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ABSTRACT: All-solid-state batteries with lithium metal anodes hold
great potential for high-energy battery applications. However, forming
and maintaining stable solid—solid contact between the lithium anode
and solid electrolyte remains a major challenge. One promising solution
is the use of a silver—carbon (Ag—C) interlayer, but its chemomechanical
properties and impact on interface stabilities need to be comprehensively
explored. Here, we examine the function of Ag—C interlayers in
addressing interfacial challenges using various cell configurations.
Experiments show that the interlayer improves interfacial mechanical
contact, leading to a uniform current distribution and suppressing
lithium dendrite growth. Furthermore, the interlayer regulates lithium
deposition in the presence of Ag particles via improved Li diffusivity. The
sheet-type cells with the interlayer achieve a high energy density of 514.3
Wh L™" and an average Coulombic efficiency of 99.97% over 500 cycles.

This work provides insights into the benefits of using Ag—C interlayers for enhancing the performance of all-solid-state batteries.

KEYWORDS: All-solid-state lithium metal batteries, interlayer, silver—carbon composite, sheet-type solid-state cells

ll-solid-state lithium metal batteries hold great promise

for electric vehicles (EVs) with long-range capability and
improved safety."” Solid-state electrolytes play an important
role in all-solid-state batteries. The solid-state battery design
significantly increases the energy density when combined with
a lithium metal anode with an extremely high capacity (3860
mAh g™') and the lowest redox potential (—3.04 V vs standard
hydrogen potential).”* Among a plethora of promising solid-
state electrolytes, sulfide-based solid electrolytes stand out for
their remarkable ionic conductivity, low cost, and exceptional
processability.” The argyrodite-type sulfide electrolytes, such as
LigPS;Cl (LPSCl), have comparable room-temperature Li-ion
conductivities (3 mS cm™) to those of nonaqueous liquid
electrolytes.® Despite its high ionic conductivity, realizing high-
performance all-solid-state lithium metal batteries with sulfide
electrolytes remains difficult due to the poor solid—solid
contact between the Li anode and solid electrolytes. The
contact problem is caused by the inherent surface roughness of
lithium metal and electrolyte, which increases interfacial
impedance and acts as a precursor for lithium dendritic
growth.” The formation of voids during lithium stripping on
the Li anode deteriorates the metal—electrolyte contact even
further.®
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To date, numerous investigations of metal—electrolyte
contact in all-solid-state batteries have focused on the
development of interfacial engineering strategies. Between
the Li anode and solid electrolyte, a mixed ionic—electronic
conductor (MIEC) interlayer has been introduced to buffer
mechanical strain, promote interfacial contact, alleviate
chemical instability, improve stripping/plating homogeneity,
and therefore suppress lithium dendrite formation and
propagation.””'* Lee et al. first reported the screen-printed
silver—carbon (Ag—C) composite as an interlayer between the
anode current collector and the electrolyte, allowing a high
current density (3.4 mA/cm®) over 1000 cycles with a
consistent Coulombic efficiency greater than 99.8%.” Li et al.
pointed out that the Ag—C composite possesses a MIEC
scaffold nature that regulates Li transport.lo’13 In addition,
efforts were made to comprehend the contributions of carbon
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Figure 1. Fabrication and characterization of Ag—CILPSCI bilayer composites. (a) Fabrication steps involve slurry casting, calendering, spray
coating of a Ag—carbon layer, drying, and final assembly. (b,c) Optical images of free-standing LPSCI thin films. (d) Nine samples of the Ag—Cl
LPSCI bilayer composite. (e) Cross-sectional SEM and (f—h) EDS mapping of the Ag—CILPSCI bilayer composites.

black (CB), metal particles, and binders to the Ag—C
interlayer. The choice of metal was found to affect lithium
growth location, and the binding force between the interlayer
and electrolyte determines structural integrity during lithium
plating'""> Suzuki et al. studied various metal-added carbon
composite anodes for solid-state cells and concluded that Ag
outperforms other metals (e.g, Zn, Sn, Al, Ni) in suppressing
short circuits.'" Oh et al. identified the binder effects in the
Ag—C composite that allow a strong binding force and an
effective buffering of the volume change in the electrode, thus
preventing the formation of cracks and enabling a battery with
improved mechanical stability and long-term cyclability."”
Despite the growing interest in exploring the Ag—C interlayer,
knowledge of its stable interface mechanisms remains
insufficient. This understanding is key to scalable, high-
performance solid-state lithium metal batteries.

In this study, we report for the use of spray coated Ag—C
interlayers for sheet-type all-solid-state lithium metal cells, as
well as an investigation of the chemomechanical role of the
Ag—C interlayer in addressing Li—electrolyte interfacial
challenges. The Ag—C interlayer improves the interfacial
contact between Li anode and solid electrolyte, thereby
homogenizing the Li* flux and suppressing the lithium dendrite
growth. This was confirmed by running controlled experiments
on a variety of testing cell configurations to examine the Li—
electrolyte interface evolution under conditions with and
without the interlayer. Furthermore, controlled studies
between a pure carbon interlayer and the Ag—C interlayer
show that the presence of Ag metal improves Li diffusivity,
indicating that Ag metal plays a critical role in regulating
lithium deposition in solid-state cells. These discoveries lead to
the rational design of Ag—C interlayers, which significantly
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improve the electrochemical performance of sheet-type solid-
state cells, presenting a promising strategy for the scalable
production of high-energy solid-state batteries.

B FABRICATION OF Ag—CILPSCL BILAYER
COMPOSITES

The LPSCI electrolyte attracts much attention due to its
superior ionic conductivity and self-passivation interface with
the Li anode. In this work, we used a slurry-based method to
create a sheet-type solid electrolyte film (Figure 1a).'* Briefly,
a solid electrolyte sheet was fabricated by tape-casting
electrolyte slurries onto a silicone-coated poly(ethylene
terephthalate) (PET) substrate. LPSCI powder, hydrogenated
nitrile butadiene rubber (HNBR), and a 50:50 w/w mixture of
anhydrous toluene and isobutyl isobutyrate were mixed to
form the slurry. The solid electrolyte sheets were calendered
and cut into desired sizes with a hollow punch after drying in
vacuum (Figure 1b,c). The solid electrolyte sheet was
calendered and densified at 375 MPa. We observed a typical
thickness reduction of 50%, resulting in a thickness of 40 ym
after calendering.

The Ag—C slurry was then spray coated onto one side of the
solid electrolyte sheet via an air-brush technique with argon
carrier gas. The Ag—C slurry was prepared by mixing
nanosilver particles (60 nm in diameter), carbon black
particles, and HNBR in a 5 wt % ratio with the same solvent
mixture used for solid electrolyte coating. The total solid
content of the slurry was 12 wt %. The Ag—C coated solid
electrolyte sheets were removed from the PET substrate and
vacuum-dried (Figure 1d). We developed an air-free vessel to
transport samples from the glovebox and a Helios SEM/FIB.
The bilayer films were examined with cross-sectional SEM
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Figure 2. Ag—C layer improves the physical contact between Li and LPSCI for pristine cells assembled under a stacking pressure of S MPa. (a, b)
Cell structures are shown without and with a Ag—C layer, respectively. (c) Impedance spectra reveal an 11-fold reduction in contact resistance with
the inclusion of a Ag—C layer. (d) Presence of contact loss without the Ag—C layer is visualized in a cross-sectional SEM image. (e) With a Ag—C
interlayer, intimate contact between the layers is revealed without observing contact loss. (f, g) Top-view SEM images of the Ag—C interlayer
before and after calendering under S MPa. (h) Surface profiles of the Ag—C interlayer before and after calendering.

(Figure le). The Ag—C layer has a thickness of about S pm.
The element distribution of silver, carbon, and sulfur is shown
by EDS mapping. We used spray coating as a scalable
technique that eliminates the need for free-standing films and
lamination. This method has the potential to tackle some of
the challenges associated with large-scale production of solid-
state batteries (SSBs), particularly scalability and uniform-
ity.ls’lé In comparison to screen printing,9 the spray coating
method demonstrated in this study offers superior uniformitg
and greater flexibility in controlling the interlayer thickness."
Furthermore, with spray coating, waste is significantly reduced,
and the startingi{ material is efficiently utilized in fabricating of
the active film."®

B IMPROVING MECHANICAL CONTACT WITH THE

INTERLAYER

During solid-state cell fabrication, interfacing lithium metal
with solid electrolyte to form an intimate contact remains a
significant challenge. According to Meng et al, stacking
pressure is critical in forming excellent contact between the
lithium anode and solid electrolyte."” The optimum stacking
pressure introduces better contact. Inadequate contact may
cause high local current density during charge and discharge,
resulting in void formation and dendrite growth. The optimum
pressure is highly dependent on the electrolyte thickness
because a thinner pellet is more susceptible to short circuits
due to the significantly shorter path length for the extruded
lithium, even at lower stack pressures. It is very likely that Li
will infiltrate the thin electrolyte during cell fabrication before
intimate contact between the metal and electrolyte can be
established (Figure S1).° Under low stack pressure, we
hypothesize that the excellent deformability of the Ag—C
interlayer would contribute to improved Li—electrolyte
interfacial contact. Symmetric cells were developed for
validation. They were fabricated by pressing two pieces of 30
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pum thick lithium metal on opposite sides of an electrolyte
sheet with and without Ag—C coating, as shown in Figure 2a,b.
The cell was then subjected to S MPa pressure.

The interfacial resistance difference of symmetric cells was
compared using electrochemical impedance spectra (Figure
2¢). In the presence of a Ag—C interlayer, R, shinks 11-fold,
from 6.59 Q cm? to 0.58 Q cm® (Table S1). We prepared two
symmetric cells with exposed cross-sectional interfaces to
understand the origin of the impedance reduction. An argon-
ion beam cross-section polisher (JEOL IB-19520CCP) was
utilized for the exposed interface specimen preparation. The
polisher has a much larger cross-sectional polishing area than a
standard focused ion beam machining prepared interface. We
used an accelerating voltage of 4 kV under cryogenic
conditions to minimize heat damage on lithium metal. In
addition, to avoid the curtain effect, the sample stage was
positioned perpendicular to the ion beam and swung at 30°
during milling.

Figure 2d,e shows the cross-sectional SEM images of
symmetric LilLPSCIILi cells with and without Ag—C
interlayers. Figure 2d visualizes the gaps at the Li—LPSCI
interface, the size of which is about 3 um in width and the
range of about 0.1—0.3 ym in height. A similar observation was
reported by Sun et al.”' In contrast, with a Ag—C interlayer, we
observe intimate contact among LilAg—CILPSCI (Figure 2e).
A profilometer (Bruker DektakXT) was used to characterize
the interlayer thickness before and after 5 MPa pressure. Figure
2f—h shows the top view and thickness profiles of pristine and
deformed samples, which exhibit a 72.2% reduction in
roughness and a 59.7% reduction in thickness. In other
words, the Ag—C interlayer functions as a mechanical buffer
between Li and LPSCI, which have very different mechanical

moduli.***?
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Figure 3. Suppressing lithium dendrites with the interlayer. (a) Cell with asymmetric interfaces. (b) Galvanostatic voltage profile at 0.16 mA cm™~

2

(1 h of plating and 1 h of stripping); the cell became shorted at 9.5 h. (c—e) Post-mortem cross-sectional SEM images of the shorted cell. (f)
Galvanostatic voltage profile of two full cells. The cell with the structure of NMCILPSCIIAg—CILi shows a normal voltage profile during the first
cycle while the cell with the structure of NMCILPSCIILi shows shorting during the first charge. (g, h) Post-mortem cross-sectional SEM images of

the two full cells shown in panel f.

Figure 4. Fully lithiated Ag—C interlayer enables lithium plating at the correct location. (a, b) Cross-sectional SEM images and corresponding
illustration of full cells after 1st charge. Corresponding galvanostatic voltage profiles are shown in Figure S2. In panel a, Li is plated between LPSCI
and the carbon layer, while in panel b, Li is plated between Ag—C and Li. (c) Comparison of the diffusion coefficients of various lithiation states of
the carbon and Ag—C interlayers. Corresponding GITT voltage profiles are shown in Figure S3. (d) A three-electrode cell was used to separate the
overpotential contribution from the cathode and anode at various rates from 0.1 C (0.16 mA cm™) to 0.5 C (0.8 mA cm™2). The schematic setup

of the three-electrode configuration is shown in Figure S4.

B UNIFORM CURRENT DISTRIBUTION BETWEEN
THE Li ANODE AND SOLID ELECTROLYTE

The nonuniform current distribution between Li metal and
solid electrolyte interfaces leads to penetration of lithium
dendrites into solid electrolytes.” To that end, we investigate
the effects of the interlayer on lithium dendrite challenges. The
Ag—C interlayer is expected to stabilize the interface during
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cycling by homogenizing the current density. We fabricated a
cell with asymmetric interfaces LilAg—CILPSCIILi (Figure 3a)
and galvanostatically cycled it until it failed. This allowed us to
compare its effectiveness in preventing Li metal dendrite
formation, as well as identify the location of cell failure and the
effect of the interlayer. Figure 3b shows the voltage profile of
the cell while cycling at a current density of 0.16 mA cm™2 In
the fifth cycle, the cell short-circuited. Post-mortem analysis
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Figure S. Sheet-type all-solid-state lithium metal cell performance. (a) Cross-sectional SEM image of a sheet-type all-solid-state lithium metal
battery with an AIINMCILPSCllAg—ClILi device structure. (b) Rate performance of the cell at various rates from 0.1 to 0.5 C (where 1C is equal to
1.6 mA cm™2). (c) Galvanostatic cycle performance of the cell at C/3 rate. (d, e) Voltage profile and differential capacity (dQ/dV) curves for the

first, 100th, 200th, 300th, 400th, and 500th cycles, respectively.

(Figure 3c) revealed that the cycled interfaces with and
without a Ag—C interlayer differ dramatically. We observed
lithium dendrite penetration into the electrolyte layer on one
side where there was no Ag—C interlayer. Bruce et al. also
observed similar findings with microcomputed tomography
(micro-CT).® Nonuniform lithium plating generates highly
local mechanical stress in the absence of a Ag—C interlayer,
causing the electrolyte to crack and Li dendrite penetration.”*
On the other hand, we observed uniform lithium plating and
stripping where the Ag—C interlayer was introduced (Figure
3e), and the interlayer remained dense without cracking. It is
critical to maintain the structural integrity of the interlayer as
the volume of the Li anode changes during plating and
stripping.12

A symmetric cell, on the other hand, is not the same as a full
cell. As in a symmetric cell, the cathode side of the full cell
cannot compensate for the expansion and contraction of
electrodes caused by lithium metal plating and stripping during
cell cycling. The volume change in full lithium metal cells is
unavoidable.”® To that end, we studied the impact of the Ag—
C interlayer in full cells using NMC single crystal cathodes.
The cathode composite sheet was fabricated using a tape-
casting process and lithium—nickel—manganese—cobalt-oxide
(NMC) as the cathode active material (CAM). The full cell
(NMCILPSCIlIAg—CILi) was completed by individually
pressing the cathode sheet and the Ag—CILPSCI sheet
separately at 375 MPa, then co-pressing them at 375 MPa to
improve adhesion between the two layers. Finally, a thin
lithium metal anode was pressed against NMCILPSCIIAg—C
under a stacking pressure of S MPa. As shown in Figure 3f, the
operation of the NMCILPSClIAg—CILi cell was stable. The full
cell without the interlayer, on the other hand, failed during the
first charging to 3.7 V with a capacity of only 41 mAh g”". An
abnormal voltage profile indicates the presence of lithium
dendrites. A similar observation of SEM imaging (Figure 3g,h)
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in full cells supports the role of the interlayer in suppressing
lithium dendrites by resulting in a uniform current distribution.

B THE ROLE OF Ag IN THE INTERLAYER IN
DETERMINING Li PLATING LOCATION

The lithium plating location in a solid-state cell has been
reported to be impacted by the metal particles added to the
interlayer.'" To better understand the role of Ag metal in the
interlayer, we compare two types of interlayers (Ag—C vs C
only) in full-cell operation. The voltage profiles (Figure S2)
show only a minor difference, but the post-mortem SEM
images show a significant difference in the location of plated
lithium, as shown in Figure 4a,b. Lithium plating occurred
between the electrolyte and the interlayer in the case of the
pure carbon layer. When Ag is present in the interlayer,
however, lithium is plated in the desired location between the
interlayer and the pristine Li anode. Despite the fact that the
amorphous carbon layer provides Li* transport channels, the
presence of Ag in the interlayer may facilitate Li transport.”®
Both interlayers made of Ag—C and carbon can operate at
lower current densities as long as the Li flux from the
electrolyte is less than the Li transport capability of the
interlayers. Based on our fabrication conditions (e.g.,, carbon
type and binder content), however, only Ag—C shows decent
performance at higher current densities (0.16—0.8 mA cm™)
due to its superior Li diffusivity. Conversely, inadequate Li
transport in the carbon interlayer results in Li accumulation
and growth at the interlayer—solid electrolyte interface.
Further adjustments to the physicochemical properties of the
carbon layer may enhance its high-current handling capability.

We hypothesize that the presence of Ag metal alters the
interlayer diffusivity, thereby regulating the location of Li
plating. The galvanostatic intermittent titration technique
(GITT) was used to study the lithiation process in two
asymmetric cells, carbon[LPSCIILi and Ag—CILPSCIILi. Figure
S3 shows the GITT results of amorphous carbon and Ag—C
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interlayers at various lithiated states. The Ag—C interlayer
exhibited a lower overpotential than the carbon interlayer,
resulting in greater diffusivity of the Ag—C interlayer. Figure 4c
summarizes the evolution of the lithium diffusion coefficient in
these two types of interlayers. At thel60th hour of lithiation,
the Ag—C interlayer has a 4-fold higher diffusivity than that of
the carbon-only interlayer (1.71 X 107'° vs 4.21 X 107"" cm®
s™'). When the interlayer has a high lithium diffusivity, the
reduced Li atoms at the interlayer—electrolyte interface will be
quickly transported toward the Li—interlayer interface and
plated there because there is no nucleation barrier for Li
plating on the Li surface. In contrast, at low lithium diffusivity,
reduced Li atoms will plate at the interlayer—electrolyte
interface, despite the fact that a nucleation barrier for lithium
plating exists.

A three-electrode cell configuration was developed to
monitor the potential of the Li anode during cell operation,
revealing the interlayer’s ability to regulate Li diffusivity
(Figure S4). Figure 4d shows the in situ Li anode potential
change monitored with a Li reference electrode (RE) at
various cycling rates. The fact that the Li anode potential
remains flat during each cycle’s stripping shows that no
increasing polarization is observed during stripping, even at
high rates.® The fact that the Li anode potential remains less
than 10 mV at 0.8 mA cm™2 indicates the interlayer maintains a
high diffusivity. Future research will provide a quantitative
description of lithium plating regulation using a Ag—C
interlayer.

B SHEET-TYPE ALL-SOLID FULL CELL
PERFORMANCE

With the Ag—C interlayer, the rate performance and cycling
stability of the sheet-type full-cell were greatly improved.
Figure Sa shows the cross-sectional image of a sheet-type full-
cell setup. The overall thickness of the cell is around 100 ym.
Figure 5b shows the voltage profiles under a stacking pressure
of S MPa at 60 °C. The cell cycled galvanostatically between
2.6 and 4.25 V. After 0.1 C, the sheet-type cell yields discharge
capacities of 174.02 mAh g™/, translating to a specific energy of
250.6 Wh kg™ and an energy density of 514.3 Wh L™!, which
is greater than the majority of solid electrolyte-based Li metal
batteries.”” The cell shows specific capacities of 174.0, 149.4,
130.5, and 113.4 mAh g™, at 0.1, 0.2, 0.33, and 0.5C (1C =
200 mA g !). The areal capacity is 1.39 mAh cm™ at 0.1C.
Figure Sc,d plots a capacity retention of 80.2% for 500 cycles.
The average Coulombic efficiency (CE) is 99.97%. Such a high
CE is attributed to the Ag—C interlayer. Figure Se shows the
dQ/dV plot of the first, 100th, 200th, 300th, 400th, and 500th
cycles. The reduction peaks gradually shift to lower potential
while the oxidation peaks shift to higher potential, indicating
that an increase of impedance is the main reason for the
capacity decay. This is in contrast to liquid electrolyte lithium
cells where the two major mechanisms of dead lithium and
electrolyte drying are absent in all solid state cells.”®

In conclusion, the role of the Ag—C interlayer in the solid-
state cell was investigated. The Ag—C interlayer greatly
improves the physical contact of the Li—electrolyte interface,
which helps to homogenize the current density of the interface.
Furthermore, we show how Ag metal facilitates Li transport
through the interlayer. The lithiated Ag nanoparticles in the
Ag—C have a high Li diffusivity, allowing lithium deposition at
the desired Li—electrolyte interface. The sheet-type solid-state
cell with the Ag—C interlayer exhibited a superior specific
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energy of 250.6 Wh kg™! and an energy density of 514.3 Wh
L™". The cell also demonstrated excellent cycling stability, with
an average CE of over 99.97% for 500 cycles. Understanding
the function of the Ag—C interlayer enables the use of a
lithium metal anode in sheet-type solid-state batteries, paving
the way for the commercialization of high-energy-density solid-
state batteries.
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