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Silver exsolution from Li-argyrodite
electrolytes for initially anode-free all-solid-
state batteries

Seung Ho Choi 1,6 , Chang Hoon Baek 1,2,6, Jihoon Oh 3, Geung-Jong Lee1,
Minsoo Kim4, Hyesu Lee4, Dong-Joo Yoo 5, Yoon Seok Jung 2,
KyungSu Kim 1, Ji-Sang Yu1, Woosuk Cho1 , Haesun Park 4 &
Jang Wook Choi 3

Achieving stable cyclability in initially anode-free all-solid-state batteries is
challenging due to non-uniform Li (de)plating, especially under practical
operating conditions. Here, we introduce a bilayer comprising a silver(Ag)-
doped Li-argyrodite electrolyte layer in contact with the undoped Li-
argyrodite electrolyte. During charging, electrochemical exsolution of Ag+

from the silver-doped Li argyrodite forms nanoscale, lithiophilic silver seeds
along grain boundaries and in pores where they are accessible for electron
transfer. These silver seeds alloy with Li to induce uniform Li plating under-
neath and return to the electrolyte layer upon Li stripping to enhance the
reversibility during cycling. With silver exsolution, a pouch-type full-cell with a
volumetric energy density of 1312Wh L−1 (excluding the packaging materials)
and areal discharge capacity of 7.0mAh cm−2 at 0.7mA cm−2, demonstrated
stable cycling at a practical stack pressure of 2.0MPa. This study highlights
that Ag+ diffusion in the Li-argyrodite solid electrolyte and its electrochemical
exsolution are an effective strategy for robust, high-energy-density initially
anode-free all-solid-state batteries.

The discovery of sulfide-based solid electrolytes, such as Li6PS5Cl
1,

Li10GeP2S12
2, and Li7P3S11

3, with various crystallographic structures has
hugely advanced all-solid-state Li-ion battery (ASSB) technology,
mainly by taking advantage of their high Li-ion conductivities and
superior ductility4–6. Regarding the cell configuration, initially anode-
free ASSBs7–10 eliminate the need for anode host materials, and
represent a notable conceptual advancement in theASSB field because
of their higher energy density, comparative affordability, and simpli-
fied manufacturing process. In each initially anode-free cell, during
charging, Li ions extracted from the positive electrode pass through
the solid electrolyte (SE) layer and are plated onto the anode current

collector as metallic Li. However, limited physical contact between the
current collector and SE, alongwith the lowaffinity for Li of the former,
often causes uneven Li plating and eventually fatal short-circuiting11–13.
Although the high shear modulus of SEs could suppress Li dendrite
formation to some extent, the grain boundaries and voids inevitably
present in the SE layer could still foster Li dendrite formation14–17.
Particularly, the susceptibility of grain boundaries with the narrower
bandgaps to electron leakage currents accelerates Li dendrite growth.
Critically, the external stack pressure governs the formation of voids at
the Li metal anode-SE interface; consequently, the interfacial resis-
tance becomes irregular, which also promotes Li dendrite growth18–22.
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The use of lithiophilic metal layers or carbon-based protective layers
has been reported as an effective strategy to ensure stable cycling
performance7–9. Stabilizing the operation of initially anode-free ASSB
cells, therefore, remains challenging ad continues to be a barrier to
their widespread adoption.

With this challenge in mind, herein, we present an SE bilayer
approach for sulfide-based initially anode-free ASSBs. The SE bilayer
consists of the well-known Li-argyrodite Li6PS5Cl0.5Br0.5 and its silver
(Ag)-doped analogs (Li6-xAgxPS5Cl). During charging, the Ag ions in Li6-
xAgxPS5Cl diffuse from their original crystal framework and are elec-
trochemically reduced at the grain boundaries in the SE layer to
function as nucleation seeds for Li deposition, followed by the for-
mation of a Li-Ag alloy in the lower SE bilayer. Next, the Ag in the Li
deposition layer spreads in the Li metal layer to facilitate uniform and

reversible Li deposition and stripping in each cycle. Significantly, Ag
ions tend to undergo reduction where electrons are inherently
accessible in the SE layer; thus, the reduced Ag itself naturally plays a
role in supplementing electron transfer for facile Li deposition during
each charging process. The sequential processes for uniformLi plating
in the anode, initiated by Ag exsolution, are graphically summarized in
Fig. 1a. This SE bilayer approach enabled initially anode-free half-cells
to be sustained for 1000 cycles at 1.0mAcm−1 with 1.0mAh cm−2,
without short-circuiting or increased polarization. Even pouch-type
ASSB full-cells with an unusually high areal capacity of 7.0mAh cm−2

demonstrated reliable cycling behavior under a practical operating
pressure of 2.0MPa. This work reveals electrochemically induced Ag
exsolution along grain boundaries as a useful concept for realizing
highly reliable initially anode-free ASSBs with high energy densities.

Fig. 1 | Ag exsolution-induced Li plating mechanism and Li6-xAgxPS5Cl SEs.
a Schematic of the proposed Li plating mechanism involving Ag exsolution along
grain boundaries and in pores. b Crystal structure in which the Li sites of Li6PS5Cl
are partially occupied by Ag+ dopant ions. Li+ and Ag+ are represented by gray and
blue spheres, respectively. c XRD patterns of the synthesized Li6-xAgxPS5Cl SEs
(x =0, 0.2, 0.4, and 0.6). d, e Violin plots with regard to (d), cell volume and (e),

phase stability (energy above the hull, Ehull) for the simulated Li6-xAgxPS5Cl struc-
tures (x =0, 0.25, 0.5, 0.75, and 6.0). The solid line within each violin represents the
median, and the dotted lines indicate the first and third quartiles. The sample sizes
in (d, e) are n = 100 for x =0, 0.50, 0.75, and 6.0, and n = 24 for x =0.25. f Ionic
conductivities (I. C.) at 293K and activation energies of the Li6-xAgxPS5Cl SEs.
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Results
Synthesis and analysis of the Ag-doped Li-argyrodite electrolyte
Figure 1b illustrates theAg-dopedLi6PS5Cl argyrodite structure.Within
this framework, the Li ions (48 h or 24g sites) are distributed along the
cage-like structures, with inter-cage hopping allowing the long-range
diffusion of Li ions23,24. Likewise, Ag ions that substituted Li ions could
diffuse along the same Li ion paths. The Li6-xAgxPS5Cl SEs (x =0, 0.2,
0.4, and 0.6) were synthesized using conventional heat treatment
(Supplementary Fig. 1; details in Methods). Scanning electron micro-
scopy (SEM) imaging (Supplementary Fig. 2) revealed that the syn-
thesized samples have particle sizes ranging from 1 to 3 μm, and SEM-
energy dispersive spectroscopy (EDS) analysis confirmed the uniform
distributions of S and Ag without aggregation. The XRD patterns ver-
ified that all samples have argyrodite structures without impurities
(Fig. 1c). To elucidate the structural changes induced by Ag+ doping,
we analyzed the (311) and (222) planes (the peaks at 29.8 and 31.3°),
which are primarily associated with Cl−/S2− and Li+ occupations,
respectively (Supplementary Fig. 3)25. The enlarged XRD patterns
(Fig. 1c, right) showed that both peaks shifted to lower angles, attri-
butable to the larger ionic radius of Ag+ (1.15 Å) compared to that of Li+

(0.6 Å). The intensity ratio of the (222) to (311) planes progressively
increased with the addition of Ag+, suggesting that Ag+ preferentially
occupies the (222) plane. A similar trend emerged for the Ag-doped
Li3PS4 electrolyte (see Supplementary Fig. 4). Rietveld refinement
analysis of the XRD patterns (Supplementary Fig. 5) revealed pro-
gressive expansion of the cubic lattice parameters from 9.845 in
Li6PS5Cl to 9.856, 9.880, and 9.910Å in the Li6-xAgxPS5Cl SEs (x =0.2,
0.4, and 0.6), respectively.

In contrast, X-ray photoelectron spectroscopy (XPS) analysis of
the Ag 3 d spectra of Li6-xAgxPS5Cl (Supplementary Fig. 6) revealed
consistent peaks at 367.9 and 374.0 eV for all the compositions. These
peaks are ascribed to the Ag−S bond in the commonly present Ag2S

26.
Similarly, the XPS P 2p and S 2p spectra also consistently displayed
peaks attributed to the PS4

3– polyhedra for all the compositions27.
Collectively, the SEM, XRD, and XPS analyses corroborate the suc-
cessful doping of the Li6-xAgxPS5Cl lattice with Ag+ without perturba-
tion of the intrinsic argyrodite framework.

Density functional theory (DFT) calculations enabled an exam-
ination of the effect of different amounts of Ag in Li6-xAgxPS5Cl (x =0,
0.25, 0.5, and 0.75) on the cell volume and structural stability. Simu-
lations were performed for x =0, 0.25, 0.5, and 0.75 in Li6-xAgxPS5Cl,
which differ from the experimental compositions, to balance compu-
tational feasibility and physical accuracy. Figure 1d presents the cal-
culated cell volumes as violin plots, where the horizontal width
corresponds to the frequency of the structure with the given volume.
The results also indicate that higher Ag content increases the average
lattice parameters. To assess the influence of Ag doping on the ther-
modynamic structural stability, the energy above the convex hull (Ehull)
was calculated (Fig. 1e). Structures with Ehull < 50meV/atom are con-
sidered to bemetastable yet synthetically viable28,29. The 100predicted
Li6-xAgxPS5Cl structures all meet this criterion, suggesting that Ag+

doping does not significantly impair the structural stability. Notably,
Ag6PS5Cl was predicted to be more stable than Li6PS5Cl and inter-
mediate Ag-doped compositions (x < 6). Furthermore, other mono-
and di-valent cations (e.g., Cu+, K+, Na+, and Mg2+, Zn2+) were also pre-
dicted to be synthetically feasible, suggesting the possibility of syn-
thesizing SEs containing diverse cations (Supplementary Table 1). The
ionic conductivities of Li6-xAgxPS5Cl (x = 0, 0.2, 0.4, 0.6) at 293 K (Fig. 1f
and Supplementary Fig. 7a) were 2.0, 1.7, 1.5, and 1.3mScm−1, respec-
tively, implying that the ionic conductivity decreases slightly with
increasing Ag content. Consistently, their activation energies (Sup-
plementary Fig. 8), determined bymeasuring their ionic conductivities
at different temperatures, were 0.36, 0.37, 0.39, and 0.42 eV, respec-
tively. In addition, the electronic conductivities of the given compo-
sitions (Supplementary Fig. 7b) were measured to be 2.3, 1.8, 1.6, and

1.3 × 10−10 S cm−1, respectively, revealing that their electrically insulat-
ing characteristics were maintained.

Electrochemically induced Ag exsolution
To investigate the effect of the electrochemically induced Ag exsolu-
tion from the Li5.4Ag0.6PS5Cl SE on the cell performance, we prepared
two half-cells without and with this Ag-doped SE layer (Cell A and Cell
B, respectively, in Fig. 2a). Figure 2b displays their initial discharge
(lithiation) profiles. Upon discharge, whereas the potential of Cell A
instantlydropped to0Vwithout any signof electrochemical reactions,
Cell B exhibited a potential profile indicative of distinct redox reac-
tions originating from the Li5.4Ag0.6PS5Cl layer. Notably, the color of
Cell B turned frombrown to black at 1.2 V (inset of Fig. 2b), presumably
from the formation of metallic Ag. Moreover, the capacity delivered
until 1.2 V ( ~ 48.1mAh g−1) is consistent with the theoretical capacity of
Li5.4Ag0.6PS5Cl (48.9mAhg−1) corresponding to its complete Ag exso-
lution. Upon full discharge to 0.005 V, Cell B with the 10μm-thick
Li5.4Ag0.6PS5Cl layer delivered a specific capacity of 235.7mAhg−1

(0.51mAh cm−2). The capacity delivered after point ii is attributed to
Ag-Li alloying reactions, as described below.

Using ex-situ XRD analysis, wemonitored the structural evolution
of Li5.4Ag0.6PS5Cl during discharge. Figure 2c presents the XRD pat-
terns at the specific potentials marked in Fig. 2b. At point i (OCV), the
XRD pattern verified the argyrodite structure of Li5.4Ag0.6PS5Cl. At
point ii (1.2 V), the presence of the characteristic peaks of both Li6PS5Cl
and Ag metal confirmed the formation of metallic Ag through a redox
reaction evident from the plateau at 1.8 V. As the discharge proceeded
to points iii (0.12 V), iv (0.04 V), and v (0.005 V), the formed Ag pro-
gressively alloyed with Li to form Ag-Li alloys30–32 with increasing Li
contents, while the patterns characteristic of the Li6PS5Cl framework
remained consistent. This infers that the Li-ion conductive pathways in
the SE framework are largely maintained even after Ag exsolution.
Additionally, enlargement of the XRD peaks near 30° (Fig. 2c, right)
showed that the relative peak ratio of Li5.4Ag0.6PS5Cl between the (311)
and (222) planes at OCV (point i) reversed as soon as Ag ions were
extracted at point ii and thereafter, until the XRD pattern eventually
resembled that of Li6PS5Cl. This phenomenon can be explained by the
substitution of Ag ions in the (222) plane by Li ions and can, in turn, be
used as a marker for detecting the endpoint of Ag exsolution.

The structural stability of Li6PS5Cl and Li5.25Ag0.75PS5Cl was
further elucidated as a function of the applied potential by
focusing on their likelihood to decompose28,33. DFT calculations
indicated that the decomposition energies of both compositions
remained extremely low (|ED | < 25meV/atom) in the potential
range 1.72−2.14 V (Fig. 2d). This is well aligned with the afore-
mentioned XRD result that the structural integrity of
Li5.4Ag0.6PS5Cl is preserved throughout the exsolution of Ag,
which mostly takes place at the potential plateau of 1.8 V (Fig. 2b).
Nonetheless, below 1.71 V, the absolute value of ED tends to
increase steadily, implying that the surfaces and grain boundaries
of Li6PS5Cl and Li5.4Ag0.6PS5Cl inevitably decompose to yield
byproducts27,33,34. The plausible decomposition products of
Li5.25Ag0.75PS5Cl at the different potential levels were suggested
by DFT calculations, and similar analyses were performed for the
other Li6-xAgxPS5Cl (x = 0, 0.25, 0.5, and 6) compositions (Sup-
plementary Fig. 9).

We measured the ionic and electronic conductivities of the
Li5.4Ag0.6PS5Cl electrode at OCV and 1.2 V. Whereas the ionic con-
ductivities of Li5.4Ag0.6PS5Cl at these points were similar (1.3 and 1.0
mS cm−1, respectively; Fig. 2e and Supplementary Fig. 10 and Note 1),
the electronic conductivities were completely distinct (1.5 × 10−10 and
2.5 × 10−3 S cm−1; Supplementary Fig. 11). The similar ionic con-
ductivities confirmed the sustained framework of the SE after Ag
exsolution. On the other hand, the surge in the electronic conductivity
at 1.2 V is linked to the formation of Ag metal along the electron
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transfer pathways within the SE layer. The ionic and electronic con-
ductivities of Li5.8Ag0.2PS5Cl and Li5.6Ag0.4PS5Cl followed consistent
trends (Supplementary Figs. 10, 11).

Reversible Li plating enabled by the SE bilayer
The effect of Ag exsolution on the electrochemical performance was
additionally evaluated by fabricating Li|SUS pellet-type half-cells with
the Li6PS5Cl0.5Br0.5 | Li6-xAgxPS5Cl bilayer. The half-cell with the
Li6PS5Cl0.5Br0.5 | Li5.4Ag0.6PS5Cl bilayer demonstrated the best cycling
performance, with average Coulombic efficiency (CE) of 99.7% for
1000 cycles at 60 °C without increasing the polarization significantly
(Fig. 3a and Supplementary Fig. 12). Importantly, the critical current
density (CCD) value of the Li|Li6PS5Cl0.5Br0.5 | Li5.4Ag0.6PS5Cl | SUS half-
cell was as high as 6.0mAcm−2 (Fig. 3b). Furthermore, the given cell
operated stably for 150 cycles at 1.0mA cm−2 with a high areal capacity
of 5.0mAh cm−2 (Supplementary Fig. 13). The electrochemically
formed Ag particles also facilitated reversible Li plating at 30 °C
(Supplementary Fig. 14). To demonstrate the impact of the electro-
chemically induced Ag exsolution more explicitly, a slurry-coating
process was used to prepare a composite electrode composed of
Li6PS5Cl and Ag nanoparticles such that its Ag nanoparticle content
was equivalent to that of Li5.4Ag0.6PS5Cl. SEM-EDS visualization of this
electrode indicated severe Ag aggregation (Supplementary Fig. 15).
Moreover, the electronic conductivity of this composite electrode
(1.0 × 10−7 S cm−1) was far lower than that of the Li5.4Ag0.6PS5Cl

electrode after Ag exsolution. This control electrode validates the
critical role of Ag exsolution in obtainingwell-distributedAg seeds and
enhanced electronic conductivity.

The Li plating beneath the SE bilayer was probed by conducting
ex-situ cross-sectional SEM-EDS analyses at different points during the
first cycle. In contrast to the OCV state (Fig. 3c), discharge at 0.005 V
resulted in the formation of alloyed Ag-Li along the grain boundaries
and in pores in the Li5.4Ag0.6PS5Cl layer (Fig. 3d). These alloyed
deposits are clearly captured in the magnified SEM-EDS images
(Fig. 3e). The early-stageAgexsolutionwas examinedby visualizing the
same electrode using SEM-EDS after only 1min of discharge (Supple-
mentary Fig. 16). Even at this early stage, exsoluted Ag was observed
near the SUS current collector immediately after being reduced,
whereupon Ag exsolution propagated progressively throughout the
Li5.4Ag0.6PS5Cl layer to create connected electron transfer pathways.
Upon Li plating at 5.0mAh cm−2, a compact layer of Li metal formed
between the SE bilayer and SUS current collector (Fig. 3f). At this point,
Ag was detected throughout the plated Li, indicating the formation of
a Li-rich Ag-Li solid-solution as a result of the diffusion of Ag into the
plated Li layer31,32,35. By contrast, severe Li dendrite growth was
observed in a control cell with the Li6PS5Cl0.5Br0.5 | Li6PS5Cl bilayer
when discharged at 5.0mAh cm−2, thereby revalidating the crucial role
of exsoluted Ag to ensure uniform Li plating (Supplementary Fig. 17).
Intriguingly, Li plating at 5.0mAh cm–2 resulted in the formation of
unfilled voids in the Li6PS5Cl layer (Supplementary Fig. 18a), whereas

Fig. 2 | Ag exsolution from the Ag-doped Li-argyrodite SE. a Schematic illus-
tration of the two half-cell configurations paired with Li metal. b Initial galvano-
static discharge profiles of the cells shown in (a) when scanned at 1.0mA cm−2 at
60 oC. c Ex-situ XRD patterns of Li5.4Ag0.6PS5Cl extracted from Cell B at the specific
potentials marked in (b). The peaks denoted as α, β, γ3, and γ2 are characteristic of

Ag, LiAg, Li9Ag4, and Li10Ag3, respectively. dDecomposition energy (ED) of Li6PS5Cl
and Li5.25Ag0.75PS5Cl as a function of the applied potential. e Ionic and electronic
conductivities (I. C. and E. C.) of the Li5.4Ag0.6PS5Cl electrode atopen circuit voltage
(OCV) and discharged at 1.2 V.
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the voids that formed in its Li5.4Ag0.6PS5Cl counterpart were com-
pletely filled with alloyed Ag-Li and metallic Li (Supplementary
Fig. 18b) owing to the exsoluted Ag seeds. During subsequent Li
stripping, the grain boundaries and voids in the Li5.4Ag0.6PS5Cl layer
remained filled with alloyed Li-Ag (Fig. 3g), implying that Ag was
unlikely to migrate back into the lattice of LixPS₅Cl.

The robust performance of the operational concept based on Ag
exsolution was demonstrated in a practically viable cell setting by
fabricating pouch-type full-cells for galvanostatic assessment (Fig. 3h).
A cross-sectional SEM image of a pouch cell with a 35 μm-thick SE

bilayer is shown in Supplementary Fig. 19. This pouch cell delivered an
initial reversible capacity of 205mAhg−1 (equivalent to 7.0mAh cm−2)
at 0.7mAcm−2 under stack pressure of 2.0MPa (Fig. 3i), and also
demonstrated stable cycling retention of 95.0% after 50 cycles at
0.7mAcm−2 and 60 °C. The discharge capacity at 30 °C under 2.0MPa
was 198.1mAh g–1 (equivalent to 7.8mAh cm–2) and stable cycling at
0.7mAcm−2 (0.1 C) was demonstratedwith 87.4% of the initial capacity
retained after 50 cycles (Supplementary Fig. 20). Compared to pre-
viously reported initially anode-free pouch cells (Supplementary
Table 2), the current work demonstrated stable operation at 30 and

Fig. 3 | Cell performance with the SE bilayer. a Coulombic efficiency (CE) of Li|
Li6PS5Cl0.5Br0.5 | Li6-xAgxPS5Cl | SUS half-cells at 60 °C (x=0, 0.2, 0.4, and 0.6).
b Critical current density measurement of the Li|Li6PS5Cl0.5Br0.5 | Li5.4Ag0.6PS5Cl | SUS
half-cell. The current density was varied for both charge and discharge, and the areal
capacitywas kept constant at 1.0mAhcm−2. c–gCross-sectional SEM-EDS images at (c)

OCV, after (d,e) discharge at 0.005V, (f) Li plating at 5.0mAhcm−2, and (g) Li stripping
to 0.1 V in the first cycle. The current density and operating temperature were fixed at
1.0mAcm⁻² and 60 °C, respectively.hCycling performance and (i) Voltage profiles of
the pouch-type initially anode-free ASSB at 60 °C. The capacities in (h, i) refer to
discharge capacities.
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60 °C with a high areal capacity of 7.0mAh cm−2. Dismantling of the
cell in the 50% state of discharge in the first cycle and detachment of
the SUS current collector from the SE bilayer (Supplementary Fig. 21a)
revealed that the plated Li layer uniformly covered the entire electrode
area. Consistent with the results in Fig. 3f, the cross-sectional SEM-EDS
analysis confirmed the uniform distribution of Ag throughout the
plated Li layer of the pouch cell in this state of discharge (Supple-
mentary Fig. 21b). Notably, the energy density was calculated to be
1312Wh L−1, excluding the packaging materials (Supplementary
Table 3). Overall, the series of results portrays a consistent picture that
the Li5.4Ag0.6PS5Cl layer, after Ag exsolution, was transformed into an
ideal lithophilic structure that promoted uniform Li plating in the
initially anode-free ASSB cell scheme over repeated cycles. On a
separate note, in terms of Ag distribution, the Ag at the grain bound-
aries of the Li5.4Ag0.6PS5Cl layer is expected to be more uniformly
distributed than previously reported metallic Ag in the composite
protection layer, whose distribution cannot always be warranted.

Kinetic requirements for Ag exsolution of the Li-argyrodite
Ab-initio molecular dynamics (AIMD) was used to simulate the diffu-
sionof Li andAg ionswithin the argyrodite framework (Supplementary
Data 1). In Fig. 4a, the gray clouds represent Li+ probability density iso-
surfaces generated by simulating Li+ diffusion for 400ps. This Li+ iso-
surface map indicates the Li occupation sites (48 h) in the framework
and thus the overlapping footprint. Along with this Li+ iso-surface, the
simulated Ag+ trajectory between 200ps and 250ps (Fig. 4a) points to
the feasibility of Ag+ engaging in inter-cage crossover: a Ag ion posi-
tioned in the cage on the right at 200 ps crosses to the cage on the left
and then returns to that on the right at 250ps. Figure 4b depicts the Li
and Ag ion trajectories over larger crystallographic dimensions for

400ps. The convergence of the Li+ trajectories over this period to
cage-like geometries reflects the high likelihood of intra-cage
hopping23,24,36. These trajectories also suggest the possibility of inter-
cage hopping, although less frequent (lighter gray) than intra-cage
hopping. Moreover, the Ag+ trajectories largely overlap with those of
Li+, implying that Ag+ follows similar pathways for its diffusion towards
exsolution. In the same vein, magnification of the Ag+ line trajectories
(Fig. 4b, inset) portrays the oscillating diffusion of Ag+ between the
cages.On the other hand, themean squared displacement calculations
indicate that P, S, andCl atoms remain at their original crystallographic
positions, confirming the structural stability of the argyrodite frame-
work. (Supplementary Fig. 22) In fact, a recent study37 also suggested
the possibility of Cu+ diffusion along the Li+ trajectories in the Li6PS5Cl,
supporting our rationale for Ag exsolution via the Li+ trajectories.

We additionally investigated the electronic structures of the bulk
and grain boundary models (Supplementary Fig. 23 and Note 2), as
exemplified by the partial density of states (pDOS) of the bulk and
grain boundaries in Li5.25Ag0.75PS5Cl (Fig. 4c). The calculated bandgap
energies for the Σ3[110]/(111) and Σ5[100]/(210) grain boundaries are
1.54 and 1.36 eV, respectively, both lower than the bulk bandgap of
1.65 eV. The narrower bandgaps of the grain boundary structures are
attributed38,39 to the presence of local defects and high-index surfaces.
Although thesenarrowedbandgaps donot offer band-like conduction,
they may explain the preferential Ag exsolution along the grain
boundaries, preceded by the reduction of Ag+. These results once
again attest to the foundational role of thewell-distributed, lithiophilic
Ag seeds at the nanoscale, facilitated by Ag exsolution, to realize uni-
form reversible Li (de)plating.

In summary, despite their unparalleled theoretical energy density,
warranting uniform Li (de)plating is still nontrivial in initially anode-

Fig. 4 | Computational simulations of Ag exsolution. a AIMD-simulated Li ion
distributionmap (gray) of the equal probability density over 400 ps, alongwith the
Ag+ diffusion trajectory (blue) spotted at every 100 fs for 50ps. (Right) Schematic
representation of intra-cage and inter-cage diffusion pathways across the Li 48h

cage face. The gray and blue spheres represent Li and Ag atoms, respectively.
b AIMD-simulated inter-cage diffusion trajectory maps of Li and Ag ions in larger
crystallographic dimensions. c Calculated partial density of state of the bulk and
grain boundary structures of Li5.25Ag0.75PS5Cl.
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free ASSBs, particularly under practical stack conditions. We intro-
duced electrochemically induced Ag exsolution from a Ag-doped Li-
argyrodite layer to effectuate the generation of well-distributed
nanoscale Ag seeds. Notably, Ag exsolution occurs via ion diffusion
and electrochemical reduction, preferentially along grain boundaries
where electron transfer is readily available. These exsoluted Ag seeds
promoteuniformLi (de)plating to enable robust cycling at a practically
workable pressure of 2.0MPa. Moreover, the thin SE bilayer (only
35μm thick) offers energy density in excess of 1300WhL−1 for pouch-
type ASSB cells. This study highlights the importance of conductive
nucleation seeds for the highly reliable operation of high energy-
density initially anode-free ASSB cells, a criterion that is ideally met
with exsoluted Ag seeds along grain boundaries in the SE framework.

Methods
Synthesis of solid electrolytes
The Ag-doped solid electrolytes were synthesized by combining stoi-
chiometric amounts of Li2S (99.98%, no.213241, Sigma Aldrich), P2S5
(99%, no.232106, Sigma Aldrich), LiCl (99%, no.746460, Sigma
Aldrich), LiBr (99%, no.213225, Sigma Aldrich) and AgCl (99.9%, no.
227927, Sigma Aldrich) powders in a ball mill for pulverization at
450 rpm for 2 h in a ZrO2 jar with 5mm ZrO2 balls (Pulverisette 7,
Fritsch). Themechanically mixed powders were post-treated at 550 °C
for 6 h in a quartz glass tube oven under vacuum. The Li6PS5Cl0.5Br0.5
(LPSCl) solid electrolyte was prepared by the same process, without
the addition of AgCl. The size of the powder particles was further
reduced by ball milling in heptane (99%, no. 246654, Sigma Aldrich) at
200 rpm for 2 h in the ZrO2 jar with ZrO2 balls.

Fabrication of initially anode-free ASSB cells
The solid electrolyte layer was prepared by dispersing Li6-xAgxPS5Cl
powder and styrene-butadiene rubber binder (Mn ~ 60000, SBR,
Kumho Petrochemical) in butyl butyrate (98%, no.281964, Sigma
Aldrich, 97:3 by weight) to form a slurry. The prepared slurry was cast
onto a stainless steel (SUS) current collector to a thickness of 15 μm.
The Li6-xAgxPS5Cl layer was dried in a hot-dry oven at 80 °C for 1 h and
subsequently at 100 °C for 2 h under vacuum. The Li6PS5Cl0.5Br0.5 layer
was prepared similarly by combining Li6PS5Cl0.5Br0.5 powder and SBR
(97:3 by weight). The solid content of the slurry was 65%. The resulting
slurry was cast onto a PTFE film to a thickness of 50 μm using the
doctor blade method, which decreased to approximately 40 μm after
drying. The positive electrode was prepared by dispersing LiNbO3-
coated LiNi0.8Co0.1Mn0.1O2, Li6PS5Cl (Posco-JK Co.), carbon black
(Super C65, Timcal), and nitrile-butadiene rubber (Mn ~ 250000, NBR,
Kumho Petrochemical) in butyl butyrate in an80:17:1.5:1.5weight ratio.
The slurry was mixed using a Thinky Mixer at 2000 rpm for 10min.
This mixture was cast onto an aluminum current collector at a thick-
ness of 450μm using the doctor blade method. The solvent was
removed in a vacuum chamber at 100 °C for 2 h. The loading of the
active material on the positive electrode was approximately
50mg cm−2.

For the fabrication of the half-cells including a Li6-xAgxPS5Cl layer
(x =0, 0.2, 0.4, 0.6), 150mg of Li6PS5Cl0.5Br0.5 was cold-pressed at
50MPa using a PEEK mold with a diameter of 13mm. The 10μm-thick
Li6-xAgxPS5Cl layer cast on the SUS collector was placed on one side of
the Li6PS5Cl0.5Br0.5 pellet and pressed at 500MPa for 1min using a
titaniummold. The thickness of the LPSClmembranewas estimated to
700μm. After pressing, the Li film with a thickness of 100 µm on SUS
foil was placed on the other side of the Li6PS5Cl0.5Br0.5 pellet, and the
assembly was placed in a home-made uniaxial pressure cell and tigh-
tened at 20MPa. The cells were rested at the set temperature (30 or
60 °C) for 3 h before cycling. To fabricate a pouch-type initially anode-
free full-cell, the freestanding Li6PS5Cl0.5Br0.5 layer with a thickness of
approximately 40 μm was delaminated from the PTFE film. The
dimensions of the positive electrode, Li6PS5Cl0.5Br0.5 layer, and Li6-

xAgxPS5Cl layer were 20mm×20mm, 24mm×24mm, and 22mm×
22mm, respectively. All the electrodeswere stacked andpacked into a
pouch film. After sealing the pouch cell under vacuum, it was pres-
surized at 500MPa and 80 °C by the warm isostatic pressing (WIP)
process (ISA-W50-6000, Ilshin Autoclave). All of the cells were fabri-
cated in a dry room with a dew point below − 50 °C and tested in an
environmental chambermaintained at either 30 ±0.5 °Cor 60 ± 0.5 °C.

Electrochemical characterization
The half-cell test (N = 1 ~ 3 cells for each condition) was conducted by
allowing Li plating toproceed for either 1 hor 5 h at a current density of
1.0mA cm−2. The cut-off potential for Li strippingwas set at 0.1 V (vs. Li/
Li+), using a battery cycler (WBCS 3000, WonATech). The Coulombic
efficiency in half-cells is defined as the Li plating capacity divided by
the Li stripping capacity in each cycle. The cyclability of the pouch-
type full-cells (N = 2 cells)wasgalvanostatically assessed at0.7mAcm−2

in constant current (CC) mode for both charge and discharge in the
voltage range of 2.5–4.3 V. A current density of 7.0mAcm⁻² was used
as 1 C. The Coulombic efficiency in full-cells is defined as the charging
capacity divided by the discharging capacity in each cycle. The stack
pressure of the pouch cells during cycling was maintained at 2.0MPa.
No formation cycles were included for any of the cell tests. The
impedance data were recorded on an impedance analyzer (Bio-Logic,
VSP-300) in the frequency range of 7 MHz–0.1 Hz at the amplitude of
15mV. A total of 79 data points were collected for each measurement.
The DC polarization data were obtained using the same analyzer by
sequentially applying potentials from ± 5mV to ± 300mV, each
applied for 20 s.

Characterization
Scanning electron microscopy-energy dispersive spectroscopy (SEM-
EDS) images were acquired using a JSM-IT200 instrument (JEOL) in a
dry roomwith adewpoint below− 50.0 °C at an accelerating voltageof
15 kV. For cross-sectional SEM imaging, cells were dissected using a
cross-section polisher (JEOL, IB-19520CCP) at 5.0 kV for 1 h. X-ray dif-
fraction (XRD) patterns were collected on a PANalytical Empyrean
diffractometerwith Cu-Kα radiation at a scan rate of 5°min−1 and a step
size of 0.026°. A home-made holder with a polyimide cover was
employed to protect the samples frommoisture while they were being
loaded into the XRD chamber. The Rietveld refinement of the XRD
patterns was performed using the FullProf software. Chemical infor-
mation about the synthesized solid electrolytes was obtained using
X-ray photoelectron spectroscopy (XPS, VG Multilab ESCA system,
220i) installed in a dry room. XPS measurements were conducted
using an Al Kα source (1486.6 eV) with a spot size of 400 µm and an
energy step size of 0.1 eV. Electrodes for all ex-situ analyses were
prepared by disassembling the cells without any washing or polishing
in a dry room with a dew point of – 50 °C.

Computational details
DFT calculations were conducted using the Vienna ab initio simulation
package (VASP) to investigate the thermodynamic stability and the
electrochemical exsolution of Li6-xAgxPS5Cl

40. The core-valence elec-
tron interactions were modeled using projector-augmented wave
potentials with a plane-wave cutoff energy of 520 eV41. The
Perdew–Burke–Ernzerhof exchange-correlation functional within the
generalized gradient approximation was employed42. The Γ-point
centered k-point mesh of 2 × 2 × 2 was used, and an electronic con-
vergence criterion of 10−5 eV was used for all calculations.

Structural models of Li6-xAgxPS5Cl (x =0.25, 0.50, 0.75) were
generated using Python Materials Genomics (pymatgen)43. A total of
100 structureswere derived from the crystallographic information file,
with partial Ag occupancy at the 48a Li site, and fully relaxed to a force
tolerance of 0.01 eV /Å. The phase stability of these relaxed structures
was assessed by calculating the energy above the convex hull (Ehull)
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using the Materials Project (MP) database44. The electrochemical
exsolution of Ag was examined via the grand potential phase diagram,
with the chemical potential μLi defined as45:

μLi φð Þ=μLi, 0 � eφ ð1Þ

where μLi, 0 represents the chemical potential of Li metal, e is the ele-
mentary charge, andφ is the potential relative to the Li metal negative
electrode. The chemical potentialμLi is directly related to the potential
vs. Li/Li+, expressed as:

V = � μLi=zF ð2Þ

where F is the Faraday constant, z is the number of electrons trans-
ferred (z = 1 for Li), and φ is referenced to the energy of Li metal. The
pymatgen code was utilized to generate the grand potential phase
diagrams and to identify stable compounds as a function of the che-
mical potential μLi. The thermodynamic tendency to decompose into
its equilibriumphaseswasquantifiedbycalculating thedecomposition
reaction energy, ED, at a given potential φ as follows:

ED = E phase equilibria,φð Þ � E Li6PS5Cl
� �� ΔnμLi φð Þ ð3Þ

Here, E(phase equilibria, φ) represents the total energy of the
equilibriumphases at the potentialφ, E(Li6PS5Cl,φ) is the energy of the
Li6PS5Cl, and ΔnLi denotes the change in the number of Li atoms from
the solid electrolyte composition to the equilibrium composition.

Ab initiomolecular dynamics (AIMD) simulations were conducted
to explore Ag diffusion within Li6-xAgxPS5Cl. These simulations were
performed in the NVT ensemble using a Nose-Hoover thermostat at
1000K, with a time step of 2 fs over a total simulation time of 400ps.
The Γ-point only sampling of k-spacewas used. The atomic trajectories
of Li and Agwere visualized and analyzed using the Open Visualization
Tool (OVITO) software.

Data availability
The data that support the findings of this study are available from the
source data. Source data are provided in this paper.
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