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Suppressing dendrites via lateral lithium flux
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Lithium dendrite growth at the lithium–solid-state electrolyte (SSE) interface, driven by void formation,

remains a major barrier to the deployment of Li metal solid-state batteries. Here, we reveal a

mechanism of lateral lithium flux that explains how interfacial layers (ILs) along the Li/SSE interface

enable suppression of void formation, thereby preventing dendrite growth. Using Li3Sb as a model IL

and Li7La3Zr2O12 as a benchmark SSE, we directly visualize and quantify lateral lithium transport,

demonstrating that ILs mitigate void formation by defocusing the local current density. This mechanism

accounts for the cycling stability of IL-functionalized Li/SSE interfaces and provides design principles for

safe, high-energy-density Li metal solid-state batteries.

Broader context
The transition to a low-carbon energy future depends critically on safer, high-energy-density batteries to support electric transportation and renewable
electricity storage. Lithium metal solid-state batteries are widely regarded as a transformative technology because they promise substantially higher energy
density while improving safety compared with conventional liquid-electrolyte systems. However, the large-scale deployment of solid-state batteries remains
hindered by interfacial instability: microscopic voids form at the Li/solid-state electrolyte (SSE) interface due to uneven current distribution, ultimately
triggering lithium dendrites that can cause short circuits. Addressing this challenge is essential for enabling durable batteries capable of meeting future global
energy demands. This work uncovers a previously underexplored mechanism for stabilizing this interface: current defocusing driven by lateral lithium flux
through mixed ionic-electronic interfacial layers. By directly visualizing and quantifying this lateral transport, and validating its effects through modeling and
electrochemical testing, we establish design principles for stabilizing Li/SSE interfaces. These insights move the field beyond empirical interfacial engineering
toward mechanism-guided strategies. More broadly, enabling reliable lithium metal solid-state batteries could accelerate electrification, support deeper
renewable integration, and reduce the environmental footprint of energy storage technologies.

Introduction

Solid-state batteries stand at the forefront of next-generation
energy storage, yet their practical deployment remains con-
strained by the instability of the Li/solid-state electrolyte (SSE)
interface. During lithium stripping, microscopic voids form

along this boundary, leading to contact loss and, upon subse-
quent Li plating, uncontrolled growth of lithium dendrites.1,2

At the heart of this problem lies current focusing, which
refers to the uneven distribution of current density across
the Li/SSE interface (Fig. 1A–D).3–5 Such inhomogeneity can
originate from a variety of microscopic surface imperfections,
including impurities,6–8 pre-existing voids,9,10 grain bound-
aries,11,12 or even subtle variations in surface roughness.13,14

These local ‘‘hotspots’’ promote non-uniform lithium stripping
and rapidly degrade interfacial stability.

Over the past few years, several strategies have been pro-
posed to mitigate current focusing: applying stack pressure or
elevated temperatures to maintain contact,15 carefully cleaning
or polishing SSE surfaces,16–18 or introducing interfacial
modifications.19,20 Among these, the use of interfacial layers
(ILs) at the Li/SSE boundary has proven particularly effective.
ILs dramatically lower voltage polarization and enable extended
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Li cycling at high current densities (41 mA cm�2) and large
areal capacities (41 mAh cm�2).21 These improvements are
generally attributed to enhanced lithiophilicity and reduced
interfacial resistance.22–24 However, such interpretations do not
account for current focusing, which governs interfacial instability
under practical conditions. As a result, the fundamental mecha-
nism by which ILs regulate Li transport and enable stable cycling
at the Li–SSE interface remains unclear.

Results and discussion
Current defocusing by lateral Li flux

The concept proposed here assumes that the IL can be any
Li-containing compound that satisfies the following three
conditions:19,20 (1) its lithiation/delithiation potential lies close
to the Li+/Li redox potential, (2) it can undergo reversible
lithiation/delithiation at an appropriate potential under oper-
ating conditions, and (3) in its lithiated state, it exhibits both
Li-ion and electronic conductivity, i.e. it behaves as a mixed
ionic-electronic conductor (MIEC). Under these requirements,
many well-studied anode-active materials in the Li-ion battery
field could serve as suitable IL candidates for current density
defocusing. Examples include lithiated graphite,25,26 Li–Mg,9

Li–Sb,27 Li–Ag,22 and Li–Si28,29 alloys, among others.
Fig. 1E and F illustrate the concept of current defocusing via

lateral Li flux. Consider the case of Li stripping, where current
focusing occurs locally at the Li/IL/SSE interface. Importantly,
local Li depletion is not the origin of current focusing, but a
dynamic consequence of it. Under current focusing conditions,
the rate of Li extraction at local hotspots can exceed the rate
of Li replenishment, leading to transient Li depletion in the
interlayer. The elevated current density therefore drives local
oxidation of the IL, resulting in the formation of a Li-depleted
(partially delithiated) region with higher chemical and electro-
chemical potential than the surrounding lithiated IL.

In response to this potential gradient, two transport pro-
cesses arise. First, according to Fick’s law, the difference in
lithiation chemical potentials between the delithiated IL
region, the lithiated IL, and the Li metal drives diffusion of
Li atoms, indicated by blue dashed lines in Fig. 1F. Impor-
tantly, this flux is not confined to the vertical direction; it also
proceeds laterally, causing Li atoms to migrate from the
Li metal, through the lithiated IL, toward the delithiated IL
region.

Second, the redox potential difference between metallic
Li and the delithiated IL region, separated by either the
lithiated IL or lithiated IL–SSE, provides the basis for an
electrochemical mechanism of Li-ion transport, shown by
blue solid lines in Fig. 1F. Although the IL is thermodynami-
cally stable in its fully lithiated state under equilibrium
conditions (Fig. 1B), local current focusing can give rise
to significant amplification of current density and electro-
chemical potential at hot-spots, driving non-equilibrium
delithiation.30,31 Such localized amplification is an inherent
consequence of current focusing and is not specific to any
particular interlayer system. Under these conditions, even
thermodynamically stable interlayers can undergo local oxida-
tion or delithiation, provided that their redox potential lies
sufficiently close to that of Li.

Specifically, Li can be oxidized at the Li/IL interface, gen-
erating Li+ ions and electrons. The electrons migrate through
the Li metal or lithiated IL, while the Li+ ions move through
the lithiated IL and/or through the bulk of the SSE. This flux
proceeds laterally, nearly perpendicular to the applied electric
field, thereby delivering Li into the delithiated IL region and
mitigating void formation at the hot-spot. In essence, this
process enables Li to be drawn from a much broader area than
the hot-spot of the SSE surface. Importantly, this redistribu-
tion does not imply that Li-ion flux within the SSE becomes
homogeneous, which remains concentrated near the hot spot
where current focusing originates, as shown in Fig. 1F.

Fig. 1 Schematics of different Li/SSE interfaces based on (A) contaminated, (C) bare, and (E) IL-functionalized SSE surfaces. (B) Illustration of the origins
of current focusing at the Li/SSE interface during lithium plating and stripping, arising from the poor interfacial contact, grain boundaries, and geometric
irregularities. (D) Schematic of void and dendrite formation at the Li/SSE interface caused by current focusing. (F) Illustration of current homogenization at
the Li/SSE interface enabled by lateral lithium flux through the IL.
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Visualization of lateral Li flux at the IL/SSE interface

To validate the proposed concept of current defocusing, we
designed an experiment that allows direct monitoring of the
lateral reaction kinetics between lithium and an Sb film, which
is a commonly employed interfacial layer at the Li/SSE interface
(Fig. 2). Sb was selected for several reasons. Beyond fully
satisfying the criteria outlined above, namely, its MIEC char-
acter in the lithiated state32,33 and its redox potential near that
of the Li metal,34 the lithiation of Sb yields Li2Sb and Li3Sb
alloys that are readily distinguishable from pristine Sb by color.
This clear visual contrast enables direct monitoring of the
surface reaction rate between the Sb film and metallic Li. For
the substrate, we employed the Li-ion-conducting garnet-type
LLZO SSE, chosen for its electrochemical stability against
metallic Li.35,36 The chemical stability of LLZO ensured that
any observed reaction could be attributed to Sb lithiation,
thereby excluding possible artifacts arising from parasitic reac-
tions between the SSE and Li. The details of fabrication of the
LLZO SSE as well as its characterization are provided in the
supplementary information (SI) and the Methods section.

The experiments were carried out as follows. A 10 nm layer
of Sb was magnetron-sputtered on the Li-ion conducting sub-
strate (LLZO membrane). Li foil was then applied to the
Sb-coated region via cold-isostatic pressing (CIP), followed by
heating to different temperatures of 25 1C (RT) up to 275 1C,
while monitoring the formation of two additional regions with

distinct colors on the Sb-coated LLZO surface over time (Fig. 2A,
Fig. S4–S8 and Videos S1–S3). Importantly, the alloys progres-
sively extended into regions without direct Li coverage, clearly
illustrating the lateral propagation of the reaction front.
Grazing-incidence X-ray diffraction (GIXRD) confirmed that
these color changes correspond to the formation of Li3Sb and
Li2Sb alloys (Fig. S9). As demonstrated in Fig. 2B, once Li3Sb
and Li2Sb formed near the Li metal, a sequence of processes
unfolded over time: lithium transports from metallic Li toward
the Li2Sb/Li3Sb interface, forming new Li3Sb (Reaction (1), Rx1),
while simultaneously migrating toward the Li2Sb/Sb interface
to generate additional Li2Sb (Reaction (2), Rx2).

Notably, analogous experiments performed on non-Li-ion-
conducting substrates showed strongly suppressed lateral pro-
pagation of the Li3Sb or Li2Sb regions over time (Fig. 2C and
Fig. S10). This observation demonstrates that the lateral Li flux
is not driven by the chemical potential difference between the
Li metal and Sb, which would promote diffusion of Li atoms
toward Sb, but rather by the redox potential difference between
Li and Sb, which drives Li+ ions through the Li-ion-conducting
LLZO electrolyte. The latter process is analogous to a battery-
like redox mechanism, as illustrated in Fig. S11, and can be
described as follows. The Li metal at the Li/SSE interface can be
oxidized to form Li+ ions and electrons as a consequence of the
electrochemical potential gradient with the adjacent Sb layer.
The electrons migrate through the Li3Sb layer toward Sb, while

Fig. 2 Visualization of lateral lithium flux at the Li/Li3Sb IL/SSE interface. (A) Photographs showing the formation of Li2Sb and Li3Sb alloys at 275 1C on an
Sb-sputtered LLZO substrate. Schematics illustrating surface reactions occurring on (B) a Li-ion-conductive LLZO substrate and (C) a non-Li-ion-
conductive substrate. (D) Experimentally measured Li flux during the formation of Li2Sb and Li3Sb across the Li3Sb region at various temperatures as a
function of its length. (E) Contribution of Li diffusion within Li3Sb to the total measured lateral Li flux. (F) Calculated effective thickness of Li-ion transport
in LLZO as a function of temperature.
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the Li+ ions are transported through the Li3Sb and along the
SSE. At the Sb/LLZO interface, the two charge carriers recom-
bine, driving the lithiation of Sb to form Li3Sb. This mechanism
is effectively equivalent to the self-discharge process of a
Sb/LLZO/Li cell, as illustrated in Fig. S11c, d and Video S4.
In these experiments, the progressive formation of differently
colored regions, corresponding to Li2Sb and Li3Sb alloys, was
clearly observed during discharge.

Quantification of lateral Li flux at the IL/SSE interface

Next, by tracking the expansion rates of the Li3Sb and Li2Sb
regions (x1 and x2), we quantified the total lateral Li flux
through the LLZO SSE by summing the Li consumption rates
of the Rx1 and Rx2 reactions (Fig. 2B). The resulting flux values
were plotted as a function of temperature (Fig. 2D; see Fig. S12,
S13 and Methods for details). The observed non-linear propa-
gation behavior arises from distance-dependent transport resis-
tance, as both Li-ion conduction through the SSE and Li
diffusion within the interlayer decrease with increasing trans-
port distance, as demonstrated in eqn (7) and (11). Importantly,
temperature is varied to accelerate the lateral propagation of
the reaction front, enabling direct visualization of transport
behavior within experimentally accessible timescales. The con-
sistent observation of lateral Li transport across this tempera-
ture range further supports the robustness of the proposed
mechanism.

Since these fluxes include contributions from both Li-atom
diffusion and Li-ion transport within LLZO, we subsequently

isolated the Li-ion conduction component by subtracting the Li
diffusion contribution. The diffusion-driven flux was estimated
using Fick’s law, consistent with the Li diffusion coefficient
in Li3Sb obtained from molecular dynamics (MD) simulations
(see Fig. S14 for details). Notably, these analyses revealed
that Li diffusion accounts for less than 5% of the total lateral
flux (Fig. 2E), underscoring the dominant role of Li-ion
transport driven by the redox potential difference between
the Li metal and Sb (E0

Sb=Li2Sb
¼ 0:90 V vs. Li+/Li) or Li2Sb

(E0
Li2Sb=Li3Sb

¼ 0:85V vs. Li+/Li).34 Using this potential differ-

ence, the Li-ion conductivity of LLZO, and the lateral distance
of the Li3Sb region, we also estimated, via Ohm’s law, the
effective thickness of Li-ion transport in LLZO. The calculated
values fall in the range of 0.25–1.5 mm depending on the
temperatures (Fig. 2F). Notably, the lateral Li-ion current den-
sity at 75 1C was determined to be substantial at B47 mA cm�2

(Fig. 2E).
To further estimate the magnitude of lateral current density

in a configuration more closely resembling a practical symme-
trical cell, we modeled Li flux in a Li/Li3Sb(Sb)/LLZO/Li system
at an applied current density of 50 mA cm�2. Specifically, we
examined the Li flux distribution following a current-focusing
event in an LLZO SSE coated with a 20 nm Li3Sb interlayer,
where the central 10 nm region of the IL was assumed to be
fully oxidized to Sb. Finite element modeling (FEM) of the Li
flux distribution (Fig. 3A) and the potential distribution gener-
ated by the hot-spot (Fig. 3B) within the LLZO SSE was per-
formed using the FEniCS computing platform (see Methods for

Fig. 3 Evaluation of lateral Li flux. (A) Two-dimensional Li-ion flux distribution map and (B) corresponding potential map across a Li/Li3Sb(Sb)/LLZO/Li
cell at an applied current density of 50 mA cm�2, obtained from finite element modeling. (C) Schematic of the modeled Li/Li3Sb(Sb)/LLZO/Li cell, where
the central 10 nm region of the Li3Sb IL was assumed to be fully oxidized to Sb. (D) Lateral Li-ion current density profile and total lateral current integrated
over the surface of a cylindrical region with a 1.5 mm radius within the LLZO SSE.
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details). The results show the spatial distribution of Li-ion
current within the SSE. In particular, the modeling highlights
the lateral component of the flux, which arises from the redox
potential difference between the Li-covered LLZO surface
and the locally Li-depleted (Sb) region. This redox-driven
mechanism generates a substantial lateral Li-ion current inside
the LLZO SSE, thereby redistributing the flux away from the
hot-spot.

Interestingly, analysis of the Li flux and the corresponding
current density on the lateral surface surrounding the Li-
depleted region revealed that the flux peaks at a depth of
ca. 1 mm and decreases toward 4 mm beneath the Li3Sb/LLZO
interface (Fig. 3D). By integrating the current density over the
surface of the column with a radius of 1.5 mm (Fig. 3C), the total
induced lateral current was estimated to be B29 mA. This
allowed us to calculate the lithiation rate of the Li-depleted
Sb region, which can occur in as little as B10 ns once the
applied current density of 50 mA cm�2 is removed. This finding
indicates that current density homogenization via lateral Li flux
can be achieved on the nanosecond timescale. Notably, simula-
tions assuming partial oxidation of the IL to Li2Sb (Fig. S15)
showed similar results.

Effectiveness of the Li3Sb IL

Next, to demonstrate the effectiveness of the Li3Sb IL in
homogenizing the LLZO/Li interface and mitigating void for-
mation, we prepared and electrochemically characterized two
Li/LLZO/Li symmetrical cells, with and without the Li3Sb IL,
using LLZO membranes prepared under identical conditions.
Considering the critical impact of the SSE thickness on both
energy density and voltage polarization, we selected 45 mm-
thick LLZO membranes (rather than millimeter-thick pellets) to
ensure that the LLZO/IL/Li system could be directly applied in
high-energy-density full-cell architectures.37 The interfacial
resistance of the Li3Sb/LLZO interface and the total resis-
tance of the symmetrical cell were measured to be as low as
ca. 0.13 O cm2 and 1.3 O cm2, respectively, at 75 1C (Fig. S16).

Although the degree of current density homogenization with
the Li3Sb IL cannot be measured directly, voltage profiles from
critical current density (CCD) measurements can provide qua-
litative indication of current density defocusing. Specifically,
markedly flatter voltage profiles of symmetrical cells with the IL
should indicate substantial mitigation of void formation at
equivalent current densities compared with the cell without
the IL. Indeed, as shown in Fig. 4, the cell without the IL
maintained a quasi-stable stripping regime (flat voltage pro-
files) only up to a current density of 12 mA cm�2, exhibiting a
CCD of 16 mA cm�2. In contrast, the system with the Li3Sb IL
preserved the quasi-stable stripping regime up to ca. 40 mA cm�2

and thus exhibited a markedly higher CCD of 70 mA cm�2,
demonstrating the effectiveness of the Li3Sb IL in homogenizing
the current and suppressing void formation.

Notably, direct experimental observation of such Li-depleted
regions remains challenging due to their nanoscale spatial
extent and transient nature under non-equilibrium conditions.
The mechanistic interpretation presented here is therefore
supported by indirect evidence, including the observed lateral
propagation of alloy phases, quantitative flux analysis, and
consistency with electrochemical behavior and modeling.

Role of lateral Li flux during plating

While the proposed mechanism is primarily activated during Li
stripping, its impact extends to subsequent Li plating pro-
cesses. In solid-state systems, void formation during stripping
often precedes dendrite growth during plating, as loss of
interfacial contact leads to severe current focusing upon rever-
sal of current. By mitigating local Li depletion and maintaining
interfacial contact, lateral Li transport reduces current inho-
mogeneity during subsequent plating, thereby suppressing
dendrite nucleation.

Under plating conditions, the interlayer is already in a Li-
rich state and does not undergo further significant lithiation.
Therefore, a depletion-driven mechanism analogous to stripping
is not expected. Instead, the interlayer contributes by enabling

Fig. 4 CCD measurements of Li/LLZO/Li symmetric cells with and without the Li3Sb IL. Voltage profiles of Li/LLZO/Li symmetric cells measured at
various current densities with a capacity limit of 0.1 mAh cm�2 per half-cycle.
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more uniform distribution of ionic and electronic flux, further
stabilizing Li deposition.

Prolonged cycling of the Li metal anode with the Li3Sb IL

To evaluate the effectiveness of the Li3Sb alloy as an IL between
the Li metal and LLZO during prolonged plating and stripping,
we performed galvanostatic cycling of Li/LLZO/Li symmetric
cells with and without the Li3Sb IL. The tests were conducted
without applied pressure, starting at low current densities
(0.1–2 mA cm�2) and then increasing stepwise to 3 mA cm�2

for cells without the IL and 4 mA cm�2 for cells with the IL.
In both cases, the areal capacity was limited to 1 mAh cm�2.

Importantly, as shown in Fig. 5A, the Li/LLZO/Li cell without
the Li3Sb IL exhibited significant voltage polarization after only
a few cycles at a current density of 3 mA cm�2 and eventually
short-circuited, due to the formation of voids at the Li/LLZO
interface (Fig. 5B and C), consistent with the CCD measure-
ments. In contrast, the cell with the Li3Sb IL maintained a
stable overpotential for over 900 hours and delivered a cumu-
lative capacity of over 3400 mAh cm�2 at a high current density
of 4 mA cm�2, without any voltage polarization (Fig. 5D and Fig.
S17). This performance is in line with cross-sectional FIB-SEM
measurements, demonstrating conformal contact between the
lithium metal and Sb-covered LLZO (Fig. 5E and F) even after
long-term cycling. Furthermore, EIS measurements performed
every 10 cycles on the complementary Li/Li3Sb/LLZO/Li3Sb/Li

cell (Fig. 5G and Fig. S18) showed that the total resistance
remained below 4 O cm2 over 3000 cycles, even at a high current
density of 4 mA cm�2. Notably, the stable values of interfacial
resistance indicate significant mitigation of void formation in
the presence of the Li3Sb IL during prolonged cycling.

In the context of the stability of the Li3Sb IL during Li
plating/stripping, two additional aspects are noteworthy to
discuss. First, the formation energy of Li3Sb is significantly
lower than that of other Li–M alloys (Fig. S19), indicating
its chemical stability and minimizing Sb diffusion into bulk
Li. This contrasts with alloys such as Li–Ag or Li–Mg, which
have been reported to undergo Ag or Mg migration into Li.38,39

Second, although the high electronic conductivity of ILs could,
in principle, allow Li to plate at the IL/SSE interface and
displace the IL, the stable overpotentials observed in Li3Sb
IL cells suggest this does not occur. To further examine
the stability of the Li3Sb interlayer during Li plating, B2 mm
of Li was plated onto the Li3Sb/LLZO interface in a symmetric
cell, followed by energy-dispersive X-ray spectroscopy (EDS)
measurements. EDS was used to probe the spatial distribution
of Sb across the Li/IL/LLZO interfaces. The results (Fig. S20)
show that Sb remains localized at the LLZO surface after
Li deposition, indicating that the Li3Sb interlayer is pre-
served at the interface during plating. This observation is
consistent with the absence of interlayer displacement during
Li plating.

Fig. 5 Cyclic stability of Li/LLZO/Li symmetric cells with and without the Li3Sb IL. (A) Voltage profiles of a Li/LLZO/Li symmetric cell and corresponding
FIB-SEM cross-sections (B) before and (C) after short-circuiting. (D) Voltage profiles of a Li/Li3Sb/LLZO/Li3Sb/Li symmetric cell and FIB-SEM cross-
sections (E) before and (F) after cycling to a cumulative capacity of 3400 mAh cm�2. The extended voltage profile is shown in Fig. S17. (G) Voltage profile
of the Li/Li3Sb/LLZO/Li3Sb/Li symmetric cell cycled at 4 mA cm�2 with a capacity limit of 1 mAh cm�2 per half-cycle, with total cell resistance determined
by EIS measurements performed every 10 cycles. Corresponding impedance spectra are provided in Fig. S18.
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Following the electrochemical assessment of the Li metal
anode with the Li3Sb-coated LLZO SSE using symmetric cells,
we extended our investigation to an all-solid-state full cell
configuration, utilizing LiNi0.8Mn0.1Co0.1O2 (NMC811) as the
cathode active material and Li6PS5Cl (LPSCl) as the catholyte
(Fig. S21 and in Note S3). The gravimetric and volumetric
energy densities of the NMC811-LPSCl/LLZO/Li3Sb/Li full cell
were estimated to be ca. 163 Wh kg�1 and 611 Wh L�1,
respectively. Importantly, as indicated by the energy density
calculations, both values can be significantly increased to
250 Wh kg�1 and 700 Wh L�1 by employing a higher loading
of the NMC811 cathode active material (25 mg cm�2; Fig. S22
and Table S2).

Conclusions

This work reveals the mechanism of current defocusing at the
Li/SSE interface, driven by lateral lithium flux through ILs that
enable long-term cycling of Li metal anodes. Using Li3Sb as a
model mixed ionic-electronic conducting IL and LLZO as a
benchmark SSE, we directly visualized and quantified lateral Li
transport, showing that it redistributes current density, sup-
presses void formation, and prevents dendrite initiation. Finite
element modeling confirmed that redox-driven Li-ion transport
within the SSE generates strong lateral currents on nanosecond
timescales, rapidly homogenizing the Li/IL/SSE interface. Sym-
metric Li/LLZO/Li cells with Li3Sb ILs reached critical current
densities above 70 mA cm�2 and cycled stably for over 900 h
without pressure at a high current density of 4 mA cm�2 with an
areal capacity limit of 1 mAh cm�2. More broadly, the concept
of current defocusing by lateral Li flux provides a framework for
further design of the Li/SSE interface by leveraging redox-driven
lateral Li transport and eventually opens a new route toward
intrinsically safe, Li metal solid-state batteries.

Methods
Fabrication of LLZO membranes

LLZO membranes were fabricated following procedures detailed
in ref. 37. The process involved several key steps: preparation of
the LLZO slurry, tape casting, drying, delamination from the
substrate, debinding, and ultra-fast sintering, as described
below. The slurry was prepared by ball milling 3 g of LLZO
powder (Li6.25Al0.25La3Zr2O12, 99.9%, D50 = 400–600 nm, Amp-
cera) with a solution consisting of 8 vol% plasticizer (G-260,
Sekisui Chemical), 7.6 vol% surfactant (Malialim, NOF
Corporation), and 84 vol% solvent mixture isopropanol
(Emsure) : ethanol (Sigma-Aldrich) : 1-propanol (99.5%, Acro-
Seal) = 5 : 87 : 8) at 165 rpm for 18 hours. Subsequently, a binder
solution polyvinyl butyral (PVB – BL-7Z, Sekisui Chemical, Mw
3.91 � 104) : isopropanol = 30 : 60 wt%) was added (2 mL) and
further mixed at 200 rpm for 2 hours. The LLZO slurry was tape-
cast onto a glass substrate using a doctor-blade with a 400 mm
opening at a speed of 1 mm s�1. After drying in air at room
temperature for 30 minutes, the tape-casted layer was peeled off

and laser cut into 10 mm diameter discs. The discs were then
debinded under O2 flow in a muffle furnace according to the
following schedule: 150 1C for 2 hours, 300 1C for 2 hours, and
600 1C for 2 hours (ramp rate of 300 1C h�1). Ultra-fast sintering
was performed in an Ar-filled glovebox. Debinded membranes
were placed in a graphite envelope sandwiched between boron
nitride plates and sintered at 1200 1C for 50 seconds using a
custom-made setup. To remove surface Li2O contamination,
the sintered LLZO membranes were subjected to additional
heat treatment at 900 1C for 10 minutes in an Ar-filled glovebox.

Sputtering of Sb

Sb was deposited onto LLZO membranes at room temperature
using radio frequency magnetron sputtering (Orion, AJA Inter-
national Inc.). The films were sputtered under an Ar flow of
50 sccm using an Sb target (99.999–99.99999%, Plasmaterials).
The film thickness was controlled by measuring the deposition
rate with a quartz crystal microbalance (QCM) and adjusting
the deposition time accordingly. The fabrication process is
demonstrated in Fig. S1.

Measurements of lateral Li flux during the Li–Sb alloy
formation process

First, a rectangular LLZO membrane was coated with a 10 nm
Sb film via magnetron sputtering. A part of this coated surface
was then isostatically pressed with Li foil at 71 MPa. The Li foil
was prepared by cutting a Li metal rod (99.9%, Sigma-Aldrich)
into small pieces, rolling them on a stainless-steel substrate to
a thickness of ca. 100 mm, and then cutting it into a rectangular
shape. Next, the LLZO membranes with the attached Li foil
were placed inside 20 mm-diameter coin cell casings and
subjected to heat treatment at various temperatures (75, 125,
175, 225, and 275 1C) in an Ar-filled glovebox. The evolution of
the Sb-coated LLZO surface was monitored in real time using a
camera (Fig. 2A, Fig. S4–S8 and Videos S1–S3). Monitoring at
room temperature began after isostatic pressing of the Li foil
on the Sb-coated LLZO surface. The recorded images were
subsequently processed using ImageJ software (Fig. S12). The
time origin (0 s) is defined as the moment when the sample is
placed on the pre-heated stage. Due to rapid thermal equili-
bration, some initial reaction may already have occurred before
optical recording begins.

Considering that GISXRD measurements confirmed that the
reaction between the Li foil and the Sb-coated LLZO surface
resulted in the formation of two distinct regions in close
proximity to the Li metal, corresponding to Li2Sb and Li3Sb
alloys, processes occurring over time during Li isostatic press-
ing on the Sb-coated LLZO surface followed by heat treatment
can be summarized as follows. The isostatic pressing of Li
causes its immediate chemical reaction with Sb, resulting in
the formation of the Li3Sb alloy located below the Li foil and in
close proximity to the edge of the Li foil, as well as the
formation of the small Li2Sb alloy region between Li3Sb and
Sb, as illustrated in Fig. 2A and Fig. S9. Then a few processes
unfold over time, and Li is transported from the Li metal
through the Li3Sb region towards the Li2Sb/Li3Sb boundary,
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where it reacts with Li2Sb to generate a new Li3Sb region
(Reaction (1), Rx1). Subsequently, Li continues to pass through
the Li2Sb region, reacting with pure Sb to form the new Li2Sb
phase (Reaction (2), Rx2).

The calculations of lateral Li flux were done based on the
assumption that the alloying process only leads to the expan-
sion of the thickness (y, nm), while the width of the alloy
regions (w, cm, the width of the LLZO membranes) remains
constant and the length of the regions (x, cm) does not change
due to the alloying process. Therefore, the thicknesses of the
formed Li3Sb and Li2Sb alloys were calculated based on the
thickness of the magnetron-sputtered Sb film (ySb = 10 nm)
considering nLi3Sb = nLi2Sb = nSb mass balance and the molar
concentration of each solid phase per unit volume (c, mol cm�3):

cLi3SbyLi3Sb = cLi2SbyLi2Sb = cSbySb (1)

Notably, molar concentrations of Sb, Li2Sb and Li3Sb phases
per unit volume were assumed to be constant in the tempera-
ture range of 25–275 1C, which were calculated by dividing their
density (r, g cm�3) by molar mass (M, g mol�1), assuming that
they remained constant at temperatures from 25 to 275 1C:

c ¼ r
M

(2)

The reaction rate of Reactions (1) and (2) (consumptions of
Li2Sb for Reaction (1) and consumption of Sb for Reaction (2),
r1 and r2, mol s�1) were calculated by normalization of the
width (w) using the following equations and Fig. S4:

r1 ¼
dnLi2Sb

dt
¼ cLi2Sb

dVLi2Sb

dt
¼ cLi2SbyLi2Sbw

dx1

dt

r1=w ¼ cLi2SbyLi2Sb
dx1

dt
(3)

r2 ¼
dnSb

dt
¼ cSb

dVSb

dt
¼ cSbySbw

dx2

dt

r2=w ¼ cSbySb
dx2

dt
(4)

where x1 is the length of the consumed Li2Sb region and x2 is
the length of the consumed Sb region, as illustrated in Fig. 2B
and Fig. S11.

The lateral Li flux in the Li3Sb region (JLi/w, mol cm�1 s�1),
which is the sum of consumption rates of Li2Sb and Sb
( JLi = r1 + 2r2, mol s�1), can be calculated as follows:

JLi ¼ cLi2SbyLi2Sbw
dx1

dt
þ 2cSbySbw

dx2

dt

JLi=w ¼ cLi2SbyLi2Sb
dx1

dt
þ 2cSbySb

dx2

dt
(5)

Considering measured values of x1 and x2 at different
temperatures as a function of time, we have calculated values
of r1, r2, and JLi, which were then plotted as a function of time at
different temperatures (Fig. S13).

The position of the reaction front was determined from
optical images with a spatial resolution of 0.03236 mm per

pixel. An uncertainty of �3 pixels (�0.1 mm) was assumed for
the determination of the reaction front position. The temporal
resolution of the measurement was 0.1 s. The uncertainty in the
propagation rate (dx/dt) was estimated using standard error
propagation, with the spatial resolution as the dominant
contribution. The resulting relative uncertainty is on the order
of a few percent, while the contribution from temporal resolu-
tion is negligible. Error bars in Fig. S12 and S13 reflect these
uncertainties.

Calculation of Li diffusion in Li3Sb by molecular dynamics

We conducted molecular dynamics (MD) simulations of the
Li3Sb system to investigate its ionic conductivity in the
presence of lithium vacancies. Two models were studied: one
with a single Li vacancy and another with four vacancies per
supercell. Our results show that systems with a greater number
of vacancies demonstrate higher ionic conductivity at elevated
temperatures (Fig. S14). The calculated activation energies for
Li3Sb with one and four vacancies are 99.6 meV and 153.7 meV,
respectively.

All the molecular dynamics (MD) simulations were performed
using the Vienna ab initio simulation package (VASP)40 based
on periodic plane-wave density functional theory (DFT). The
exchange and correlation interactions between electrons were
treated within the generalized gradient approximation (GGA)41

with the Perdew–Burke–Ernzerhof (PBE)42 parameterization.
The interactions between ion cores and valence electrons were
described by the projector-augmented wave (PAW)43 pseudopo-
tentials with the energy cutoff set to 400 eV. The convergence
threshold for the electronic self-consistent field (SCF) cycle
was set to 10�5 eV. The k-point sampling was restricted to
the Gamma point. The simulations were carried out in the
canonical (NVT) ensemble, maintaining target temperatures of
300 K, 548 K, and 900 K. For all MD simulations the machine
learning force fields (MLFF) were used, and the time step was
set to 2 fs. As a model system a Fm%3m cubic Li3Sb 2 � 2 � 2
supercell was used with a 13.089 Å unit cell side. To simulate
vacancies, one or four Li atoms were removed from the system
before the MD simulation for Li3Sb with one vacancy and four
vacancies, respectively. All systems were first equilibrated for
10 ps, followed by a run of 1990 ps, from which trajectory data
were collected for analysis. The analysis of MD trajectories was
performed using the Pymatgen Analysis Diffusion package.44,45

Calculation of Li flux in Li3Sb by Fick’s law

Next, considering that the Li flux across the Li3Sb region is
driven by the concentration gradient of Li between the Li metal
and Li2Sb, we calculated Li flux JD,Li3Sb (mol cm�2 s�1) in Li3Sb
at various temperatures, following Fick’s law:

JD;Li3Sb ¼ �D
dc

dx
¼ �DcLi in Li2Sb � cLi in Limetal

xLi2Sb � xLi
¼ D

Dc
Dx

(6)

where Dc (mol cm�3) is the constant concentration difference
between Li in Li metal and Li in Li2Sb assuming that the
concentration does not change with temperature, D (cm2 s�1)
is the diffusion coefficient calculated by MD simulations with
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data in Table S1, and Dx (cm) is the distance between Li and
Li2Sb regions (x1). The Li flux in Li3Sb normalized by width JD/w
(mol cm�1 s�1) can be calculated with the thickness of Li3Sb
yLi3Sb:

JD=w ¼ JD;Li3SbyLi3Sb ¼ yLi3SbD
Dc
Dx

(7)

Calculation of the effective conduction thickness in LLZO

The calculation of the effective conduction thickness in LLZO
yLLZO,eff (mm), shown in Fig. 2F, is simplified to the calculation
of the width of two batteries: Li2Sb/LLZO//Li3Sb/Li and Sb/
LLZO/Li3Sb/Li, Fig. S11b. The resistance of LLZO in these two
batteries can be calculated using the ionic conductivity of LLZO
sLLZO from the Arrhenius equation in Fig. S2c and Table S1:

R1 ¼
x1

sLLZOwyLLZO;eff
(8)

R2 ¼
x2

sLLZOwyLLZO;eff
(9)

The voltage of these two batteries can be estimated using the
electrochemical potential difference of Li2Sb/Li3Sb (U1 = 0.85 V
vs. Li+/Li) and Sb/Li2Sb (U2 = 0.90 V vs. Li+/Li), respectively. The
electrochemical potential of the Li–Sb alloy is taken from
ref. 41. The total current I (A) can be calculated using the
lateral Li flux, as shown in Fig. 2E,

I = zFJLi in LLZO (10)

where z is 1 and F is the Faraday constant, 96 385 s A mol�1.
The current and the voltage follow Ohm’s law:

I ¼ U1

R1
þU2

R2
(11.1)

The current density ( j, mA cm�2) of the lateral Li flux can be
calculated by normalizing it with the area of its cross-section
(wyLLZO,eff):

j ¼ I

wyLLZO;eff
¼ sLLZO

U1

x1
þU2

x2

� �
(11.2)

The effective conduction thickness in LLZO yLLZO,eff can
therefore be calculated by combining eqn (8)–(11):

yLLZO;eff ¼
JLi in LLZO

w
� F

sLLZO
� 1

U1

x1
þU2

x2

(12)

Notably, the effective conduction thickness in this calcula-
tion assumes a homogeneous current density distribution.

Simulation of lateral Li flux at the Li3Sb/LLZO interface by the
finite element method

The voltage distribution at the Li3Sb/LLZO interface at 75 1C
was simulated using the following material and electrochemi-
cal parameters: relative permittivity of LLZO of e = 72.87 �
8.854 � 10�12 F m�1,46 ionic conductivity of LLZO of sLLZO =
0.00216 S cm�1 (based on the Arrhenius equation from

Fig. S2c), and potential difference between the Li metal and
Sb (E0

Sb=Li2Sb
¼ 0:90V vs. Li+/Li) or Li2Sb (E0

Li2Sb=Li3Sb
¼ 0:85V vs.

Li+/Li).34 The simulation was conducted using the FEniCS
computing platform47,48 with Python 3.11. A square mesh with
a size of 8 � 8 mm and a mesh resolution of 800 was created for
the finite element simulation with the following boundary
conditions: bottom boundary condition with a potential of
0 V and top boundary condition with a potential to create a
constant vertical current density of 50 mA cm�2.

The applied current density is selected to represent a regime
where current focusing is pronounced and interfacial instability
becomes significant, as evidenced by the critical current density
measurements (Fig. 4). Under such conditions, the lateral Li flux
mechanism is strongly activated and can be clearly resolved.
At lower applied current densities, the same mechanism is
expected to persist, but with reduced magnitude and more
spatially extended flux distributions. As a result, the lateral flux
features become less localized and more difficult to resolve within
a finite simulation domain. Importantly, varying the applied
current density primarily affects the magnitude of the flux, while
preserving the qualitative behavior and spatial characteristics of
lateral Li transport.

It is worth noting that the lateral Li flux depends not only on
the conductivity of the SSE but also on the ion transfer across
the IL/SSE interface (RIL/SSE) and the Li conductivity within the
IL itself (RIL). In this study, the interfacial resistance of
the Li3Sb/LLZO interface was measured to be negligible, ca.
0.13 O cm2 at 75 1C (Fig. 4B). Consequently, the contributions
of RIL/SSE and RIL to the lateral Li flux were determined to be
minimal and were ignored in the simulation of lateral Li flux.

A Gaussian charge distribution (a point charge as the source
term) r was created using the following equation:

r x; yð Þ ¼ q

2ps2
exp � x� x0ð Þ2þ y� y0ð Þ2

2s2

 !
(13)

where s is the Gaussian width, (x0, y0) is the position of
the point charge, and q is the total charge over the mesh.
To create the potential difference of a physical Li-depleted
region sphere with a radius of 10 nm, the charge was set to a
certain value when the voltage at a distance (rSb) of 10 nm from
(x0, y0) was U1 or U2 for Li2Sb and Li3Sb, respectively. The
position of the point charge (x0, y0) was set to (0, 25 nm) in the
middle of the mesh and 25 nm above the bottom boundary.
The Gaussian width of the simulation was set to below 0.0005,
in order to get a decent resolution of the point charge. FEniCS
obtains potential distribution (u) within the mesh by solving
Poisson’s equation:

r2u ¼ �r
e

(14)

The Li flux distribution J can be calculated by electric field
distribution E from potential u:

E = �grad(u) (15)

J = sLLZO E (16)
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The lateral current of Li flux into the Li-depleted region can
be calculated by integrating current density distribution J over
the lateral surface of column s surrounding the Li-depleted
region:

I ¼
ðð

s

J � ds (17a)

I ¼
ðy
0

Jydy � 2pr ¼
Xy
0

Jy � 2pr (17b)

@Jy
@y
¼ Jy � 2pr (18)

where r is the radius (1.5 mm) and y is the height (8 mm) of the
column as shown in Fig. 3C. Considering the amount of Sb nSb

in the Li-depleted region:

nSb ¼
VSbrSb
MSb

¼ 4

3
prSb3

rSb
MSb

(19)

where rSb is the radius of the depleted region (10 nm).
Li consumption through the two reaction steps can be
described by

nSb-Li2Sb = 2nSb (20)

nLi2Sb-Li3Sb = nSb (21)

The time to reduce the Li-depleted region tr to Li3Sb by lateral
current can be estimated using the current and Li consumption:

tSb!Li2Sb ¼
nSb!Li2Sb

JLi in LLZO
¼ nSb!Li2Sb

ISb
F (22)

tLi2Sb!Li3Sb ¼
nLi2Sb!Li3Sb

JLi in LLZO
¼ nLi2Sb!Li3Sb

ILi2Sb
F (23)

Grazing incidence synchrotron X-ray diffraction

Grazing incidence synchrotron X-ray diffraction (GISXRD) in
Fig. S9c was used to identify the structure of two distinct
colored regions formed on the Sb-sputtered surface of LLZO
after isostatic pressing with a Li foil. The sample was prepared
by magnetron sputtering a 100 nm Sb layer onto the LLZO
membrane, followed by isostatic pressing of part of the Sb-
coated region with a Li foil. The sample was then heat-treated at
275 1C and immediately quenched to room temperature. Prior
to GISXRD measurements, the sample was sealed in Kapton
tape. GISXRD measurements were conducted at the Swiss-
Norwegian Beamline (SNBL), BM01, at the European Synchro-
tron Radiation Facility (ESRF, Grenoble, France) using a
PILATUS@SNBL diffractometer (l = 1.03614 Å) in the high-
intensity beam mode (B200 mA). The data acquisition time
was 0.1 seconds per pattern, and GISXRD measurements were
performed while rotating the LLZO membrane. The grazing
incidence angle was determined individually for each mapping
point. The measurements confirmed that the two differently
colored regions formed upon isostatic pressing and heating of
the Sb-sputtered LLZO surface with Li foil correspond to the

formation of Li3Sb (cubic lattice; ICSD: 44900) and Li2Sb
(hexagonal lattice; ICSD: 100020) alloys. In order to acquire
enough XRD signal, the thickness of the Sb coating on LLZO for
GISXRD measurements was 100 nm, which is thicker than
the Sb coating for electrochemical performance and shows a
different color due to the thickness effect.

Powder X-ray diffraction

XRD measurements in Fig. S2a were performed at the Swiss
Norwegian Beamline (SNBL) BM01 at the European Synchro-
tron Radiation Facility (ESRF, Grenoble, France) using a PILA-
TUS@SNBL diffractometer (l = 0.68922 Å) in a high-intensity
beam-mode (200 mA). The XRD pattern shows the pure cubic
LLZO phase of the LLZO membranes.

Raman spectroscopy

Raman spectroscopy measurements in Fig. S3 were performed
using a confocal Raman microscope (Horiba, LabRAM HR
Evolution) equipped with a 532 nm Nd:Yag laser (Cobolt
Sambat). To prevent exposure to air, the measured LLZO
samples were sandwiched between two thin glass slides and
sealed with epoxy glue inside an Ar-filled glovebox. The Raman
spectra show no surface impurities on LLZO membranes.

Scanning electron microscopy and energy-dispersive X-ray
spectroscopy

Scanning electron microscopy measurements of the dense
LLZO membranes were performed with a Zeiss Gemini 460
using a secondary electron detector at an acceleration voltage of
5 kV and a current of 100 pA. Energy-dispersive X-ray spectro-
scopy of the Li/Li3Sb/LLZO was performed with an EDS Ultim
Extreme detector of the Zeiss Gemini 460 at an acceleration
voltage of 10 kV and a current of 100 pA. To mitigate beam
damage, the acquisition time for each spectrum was limited
to 10 s.

Focused ion beam scanning electron microscopy

Focused ion beam scanning electron microscopy (FIB-SEM)
cross-sectional images were obtained using a Thermo Fisher
Scientific Helios 5 Laser Hydra system. Samples were loaded
into the chamber with minimal air exposure. To avoid any
shadow effect, a 600 mm wide cross-section was opened using a
femtosecond laser at a wavelength of 1030 nm, a pulse rate of
60 kHz, and a power of 4 mJ. The resulting surface was polished
using an argon plasma at 30 kV and a current of up to 0.93 mA.
The images were recorded using an Everhart–Thornley detector
at an acceleration voltage of 2 kV and a current of 1.6 nA with
tilt correction enabled.

Electrochemical impedance spectroscopy

The Li-ion conductivity of dense LLZO membranes was mea-
sured in the temperature range of �30 1C to 100 1C. Electro-
chemical impedance spectroscopy (EIS) measurements were
conducted using an Au/LLZO/Au symmetrical cell configuration
in an ITS-e Temperature Chamber (Biologic), equipped with
a CESH-e sample holder (Biologic). Au electrodes, ca. 50 nm
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thick, were thermally evaporated onto ultrafast-sintered LLZO
membranes using a Covap thermal evaporator (Angstrom).
Before Au evaporation, the LLZO membranes were subjected
to a post-HT at 900 1C for 10 minutes in an argon-filled
glovebox using a muffle furnace. This step was performed to
eliminate Li2O contamination from the surface, as confirmed
by XPS analysis. EIS measurements were carried out over a
frequency range of 35 MHz to 10 Hz with an amplitude of
10 mV, using an MTZ-35 impedance analyzer (Biologic). The
ionic conductivities (s, S cm�1) were calculated based on the
total resistance (R, O) values of the dense LLZO membranes,
considering their thickness (l = 45 mm) and the surface area
of the Li electrodes (S = 0.12566 cm2), using the following
equation:

s ¼ l

R� S
(24)

The activation energy in Fig. S2c was calculated using the
Arrhenius equation:

sT ¼ Ae
�Ea=kBT ð25Þ

where A is the pre-exponential factor, Ea (eV) is the activation
energy for ionic conduction, T (K) is the temperature, and kB

(eV K�1) is the Boltzmann constant.

Preparation of Li/LLZO/Li and Li/Li3Sb/LLZO/Li3Sb/Li
symmetrical cells

Symmetrical cells were prepared by cold isostatic pressing of Li
foil discs (71 MPa for 3 minutes) on both sides of as-prepared or
Sb (10 nm)-coated LLZO membranes in an inert environment
using a PW 100 EH cold isostatic press (P/P/Weber). The Li foil
was prepared by cutting a Li metal rod into small pieces, rolling
them on a stainless-steel substrate to a thickness of ca. 100 mm,
and then cutting 4 mm discs from the resulting foil. The
Li/Li3Sb/LLZO/Li3Sb/Li cells were then heated at 275 1C for
30 min on a heating plate in an Ar-filled glovebox to form the
Li3Sb IL.

Electrochemical measurements of the symmetrical cells
were conducted at 75 1C in a sealed vacuum furnace integrated
into an argon-filled glovebox and connected to a BioLogic VMP-
300 multichannel workstation. EIS measurements were per-
formed in the frequency range of 10 Hz to 7 MHz with an
amplitude of 10 mV using the BioLogic VMP-300 multichannel
workstation.

The steps of critical current density measurements are as
follows: a step of 0.1 mA cm�2 from 0.1 to 2.0 mA cm�2, a step
of 0.2 mA cm�2 from 2.0 to 5.0 mA cm�2, a step of 0.5 mA cm�2

from 5.0 to 15.0 mA cm�2, a step of 1.0 mA cm�2 from
15 to 20 mA cm�2, and a step of 10 mA cm�2 from 20 to
100 mA cm�2.

Preparation of the NMC811-LPSCl cathode

A 5 wt% stock solution of hydrogenated nitrile butadiene
rubber (HNBR, Therbans LT 1707, Arlanexeo) binder was
prepared by dissolving HNBR (8.76 g) in 200 mL of toluene
and stirring the solution for 24 h. In parallel, the purchased

powders of LiNbO3 (LNO)@NMC811 (KRI Inc.), Li6PS5Cl
(LPSCl, D50 = 3 mm, Wellcos), and vapor-grown carbon fiber
(VGCF, 99.99%, fiber diameter 150 nm, fiber length 4 mm,
Resonac) were transferred to a glass jar and stirred with a
spatula until a homogeneous powder mixture was obtained.
Then, the powder mixture was mixed with toluene solution
of HNBR binder, toluene and IBIB solvents using an ULTRA
TURRAX homogenizer (IKA, ULTRA TURRAX T18) at 6000 rpm
for 3 min and then at 10 000 rpm for 3 min. The target mass
ratio of LNO@NMC811 : LPSCl : VGCF : HNBR was 67.5 : 29.0 :
3.0 : 0.5. The volume ratio of toluene (499.5%, Roth):isobutyl
isobutyrate (IBIB, 498%, Sigma Aldrich) was 1 : 1. The resulting
slurry was tape cast onto a carbon-coated Al foil in an Ar-filled
glovebox using a 200 mm opening doctor blade, followed by
drying overnight at room temperature. The NMC811 loading
was 12 mg cm�2.

Fabrication of the NMC811-LPSCl/LLZO/Li3Sb/Li full cell

The fabrication of NMC811-LPSCl/LLZO/Li3Sb/Li all-solid-state
batteries involved several steps. First, one side of the as-
fabricated LLZO membrane was sputter-coated with a 10 nm
Sb film, followed by isostatic pressing with a Li foil at 71 MPa
for 3 minutes. The assembly was then heat-treated at 275 1C for
30 minutes to form the Li3Sb interlayer. Next, 4 mm diameter
cathode disks were punched from the NMC811-LPSCl cathode
and isostatically pressed onto the opposite side of the LLZO
membrane at 160 MPa for 3 minutes. Electrochemical measure-
ments of the assembled full cells were performed at 75 1C
under a pressure of 1 MPa using a home-made cell-setup in an
Ar-filled glovebox, within a voltage range of 3.0–4.3 V vs. Li+/Li,
using a BioLogic VMP-300 multichannel workstation.

Energy density calculations

The schematic of the all-solid-state battery used for gravimetric
and volumetric energy density calculations is shown in Fig. S22.
The calculations assumed 100% utilization of the NMC811
active material, an average cell voltage of 3.8 V, and the total
weight or volume of all cell components. The all-solid-state
cathode composition was considered as 70 wt% NMC811,
28 wt% Li6PS5Cl (LPSCl), and 2 wt% carbon additives. The
battery configuration included a 10 mm Li metal anode, a 12 mm
Cu foil anode current collector, and a 16 mm Al foil cathode
current collector. The thickness of the LLZO solid-state separa-
tor and the areal capacity of the all-solid-state cathode electro-
lyte were varied, ranging from 8 to 500 mm and 1 to 5 mAh
cm�2, respectively. All parameters used for the energy density
calculations are summarized in Table S2.
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