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Fundamental Understanding of “Fresh” Lithium Nucleation
and Growth in Sulfide-Based Anode-Free Solid-State
Batteries: Effects of Substrate, Current Density, and Li*

Supply

Jiwei Wang, Yuzi Liu, Mengting Ye, Guanyi Wang, Cheng Xu, and Hongli Zhu*

Understanding the electrochemical extraction and deposition of lithium (Li)
from cathode is crucial for advancing anode-free solid-state batteries
(AFSSBs). Herein, cryo-transmission electron microscopy (cryo-TEM) and
electrochemical studies are employed to investigate how current collector
surface properties, current densities, and cathode loadings influence the
morphology of fresh electrochemically deposited Li and the electrochemical
performance in sulfide-based AFSSBs. Cryo-TEM reveals that Cu current
collectors induce irregular, dendritic Li deposits due to their lithiophobic
nature and reactivity with Lis ,PS, ,Cl, ¢ (LPSC), while Ni and Au facilitate
more uniform, planar-like Li growth. The morphology of the deposited Li also
depends on current density: higher rates produce smaller, porous particles
versus larger, denser deposits at lower rates. Importantly, for the first time, we
discovered that low cathode loadings lead to poor cycling stability due to
insufficient Li* supply for complete anode coverage, contrary to conventional
solid-state batteries with preloaded Li metal anodes. This finding establishes a

1. Introduction

The global imperative for sustainable
energy solutions has positioned all-solid-
state batteries (ASSBs) at the forefront of
next-generation energy storage innova-
tion. Among various solid electrolyte (SE)
systems, sulfide solid electrolytes, such
as argyrodites like Li;PS;Cl, offer high
room-temperature ionic conductivities
approaching 1072 S cm™," enabling
cell-level energy densities of 400 Wh kg™
when paired with a Li metal anode. There-
fore, these sulfide-based all-solid-state bat-
teries offer exceptional potential for safe,
high-energy-density storage systems.>*
However, their commercialization remains
challenging due to the Li dendrite forma-
tion, high reactivity of Li, and the difficulty

design principle where adequate cathode Li* reservoirs are essential for
anode interface stability in AFSSBs. Overall, this work elucidates the
interplayed effect of current collectors, current densities, and cathode
loadings on Li morphology and cycle stability, offering fundamental insights
into cathode-derived Li behavior and practical guidelines for optimizing
AFSSBs performance through nucleation control and interface engineering.
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of fabricating wultrathin, high-purity Li
foils (<20 pm) using scalable and low-
cost methods, which hinder long-term
cycling stability, cost-effective manu-
facturing, and commercial viability.[>)

To address these challenges, anode-
free solid-state batteries (AFSSBs) have
emerged as a promising alternative, elim-
inating the usage of pre-existing Li an-
odes and providing a unique platform for
fundamentally investigating the in situ electrochemically de-
posited “fresh Li”.[78] Unlike pre-existing bulk Li, this newly elec-
trochemically deposited “fresh Li”, originating from the cath-
ode, exhibits unique characteristics in its nucleation mechanism,
growth behavior, and interfacial dynamics that fundamentally in-
fluence battery performance. Understanding the behavior of this
electrochemically deposited fresh Li is essential for achieving sta-
ble cycling and high energy density in AFSSBs.

Despite their promising advantages, AFSSBs face critical per-
formance limitations, primarily rapid capacity fade stemming
from inefficient Li deposition/stripping processes and dead Li
formation, which lead to abnormally low initial coulombic effi-
ciency (ICE).®) The interplay between current collector (CC)
properties, applied current density, and cathode mass loading
significantly influences AFSSB performance and fresh Li behav-
ior. While researchers have explored various current collector

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 1. A) Schematic of “fresh Li” formation procedure in a sulfide-based anode-free solid-state battery (AFSSB). The black balls represent the LiCoO,
active materials, the yellow balls represent the Lis 4PS, 4Cl; ¢ SE, and the green balls represent the Li ion (Li*). B) The schematic of Li nucleation and
growth processed on different substrates (Cu, Ni, and Au-coated SS). C) The effects of low and high current density on Li nucleation and growth. D) The
effects of low and high cathode mass loading on the Li coverage in the anode side.

modifications to enhance performance,''"18 fundamental ques-
tions remain unanswered regarding how these factors influence
Li nucleation and growth at the nanoscale, particularly at the crit-
ical Li/SE interface. Furthermore, the relationship between op-
erating parameters (current density and cathode mass loading)
and Li deposition morphology and uniformity in sulfide-based
systems remains poorly understood, especially considering the
inherent chemical-, mechanical-, and electrochemical- instabili-
ties at the Li/sulfide electrolyte interface.

To address these critical knowledge gaps and gain crucial new
insights into fresh Li behavior, we employ Lis ,PS, ,Cl, , (LPSC)
as a solid electrolyte to investigate the complex mechanisms gov-
erning Li deposition in sulfide-based AFSSBs. Using a combina-
tion of electrochemical methods and ex situ cryo-transmission
electron microscopy (cryo-TEM), we comprehensively explore
three critical parameters affecting fresh Li deposition: current
collector, current density, and cathode mass loading. Our study
addresses fundamental questions regarding 1) the influence of
surface properties of the current collector on fresh Li nucleation
and morphology, 2) the role of current density in determining
deposit structure and distribution, and 3) the impact of cathode
mass loading on Li coverage and cycling stability. By elucidating
the interplay between these factors and the unique properties of
fresh Li, our work provides a comprehensive understanding of
fresh Li deposition behavior in sulfide-based AFSSBs.

2. Results and Discussion

The fundamental understanding of Li nucleation and crystal
growth mechanisms in electrodeposition processes is central to
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advancing AFSSB technology. Figure 1A presents a schematic il-
lustration of “fresh Li” formation in sulfide-based AFSSBs, de-
picting a crucial electrochemical process where Li ions are sys-
tematically extracted from lithium-layered oxide cathodes and
electrodeposited onto a pristine current collector during ini-
tial charging. This unique phenomenon can be divided into
three distinct phases: initial nucleation, crystal growth, and
bulk formation. During the critical initial charging stage, Li
nucleation occurs on the bare current collector surface, es-
tablishing discrete nucleation sites that serve as foundation
points for subsequent growth. These initial nuclei then un-
dergo progressive crystal growth, eventually coalescing into
substantial Li metal deposits. The absence of a pre-existing
Li reservoir at the anode position makes this nucleation and
early-stage crystal growth process particularly significant, as
it fundamentally determines both the quality of the resultant
Li metal layer and the long-term cycling performance of the
AFSSBs.

To systematically investigate this complex process, in this
study, we have identified three critical parameters that govern
Li deposition behavior in sulfide-based AFSSBs, as illustrated
in Figure 1B-D. First, we examine how current collectors (CCs)
with different surface properties influence initial Li nucleation
sites, growth patterns, and interfacial properties (Figure 1B). Sec-
ond, we analyze how varying current densities affect Li depo-
sition morphology and spatial distribution (Figure 1C). Third,
we investigate how cathode material loading impacts Li depo-
sition uniformity and coverage on the current collector surface
(Figure 1D). This study enables a comprehensive understanding
of the interrelationships between these key parameters and their
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collective impact on fresh Li formation and evolution in sulfide-
based AFSSBs.

2.1. Effect of the Surface Properties of the Current Collector on Li
Nucleation and Growth

To better understand the influence of the surface properties of the
current collectors on Li nucleation and growth in sulfide-based
AFSSBs, we analyzed the early-stage Li morphologies plated on
different current collectors using cryo-TEM. Anode-free solid-
state full cells were assembled with a LiCoO, (LCO) cathode as
the Li source and TEM grids (Cu, Ni, and Au mesh) as anode
current collectors. LCO was chosen as a model cathode for its su-
perior electrochemical kinetics, ensuring that Li deposition be-
havior in the full cell is not affected by the sluggish kinetics of
the cathode. Cryo-TEM samples were prepared by depositing a
controlled amount of Li directly onto the different metal mesh
grids within a standard pressurized cell. The metal grid with the
deposited Li was then loaded into the TEM column by a Cryo-
transfer TEM holder (Figure S1, Supporting Information), with
the entire process conducted under liquid nitrogen cryogenic
temperature to preserve the native structure of highly sensitive
Li. To capture early-stage Li formation, we precisely controlled
the plating amount by charging the LCO to 15% state of charge
(SOC) (equivalent to 0.5 mAh cm~2 Li) at 0.25C (Figure S2, Sup-
porting Information).

Figure 2A,B show cryo-TEM images of Li deposits formed on
the Cu grid. The Li metal particles present irregular morpholo-
gies with different shapes. Although non-dendrite-like morphol-
ogy, such as ball-like structure composed of numerous small
particles (Figure 2A), was observed, most Li metal particles ex-
amined from different regions display a hybrid mossy-like and
dendrite morphologies (Figure 2B; Figure S3, Supporting Infor-
mation). Although previous research has studied the interface
reactions between LPSC and Li metal,['"] the interfacial chem-
istry between the freshly plated Li and LPSC in anode-free full
cells remains poorly understood, particularly with Cu CCs, which
show inherent instability with LPSC.[2% To elucidate the chemical
composition of these Li deposits, we conducted cryogenic scan-
ning transmission electron microscopy (cryo-STEM) imaging
(Figure 2G). The high-angle annular dark-field STEM (HAADF-
STEM) image reveals a bright contrast near the Cu filament,
while the dendrite filaments far from the Cu filament exhibit rel-
atively dark contrast. A previous study demonstrated that the Li
dendrites appear darker contrast than the SEI in HAADF image
mode due to Li having smaller scattering.!?!! The bright contrast
observed in the dendrite filaments (indicated by the red arrow)
indicates the occurrence of side reactions between deposited Li
and SE. This inference is supported by the distribution of S and
Cl signals in STEM-energy dispersive spectroscopy (EDS) map-
ping, where the highest intensities coincide with the bright con-
trast areas near the Cu filament in the HAADF image. Notably,
unlike the conformal SEI coating formed on Li metal in previ-
ous studies,[?22*] this side reaction-induced SEI in AFSSBs forms
non-uniformly on the Li filament, potentially explaining the poor
electrochemical cycling performance. The oxygen signal’s mor-
phology closely matches the HAADF image, confirming the pres-
ence of Li metal, as Li’s high reactivity makes it the only com-
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ponent in the sample capable of introducing the O signal.[?+2°]
Most significantly, we detected Cu signals in both the Cu fila-
ment wire and Li filaments, with high Cu intensity observed at
area 2 (Figure S4, Supporting Information), indicating substan-
tial Cu degradation through reactions with the solid electrolyte.
Although Cu is a widely used commercial anode current collector,
these findings demonstrate its unsuitability for sulfide-based AF-
SSBs, consistent with recent studies showing LPSC-induced Cu
corrosion forming Cu,S byproducts.[?’] The EDS results, along
with the cryo-STEM mapping images of P, S, and Cl, suggest that
the interfacial reaction products primarily contain small amounts
of S-based species and are enriched in Cl-based species, most
likely in the form of Li,S and LiCL[*]

In contrast to Cu, Li deposits on Ni CCs exhibit favorable non-
dendritic, loose film-like morphologies, suggesting superior plat-
ing behavior. As shown in Figure 2C,D, these distinctive morpho-
logical characteristics differ markedly from the dendrite-prone
deposits observed on the Cu grid. Although the deposit thick-
ness varies across different Ni filaments (Figure S5, Supporting
Information), the consistent absence of dendritic structures indi-
cates uniform Li plating behavior on the Ni grid. The oxygen sig-
nal morphology’s close correspondence with the HAADF-STEM
confirms the presence of Li metal. Notably, no Ni signal was de-
tected in the Li filament areas, suggesting the stability of Ni metal
in LPSC-based AFSSBs. Cryo-STEM-EDS mappings of S and Cl
(Figure 2H), along with EDS results (Figure S6, Supporting Infor-
mation), reveal that the interface side reaction products are rich
in LiCl with minor Li,S formation, consistent with the findings
for the Cu grid. This observation is further validated by scanning
electron microscopy (SEM)-EDS analysis over larger detection ar-
eas (Figure S7, Supporting Information), which confirms the pre-
dominance of Cl-based species in interfacial reactions.

Most notably, the Li deposit on Au CCs reveals a unique two-
layer structure: a LiAu alloy layer forms first, followed by distinct
dome-shaped Li deposits. As shown in Figure 2E,F, we observed
a thin film on the Au filament (marked by orange dashed lines)
with an additional thin, dome-shaped deposit of lighter contrast
on its outermost layer (indicated by white arrow). The charging
voltage plateau at 3.77 V for Au-based cells, significantly lower
than cells with Cu and Ni grids (Figure S2, Supporting Informa-
tion), provides strong evidence for LiAu alloy formation. Thus,
we hypothesized that the thin film layer with darker contrast cor-
responds to a LiAu alloy layer, while the outermost dome-shaped
deposits are plated Li. To confirm this, we conducted cryo-STEM-
EDS analysis. The morphology of the O signal closely matches
the HAADF-STEM image (Figure 2I), indicating that the outer-
most layer deposits are plated Li. Moreover, the EDS spectra at the
film region (area 2 in Figure S8, Supporting Information) showed
both Au and O elements, while only O was detected in the outer-
most layer (area 3 in Figure S8, Supporting Information), further
supporting our hypothesis that the outer surface thin layer is Li,
and the inner film is a LiAu alloy layer. Cryo-STEM-EDS map-
pings of Cl (Figure 2I), along with EDS results (Figure S8, Sup-
porting Information), reveal that the interface reaction products
are rich in Cl-based species.

Cryo-TEM analysis revealed that the surface properties of the
current collector critically influence Li nucleation and growth in
sulfide-based AFSSBs. To demonstrate how the surface proper-
ties of the current collector, such as chemical stability with LPSC

© 2025 The Author(s). Small published by Wiley-VCH GmbH

858017 SUOWIWOD BRI 3(dedl|dde auy Aq peussnob afe sappiie YO ‘8sh Jo sejnl Joj Akeid1aul|uO A8|IA LD (SUOIPUOD-PUB-SWBIALIO" A3 1M AleIq 1 Uljuo//:Sciy) SUOTPUOD PUe SWiB | 8U1 S ' [5202/60/50] Lo ArIgiT8ulluo A8|im * Aisienlun usisesyUoN - nyz @1ine) 11BuoH Aq £/4905202 ' 1IWS/Z00T OT/I0pAW00" A8 | AReql1pul [uoy/:Sdny Wiy pepeo|umoq ‘0 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED. $imidll

www.advancedsciencenews.com www.small-journal.com

Cu Ni Au

Figure 2. Cryo-TEM characterization of the deposited Li on different current collectors. A,B) Cryo-TEM images of the deposited Li on the Cu grid;
C,D) Cryo-TEM images of the deposited Li on the Ni grid; E,F) Cryo-TEM images of the deposited Li on the Au grid; G-I) Cryo-HAADF-STEM images
and EDS mapping of the Li deposits on the Cu, Ni, and Au grids, respectively.
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Figure 3. Electrochemistry of anode-free solid-state half-cells using different current collectors. A) Galvanostatic plating/stripping of Li in half-cells with
Cu foil, Ni foil, and Au-coated SS foil. Li was plated and stripped at a current density of 0.25 mA cm™2 with an areal plating capacity of 0.5 mAh cm~2 at
room temperature. B) Magnified view of early-stage Li deposition voltage curves showing the nucleation step. C) Magnified view of the end of stripping
voltage curves. D) Initial coulombic efficiency comparison of half cells with Cu foil, Ni foil, and Au-coated SS foil current collectors.

SE and Li affinity, influence the electrochemistry in sulfide-based
AFSSBs, galvanostatic charge/discharge cycling was conducted
on anode-free solid-state half-cells using different types of cur-
rent collectors. Cu foil, Ni foil, and stainless steel (SS) foil were
used as baseline CCs as they are commonly utilized as current
collectors in AFSSBs. Although Au foil demonstrates superior
chemical stability and lithophilicity toward Li, its high cost re-
strains its practical application in AFSSBs. Therefore, SS coated
with a 20 nm Au seed layer was used as a lithiphilic current col-
lector, which can effectively reproduce the favorable characteristic
of Au while substantially reducing the noble metal consumption
for pratical application. LPSC was used as the SE, and indium-
lithium (InLi) alloy was used as the counter electrode to mitigate
side reactions at the counter electrode/LPSC interface. The work-
ing electrodes consisted of 20 um metal foils of the respective CC
materials. Half cells were cycled at 0.25 mA cm~2 with a fixed ca-
pacity of 0.5 mAh cm~2. Figure 3A compares the first cycle volt-
age profiles of the three half-cells. Cu and Ni CCs exhibit signifi-
cant nucleation overpotentials of 10.4 and 11.0 mV, respectively,
while the Au-coated SS CC shows a negligible nucleation over-
potential (Figure 3B). Moreover, Li deposition behavior on an SS
CC was also examined, revealing a similar behavior to the cell
with the Ni CC, where Li undergoes a nucleation overpotential
followed by a flat deposition plateau (Figure S9, Supporting In-
formation). Therefore, the negligible nucleation overpotential on
Au-coated SS is primarily attributed to the 20 nm Au seed layer,
whose high Li affinity effectively reduces the Li nucleation over-
potential. The cell with Au-coated SS displays two distinct alloy
plateaus at —0.48 and —0.54 V (vs InLi/Li*) before Li nucleation
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and growth stages, indicating the formation of Li-Au alloys.[26:%"]
Despite similar nucleation overpotentials, the Cu CC cell exhibits
a larger Li deposition overpotential of 39.0 mV compared to the
Ni CC cell (30.0 mV), suggesting higher interfacial resistance dur-
ing Li deposition. In contrast, Au-coated CCs show the lowest Li
deposition overpotential of 24.7 mV, indicating the smallest in-
terfacial resistance among the three. All the cells were assem-
bled with the thickness of the SE pellets the same by maintain-
ing a consistent SE powder loading of 100 mg cm~2, ensuring
that variations in deposition overpotential are not influenced by
SE thickness. Additionally, to mitigate cell-to-cell variations, we
tested multiple cells for each substrate (Figure S10, Supporting
Information), reinforcing the reliability of our observations. The
Au alloying process fundamentally alters the Li deposition mech-
anism by creating energetically favorable nucleation sites, effec-
tively eliminating the nucleation barrier observed with Cu and Ni.
The subsequent lower deposition overpotential on Au suggests
that the formed Li-Au alloy interlayer facilitates charge transfer
and Li-ion transport at the interface, potentially through mod-
ified lithiophilic properties, electronic structure, and enhanced
surface conductivity.

The stripping behavior also varies significantly among the CCs
(Figure 3C). The Cu CC cell shows an abrupt termination of the
stripping process at 3.6 h, accompanied by a sharp voltage in-
crease, indicating a complete depletion of active Li. The Ni CC
cell exhibits a more gradual sloping stripping potential, termi-
nating ~3.75 h. For the Au-coated SS CC, two voltage plateaus
appear after Li metal stripping, corresponding to LiAu de-alloying
processes. These divergent plating/stripping behaviors result in
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varying coulombic efficiencies (CEs), as shown in Figure 3D. The
Cu CC cell demonstrates a lower CE of 80.2%, while Ni and Au-
coated SS CC cells achieve higher CEs of ~#87.8%. This analysis
reveals the critical role of the surface properties of the metal CC
in optimizing the electrochemical performance of sulfide-based
AFSSBs, with Au-coated SS and Ni CCs showing superior char-
acteristics for fresh Li deposition and stripping efficiencies.

2.2. Effect of Current Density on Li Nucleation and Growth

To elucidate the influence of current density on the Li nucle-
ation and growth on metal CC in sulfide-based AFSSBs, cryo-
TEM was employed to examine the morphologies of Li deposits
at a low current density of 0.04C. Figure S11 (Supporting Infor-
mation) presents the galvanostatic charge profiles of the anode-
free full cells cycled at 0.04C. All cells were charged to 15% SOC,
ensuring that the same amount of Li was deposited as in the
higher current density condition of 0.25C. Compared to Li plated
at 0.25C (Figure 4A; Figure S12A, Supporting Information),
most of the Li plated at 0.04C exhibits a nanowire-shaped mor-
phology, with dendritic filaments that have denser microstruc-
ture (Figure 4B; Figure S12B, Supporting Information). Addi-
tionally, a few nanoplate-shaped Li dendrites with dense struc-
tures were observed (Figure S13, Supporting Information). Cryo-
STEM-EDS mapping of Cu (Figure 4G) shows a similar signal
distribution to that observed at 0.25C, indicating that side reac-
tions involving Cu and the SE are consistent. Chlorine (Cl) and
sulfur (S) mapping images also suggest that the side reaction
products are consistent with those observed at 0.25C (Figure 2G).

Figure 4D and Figure S12D (Supporting Information) display
cryo-TEM images of Li deposits on the Ni grid. In contrast to the
Li deposited at 0.25C (Figure 4C; Figure S12C, Supporting Infor-
mation), the Li plated at 0.04C presented a uniform dome-shaped
morphology with a dense structure. Moreover, the Li particle size
at 0.04C ranged from 100 to 200 nm, which is larger than the
20—40 nm size observed at 0.25C. Cryo-STEM-EDS mapping im-
ages of Ni, S, and Cl (Figure 4H) show similar results to those
observed at 0.25C (Figure 2H).

Cryo-TEM images of Li deposits on an Au grid at 0.04C are
shown in Figure 4F and Figure S12F (Supporting Information). A
150 nm film formed on the Au filament, as marked by the orange
dashed lines, which is the LiAu alloy layer. Additionally, a thin,
dome-shaped Li deposit with lighter contrast was observed on
the outermost layer of the 150 nm film, indicated by the white ar-
row. Figure 4E and Figure S12E (Supporting Information) display
Cryo-TEM images of Li deposits on an Au grid at 0.25C, showing
similar deposition morphology to that observed at 0.04C. How-
ever, the LiAu alloy layer at 0.25C was more porous and thinner
compared to the 0.04C deposit. This is likely because, at a higher
current rate, more Li ions accumulate on the surface, leading to
a faster saturation of the Au layer with Li near the surface, fol-
lowed by earlier Li plating on the outer surface of the saturated
Au layer. Cryo-STEM-EDS mapping images of Li deposits on Au
grid (Figure 4I) show similar results to those observed at 0.25C
(Figure 2I).

To demonstrate the dependence of Li nucleation on current
density and its influence on subsequent Li growth on metal CCs,
galvanostatic charge/discharge experiments were conducted on
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Liln/LPSC/metal CC half-cells under varying current densities.
Figure 5A presents the initial plating/stripping profiles of Cu-
based AFSSBs at current densities of 0.25 and 0.05 mA cm~2,
while Figure 5B zooms in on the Li nucleation stage. At higher
current densities, a noticeable nucleation potential lag and larger
overpotential for subsequent Li growth were observed. Although
the stripping efficiency was comparable at both current densi-
ties, the stripping plateau showed an earlier slope at high cur-
rent density, indicating increased interfacial resistance toward
the end of stripping. Similar behavior was observed with Ni CC
(Figure 5C,D) and Au CC (Figure 5E,F) based anode-free half-
cells, where higher current densities also led to a nucleation po-
tential lag and larger overpotential for Li growth. These differ-
ences in nucleation potential and growth overpotential are closely
related to the Li nucleation density and the subsequent mor-
phologies of Li deposition.[?8-31 These results can be well aligned
with the early-stage Li morphologies under different current den-
sities from cryo-TEM.

The above current density effects on Li nucleation and growth
reveal fundamental correlations between applied current and
electrodeposition behavior across Cu, Ni, and Au CCs. At higher
current densities (0.25 mA cm=2), all substrates exhibit pro-
nounced nucleation potential lags and elevated growth overpo-
tentials compared to lower current densities (0.05 mA c¢cm™2),
reflecting increased kinetic barriers for nuclei formation and
growth under higher current. This suggests a fundamental rela-
tionship between current density and Li* ion supersaturation at
the electrode interface, directly influencing nucleation site den-
sity and subsequent growth morphologies. The observation of the
earlier onset of voltage slope increases during stripping at high
current densities, despite similar stripping efficiencies, indicates
the formation of isolated Li domains and deteriorating electrical
contact—a critical insight into interface evolution during cycling.
These findings demonstrate that current density not only governs
initial nucleation energetics but also fundamentally determines
the entire deposition process through its impact on nucleation
density, growth patterns, and interfacial dynamics, providing cru-
cial guidelines for optimizing AFSSBs operating conditions.

2.3. Impact of Cathode Areal Mass Loading on the Li Anode
Stability in Anode-Free Batteries

In anode-free batteries, Li-containing cathodes are the sole source
of Li ions during cycling. Therefore, cathode mass loading plays
a critical role in determining the electrochemical performance
of an anode-free full cell. Previous studies have shown that low
cathode mass loading can ensure excellent long-term stability in
solid-state Li-metal batteries due to the minimal volume varia-
tion on the anode side.’?l However, it remains unknown how
the cathode mass loadings (Li* supplier) affect the Li growth in
solid-state anode-free batteries. According to our studies in Sec-
tion 2.2, in AFSSBs, the “freshly” plated Li tends to exhibit irregu-
lar morphologies, making it difficult to achieve uniform coverage
on the metal CC. A reduced amount of Li from the cathode may
worsen this effect, leading to incomplete Li coverage with voids
on the CC. To investigate the impact of cathode mass loading
on cycling stability, we tested sulfide-based AFSSBs with vary-
ing cathode mass loadings. The cycling stability confirmed our

© 2025 The Author(s). Small published by Wiley-VCH GmbH

858017 SUOWIWOD BRI 3(dedl|dde auy Aq peussnob afe sappiie YO ‘8sh Jo sejnl Joj Akeid1aul|uO A8|IA LD (SUOIPUOD-PUB-SWBIALIO" A3 1M AleIq 1 Uljuo//:Sciy) SUOTPUOD PUe SWiB | 8U1 S ' [5202/60/50] Lo ArIgiT8ulluo A8|im * Aisienlun usisesyUoN - nyz @1ine) 11BuoH Aq £/4905202 ' 1IWS/Z00T OT/I0pAW00" A8 | AReql1pul [uoy/:Sdny Wiy pepeo|umoq ‘0 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED. Sl

www.advancedsciencenews.com www.small-journal.com

Deposited
at 0.25C

Deposited
at0.04 C

Figure 4. Cryo-TEM characterization of the deposited Li under different current densities. A,B) Cryo-TEM images of the deposited Li on the Cu grid at
0.25 and 0.04C, respectively; C,D) Cryo-TEM images of the deposited Li on the Ni grid at 0.25 and 0.04C, respectively; E,F) Cryo-TEM images of the
deposited Li on the Au grid at 0.25 and 0.04C, respectively; G-I) Cryo-HAADF-STEM images and EDS mapping of the Li deposits on the Cu, Ni, and Au
grids at 0.04C, respectively.
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Figure 5. Electrochemistry of anode-free solid-state half-cells using different current densities. A) Galvanostatic plating/stripping of Li in half-cells with
Cu at 0.05 and 0.25 mA cm~2. B) Magnified view of early-stage Li deposition (in Figure A) voltage curves showing the nucleation step. C) Galvanostatic
plating/stripping of Li in half-cells with Ni at 0.05 and 0.25 mA cm~2. D) Magnified view of early-stage Li deposition (in Figure C) voltage curves
showing the nucleation step. E) Galvanostatic plating/stripping of Li in half-cells with Au seed at 0.05 and 0.25 mA cm~2. F) Magnified view of early-
stage Li deposition (in Figure E) voltage curves showing the LiAu alloy and Li nucleation step. All cells were fixed with an areal Li plating capacity of

0.5 mAh cm~2,

expectations: the cell with the lowest cathode mass loading exhib-
ited the fastest capacity decay, while capacity retention improved
as cathode mass loading increased.

Galvanostatic charge/discharge profiles of Cu-based anode-
free full cells at different cycles were compared across the three
cathode mass loadings to diagnose capacity degradation (Figure
6A). The cell with a 15 mg cm 2 cathode delivered a discharge ca-
pacity of 133.7 mAh g~! with the highest ICE of 92.1%, while the
cell with a 5 mg cm™2 cathode showed a lower discharge capacity
of 122.7 mAh g=! with the lowest ICE of 88.3%. This indicates
that less Li was stripped back to the cathode in the low cathode
loading cell, which is probably due to the incomplete plated Li
coverage with voids on the CC. After 10 cycles, the discharge volt-
age in the cell with a 5 mg cm=2 cathode dropped abruptly from
3.84 to 3.0 V, indicating poor interfacial contact and significant
dead Li formation at the end of the stripping process. In contrast,
the cell with a 15 mg cm~? cathode exhibited a more gradual de-
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crease to 3.0 V in discharge voltage, with less dead Li remaining
on the CC after stripping. The degradation caused by poor interfa-
cial contact in the cell with a lower cathode mass loading became
even more pronounced after 20 cycles.

Figure 6B presents galvanostatic charge/discharge profiles for
Ni-based anode-free cells with varying cathode mass loadings.
Similar to the Cu-based cells, the Ni-based cell with a higher cath-
ode mass loading exhibits higher initial ICE and slower capac-
ity degradation. Notably, in cells with a 5 mg cm~? cathode, the
discharge voltage after 10 cycles shows a sharp drop from 3.9 to
3.0 V, while in cells with a 15 mg cm~2 cathode, the voltage de-
cline is more gradual. This rapid voltage drop in cells with lower
cathode mass loading suggests poor interfacial contact and sig-
nificant dead Li formation at the end of the stripping process.
For Au-seeded anode-free full cells, increasing the cathode mass
loading similarly enhances cycling stability, with higher mass
loadings resulting in slower capacity degradation, as shown in

© 2025 The Author(s). Small published by Wiley-VCH GmbH

858017 SUOWIWOD BRI 3(dedl|dde auy Aq peussnob afe sappiie YO ‘8sh Jo sejnl Joj Akeid1aul|uO A8|IA LD (SUOIPUOD-PUB-SWBIALIO" A3 1M AleIq 1 Uljuo//:Sciy) SUOTPUOD PUe SWiB | 8U1 S ' [5202/60/50] Lo ArIgiT8ulluo A8|im * Aisienlun usisesyUoN - nyz @1ine) 11BuoH Aq £/4905202 ' 1IWS/Z00T OT/I0pAW00" A8 | AReql1pul [uoy/:Sdny Wiy pepeo|umoq ‘0 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

é 4.4 1 —— 15 mglcm? cathode —— 10 mg/cm? cathode —— 5 mg/cm? cathode
|
=
-
4
>
2
o ¥
(@]
[0
=
(e} o
>
28 20th cycle 10th cycle 1st cycle
“o 30 60 90 120 150
Specific capacity (mAh g™')
C
~ 4.4 4 —— 15 mg/cm? cathode —— 10 mg/cm? cathode —— 5 mg/cm? cathode
-
= ) -
= 404 = //_/
>4
i
‘>" 3.6
o~ ] Au seed
(o))
[0
-
O 3.2
> |
28 20th cycle  10th cycle 1st cycle
~o 30 60 90 120 150

Specific capacity (mAh g™')

www.small-journal.com

B,\ 4.4 {—— 15 mg/cm? cathode —— 10 mg/cm? cathode —— 5 mg/cm? cathode
35
o
- 4.0—
[
>
>
3.6
(0]
)]
©
=
S 321
>
28 20th cycle 10th cycle 1st cycle
) 30 60 90 120 150
Specific capacity (mAh g™
D 80
— —=— 10th—&— 10th—e— 10th
x — = 20th- v 20th- e 20th
< 704
Cu Ni Au seed
c
kel 60
;C: ]
© 504 ’,=,=3333
z _.azzI-
O 404 e -
g _-zZzZ-
8 304 7
: 10 15

Mass loading (mg cm?)

Figure 6. Electrochemical performance of anode-free full cells with different mass loading of cathode materials (5, 10, and 15 mg cm~2). A) Galvanostatic
charge/discharge profiles of the Cu-based anode-free full cells cycled with different cathode mass loadings. B) Galvanostatic charge/discharge profiles of
the Ni-based anode-free full cells cycled with different cathode mass loadings. C) Galvanostatic charge/discharge profiles of the Au seed-based anode-
free full cells cycled with different cathode mass loadings. D) Capacity retention comparison after 10, and 20 cycles among different cathode mass

loadings. All cells were cycled at 0.25C at room temperature.

Figure 6C. Electrochemical measurements were conducted on at
least two independent cells to ensure that the experiments were
reproducible (Figure S14, Supporting Information). Figure 6D
compares the capacity retention across different cathode mass
loadings after 10 and 20 cycles, clearly illustrating that low cath-
ode mass loading hinders capacity retention in solid-state anode-
free cells: a trend opposite to that observed in conventional solid-
state batteries with excess Li metal anodes. The cell with Au-seed
shows a slightly higher capacity retention than that of the cell
with Ni and Cu at a higher cathode mass loading. However, at
a lower cathode mass loading of 5 mg cm~2, the cell with Au-
seed exhibits a poorer capacity retention compared to cells with
Cu and Ni. This is likely due to the LiAu alloying/dealloying pro-
cesses, which consume additional Li with each cycle. As a result,
the limited Li supply from the low mass loading cathode is grad-
ually reduced over multiple cycles.

The investigation of cathode mass loading effects in AFSSBs
reveals a counterintuitive phenomenon that challenges the con-
ventional understanding of solid-state battery design. While tra-
ditional solid-state Li-metal batteries benefit from low cathode
loading due to minimal volume variation and better kinetics,
based on this study, the anode-free cells demonstrate an oppo-
site trend due to the complex interplay between Li supply and in-
terfacial dynamics. Higher cathode mass loadings (15 mg cm™2)
enable more complete and uniform Li coverage on current col-
lectors, resulting in superior ICE (92.1% vs 88.3%) and sus-
tained interfacial contact during cycling. This behavior mani-
fests differently across current collector materials: Cu and Ni sys-
tems show similar degradation patterns tied to interfacial con-
tact loss, while Au systems exhibit accelerated capacity fade in
low-loading configurations due to competing Li-Au alloying reac-
tions. This mass loading-dependent performance reveals a fun-
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damental trade-off between Li supply adequacy and interfacial
stability—higher loadings provide sufficient Li ions to maintain
stable interfaces and uniform coverage, while lower loadings lead
to incomplete coverage, poor interfacial contact, and accelerated
dead Li formation, ultimately governing the cell’s electrochemi-
cal stability. To verify our hypothesis regarding the effect of cath-
ode mass loading on the anode, SEM analysis was conducted
to examine the surface morphology of the anode at 30% SOC
under different cathode mass loadings. The SEM image for the
5 mg cm™*? cathode reveals a small number of large, discontin-
uous particles with a light white appearance, whereas the SEM
images for the 10 and 15 mg cm~? cathodes display a greater
number of smaller particles with a dark black appearance that are
more evenly distributed (Figure S15, Supporting Information).
Enlarged SEM images for the 10 and 15 mg cm™2 cathodes fur-
ther reveal a significant number of small, light white particles
attached to the dark black particles.

Low-magnification SEM-EDX mapping indicates that the
light-colored particles are LPSC particles adhered to the anode
(Figure S16, Supporting Information). Notably, the deposited Li
on the CC is sticky, allowing LPSC particles to easily adhere dur-
ing the peeling of the anode current collector. A comparison of
Cu element mapping images reveals that, for the 5 mg cm=2 cath-
ode, the Cu surface exhibits low coverage by both deposited Li
and adhered LPSC particles, with noticeable gaps in the coverage
where the Cu surface remains exposed (Figure 7A,B). In contrast,
the Cu surfaces with 10 mg cm~? (Figure 7C,D) and 15 mg cm™2
(Figure 7E,F) cathodes exhibit significantly higher coverage, par-
ticularly for the 15 mg cm~2 cathode, where most areas are cov-
ered by either LPSC particles or deposited Li (Figure S16, Sup-
porting Information). As discussed previously, O element map-
ping was employed to track deposited Li. For the 5 mg cm~?
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Figure 7. Top-view SEM and EDX-mappings of the deposited Li on Cu CCs at 30 SOC% under different cathode mass loadings. A,B) 5 mg cm~2 cathode
mass loading; C,D) 10 mg cm~2 cathode mass loading; E,F) 15 mg cm~2 cathode mass loading; In the EDX mapping images, the red color represents
the area of Cu, while the black areas represent the deposited Li covering the Cu CCs. FIB cross-sectional SEM of the deposited Li at 100 SOC% under
different cathode mass loadings. G) 5 mg cm~2 cathode mass loading; H) 10 mg cm~2 cathode mass loading; I) 15 mg cm~2 cathode mass loading.
The scale bar is 10 um. J) Schematic illustration of effect of increasing cathode mass loading on deposited Li in AFSSBs.

cathode, the O element mapping shows minimal intensity, as
most of the deposited Li is buried beneath LPSC particles. How-
ever, for the 15 mg cm~2 cathode, the O element mapping reveals
distinct intensity differences, indicating more uniform coverage
of the current collector (Figure S16, Supporting Information).
High-magnification EDX mapping of the Cu with 15 mg cm™2
cathode confirms the absence of LPSC particles on the dark black
deposits, while the O element mapping shows strong intensity at
these locations, suggesting that the dark black deposits are de-
posited Li (Figure S17, Supporting Information).

To further confirm the effect of increasing cathode mass load-
ing on Li deposition in sulfide-based AFSSBs, focused ion beam
(FIB)-SEM was used to analyze the cross-sectional morphologies
of deposited Li at 100% SOC under different cathode mass load-
ings. For the 5 mg cm~?2 cathode sample, a 20 um X 25 um area
was randomly milled. As shown in Figure S18 (Supporting In-
formation), no Li was observed directly beneath the CC in this
region, indicating that no Li was plated at the CC/solid electrolyte
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(SE) interface. Upon milling another area, an obvious deposition
layer appeared below the CC, with large voids still present at the
CC interface (Figure 7G). As evidenced by Figure 7G and Figure
S18 (Supporting Information), the Li deposition is non-uniform
and has a low coverage on the CC when the mass loading is
5 mg cm~2. In contrast, for the 10 mg cm~'? cathode sample,
a randomly milled area revealed a deposited Li layer beneath the
CC (Figure 7H), with relatively uniform coverage and only a few
small voids observed at the CC interface. At 15 mg cm~2, a thicker
deposited Li layer was observed beneath the CC (Figure 71I), sug-
gesting increased Li deposition. Although small voids were still
present, the deposition thickness across the milled region was
more uniform compared to the 10 mg cm=2 sample, where the
right-side thickness was smaller. Another milled area also re-
vealed a thick deposited Li layer with a few small voids at the
CC interface (Figure S19, Supporting Information), indicating
improved anode CC coverage with 15 mg cm~2 cathode mass
loading. It should be noted that FIB milling provides localized
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structural insights due to its small sampling area. Therefore,
by combining large-area top-view SEM and corresponding EDX
mappings with FIB cross-sectional SEM images, we can conclude
that increasing cathode mass loading not only enhances Li depo-
sition thickness but also promotes a higher Li deposition cover-
age on the CCs (Figure 7]).

3. Conclusion

In summary, this work identifies a key finding: the critical role
of cathode mass loading (as the Li* source) in anode-free solid-
state batteries, which contrasts with the behavior of solid-state
batteries employing Li metal anodes. While Li metalbased solid-
state batteries benefit from minimal cathode loading to mitigate
mechanical issues such as Li creeping, we found that AFSSBs
require a sufficiently large Li* reservoir (15 mg cm™ in this
study) to maintain stable anode/solid-electrolyte interfacial dy-
namics during cycling. This requirement stems from the funda-
mental need for complete electrode coverage: when the Li* sup-
ply is insufficient, heterogeneous nucleation and growth occur,
producing electrochemically isolated domains that accelerate per-
formance degradation.

Meanwhile, through cryo-TEM investigations, we also inves-
tigated the nanoscale mechanisms governing electrochemically
derived “fresh” Li evolution in sulfide-based AFSSBs. Our studies
reveal three distinct substrate-dependent growth dynamics: 1) Cu
promotes heterogeneous nucleation, leading to dendritic evolu-
tion with concurrent formation of interfacial species (Li,S/LiCl);
2) Ni enables homogeneous growth resulting in non-dendritic
film morphologies; and 3) Au exhibits unique behavior through
formation of a critical alloy interlayer before Li plating. Fur-
thermore, we investigated the current density effect on Li de-
posit morphology: high rates (0.25C) drive nucleation-dominated
growth, producing numerous small deposits, while low rates
(0.04C) enable diffusion-controlled evolution, forming thermo-
dynamically favored larger structures. These discoveries estab-
lish three foundational principles for AFSSBs development: in-
terfacial chemistry optimization through selective substrate engi-
neering, nucleation control via kinetic modulation, and electro-
chemical stability through sufficient Li* supply. While this study
focuses on experimental analysis of Li nucleation and growth be-
havior, detailed kinetic modeling is beyond the scope of this work
and will be explored in future work. These understandings bridge
the gap between nanoscale phenomena and device-level perfor-
mance, providing scientific guidelines for practical high-energy-
density AFSSBs for real-world applications.

4. Experimental Section

Materials Preparation: Lis 4PS,4Cly g (LPSC) was synthesized via a
mechanical ball-milling process followed by an annealing process.[*3]
To be specific, lithium sulfide (Li,S,99.98%, Sigma-Aldrich), phospho-
rus pentasulfide (P,Ss, 99%, Sigma—Aldrich), and lithium chloride (LiCl,
>99.98%, Sigma—Aldrich) were stoichiometrically mixed manually in an
agate motor, the mixed powders were then transferred into in a stainless-
steel jar in an Ar glovebox and ball-milled at 500 rpm for 40 cycles. After
ball-milling, the mixture was sealed in a glass tube under vacuum and an-
nealed at 510 °C for 2 h with a heating rate of 5 °C min~".

Small 2025, e06473

06473 (11 of 12)

www.small-journal.com

Li,SiO,-coated LiCoO, (LCO, Sigma-Aldrich): LCO was used as a
model cathode to study Li deposition/stripping behaviors in AFSSBs. A
wet-chemical method was used to coat a thin layer of Li,SiO, on LCO par-
ticles to eliminate the interface reaction with LPSC.[34]

Anode-Free Cell Fabrication: Asymmetric anode-free half-cells were fab-
ricated by first loading 127 mg of SE powders into a PEEK die with a di-
ameter of 12.7 mm and cold pressing them at 410 MPa to form a pellet. A
piece of 10 mm In, 10 mm Li, and 12.7 mm copper disc foils was sequen-
tially placed on one side of the SE pellet and cold pressed at a gradually
increased pressure of ~20 MPa for 1 min to improve the physical con-
tact at the Liln/SE interface. Next, a 12.7 mm diameter disc metal foil (Cu
foil, Ni foil, and 20 nm Au-coated stainless steel (SS) foil) was placed on
the other side of the SE pellet, followed by loading a piece of carbon felt.
The cell was then positioned in a home-made frame, and an external pres-
sure of 7.5 MPa was applied using a torque wrench during the cell testing.
Anode-free full cells were assembled using a slightly modified procedure
for the half cells. Specifically, 127 mg of SE powders were loaded into the
PEEK die and pelletized at a low pressure of 40 MPa. The cathode com-
posites, prepared by hand-mixing Li,SiO,-coated LCO, SE, and graphited
carbon nanofiber (GCNF) in a weight ratio of 75:24:1, were then loaded
on one side of the SE pellet and compressed with a 12.7 mm diameter
steel pillar by hand. The cell stack was then pressed at a high pressure of
410 MPa to densify the two layers. Afterward, a 12.7 mm diameter of disc
metal foil (Cu foil, Ni foil, and 20 nm Au-coated stainless steel (SS) foil) or
metal grids (Cu, Ni, and Au) was placed on the other side of the SE pellet,
followed by loading a piece of carbon felt. The cell was then positioned in
a home-made frame, and an external pressure of 7.5 MPa was applied by
using a torque wrench during the cell testing.

Electrochemical ~ Characterization: Electrochemical measurements
were conducted inside the Ar-filled glovebox to avoid air exposure. For the
anode-free half cells, the cutoff voltage during the stripping process was
set to 0.2 V. The electrochemical performance of the anode-free full cells
was tested within the voltage range of 3.0-4.25 V versus Lit/Li. All the
electrochemical measurements were performed on a Landt battery cycler
or a BiolLogic cycler. All experiments were conducted at 25 °C.

Cryo-TEM Sample Preparation and Cryo-Transfer Procedure: To prepare
TEM samples for cryo-TEM, the anode-free full cell was assembled in a
standard mold cell using a TEM grid (Cu, Ni, or Au mesh, Ted Pella) as
the substrate. After performing Li deposition/stripping, the mold cell was
disassembled in a glovebox, and the metal grid was collected and placed
in a 1.5 mL plastic tube. The sealed plastic tube was then plunged directly
into a liquid nitrogen bath and quickly crushed with a cutter while the TEM
grid remained immersed in the liquid nitrogen. The TEM grid was swiftly
transferred into a cryo-transfer TEM holder, and a specialized shutter on
the holder was immediately closed to prevent air exposure. The TEM sam-
ple was maintained at cryogenic temperatures during the following char-
acterizations.

Materials Characterization: The scanning electron microscopy (SEM)
morphologies of the deposited Li and energy-dispersive X-ray spec-
troscopy (EDS) were acquired with a Hitachi S4800 scanning electron mi-
croscope set at 3 kV. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image was performed using the FEI
Talos F200X operating at 200 kV. The microscope was equipped with a
super EDS detector for elemental mapping.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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