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Broader context

High-performance anode-less all-solid-state
batteries enabled by multisite nucleation and an
elastic networkf

*a.b

Jihoon Oh, 2 +*® Yeeun Sohn$*® and Jang Wook Choi
Anode-less all-solid-state batteries (ALASSBs) represent a promising energy storage platform for various
upcoming green mobility applications, as they offer superior energy density, manufacturing feasibility, and
enhanced safety. However, their practical implementation is hindered by the formation of heterogeneous
lithium (Li) deposits during repeated cycling, particularly at ambient temperatures. In this study, we intro-
duce a novel multi-seed strategy that integrates strategically distributed nucleation sites with a highly
elastic and adhesive polymer matrix. The incorporation of multiple lithiophilic metallic seeds with a range
of lithiation potentials promotes uniform Li deposition by facilitating diversified lithiation pathways.
Simultaneously, the elastic polymer network enables stress dissipation across the protection layer, thereby
effectively mitigating mechanical degradation. Even at room temperature (25 °C), the resulting anode-less
full-cell retained 70% of its capacity after 100 cycles at a current density of 0.5C (1C = 2 mA cm™2). This
study conveys a useful design principle for protective layers in ALASSBs: the advantageous synergistic
effect created by combining multiple lithiophilic seeds with enlarged nucleation pathways and a stress-
releasing elastic binder.

Anode-less all-solid-state batteries (ALASSBs) represent a promising conceptual shift in energy storage. The anode-less architecture relies on the use of a bare
current collector—and thus the absence of a dedicated lithium (Li) host material—on the anode side, which enhances the volumetric energy density while
substantially reducing the costs. However, the widespread adoption of ALASSBs has been complicated by the difficulties associated with stabilizing Li (de)
plating on the anode-less electrode under practical conditions. Conventional protective layers for anode-less systems have demonstrated effectiveness only

under limited conditions, such as elevated temperatures. This study introduces an innovative multiple-seed architecture that utilizes strategically selected

lithiophilic metals—magnesium (Mg), silver (Ag), and tin (Sn)—as distinct nucleation sites. These metals, with a wide range of lithiation potentials, enable

controlled sequential lithiation pathways that promote uniform Li plating. We complement this multi-seed approach with a mechanically robust Elastane
polymer network that effectively accommodates the volume changes the electrode experiences during Li plating-stripping cycles. This integrated architecture

promotes stable operation at room temperature and suggests a new design principle for protecting the anode-side electrode of ALASSBs.

1 Introduction

taneously offering both enhanced safety and high energy
density, ASSBs have positioned themselves as frontrunners

All-solid-state batteries (ASSBs)—a new competitive energy
storage system for emerging mobility applications—represent
a significant leap beyond their conventional liquid electrolyte-
based lithium (Li)-ion battery (LIB) counterparts.' ™ By simul-
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among next-generation rechargeable battery technologies.>®
Central to this innovation is the development of solid electro-
Iytes (SEs) with sulfide-based materials, which stand out due
to their remarkable ionic conductivity and favorable mechani-
cal properties.”?

Considerable effort has been dedicated to realizing the full
potential of ASSBs with respect to the energy density at the
battery cell level,"*'® particularly by focusing on the incorpor-
ation of advanced anode materials'”'® and the development of
thin SE layers.’®>' Between these, the anode material plays a
pivotal role in improving the volumetric energy density, and
silicon (Si)-containing composites,>*>* Li metal foil,>**>®
and even so-called anode-less designs have been identified as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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suitable options.>?*° The latter, in particular, represents a
bold step forward by obviating the need for an active host for
the storage of carrier ions as a way to maximize the energy
density and push the boundaries of ASSB technology.*'

In anode-less all-solid-state batteries (ALASSBs), in the
absence of an active anode material, Li is deposited directly
onto the anode current collector during charging. While this
design offers notable advantages in terms of structural simpli-
city, along with maximizing the volumetric energy density, it
also presents significant challenges in the form of spatially
uneven Li (de)plating on the anode current collector, and this
tends to evolve into indiscriminate Li dendritic growth.>*??
Attempts to address these issues have led to the implemen-
tation of thin protective layers, consisting of various com-
ponents, on the current collector.’*® These layers aim to
maximize the energy density by minimizing the layer thickness
while enabling reliable Li (de)plating over repeated cycles. A
notable approach in this technological category thus far is the
use of lithiophilic Li nucleation seeds, such as silver (Ag), in
conjunction with the insertion of electrically conductive
carbon components between the deposited Li and the SE.**

View Article Online
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Despite this progress, designing protective layers that ensure
reliable performance under practical operating conditions
remains a formidable challenge. In this regard, the high
energy barrier for Li diffusion into the protective layer consti-
tutes a critical limitation, which—at moderate temperatures
such as room temperature—promotes undesirable Li depo-
sition in the subsurface (bulk) or surface regions of the protec-
tive structure.

To overcome this shortcoming, we designed a protective
layer with the aim of actively promoting even Li (de)plating on
the anode-less electrode. Specifically, we propose a multi-seed
strategy that entails the combined use of three distinct lithio-
philic metals: Ag, magnesium (Mg), and tin (Sn). These metal-
lic seeds are integrated with a highly elastic polymeric binder,
known as “Elastane” (Fig. 1a), to address the mechanical draw-
backs associated with ALASSBs. Compared to conventional
single-seed-based protective layers with standard binders
(Fig. 1b), the proposed multi-seed approach leverages metals
with varying lithiation potentials to promote uniform Li depo-
sition through a continuous lithiation process over a range of
different voltage windows. Additionally, the multiscale particle
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Fig. 1 Schematic illustrations of the multiple-seed anode-less electrode. (a) Depiction of the MgAgSn electrode with the Elastane binder, including
the chemical structure of the Elastane polymer. Morphological changes in the interface during electrochemical cycling with (b) a single-seed
configuration using a standard PVDF binder and (c) a multiple-seed configuration using an Elastane binder.
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sizes of the different seeds effectively help to mitigate stress
accumulation during cycling. The mechanical stability is
further enhanced by the elastic recovery of the Elastane
polymer (Fig. 1c), which dissipates mechanical stresses®® to
ensure robust structural integrity. Our results show that this
innovative approach significantly improves the performance of
ALASSBs, thereby establishing a foundational design principle
for anode-less seed layers.

2 Results and discussion
2.1 Multi-seed strategy for stable Li plating

The operation of ALASSBs at suboptimal temperatures, par-
ticularly room temperature, is fundamentally challenging as a
result of the substantial energy barriers for Li-ion diffusion
that exist within the protective layer. Although monolayered
lithiophilic metal seeds can to a certain extent overcome the
temperature constraints through their inherent lithiophilicity,
single-seed approaches often lead to spatially irregular Li
deposition. This implies that single seeds may not be able to
function sufficiently when the volume of Li being plated is
much larger than the volume of the thin protection layer in
ALASSB systems. This prompted our proposal of a multi-seed
strategy that synergistically incorporates nucleation seeds with
heterogeneous properties. Most notably, the distinctly
different electrochemical potentials of these metallic seeds
induce sequential Li deposition across different voltage
ranges, and were expected to promote uniform and stable Li
growth  through  continuous  multistep  nucleation.
Furthermore, the graded nanoparticle sizes of the seeds were
anticipated to enhance the mechanical integrity by allowing
robust solid-solid contact. This physicochemical materials
design effectively addresses both the kinetic limitations at
room temperature and structural stability requirements for
long-term operation.

To evaluate the effectiveness of our multi-seed strategy, we
compared the performance of multi-seed (MgAgSn) anode-less
electrodes—comprising Mg (Ds, = 800 nm), Ag (Dso = 30 nm),
and Sn (Ds, = 150 nm) nanoparticles—with their single-seed
counterparts containing only Mg, Ag, or Sn, respectively. All
these electrodes were fabricated with a uniform thickness of
5 pm using a slurry casting method incorporating the Elastane
polymer. X-ray diffraction (XRD) analysis confirmed the crystal-
line structures of the Mg, Ag, and Sn nanopowders (Fig. S1,
ESIT). Scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDS) revealed the
uniform distribution of the nanopowder particles in both
single- and multi-seed configurations (Fig. S2-S5, ESIT).

Cross-sectional SEM-EDS analysis enabled us to addition-
ally examine the Li plating morphology on the MgAgSn elec-
trode, and demonstrated seamless contact between the solid
constituents before (Fig. S6, ESIf) and after Li deposition
(Fig. S7, ESI}). During the lithiation process, the three
different metallic seeds engaged in sequential alloying reac-
tions to form Li-Sn, Li-Mg, and Li-Ag alloys as the cell voltage
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decreased to 0 V vs. Li/Li'. Cyclic voltammetry (CV) analysis
provided the signatures for this continuous lithiation behavior
(Fig. S8, ESIT)'™'! by displaying the characteristic alloying
peaks.

The electrochemical performances of the single- and multi-
seed anode-less electrodes were assessed using half-cell con-
figurations at room temperature (25 °C). The cells incorporated
LigPS5Cl (LPSCl)—a representative sulfide-based SE—and were
cycled at a current density of 1 mA cm > with an areal capacity
of 1 mA h em™ (Fig. 2). Among the electrodes, the MgAgSn
multi-seed electrode exhibited the highest initial coulombic
efficiency (ICE) of 84.5%, surpassing that of the single-seed
electrodes of 68.5% (Mg), 76.2% (Ag), and 72.7% (Sn), respect-
ively (Fig. 2a). Although the single-seed electrodes experienced
early short-circuiting, the MgAgSn operated stably for over 230
cycles, with an average CE of 99.62% (Fig. 2b). The cumulative
CE, calculated as the product of the CE values across all
cycles,”>** emphasized the superior reversibility of the
MgAgSn electrode (Fig. 2c), which maintained excellent per-
formance over 470 hours (Fig. 2d). This enhanced performance
is attributed to the continuous, multistep lithiation process
enabled by the seeds with distinct lithiation potentials, which
successfully facilitated uniform Li deposition.**

Following Li plating-stripping cycling, the half-cells were
analyzed by electrochemical impedance spectroscopy (EIS)
(Fig. 3a-d) to assess the charge transport performance. The
Nyquist plots based on these EIS measurements, in which the
x-axis intercept corresponds to the bulk resistance (Rp), and
the semicircle amplitude represents the charge transfer resis-
tance (Rcr),” ™ revealed that, as cycling progressed, the resis-
tance values of the single-seed electrodes increased signifi-
cantly. In contrast, the MgAgSn multiple-seed electrode con-
sistently exhibited the lowest R¢y values (Fig. 3e), demonstrat-
ing its superior stability throughout the Li plating-stripping
process.*®*? Given that Rcr in ASSB systems primarily stems
from the loss of charge transport pathways due to the deterio-
ration of contact between the solid components, the ability of
our multiple-seed strategy to mitigate the resistance increase
can be attributed to two key factors. First, the multistep lithia-
tion process promoted more uniform Li deposition to prevent
the formation of interfacial voids—a common cause of contact
loss that emerges during the stripping of interfacial Li den-
drites. Second, the multiscale seed configuration, with its
varied particle sizes, enabled a more efficient spatial arrange-
ment, thereby improving the solid-solid interfacial contact.

2.2 Elastane polymer as a stress-dissipating network

The impact of the elastic polymer network was evaluated by
comparing the performance between the Elastane polymer
and the conventional polyvinylidene fluoride (PVDF) binder.
Elastane (Fig. S9, ESIt) is a representative polyurethane®® that
consists of repeating urethane bonds formed through an
addition polymerization reaction between alcohols with active
hydroxyl groups (-OH) and isocyanates (-N=—C=O0). Fourier
transform infrared spectroscopy (FT-IR) analysis confirmed the
chemical structure of the Elastane polymer (Fig. S10, ESIT).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Half-cell Li plating—stripping evaluations of the single- and multi-seed anode-less electrodes. (a) Voltage profiles of the first cycle. (b)
Coulombic efficiencies (CEs), (c) cumulative CEs, and (d) voltage—time profiles of the half-cells over cycling.

The hard and soft segments of Elastane enable it to effectively
accommodate large volume changes during charging and dis-
charging, owing to its superior elasticity. Nano-indentation
tests demonstrated the exceptional elastic recovery of the
Elastane (Fig. S11, ESIY).

To assess the binding characteristics, the polymer films
were subjected to a 180-degree peel-off test (Fig. S12, ESIT).
The results indicated a load of 20 gf mm™" for the Elastane,
compared to a negligible load of approximately 2 gf mm™" for
the PVDF. The application of each binder to the MgAgSn elec-
trode, followed by peel-off testing, further confirmed the
superior adhesion of the Elastane-based layer (Fig. S13, ESIT).
This suggests successful intermolecular interactions between
the metal nanoparticle surfaces in the MgAgSn and the polar

© 2025 The Author(s). Published by the Royal Society of Chemistry

substituents of Elastane. Post-peel-off test examination of the
electrode surfaces (Fig. S14, ESIT) revealed that the protective
layer was completely removed in the case of PVDF, whereas the
Elastane electrode remained intact. These results indicate that
the robust binding affinity of Elastane effectively plays a key
role in suppressing mechanical instabilities arising from the
volumetric expansion of thick Li deposits, which accumulate
during successive charge-discharge cycling.

In a subsequent evaluation of the adhesion properties of
the binders, a scratch test was conducted on the MgAgSn
anode-less electrodes (Fig. 4a-f). This test involved progress-
ively increasing the scratch force across a defined electrode
area, while simultaneously profiling the penetration depth and
optically observing the deformed region. For the electrode with

EES Batteries, 2025, 1, 566-575 | 569
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Elastane (Fig. 4a), negligible penetration depths were observed
in the initial range from 0 to 0.5 mm (section 1), with minimal
electrode damage, as confirmed by optical imaging (Fig. 4b).
However, in section 2 (1.5 mm to 2.0 mm), where a relatively

570 | EES Batteries, 2025, 1, 566-575

stronger force was applied, significant penetration depths and
extensive scratching were observed (Fig. 4c). In contrast, the
PVDF electrode exhibited markedly different behavior. Early in
section 1, substantial penetration depths were observed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Penetration depth profiles and (b and c) optical micrographs of the scratched electrode with the Elastane binder. Section 1 corresponds to the
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(Fig. 4d), suggesting lower mechanical stability compared to
the Elastane electrode. Post-scratch imaging confirmed con-
siderable electrode damage (Fig. 4e), and larger penetration
depths were noted in section 2, with a narrow, deep pene-
tration area (Fig. 4f). These distinct behaviors can be attribu-
ted to the following: the Elastane polymer network, with its
high elasticity, efficiently distributes the applied stress over the
surrounding area, whereas the rigidity of PVDF leads to loca-
lized, deep scratch deformation. These findings point to the

© 2025 The Author(s). Published by the Royal Society of Chemistry

fact that the Elastane polymer effectively mitigates localized
mechanical damage associated with volume changes during Li
plating-stripping cycles.

Nano-indentation analysis of the MgAgSn electrodes pro-
vided additional information on their elasticity (Fig. 4g-i). The
Elastane-based electrode exhibited a 1000 nm penetration
depth at a lower load (Fig. 4g, dotted circles), indicative of its
relatively soft nature. Notably, during the final stage of deload-
ing, the Elastane-based electrode exhibited steep depth recov-

EES Batteries, 2025, 1, 566-575 | 571
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ery arising from the elasticity of the Elastane (Fig. 4h), whereas
the PVDF electrode underwent no such recovery (Fig. 4i).
These results reconfirm the effect of the stress-absorbing capa-
bilities of Elastane owing to its superior elasticity.

Subsequent in situ EIS analysis enabled us to quantify the
resistance during the half-cell Li plating-stripping process. Li
plating was executed for a period of 1 hour at a current density
of 1 mA ecm™ (1 mA h em™2), followed by a stripping process,
with EIS measurements performed in 10-minute intervals. The

View Article Online
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EIS measurement sequence was categorized into Li plating
sequences 1-6 and Li stripping sequences 1-5 (Fig. 5a and b).
The resulting Nyquist plots revealed significant disparities
(Fig. 5c); particularly, the appearance of an additional semi-
circle in the high-frequency region corresponded to the solid
electrolyte interphase (SEI) resistance (Rsg) in the PVDF
binder system. This is suggestive of substantial SEI formation,
resulting from increased physical contact between the uneven
Li dendrites and the SE. Additionally, the larger semicircle
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In situ EIS analysis during Li plating—stripping in the half-cell. (a and b) Voltage profiles during the EIS measurements of the MgAgSn half-

cells with the (a) Elastane and (b) PVDF binders. (c) Nyquist plots representing the EIS results. (d and e) Resistance values and corresponding equi-
valent circuit models used for EIS data fitting of the MgAgSn half-cells with the (d) Elastane and (e) PVDF binders.
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corresponding to Rqr observed for the PVDF binder during the
final Li stripping sequence was ascribed to more pronounced
void formation at this stage. Data fitting using distinct equi-
valent circuits (insets of Fig. 5d and e) confirmed a more sig-
nificant increase in resistance with the PVDF binder during
both Li plating (Fig. S15, ESI}) and stripping (Fig. 5d and e).
The in situ EIS analysis conclusively corroborated that the Li
plating-stripping behavior is largely influenced by the elas-
ticity of the binder network.

2.3 Full-cell performance with high-voltage cathodes

Extensive half-cell cycling tests were conducted to assess the
long-term performance of the MgAgSn electrodes with the two
different binders. The results indicated a notable improvement
in both the CE and cycle life with Elastane (Fig. 6a). In view of
the anode-less configuration, reversibility is a crucial factor for
prolonging the full-cell lifetime.’® These findings strongly
suggest that the elastic network plays a pivotal role in optimiz-
ing the performance of anode-less systems.

Cross-sectional SEM-EDS analysis after 50 cycles of Li
plating-stripping revealed substantial contact loss between the

a 100 —mm
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MgAgSn and SE layer with the PVDF binder (Fig. S16, ESIT). In
contrast, the Elastane elastic network preserved stable inter-
facial contact to demonstrate enhanced structural integrity
(Fig. S17, ESIf). This phenomenon primarily stems from the
elastic recovery of the Elastane network, which crucially contrib-
utes to alleviating the negative stress induced during Li strip-
ping. Considering that maintaining solid-solid contact is essen-
tial for the reliable operation of ASSB cells, this mechanism
holds particular significance. Moreover, enhancement of the
mechanical stability presents a promising strategy for lowering
the stack pressure required for the practical operation of these
cells. Consequently, beyond elasticity, polymeric binders within
anode-less protective layers must concurrently exhibit robust
adhesion properties to counteract interfacial decoupling caused
by electrode volume fluctuations. A strategic design approach
involves engineering copolymer architectures—mimicking the
hard-soft segment topology of Elastane—where polar functional
groups are densely integrated into the hard segments. This
molecular configuration synergizes elastic recovery with strong
interfacial adhesion, effectively mitigating mechanical degra-
dation induced by dynamic volume changes during cycling.
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Fig. 6 Half-cell and full-cell performances of the MgAgSn anode-less electrodes. (a) CE comparison during Li plating—stripping tests in half-cells.
(b—d) Full-cell performance of the MgAgSn anode-less electrodes with the Elastane binder, paired with an NCM811 cathode: (b) voltage profile

during the initial 0.1C formation cycle; (c) voltage profiles and (d) cycling performance at 0.5C (1C =2 mA cm™).
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Full-cell evaluations were conducted using the Elastane-
based MgAgSn electrode paired with a high-voltage layered
cathode, specifically LiNbOjz-coated LiNiggC0o1Mng 10,
(NCM811). The cell had a high ICE of 85% (Fig. 6b) and suc-
cessfully cycled for 100 cycles at 0.5C (1C = 2 mA cm?)
without significant deformation (Fig. 6¢). Consistent with the
aforementioned half-cell evaluations, these results confirmed
that the multiple-seed protective layer, composed of MgAgSn
and Elastane, achieves excellent reversibility and stability. This
is particularly decisive in full-cells, where the limited supply of
Li is exclusively provided by the cathode in each cycle. The
ALASSB cell based on the MgAgSn multi-seeds and the
Elastane binder retained 70% of its original capacity after 100
cycles at room temperature (Fig. 6d). Rate capability evaluation
further revealed stable operation at current densities up to 1C
(2 mA cm™?) (Fig. S18, ESI{), indicating the adaptability of the
proposed strategy in practical full-cell operations.

3 Conclusions

In summary, we introduced an innovative strategy that involves
combining the seeds of multiple lithiophilic metals with a
highly elastic adhesive polymer matrix to enhance the room-
temperature performance of ALASSBs. The integration of these
multisized seed particles with their diverse lithiation potential
ranges facilitated continuous, uniform Li deposition while
effectively alleviating the stresses generated during cycling.
Moreover, the incorporation of polymeric Elastane amplified
the protective capability of this system by creating a resilient
network. These combined approaches significantly improved
the mechanical stability of the anode-SE interface, a crucial
factor governing the longevity and efficiency of ALASSBs. The
strategy successfully overcomes the operational temperature
constraints of the conventional protective layers in ALASSBS to
achieve stable cycling with 70% capacity retention over 100
cycles at room temperature. Our investigation established
useful design principles for protective layers in the develop-
ment of high-performance ALASSBs.
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