Open Access

This article is licensed under CC-BY 4.0 € (®

Ener
~LETTER S/gy

pubs.acs.org/journal/aelccp

Mesoporous Carbon Hosts with Tailored Pore Structure for Lithium
Deposition in Anode-Free All-Solid-State Batteries

Seung-Bo Hong, Young-Jun Lee, Hyeonseong Oh, A-Yeon Kim, Si Hyoung Oh, Kyung Yoon Chung,

Dong-Won Kim,* Jieun Lee,* and Hun-Gi Jung*
I:I Read Online

Article Recommendations |

Cite This: ACS Energy Lett. 2026, 11, 5051-5060

ACCESS |

Ll Metrics & More | @ supporting Information

ABSTRACT: Anode-free sulfide all-solid-state lithium batteries Dengriltic Coal;scled
have emerged as a platform for achieving increased energy density. g S
However, their practical operation is limited by heterogeneous T

interfacial reactions and uneven lithium deposition, which degrade
reversibility and cycling stability. Among various approaches,
silver—carbon (Ag—C) interlayers have attracted attention owing
to their lithiophilicity and alloying behavior. Despite these advances,
the role of carbon pore architecture in governing lithium deposition
remains unclear. Here, we engineer mesoporous carbon hosts with tailored pore sizes to regulate the spatial distribution of Ag nano-
particles, thereby controlling Ag—C interfacial contact in anode-free sulfide ASSLBs. Systematic pore-size tuning promotes a more uni-
form distribution of Ag—C interfacial contact sites and enables homogeneous lithium deposition. Consequently, the pore-engineered
host delivers enhanced cycling stability. This work establishes a clear structure—function relationship between carbon pore architecture
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and lithium deposition behavior, providing design guidelines for anode-free solid-state batteries.

ll-solid-state lithium batteries (ASSLBs) are widely

regarded as next-generation energy storage systems owing
to their enhanced safety and high energy density."* In particular,
sulfide solid electrolytes, with their high ionic conductivity
(~1072 S cm™") and favorable mechanical deformability, enable
intimate interfacial contact and practical cell designs with
improved electrochemical performance.®™"' To fully leverage
these advantages, electrode architectures that maximize lithium
utilization while minimizing inactive components are essential at
the cell level. Among various approaches, anode-free configura-
tions, which eliminate preloaded lithium at the anode, represent
an effective strategy for further increasing energy density."?
However, their practical implementation remains challenging.
Non-uniform ionic transport and parasitic interfacial reactions
can induce localized lithium accumulation, leading to poor cycling
stability."*~'> Therefore, regulating lithium deposition and stabi-
lizing electrode—electrolyte interfaces are critical for durable
anode-free ASSLBs.

To mitigate these challenges, several interfacial strategies have
been proposed, including metal sputtering layers, conversion-type
nanoparticle layers, and solid electrolyte modification.'®~%”
Among them, carbon-based hosts are particularly attractive
because they provide high electronic conductivity and surface-
mediated Li transport pathways.”*>° On this basis, carbon—metal
composites incorporating lithiophilic metals such as Ag exhibit
improved lithium nucleation and interfacial kinetics.'>*'™*° In
silver—carbon (Ag—C) systems, Ag serves as the lithiophilic alloy-
ing component, and Li—Ag alloying promotes stable lithium depo-
sition.*> The carbon phase supports lithium transport and
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redistribution, the spatial organization of Ag nanoparticles within
the interlayer, and structural buffering by physically separating
the solid electrolyte from plated Li. Despite these reported
improvements, prior discussions have largely focused on the lithio-
philicity and alloying behavior of metallic components, whereas the
structural characteristics of the carbon host remain comparatively
underexplored.”” Specifically, morphological factors such as pore
size, pore connectivity, and interfacial contact geometry critically
govern the spatial distribution of Ag—C contact sites, lithium trans-
port pathways, and deposition behavior. Notably, these effects can-
not be rationalized solely by the nominal surface area, as lithium
transport and deposition are governed by the spatial accessibility
of active interfaces and the resulting Li flux distribution within
the carbon framework. However, the structure—property relation-
ship within Ag—C systems remains unclear, and rational design
guidelines for stabilizing lithium deposition through precise control
of the carbon microstructure are still lacking.

In this study, we present a pore-size engineering strategy for
mesoporous carbon hosts to elucidate the role of carbon micro-
structure in governing lithium deposition behavior in anode-free
sulfide ASSLBs. Mesoporous architectures are adopted to control
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the size compatibility between Ag nanoparticles and carbon pores,
thereby regulating the effective Ag—C interfacial contact that gov-
erns alloy-mediated Li deposition. By employing carbon frame-
works with controlled pore sizes of 10, 30, and 150 nm in
combination with Ag nanoparticles (~20 nm), we demonstrate
that pore accessibility is a key determinant of effective Ag—C
interfacial contact and alloy-mediated lithium exchange. Pores
smaller than the Ag nanoparticles restrict internal infiltration of
Ag, limiting Ag—C interfacial contact and resulting in localized
lithium flux and inhomogeneous deposition. In contrast, suffi-
ciently large pores enable more distributed Ag—C contact and
homogeneous lithium deposition. Consequently, the optimized
architecture delivers stable interfacial deposition and markedly
improved cycling stability. These findings establish a clear
structure—function relationship between carbon pore architecture
and lithium metal deposition behavior, providing rational design
guidelines for durable anode-free solid-state batteries.

To systematically investigate the influence of Ag—C interfacial
contact on Li—Ag alloying and subsequent lithium deposition

behavior, three mesoporous carbons with distinct pore sizes were
designed as model hosts (Figure S1). The samples, denoted as
Carbon010, Carbon030, and Carbonl50 according to their
nominal pore sizes, were characterized by nitrogen adsorption—
desorption isotherms and Brunauer—Emmett—Teller (BET)
measurements to quantify their pore structures and surface areas
(Figures S2 and S3). Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) observations reveal that
Carbon010 exhibits a densely wrinkled surface with a fine pore
network (~10 nm), whereas Carbon030 shows a more open mor-
phology with uniformly distributed mesopores (~30 nm). In con-
trast, Carbon150 presents an expanded framework with pores
spanning tens to hundreds of nanometers. Consistent with these
structural variations, the BET surface areas decrease from 1223
to 608 and 190 m? g_1 for Carbon010, Carbon030, and
Carbonl50, respectively, reflecting the inverse relationship
between BET surface area and pore size. These structural differ-
ences provide an important basis for interpreting subsequent
Ag—C composite behavior. Specifically, the accessible interfacial
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Figure 1. (a) Schematic illustration showing the distribution of Ag nanoparticles in AgC010, AgC030, and AgC150 as a function of mesoporous
carbon pore size. Depending on the relative sizes of the pore and Ag nanoparticles, Ag particles are preferentially located either on the external surface
or inside the mesopores. HAADF-TEM images of (b) AgC010, (c) AgC030, and (d) AgC150, visualizing the distribution of Ag nanoparticles within
the mesoporous carbon frameworks. (e) Voltage profiles of Li/Ag—C half cells with different carbon hosts during stepwise galvanostatic current
pulses. (f) Within-pulse polarization (AE, = E,, — E_) as a function of pulse number. Here, E, is the first recorded potential after current appli-

cation and E_ is the potential at the end of the 1 min pulse.
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area available for Ag nanoparticles (~20 nm), rather than nominal
surface area alone, is expected to govern effective Ag—C contact
and interfacial reactions. Accordingly, these carbons serve as ideal
model hosts to examine how pore architecture governs Ag—C
interactions and the resulting lithium deposition behavior.

The distribution of Ag nanoparticles within the mesoporous
carbon hosts is summarized schematically and experimentally in
Figure 1. According to the pore size of the parent carbons, the
composites are denoted as AgC010, AgC030, and AgC150. As
illustrated in the scheme, when the pore size is smaller than
the Ag nanoparticle diameter (~20 nm), as in AgC010, Ag
nanoparticles are primarily restricted to the external surface
(Figure 1a). In contrast, with increasing pore size in AgC030
and AgC150, a progressively larger fraction of Ag nanoparticles
infiltrates into the mesoporous framework and contacts the
internal carbon surfaces. This trend is corroborated by TEM
imaging together with EDS elemental mapping (Figures 1b—d
and S4). AgC010 shows Ag nanoparticles predominantly
located on the outer surface, whereas AgC030 and AgC150
exhibit increasing populations of particles distributed within
the internal pore network, with the most pronounced internal
incorporation observed for AgC150. To further distinguish par-
ticle locations, backscattered electron (BSE) SEM imaging was
employed (Figure SS). Owing to the higher atomic number of
Ag relative to carbon, Ag nanoparticles appear with brighter
contrast in BSE mode, enabling selective visualization of their spa-
tial distribution.® A combined analysis of secondary electron
(SE) and BSE imaging provides complementary morphological
and compositional contrast, allowing clear identification of the
carbon framework and reliable differentiation between particles

located inside and outside the mesopores. This comparison
reveals a systematic increase in internally located Ag nanoparticles
with increasing pore size. These structural observations suggest
that, beyond the total surface area, the accessible interfacial area
available for Ag infiltration governs the extent of Ag—C contact.

To examine the pre-activation behavior of the Ag—C inter-
layers prior to lithium deposition, galvanostatic intermittent
titration technique (GITT) measurements were performed
starting from the open-circuit voltage (Figure 1le).3*%°
Repeated current pulses (1 mA cm™2, 1 min) gradually lowered
the potential toward 0 V, corresponding to the transition from
carbon lithiation to the onset of lithium deposition. Because
carbon lithiation consumes lithium without directly contribut-
ing to reversible bulk Li plating, the amount of lithium con-
sumed during this pre-deposition region is governed by the
surface area of the carbon host. AgC150 reached this endpoint
earlier than AgC010 and AgCO030, indicating that less Li reser-
voir is consumed by carbon lithiation. To compare the polariza-
tion under identical current pulses, we defined within-pulse
polarization as AEt (= Ej, — E_), where Ey, is the first
recorded potential after current application and E_ is the poten-
tial at the end of the pulse (Figure S6). AE, captures the addi-
tional polarization accumulated during the pulse, which is
sensitive to the effective reaction and transport distribution
within the interlayer. AE, decreased from AgC010 to AgC150,
resulting in the smallest AE, for AgC150 (Figure 1f), suggesting
more homogeneous reaction and transport kinetics within the
interlayer enabled by more internally distributed Ag—C contact.

Electrochemical cycling tests were conducted to compare the
lithium plating behavior of the three Ag—C composite electrodes
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Figure 2. (a) First cycle charge-discharge voltage profiles and (b) corresponding coulombic efficiencies over repeated cycles of Li/AgC010, Li/
AgC030, and Li/AgC150 cells measured at a current density of 1 mA cm™> with an areal capacity of 3 mAh cm™ at 60 °C. (c) Voltage response
of the Li/AgC150 cell plotted as a function of cumulative areal capacity under stepwise increased plating current densities, while maintaining a fixed
areal capacity of 1 mAh cm™. (d) Critical current density test of the Li/AgC150 cell, in which both plating and stripping current densities were

increased stepwise while maintaining a fixed areal capacity of 1 mAh cm
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under identical conditions. Both plating and stripping were per-
formed at a current density of 1 mA cm™> with a fixed deposition
capacity of 3 mAh cm ™ The first cycle voltage—capacity profiles
reveal a transient potential drop at the onset of plating, followed
by a stable plateau (Figure 2a). This feature corresponds to
the nucleation overpotential, which reflects the interfacial lithio-
philicity and the energy barrier for lithium nucleation.'*> A
magnified view of the early plating region shows that AgC150
exhibits the smallest nucleation overpotential, followed by
AgC030 and AgCO010, suggesting that pore architecture and
Ag—C interfacial characteristics influence the initial nucleation
behavior (Figure S7). To identify the preferential lithium depo-
sition location, cross-sectional SEM analyses were performed
(Figure S8). The deposited lithium was identified as an Ag-
enriched Li—Ag alloy phase, formed during lithium plating. In
all cases, lithium deposition occurred at the interface between
the SUS current collector and the Ag—C interlayer, while no
deposition was observed at the interface between the Ag—C

interlayer and the solid electrolyte pellet. These observations
suggest that the subsequent plating behavior is primarily gov-
erned by the properties of the Ag—C interlayer. The spatial dis-
tribution of Ag nanoparticles after the plating—stripping process
was examined by TEM (Figure S9). Following the first electro-
chemical cycle, the Ag—C interlayers were collected and soni-
cated. Because sonication preferentially removes weakly
attached particles from the external surface, while particles con-
fined within internal pores are relatively retained, this treatment
provides a simple means to distinguish externally attached Ag
from those stabilized inside the mesoporous structure.
Notably, distinct Ag signals were still observed in AgC030 and
AgC150 after sonication, indicating the presence of nanoparti-
cles retained within the internal pore network. In contrast, Ag
signals were barely detectable in AgCO010, suggesting that most
particles were located on the outer surface and were removed
during the sonication process. These results indicate that carbon
hosts with sufficiently large pores effectively confine and retain
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Figure 3. Top-view SEM images of Li deposited on AgC anodes to an areal capacity of 0.3 mAh cm 2. SE-mode SEM images of Li deposited on
(a) AgCO010, (b) AgCO030, and (c) AgC150. Corresponding BSE-mode SEM images of (d) AgC010, (e) AgC030, and (f) AgC150, respectively.
(g) Schematic illustration summarizing the representative Li deposition morphologies based on the SEM observations. (h) Voltage profiles during
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iation profiles measured during the initial stage of Li plating as a function of plated areal capacity.
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Ag nanoparticles within the internal framework, thereby helping
to sustain reversible alloying reactions within the Ag—C inter-
layer during subsequent cycling. On this basis, the long-term
electrochemical behavior of the cells was evaluated. Cycling
was continued under the same conditions, and the evolution of
coulombic efficiency is summarized in Figure 2b. AgC010 exhib-
ited consistently lower coulombic efficiency from the initial
cycles and failed at an earlier stage due to short-circuiting,
whereas AgC030 showed improved stability. Notably, AgC150
maintained the highest average coulombic efficiency with stable
long-term cycling. The corresponding voltage profiles are pro-
vided in Figures S10 and S11. To further assess interfacial
robustness under higher lithium flux, the plating current density
was progressively increased while maintaining a fixed areal
capacity.'? Stable voltage responses were sustained over a wider
current range for AgC150, whereas AgC010 and AgC030 failed
at lower currents (Figures 2c and S12). Finally, the critical cur-
rent density (CCD) values were compared by simultaneously
increasing both plating and stripping current densities.”’
AgC010 and AgCO030 exhibited early failure at limited current
densities, while AgC150 preserved stable voltage profiles over
substantially higher current levels, demonstrating superior kinetic
tolerance and interfacial stability (Figures 2d and S13). To isolate
the contribution of Ag incorporation, the electrochemical behav-
ior of the mesoporous carbon hosts without Ag was also evaluated
under identical conditions (I mA cm™ 3 mAh cm™?)
(Figure S14). A more detailed discussion on the respective roles
of the carbon network and Ag—C interactions is provided in the
Supporting Information (Supplementary Note 1).

The morphology of lithium plated on the Ag—C interlayers
was examined to correlate electrochemical performance with
deposition characteristics. The electrodes were recovered after
the initial plating stage at 0.3 mAh cm™ and subsequently
observed by top-view SEM (Figure 3a—f). SE mode SEM

images reveal distinct differences in deposition uniformity
among the three electrodes.**’7** AgC010 exhibits localized
lithium accumulation with growth concentrated at discrete
spots, indicative of nonuniform nucleation and dendritic propa-
gation. AgC030 displays a more continuous morphology but
still exhibits partially dendritic features, whereas AgC150 pre-
sents a markedly homogeneous and laterally distributed lithium
layer with reduced protrusions, suggesting uniform surface cov-
erage. These contrasts become more apparent in the corre-
sponding BSE mode SEM images. Because BSE contrast
scales with atomic number, Ag-containing Li—Ag alloy regions
appear brighter than carbon in BSE mode, enabling selective
visualization of the deposited phase. AgC010 shows sparse
bright domains separated by large dark regions, reflecting
incomplete surface coverage, while AgC150 exhibits uniformly
distributed bright contrast across most of the surface, consistent
with continuous and compact lithium deposition. A schematic
illustration summarizes this evolution from dendritic growth
(AgC010) to semi-compact structures (AgC030) and finally
to coalesced, laterally merged morphologies (AgC150)
(Figure 3g). These observations suggest that increased internal
Ag—C contact promotes a more homogeneous lithium flux,
favoring lateral growth over localized accumulation.

The deposition behavior was further evaluated under continu-
ous plating conditions to assess interfacial stability at higher cur-
rent densities.*® To enable a more stringent comparison, the cells
were tested under a controlled stack pressure (6 MPa) at an ele-
vated current density (5 mA cm™?), imposing harsher plating
conditions that accentuate differences in lithium growth mor-
phology. Voltage profiles recorded during extended lithium plat-
ing show that AgCO010 short-circuits rapidly, whereas AgC150
sustains stable operation over a substantially larger plated capac-
ity (Figure 3h). The early failure of AgCO010 is consistent with
localized and dendritic growth, while the prolonged stability of
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Figure 4. 3D XRM images of Li/AgC cells after electrochemical cycling: (a) Li/AgC030 cell after 60 cycles and (b) Li/AgC150 cell after 100 cycles.
Cross-sectional FIB-SEM images of (c), (e) Li/AgC030 cell after 60 cycles and (d), (f) Li/AgC150 cell after 100 cycles. The analysis points were
selected to capture representative interfacial morphologies before severe cell failure in the less stable configuration.

5055

https://doi.org/10.1021/acsenergylett.6c00964
ACS Energy Lett. 2026, 11, 5051-5060

920z Jequiaidag 0| uo Jasn AINN ONVANVH Ag Jpd ey9600-9202-2u/2007S059/L G0/ 2/L L/ypd-ajonue/doojae/Bio soe sqnd woly papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c00964/suppl_file/nz6c00964_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c00964/suppl_file/nz6c00964_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c00964/suppl_file/nz6c00964_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c00964/suppl_file/nz6c00964_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.6c00964/suppl_file/nz6c00964_si_001.docx
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.6c00964

ACS Energy Letters

pubs.acs.org/journal/aelccp

AgC150 indicates more uniform and laterally distributed deposi-
tion. Pressure variation was simultaneously monitored using
pressiometry to probe the mechanical response associated with
lithium growth. Electrodes exhibiting dendritic or vertically pro-
truding deposits are expected to induce larger pressure fluctua-
tions, whereas laterally spreading deposition leads to more
gradual pressure changes. Consistent with this expectation,
AgC010 shows the largest pressure variation, while AgC150
exhibits the smallest and most stable response (Figure 3i).
These trends corroborate the morphological observations and
indicate that enlarged Ag—C interfacial contact promotes lateral
lithium growth and mitigates dendritic lithium accumulation.
After prolonged cycles, post-mortem structural analyses were
performed to directly visualize the evolution of the Ag—C inter-
layers and to correlate the observed electrochemical stability with
morphological integrity. Three-dimensional X-ray microscopy
(XRM) was first employed to non-destructively examine the
internal architecture of the electrodes.'”'” Post-mortem analyses
were conducted on AgC030 after 60 cycles and AgC150 after
100 cycles, respectively. The XRM images reveal a stark contrast
between the two samples. In AgC030, a rough and highly irregular
lithium surface is clearly observed, with distinct dendritic

protrusions extending from the Ag—C interlayer, indicating local-
ized and unstable deposition (Figure 4a). These dendritic features
are readily visible across the electrode surface and reflect nonuni-
form lithium accumulation during cycling. By contrast, AgC150
exhibits a smooth and continuous lithium morphology without
noticeable dendritic growth (Figure 4b). The deposited lithium
forms a relatively flat and conformal layer, suggesting more homo-
geneous and laterally distributed deposition throughout the elec-
trode. Cross-sectional focused ion beam (FIB) SEM analyses
were subsequently performed to further resolve the interfacial lith-
ium morphology. Consistent with the XRM observations,
AgC030 exhibits discontinuous lithium deposition with interfacial
gaps between the plated lithium and the Ag—C interlayer,
together with spike-like protrusions preferentially extending
toward the SUS current collector (Figure 4c,e). These features
suggest deposition instability arising from spatially heterogeneous
Li transport, uneven Li—Ag alloy-mediated nucleation, and inter-
facial contact evolution during repeated plating and stripping.
Localized Li flux can promote spike-like Li growth during plating,
while repeated volume changes and chemo-mechanical stress
accumulation can lead to interfacial contact loss, stripping-
induced void formation, or partial delamination.*' Once such gaps
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form, effective contact area becomes further restricted, concen-
trating the current at the remaining contact points, thereby accel-
erating localized deposition and interfacial instability. Thus, the
interfacial gaps and spike-like protrusions are both a consequence
and an indicator of deposition instability governed by coupled
transport, interfacial contact, and chemo-mechanical effects. In
contrast, AgC150 shows a dense and conformal lithium layer that
more uniformly covers the Ag—C interlayer (Figure 4d,f). The
deposited lithium forms a compact and continuous morphology
with a well-maintained interface across the architecture.

To demonstrate the practical applicability of the Ag—C inter-
layer design, pouch-type full cells were assembled and evaluated
under realistic operating conditions (Figures S and S15). Two
types of pouch configurations with different cathode areas were
prepared to assess both large-format scalability and high-rate per-
formance.** For the large-area configuration employing a 12 cm*
composite cathode, cycling tests were conducted at 30 °C, retain-
ing 73 % of the initial capacity over 200 cycles (Figures Sa,b and
S16a). The corresponding volumetric and gravimetric energy
densities were calculated to be 657.0 Wh L™" and 2852 Wh
kg ™!, respectively (Table S1). To further evaluate cell perfor-
mance under more demanding conditions, a smaller-area pouch
cell with a 4 cm® composite cathode was tested at 60 °C
(Figures Sc—f and S16b).** Notably, higher energy densities of
781.5 Wh L™ and 362.3 Wh kg~ were achieved under these
conditions (Table S1). These results demonstrate that the
Ag—C interlayer architecture enables robust lithium utilization
and stable cycling not only in laboratory-scale half cells but also
in practical pouch-type full-cell configurations.

Figure 6 illustrates the mechanistic framework linking carbon
pore size to Ag distribution and lithium deposition behavior in
Ag—C interlayers. When the carbon pore size is smaller than the
Ag nanoparticle diameter, Ag remains largely on the external car-
bon surface, resulting in spatially uneven Li—Ag alloy formation

and localized current distribution during cycling. In contrast,
pores larger than the Ag nanoparticle enable direct and distrib-
uted contact between Ag and the internal carbon surface, allow-
ing Li—Ag alloying to be activated more uniformly through the
lithiated carbon framework. This more homogeneous alloying
pathway leads to a more evenly distributed lithium flux and favors
lateral lithium deposition, which is consistent with the improved
cycling stability and suppressed dendritic behavior observed
across the electrochemical and morphological analyses.

In this study, we identify carbon pore size as a key structural
parameter governing the functionality of Ag—C interlayers in
sulfide-based anode-free all-solid-state lithium batteries. Small
pores confine Ag nanoparticles to the external carbon surface,
leading to unstable lithium deposition and early short-
circuiting. In contrast, sufficiently large pores allow Ag to be
more effectively incorporated into the carbon framework,
thereby promoting stable lithium deposition under prolonged
cycling and high-current-density conditions. Ag—C architec-
tures with well-controlled pore structures demonstrate robust
electrochemical performance from half-cell configurations to
practical pouch-type full cells, highlighting the critical role of
pore-size control in regulating lithium deposition behavior. By
establishing a clear structure—function relationship between
pore accessibility and Ag distribution, this work provides practi-
cal design guidelines for engineering durable Ag—C interlayers
and advancing anode-free sulfide all-solid-state batteries.
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