) and
Li13In3|Li|Li13In3 (olive curve) electrodes to an applied current of 5 mA, from
which the resistance of the films are calculated (see Supplementary Fig. 6).

leading to lithium pulverization after 100 cycles (200 h) of repeated
plating/stripping (Supplementary Fig. 7a)10. In contrast, the
composite alloy-protected lithium anodes show more featureless,
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Figure 4 | Scanning electron microscopy and optical microscopy study of the alloy-protected lithiummetal. a,b, Surface view of fresh lithium metal (a)
and the composite Li13In3|Li anode plated with 2 mAh cm−2 of Li (b). c–e, Cross-sectional image of a composite Li13In3|Li foil before Li plating (c),
cross-sectional image for composite Li13In3|Li plated with 2 mAh cm−2 of Li (d) and the corresponding image in backscattered electron mode (e). The red
dotted line in d,e outlines the electrodeposited Li. f,g, Operando optical microscopy images of the front surfaces of two electrodes, fresh lithium (f) and
composite Li13In3|Li (g) in a symmetric transparent cell, recorded at the specified number of plating/stripping cycles. The cross-section edge is slightly
lifted in places due to stresses induced in the cutting procedure. The scale bar in f–g is the same, as indicated.

non-dendritic lithium deposition (Fig. 4b). Corrosion of the surface
is suppressed, as seen in the cross-sectional view (Supplementary
Fig. 7b); similar data are shown for LiZn|Li in Supplementary
Fig. 7c,d. Because the alloy protection layers are compositionally
invariant on cycling, they do not undergo any deleterious volume
changes. The alloy layers are also expected to be less reactive with
the electrolyte than Li because of their lower chemical potential.

The cross-sectional view of the Li13In3|Li electrode before
(Fig. 4c) and after electrodeposition with 2mAh cm−2 of lithium
(Fig. 4d,e) shows that the lithium is plated under the composite alloy
layer. The plated lithium layer appears bright in secondary electron
detection mode (Fig. 4d), but dark in backscattered mode (Fig. 4e),
allowing it to be distinguished from the alloy. The thickness of the
deposited metal—about 8–10 µm—is in accord with that expected
for the quantity of Li deposited.

To further illustrate the suppression of dendrite growth by the
composite film, we monitored Li plating/stripping in a sealed
transparent cell with an optical microscope equipped with a digital
camera (details shown in Supplementary Fig. 8a,b). Using Li13In3|Li
as an example, Li foil as the counter-electrode, and an electrolyte-
soaked separator, an alternating current (4mA cm−2, 10min) was
applied to the electrodes. Figure 4f,g shows photos taken at

different plating/stripping cycles. Before cycling, the surfaces of
both electrodes were smooth. After about 100 cycles, protrusions
start to appear along the edge of the Li electrode: evidence of
inhomogeneous Li deposition (Fig. 4f). These protrusions nucleate,
and aggregate to form high-surface-area dendrites that are very
pronounced at 220 cycles, as also demonstrated by the porous
morphology of the lithium electrode (Supplementary Fig. 7a). In
contrast, the alloy-protected Li exhibits smooth lithium deposition
with no sign of dendrites or pulverization on cycling (Fig. 4g).

Figure 2c,d reports the XPS depth profiling of the Li13In3|Li
electrode immediately after being plated with 2mAh cm−2 of Li.
The absence of an In signal (Fig. 2c, top) and the presence of
lithium components (Fig. 2d, top) implies that the very uppermost
layer is covered by an interphase consisting of a LiOH/Li2CO3
(55.0 eV)/Li2O (53.7 eV) passivation film on electrodeposited Li
(52.8 eV; ref. 40) (see Supplementary Fig. 9a,b). However, after
only 5min of Ar-ion sputtering, the In 3d spectrum shows the
predominance of Li13In3 with aminor contribution from In0 (Fig. 2c,
centre); furthermore, no interphase composition is now apparent
in the Li 1s spectrum (Fig. 2d, centre). Thus the interphase is only
about 10 nm in depth (the amount removed based on a sputtering
rate of 1–2 nmmin−1; ref. 40), which is far less than 10 µm, the
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Figure 5 | Schematic depicting the function of the alloy-protected lithium foil. a, Unprotected lithium foil is subject to dendrite growth. b, Alloy/LiCl-
protected Li foil allows for a significant potential gradient across the protection layer (1E), and good Li+ ion di�usion through the∼10 µm film which
enhances charge transfer at the interface. The two factors act in concert to inhibit dendrite growth. The shaded olive region in b is the interface; the alloy
phase and the amorphous/nanocrystalline LiCl phase are represented in orange and light blue, respectively.

approximate thickness of lithium deposited at 2mAh cm−2. It
confirms that the vast majority of the plated lithium atoms have
passed into or through the protection layer, as demonstrated in
Fig. 4d. The corresponding Li 1s spectrum (Fig. 2d, centre, and
Supplementary Fig. 9c) clearly shows the Li13In3 phase at 55.4 eV,
along with LiCl. After a 10min sputter, the ratio of Li13In3/LiCl
increases, indicating the alloy composite becomes richer in alloy
with increasing depth (Fig. 2d, bottom). The XPS spectra also show
the fraction of residual In0 in the protection layer is greatly reduced
after lithium plating (Fig. 2c, centre) compared to pristine Li13In3|Li
(Fig. 2a, centre). This demonstrates that the In at the surface alloys
with the plated lithium on deposition until the composition Li13In3
is reached.

Advantages of the alloy-composite protective layers
The uniqueness of the protection layers that allow electrodeposition
of Li underneath the film relies on two factors, as summarized in
Fig. 5. First, the increase in resistance conveyed by the insulating
LiCl component is critical to establishing the necessary potential
gradient across the film to drive Li+ diffusion through the layer.
Although LiCl is not a good ionic conductor, Li migration takes
place through the alloy phase. This is vital to plate Li underneath the
film. The strategy differs fromutilizing a high-surface-area substrate
on which non-dendritic Li plates at low local currents22–24, where its
contact with the electrolyte leads to potential reactivity. Secondly,
while the insulating component establishes the potential gradient,
the high diffusion coefficients of the alloy phases enables lithium
diffusion. DLi is in the vicinity of 10−8–10−6 cm2 s−1 (refs 32–34)
in bulk phases—which far exceeds that of Li in bulk lithium
metal (5.69× 10−11 cm2 s−1; ref. 41) or most other conventional
Li-ion electrode materials (typically <10−10 cm2 s−1; ref. 42). In
fact, the impact of fast lithium diffusion on alleviating dendrite
formation was highlighted by Huggins almost three decades ago43.
We anticipate DLi to be even higher in our room-temperature-
formed alloy phases, which are likely to contain significant
Li vacancies.

Stripping/plating measurements were carried out in symmetric
Li–Li cells to validate the role of the composite alloy layer for all
materials. A practical capacity of lithium at a high current density
(2mAh cm−2 at a current density of 2mA cm−2) was repeatedly
deposited/dissolved in each discharge/charge cycle. Figure 6a–c
shows the voltage profiles as a function of time. Lithium metal
short circuits due to dendrites within 200 h (100 cycles), signalled
by voltage fluctuations (Fig. 6a). In contrast, the alloy-protected
lithium foils show a very stable voltage profile (Fig. 6b,c). Both

Li13In3|Li and LiZn|Li cells cycle for more than 1,000 h without
any sign of a short circuit. Cells comprised of Li3Bi|Li and Li3As|Li
show similar performance: they can be repeatedly plated/stripped
for over 1,200 and 1,400 h, respectively (Supplementary Fig. 10). The
over fivefold improvement in cycling life proves that the protection
layer is effective in stabilizing lithium electrodeposition. These
composite alloy-protected lithium anodes also exhibit stabilized
performance in a classic Li-ion electrolyte (1M LiPF6 in EC-DMC;
Supplementary Fig. 11). To our knowledge, this is the best
performance of Li plating/stripping in symmetric cells at a high
current density/surface capacity compared to other studies that
have employed electrolyte additives13,15, artificial SEIs18,19 or solid
electrolytes25,26 for protection.

The composite alloy-protected lithium exhibits a lower average
overpotential compared to lithium itself (65 versus 90mV,
Fig. 6a–c), indicating better charge transport through the protective
layer compared to the native SEI formed on lithium metal. As
our impedance measurements demonstrate, lithium undergoes
side reactions with the electrolyte44, resulting in the build-up of
a poorly ionically conductive SEI/passivation layer that leads to
ever-increasing charge transfer resistance (Supplementary Fig. 12a).
The protected lithium foil is much more inert to reaction with
the electrolyte: the resistance is much lower, and remains almost
constant (Supplementary Fig. 12b). This implies favourable charge
transfer/atom diffusivity in the layer, consistent with the lower
polarization observed in Fig. 6.

The performance of the alloy-protected lithium as an anode was
further investigated in a full cell using zero-strain Li4Ti5O12 (LTO)45
as the cathode (Fig. 6d–f). Cells were examined at a high rate of 5C,
corresponding to a current density of 2.5mA cm−2. In the cell with
a non-protected lithium anode, the overall overpotential became
significant after 100 cycles (Fig. 6e), attributed to increasingly severe
passivation/pulverization of the lithium surface, as shown in Fig. 4.
The discharge capacity also gradually decreased, and the cell failed
after 600 cycles. In sharp contrast, cells with the alloy-protected
lithium anode show excellent cycling life, delivering stable capacity
for 1,500 cycles without significant degradation. No significant
overpotential increase was observed, as illustrated by the Li13In3|Li
anode (Fig. 6f).

Conclusions
In summary, we have demonstrated that Li-based surface composite
alloy films (Li13In3, LiZn, Li3Bi, or Li3As)/LiCl, generated by a
simple surface chemistry in solution, provide a stable interface for
lithium electrodeposition. These alloys have much higher lithium
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Figure 6 | Electrochemical performance of protected lithiummetal. Lithium stripping/plating in symmetric cells at a current density of 2 mA cm−2 for 1 h
in 1M LiTFSI 1:1 DOL:DME electrolyte. a–c, Voltage profile of fresh lithium metal anode (a), Li13In3|Li anode (b) and LiZn|Li anode (c). The red dotted circle
in a shows the instability due to the onset of dendrite growth. The inserts in b and c are the high-resolution voltage profiles at specific times. d, Cycling
performance of LTO electrodes paired with all four alloy films as indicated. e,f, Voltage profiles of the LTO cells during cycling, with a Li metal anode (e) and
with a representative Li13In3|Li anode (f). The dotted red lines in e highlight the increased polarization in the cell with unprotected Li. The areal loading of
the LTO electrodes was about 3 mg cm−2, and cells were examined at a 5C rate.

diffusion coefficients than lithium metal. In addition, the resistive
nature of the film provided by the insulating LiCl component in
the alloy layer inhibits reduction of lithium ions on the surface,
and generates a driving force for deposition of lithium under the
protective alloy surface layer. The alloys were prepared by a facile
metathesis reaction in solution followed by self-alloying, and the
films enabled suppression of dendrite growth on repeated lithium
stripping/plating deposition in a symmetric cell over 1,400 h at
a practical current density of 2mA cm−2. Ultra-long cycling life
was realized by such protected lithium metal anodes paired with
a Li4Ti5O12 cathode. Our finding is significant since it provides
a simple and inexpensive strategy to stabilize lithium metal,
which fundamentally changes its electrodeposition behaviour from
dendritic to non-dendritic, and opens up a new and promising
research direction. Given the existence of numerous available
lithium alloys along with other materials and their rich surface
science chemistry, explorations combined with computational
approaches may yield more practical lithium metal batteries.

Methods
Preparation of the protected lithium electrode. Electrode preparation was
carried out in an argon-filled glove box with <1 ppm oxygen and moisture.
Lithium metal foil (99.9%, Aldrich) was polished until the surface was
extremely shiny. After polishing, the lithium foil was immersed in a 0.167M
MClx solution in tetrahydrofuran (THF) for 20 s (M = As, In, Zn or Bi). Upon
removal from the THF solution, the excess liquid on the treated lithium foil was
carefully removed. The foil was then rinsed with THF, dried under vacuum for
two days at room temperature and cut into 11mm circles for investigation in
electrochemical cells.

Preparation of the Li13In3 bulk phase. Indium foil and lithium foil were polished
prior to use. The desired weight of foils was measured and stacked together. The
stacked foil was pressed with 4 tons of pressure for 30min in a 12-mm-diameter
die. All steps were conducted in an Ar-filled glovebox.

Materials characterization. XRD measurements were carried out on a Bruker
D8-Advance powder X-ray diffractometer operating at 40 kV and 30mA, using
Cu Kα radiation (λ = 0.15405 nm). SEM studies were carried out on a Zeiss Ultra
field-emission SEM instrument. Electrodes were gently washed with THF to
remove the electrolyte salt and dried under vacuum prior to the SEM
characterization. The XPS samples were sealed in a vial before being quickly
transferred to the chamber of an ultrahigh vacuum Imaging XPS Microprobe
system for analysis (Thermo VG Scientific ESCALab 250). All spectra were fitted
with Gaussian–Lorentzian functions and a Shirley-type background using
CasaXPS software. The binding energies were calibrated using the C 1s peak
at 285.0 eV.

Electrochemical measurements. Electrochemical studies were performed in 2325
coin cells. For the impedance and lithium plating/stripping studies, symmetric
cells (fresh lithium on each side or protected lithium foil on each side) were
assembled with 40 µl of 1M lithium bis(trifluoromethane)sulfonimide (LiTFSI) in
dioxolane/dimethoxyethane (DOL/DME) (1:1 vol) as the electrolyte. We used a
protocol of 1 h of stripping followed by 1 h of plating with a current density of
2mA cm−2. To investigate the performance of the protection layer compared to
the lithium metal anode, cells were fabricated with Li4Ti5O12 (LTO) as the
cathode. The LTO electrodes were prepared by casting a dimethylformamide
(DMF) slurry containing Li4Ti5O12 (Sigma-Aldrich), Super P and
poly(vinylidene difluoride) (PVDF) in a weight ratio of 8:1:1 onto carbon-coated
Al foil. The cathodes were cut into disks with a diameter of 11mm and dried at
60 ◦C prior to use. The areal loading of LTO was about 3mg cm−2. Approximately
40 µl of 1M LiTFSI in DOL/DME (1:1 vol) was used as the electrolyte.
Electrochemical impedance measurements were conducted at room temperature
using a VMP-3 with a frequency range of 0.1Hz to 100 kHz. The cycling of the
LTO cells was conducted on an Arbin cycler with a voltage window between 1
and 2.5V. The transparent cell was monitored using a Leica DM 2700M
microscope. Electronic resistivity of the protection layers was measured by
examining the voltage response to a direct current on the cells with the pristine
or protected Li foils sandwiched between two stainless steel blocking electrodes
(see further details in the Supplementary Information). Polarization curves and
electrochemical impedance of pristine Li and Li|Li13In3 electrodes were recorded
in three-electrode symmetric Swagelok cells using lithium metal reference
electrodes, in an electrolyte comprised of 1M LiTFSI in DOL/DME.
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The electrolyte volume was 200 µl. Measurements were conducted immediately
after cell assembly, to avoid extensive SEI formation.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon
reasonable request.
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