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In Li-free all-solid-state batteries (ASSBs) with a sulfide solid electrolyte (SE), the reactivity between Li and
sulfide renders the separation of these two components desirable. A porous interlayer coated on the anode
may limit this contact of SE with Li. However, a lack of understanding regarding Li deposition makes the
composite anode design difficult. Herein, we identify the factors determining the morphology and
location of Li deposits in Li-free ASSBs with a porous interlayer based on the thermodynamics of Li
electrodeposition and the kinetics of Li movement through the interlayer. We find the adhesion work as
one determining factor for the location of the main Li deposits. We explore several kinetic factors
including the pore size of the interlayer, temperature, scaffold materials, and surface modification with
Ag nanoparticles. The influence of the pore size on Li deposition suggests that Li moves through the

interlayer via Coble creep, with smaller pores, higher temperatures, and a lithiophilic surface facilitating
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Accepted 27th September 2022 this process. We propose a scenario for pore-size-dependent Li deposition based on diffusional creep,

inhomogeneity, and resulting stress within the interlayer. This work increases the fundamental

DOI: 10.1039/d2ta06466a understanding of Li deposition behavior and opens new avenues for the development of highly reversible
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1. Introduction

Li-free or anodeless all-solid-state batteries (ASSBs) are prom-
ising next-generation energy storage devices due to their high
energy density and safety. The relatively high mechanical
strength of solid electrolytes (SEs) can suppress dendritic Li
growth and guarantee the safe operation of ASSBs while using Li
metal as the anode active material."”” Because cathode active
materials are solely used as the Li source in Li-free ASSBs and no
Li metal is involved in the initial battery assembly process, the
energy density of the entire cell can be significantly increased.*
Furthermore, the absence of Li metal during cell assembly can
streamline the production process.® For Li-free ASSBs to achieve
high-capacity retention over many cycles, high reversibility is
particularly required during repeated Li deposition and strip-
ping processes within the anode because the Li supply is very
limited without excess in Li-free ASSBs.”® However, inhomoge-
neous Li deposition, unstable interfacial contact, and side
reactions between the Li metal and SE can lead to premature
cell failure.®* Moreover, though modeling suggested that SEs
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(especially inorganic SEs) have sufficiently high mechanical
strength for the physical suppression of dendritic Li growth,*
surface inhomogeneities in SEs and the resulting uneven local
current density may lead to dendritic Li growth and internal
short circuits.”*™

As in cells employing a liquid electrolyte, composite anodes
with a diverse range of architectures and materials can poten-
tially suppress irregular Li deposition in Li-free ASSBs.
Composite anodes usually contain porous architecture but,
despite the intense research interest, the development of
composite anodes for Li-free ASSBs has been challenged due to
the following restrictions. First, unlike liquid electrolytes, the
SE cannot infiltrate the pores to deliver Li ions and retract to
accommodate the volume expansion of Li. Therefore, the scaf-
fold of porous architecture itself should deliver Li ions to fill the
pores with Li deposits.”**” Second, because SEs (especially
sulfide SEs) suffer from the side reactions with reductive Li
metal, the Li electrodeposits and SE need to be physically
separated.>'®

In a previous study, Li-free ASSBs employing a silver-carbon
(Ag-C) composite anode exhibited a high energy density and
excellent cyclability.® A porous composite layer composed of
carbon and Ag nanoparticles (NPs) was coated on a stainless
steel (SUS) current collector (CC). When the full cell was
charged, and Li was plated onto the anode, a dense Li metal
layer was deposited between the Ag-C composite layer and the
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SUS CC. Despite the much faster electron conduction compared
to that of Li ions through the Ag—C composite layer, the metallic
Li was plated not on the surface of the SE but between the Ag-C
layer and the SUS CC (and also in the Ag-C layer). As a result, the
Ag-C interlayer significantly reduced the direct contact between
the Li metal deposits and the SE, suppressing the side reactions.
However, the principal mechanisms underlying this Li deposi-
tion behavior and the factors that determine the location of Li
deposits have not yet been clarified.

In situ transmission electron microscopy (TEM) observations
of electrochemical Li deposition and stripping in carbon
tubules with an inner diameter of 100 nm have been used to
elucidate the mechanisms underlying Li deposition into the
porous composite anodes.” The Li advanced and retracted in
carbon tubules during Li deposition and stripping mainly via
diffusional Coble creep. In these studies,'*" it was expected
that the pore size of the porous architecture and the Li-
conducting properties of the scaffold material should meet
certain criteria to enable Coble creep-based Li movement, but
this was not proven through systematic experiments.

In the present study, we analyzed Li deposition behavior in
Li-free ASSBs with a porous interlayer coated CC and identified
the factors that determine the morphology and location of the
Li deposits. Of the various possible locations for Li deposits
within composite anodes, the porous interlayer-CC interface is
preferred in order to suppress undesirable side reactions
between the SE and deposited Li. We analyzed the location and
morphology of the Li deposits based on both the thermody-
namics of Li electrodeposition and the kinetics of Li movement
in ASSBs through the porous interlayer. The work of adhesion or
interfacial energy was identified as one determining factor for
the location of the main Li deposits in the energetics of the Li
deposition in ASSBs with porous interlayer. In this study, the
main Li layer was deposited at the porous layer-CC interface
when the SE-porous layer contact formed at a pressure of
380 MPa, suggesting that the work of adhesion between the SE
and the porous interlayer is higher than that between the
porous layer and the CC.

However, to be deposited at the porous layer-CC interface, Li
needs to pass through the porous interlayer with sufficient
mobility of Li (either Li ions or atoms). Many factors can affect
the kinetics of Li movement, and we investigated several of
these in the present study, including the pore size of the
composite anode, temperature, scaffold materials, and surface
modification with Ag NPs. The pore size dependency of Li
movement through the interlayer indicated that the Li
advanced/retracted through the porous interlayer via diffu-
sional Coble creep. Several factors that facilitate the kinetics of
diffusional Coble creep were explored; smaller pores, higher
temperatures, and a lithiophilic surface. The composite inter-
layer fabricated with carbon spheres of an average diameter of
75 nm, which had the smallest average pore size, demonstrated
the most significant improvement in cyclability during repeated
Li deposition and stripping because the main Li deposit layer
was at the SE-porous layer interface, while the interlayer with
larger size exhibited partial or complete contact between the
deposited Li and the SE layer. Surface modification of the
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carbon spheres with Ag NPs in composite anodes led to denser
and more homogeneous Li deposits compared to those without
Ag. This was ascribed to the highly lithiophilic nature of Ag and
Li-Ag alloys, which provides thermodynamically stable Li
deposition sites and facilitated Li diffusion. The results of the
present study enhance the fundamental understanding of Li
deposition behavior in Li-free ASSBs with a porous interlayer on
the CC and thus motivates further development of highly
reversible Li-free ASSBs.

2. Experimental procedure
2.1 Material synthesis

The carbon spheres were fabricated via the carbonization of
polymer spheres that had been synthesized using sol-gel poly-
merization with resorcinol and formaldehyde as precursors.
The particle size was controlled by varying the solvent compo-
sition and precursor concentration or by adding a stabilizer
(only for CS3). A mixture of deionized (DI) water and ethanol at
different ratios was prepared as a solvent (7 : 9 in 84 ml for CS1,
8:3 in 200 ml for CS2, and 5 : 2 in 336 ml for CS3). For CS3,
1200 mg of Pluronic® F127 (Sigma Aldrich) was added to
further reduce the particles. Subsequently, ammonium
hydroxide (Daejung Chemicals) and resorcinol (Sigma Aldrich)
were added to the prepared solution, followed by 1 h of stirring
(0.3 ml of ammonium hydroxide and 600 mg of resorcinol for
CS1 and CS2, and 1.2 ml of ammonium hydroxide and 2400 mg
of resorcinol for CS3). Finally, polymerization was initiated with
the addition of formaldehyde solution (Sigma Aldrich, 0.9 ml
for CS1 and CS2 and 3.6 ml for CS3), and the solutions were
stirred overnight. All processes were carried out at room
temperature. The resulting suspensions were washed with DI
water three times and ethanol two times via centrifugation and
dried overnight at 80 °C in a vacuum oven. To carbonize the
polymer spheres, the obtained powders were annealed under an
Ar atmosphere with the following temperature profile: heating
to 350 °C at a ramping rate of 1 °C min~ ', maintaining the
temperature at 350 °C for 2 h, heating to 600 °C at a ramping
rate of 1 °C min~ ', and maintaining at 600 °C for 4 h.

For Ag NP decoration, 90 mg of polymer spheres were
dispersed in 150 ml of DI water and ethanol solution (14 :1
volume ratio) using tip sonication. Following this, 70.9 mg of
silver nitrate was added to the polymer sphere dispersion. After
stirring for 10 min, 50 ml of 1 M KOH (Sigma Aldrich) solution
and 1 M ethylene glycol (Sigma Aldrich) solution were added
dropwise. After stirring for 3 h at 80 °C, the dispersion was
washed with DI water three times and ethanol two times using
centrifugation and dried overnight at 80 °C. The final carbon-
ization process was identical to that for the carbon spheres.

2.2 Cell fabrication

The composite anodes were fabricated by casting the slurry
containing the carbon spheres or Ag NP-decorated carbon
spheres and polyvinylidene fluoride (PVDF, Sigma Aldrich)
binder in NMP (Daejung Chemicals) at a weight ratio of 9 : 1 on
SUS 316 foil and drying in an oven at 120 °C. The composite
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anode was punched into a circular shape with a diameter of 10
mm. Lithium foil (Honjo, 400 pm) and LizPS, (LPS, NEI
corporation) were used as the counter electrode and solid-state
electrolyte, respectively. Initially, LPS powder was pelletized
under a pressure of 270 MPa in a PEEK mold with an inner
diameter of 10 mm. The prepared composite anode was placed
on one side of the LPS pellet and pressed at 380 MPa. The Li foil
was assembled on the other side of the pellet and pressed to an
operating pressure of 5 MPa. All cells were assembled in an Ar-
filled glove box (O, and H,O levels < 0.1 ppm) and operated
under constant pressure and temperature (a pressure of 5 MPa
and a temperature of 30, 45, or 60 °C). Galvanostatic Li depo-
sition and stripping were conducted using a WonaTech WBCS
3000 automatic battery cycler. Li metal was deposited on the
composite anode to a specific capacity (0.5, 1, or 3 mA h cm™?)
and stripped to 1 V (vs. Li/Li*) under a constant areal current
density of 0.5 mA cm 2. Prior to the initial Li deposition, the
anodes were pre-cycled from 0 to 1 V 5 times with a current
density of 0.2 mA cm™? to activate the anode.

2.3 Characterization

The morphology of the prepared materials and Li deposits was
observed using SEM (Nova Nano SEM 450) with an EDS
detector. The morphology and crystallinity were further char-
acterized by high-resolution TEM (JEM 2100F, JEOL) with an
EDS detector. The pore size distribution of the composite
anodes was identified using mercury porosimetry (Autopore V
9600). The surface properties of the carbon spheres were
analyzed using Raman spectroscopy (DXR-3xi, Thermo Fisher
Scientific). Electrochemical impedance was measured using EIS
(BioLogic, SP-200) in the frequency range from 7 MHz to 100
mHz.

3. Results and discussion
3.1 Energetics of Li electrodeposition

In Li-free ASSBs with a composite anode consisting of a porous
interlayer coated on the CC, metallic Li can be plated within the
pores of the interlayer, at the SE-porous layer interface, or at the
porous layer-CC interface. In some cases, Li deposition can take
place at several places simultaneously. The location and
morphology of Li deposits in ASSBs are affected by both the
thermodynamics of Li electrodeposition and the kinetics of Li
movement. In a recent study, a model was proposed to assess
the change in Gibbs free energy with the deposition of Li onto
a metal CC in Li-free ASSBs in consideration of the volume free
energy of Li (ie., the change in the Gibbs free energy for the
reduction of Li ions) and the work associated with the creation
of new interfaces and the removal of interface due to delami-
nation following Li deposition.*® The work associated with
removal of the interface is related to the adhesion energy of the
interfaces involved. However, Li deposition in ASSBs induces
stress, and ASSBs are generally under applied pressure, thus
these mechanical factors should be included in thermodynamic
calculations, as shown in eqn (1):

This journal is © The Royal Society of Chemistry 2022
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AG = AGr —ed + Wads,overall + (Pexternal - o'rI;li QLi (1)

Here, AG, is volume Gibbs free energy change of Li electro-
deposition (Li" + e~ — Li), @ is the overpotential, Wags overan 18
the overall work associated with the adhesion energy related to
Li deposition, Peyernal i the pressure applied to Li deposits,
oL is the stress of the deposited Li, and Q" is the molar volume
of the deposited Li. Considering the energetics of Li deposition,
Li is preferably deposited in regions where the compressive
stress is minimized. Therefore, in the initial stages of deposi-
tion, Li is deposited within the free volume of the porous layer if
the kinetics support the sufficient movement of Li for Li
deposition within the pores. Once the free volume is filled with
Li deposits, subsequent Li deposition should open the existing
interfaces and form new ones. Because each interface has
a different adhesion energy, the overall work associated with
this delamination and formation of new interfaces varies
depending on the Li deposition site. The overall work associated
with adhesion energies for each deposition location can be
estimated as follow:

For Li deposition at the interface of the SE and porous layer,
delamination of the SE-porous layer interface and the forma-
tion of new Li-SE and Li-porous layer interfaces occur:

Wads,overall = WSE Li-porous layer — Wads,SE porous layer
- ads,Li-SE — I/Vzlds,Li—porous layer

For Li deposition at the interface of the porous layer and the
CC, delamination of the porous layer-CC interface and the
formation of new Li-porous layer and Li-CC interfaces occur:

Wads,overall = WCC Li-porous layer — ads,CC-porous layer
- ads,Li-CC — Wads,Li—porous layer

Here, W,qs is the work of adhesion (i.e., the work required to
open the interface) of the individual contacts. Because Li would
be deposited where the change in the Gibbs free energy is
minimized (and if the kinetics supports this), Li is deposited
where Wags overan 18 lowest (also if kinetics supports). When we
focus on the interfaces being delaminated, the one with lower
adhesion work has the lower overall adhesion work. In shorts,
when Li deposition requires existing interfaces to be opened,
that with the lower adhesion energy is preferred.

To verify that the location of Li deposition is strongly influ-
enced by the energetics, we controlled Wags sg-porous layer DY
changing the pressure for forming SE-porous layer interfacial
contact in cell fabrication process and observed the change in
location of the main Li deposits. A composite anode consisting
of carbon spheres (diameter of ~75 nm) on the CC (thickness of
carbon interlayer ~5 um) was used, and the Li was plated at
a curtailing capacity of 3 mA h cm™ under uniaxial pressure of
5 MPa (details of the experimental conditions are provided in
the following section). First, the interface with lower adhesion
energy between SE-porous layer and porous layer—CC interface
was identified by peel-off test using sticky tape. Peel-off tests
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were carried out with the anodes-SE pellet assembly after
forming the SE-porous layer interfacial contact by applying
a pressure of 5 or 380 MPa. As shown in Fig. Sla-c,} the anode
was completely removed from the SE pellet when the SE-porous
layer interface was formed at 5 MPa, indicating that SE-porous
layer interface has lower adhesion energy than that of porous
layer_CC interface (Wads,SE—porous layer < Wads,CC—porous layer)- In
contrast, when the pressure forming interface increased to
380 MPa, only CC was delaminated leaving the porous layer on
the surface of SE pellet (Fig. S1d-ff). This confirmed that SE-
porous layer interface has higher adhesion energy than that of
porous layer—CC (Wads,SE—porous layer > Wads,CC—porous layer)- As we
conjectured, Li metal was mainly deposited at the interface with
lower adhesion energy (Fig. S21). Within the cell with high
adhesion energy between the SE and the porous interlayer
where the SE-porous layer interface was formed at a pressure of
380 MPa, Li metal was mainly deposited at the interface
between the porous layer and the CC (Fig. S2at). In contrast,
within the cell with a low adhesion energy between the SE and
the porous interlayer where interface was formed at a pressure
of 5 MPa, Li metal was deposited at the interface between the SE
and the porous layer (Fig. S2bt). This verified that Li metal is
preferentially deposited within a composite anode at locations
where the Gibbs free energy is minimized. Based on the ener-
getics of Li deposition, we found that the main Li deposition
layer occurs between the porous carbon interlayer and the CC if
the interfacial contact between the carbon interlayer and the SE
is sufficiently strong. In our experiment, when the SE-porous
layer contact was formed at a pressure of 380 MPa, the work of
adhesion between SE-porous layer is higher than that between
the porous layer-CC. However, to pass through the porous
carbon interlayer, kinetics should provide sufficient mobility for
Li. There can be several factors affecting mobility of Li in the
porous anode. In the following section, we clarify the funda-
mental mechanisms underlying Li movement in a porous anode
and the factors that affect Li mobility and determine Li depo-
sition behavior.

3.2 Kinetic factors: Li deposition behavior depending on the
pore size of the carbon layer

To study Li deposition behavior into composite anodes
depending on the pore size, we synthesized the carbon spheres
with different diameters and fabricated a porous anode by
layering these spheres. The carbon spheres were fabricated via
the carbonization of polymer beads that were synthesized by
a sol-gel polymerization method using resorcinol and formal-
dehyde as precursors. The diameters of the polymer beads were
controlled by varying the concentrations of the precursors and
the solvent ratio or by adding a triblock copolymer (details of
the synthesis process are provided in the Methods section). As
shown in Fig. 1a-c and S3a-c,} carbon spheres with diameters
of 1 um (CS1, Fig. 1a and S3at), 350 nm (CS2, Fig. 1b and S3bf¥),
and 75 nm (CS3, Fig. 1c and S3c}) were synthesized. High-
resolution TEM images revealed that all of the carbon spheres
were largely amorphous (Fig. S3d-ft). The Raman spectra of the
carbon spheres (Fig. 1d) revealed that they had similar Ip/Ig
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Fig.1 TEM images of (a) CS1, (b) CS2, and (c) CS3. (d) Raman spectra of
CS1, CS2, and CS3. (e) Pore size distribution of CS1, CS2, and CS3
electrodes obtained from mercury porosimetry.

ratios (0.83, 0.89, and 0.86 for CS1, CS2, and CS3, respectively),
confirming that there was no noticeable difference in their
defective nature of the carbon spheres. Because all of the carbon
spheres were synthesized from the same precursors and had
similar surface properties, composite anodes fabricated from
the three types of carbon sphere were suitable for the analysis of
Li deposition behavior exclusively depending on the pore size.
The composite anodes were fabricated by casting the slurry
containing the carbon spheres on an SUS CC, and the cast
carbon interlayers have thickness of around 5 um. The pore size
distribution of the prepared electrodes was analyzed using
mercury porosimetry. As shown in Fig. le, the pore diameters
decreased as the size of the carbon spheres decreased. The
average pore diameters were 433.3, 104.7, and 30.9 nm for CS1,
CS2, and CS3, respectively. Furthermore, peel-off tests
confirmed that all the porous layers have higher adhesion
energy with SE than CC when a pressure of 380 MPa was applied
to form SE-porous layer interfacial contact (Fig. S17). This result
means that Li deposition at the porous layer-CC interface is
thermodynamically favorable for all the cells with CS anodes. In
following experiments, we applied 380 MPa to form strong
adhesion between SE and the porous interlayer.

To investigate the Li deposition behavior depending on the
pore size of the interlayer, Li metal was electrochemically plated
onto the composite anodes at a current density of 0.5 mA cm >
and a curtailing capacity of 3 mA h em™? (Fig. S4at). Lithium
thiophosphate (Li3PS,, hereafter LPS) was employed as the SE,
and Li metal foil was used as the counter electrode. The cell was
operated under a uniaxial pressure of 5 MPa and a temperature
of 60 °C. Fig. 2a-c and d-f present cross-sectional and top-view
scanning electron microscopy (SEM) images of the cells after Li
plating, respectively. The top-view SEM images were obtained
after removing the CC as shown in Fig. S4b.} Additional SEM
images with boundaries marked for clear distinction and
different magnifications are presented in Fig. S5 and S6.}
Fig. 2g-i schematically illustrate the morphology of the Li
deposits in the CS composite anodes plated to a capacity of

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a—c) Cross-sectional and (d—f) top-view SEM images and (g—i) schematic illustrations of the Li in CS composite anodes deposited to
a capacity of 3mA h cm™2. (3, d, and g) for CS1, (b, e, and h) for CS2, and (c, f, and i) for CS3. Top-view SEM images of Li deposits on the CS3

composite anode at capacities of (j) 0.5 and (k) 1 mA h cm™2.

3 mA h cm 2 based on the information obtained from the top-
view and cross-sectional SEM images.

The location and morphology of the Li deposits varied
depending on the pore size of the CS layer. For the cell with the
CS1 composite anode, which had the largest average pore size,
the Li metal layer was plated between the CS1 layer and the SE
(Fig. 2a, S5a and df), and CS1 layer on the CC side maintained
its pristine flat architecture without deformation (Fig. 2d).
When voids of the CS1 layer on the CC side were observed in
detail (Fig. S6a and bt), most of the voids remained empty, but
only a small number of voids were filled with Li deposits (the
yellow square marked in Fig. S5at). For the CS2 composite
anode (Fig. 2b), Li deposits grew from SE surface and crawled
up the CS2 layer after splitting the CS2 layer (see also Fig. S5b
and et). Some regions of the CS2 layer were thus located below
the Li deposits and others above. The top-view SEM image

This journal is © The Royal Society of Chemistry 2022

obtained using secondary electron (SE) (Fig. 2e) and back-
scattered electron (BSE) modes (Fig. S6¢t) clearly show that the
Li deposits grew toward the CC after splitting the CS2 layer. The
carbon appeared brighter compared to the Li in the BSE-mode
SEM images. For easier understanding, the Li is colored
yellow and the carbon colored grey in the SEM image in
Fig. S6d.t In the magnified image of the CS2 layer above the Li
deposits on the CC side (Fig. S6et), only a small proportion of
the voids in the CS2 interlayer was filled with Li deposits (the
blue square marked in Fig. S6ff) and most voids remained
empty, as with CS1.

Unlike the Li deposits with CS1 and CS2, which were in
direct contact with the SE, in the CS3 composite anode, the Li
metal completely passed through the CS3 layer and was plated
between this layer and the CC (Fig. 2¢, S5¢ and f). The CS3 layer
thus blocked direct contact between the main Li layer and the
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SE. The voids in the CS3 layer on the CC side were completely
filled with Li deposits (Fig. S6ht). Only Li deposits were exposed
in the top-view SEM image (Fig. 2f). Interestingly, rather than
forming a flat surface morphology, the Li deposits exhibited
a rough surface with ridge lengths of a few tens of micrometers
(the dashed yellow line in Fig. S6gt) and plateaus spreading out
from the ridges (the red arrow in Fig. S6g7).

During Li deposition on a composite anode, the carbon
spheres electrochemically react with Li ions and become lithi-
ated carbon above 0 V prior to the reduction of the Li ions to
metallic Li. The voltage profiles of initial activation cycle prior to
the initial Li deposition (current density of 0.2 mA cm™? from
0 to 1 V) confirmed the lithiation of carbon spheres above 0 V
(Fig. S7t). The Li ion diffusivity of lithiated carbon is in the
range of 10 " to 10 ° cm® s~ * depending on the Li ion diffusion
pathway and morphology of carbon materials.?> Compared to
the other allying materials such as Si,**** Ge** and Sn** (10~ to
107,107 t0107'% and 10 *® to 10 ** cm? s for lithiated Si,
Ge, and Sn, respectively), lithiated carbon shows much higher
diffusivity. Thus, some Li ions can be transported through the
carbon spheres. However, electron transport through the
conductive carbon spheres is much faster than that of Li ions.
Therefore, most of the Li ions must be reduced at the interface
of SE-carbon layers, and only small proportion of the Li ions
may be reduced on the surface of the carbon spheres away from
the SE, presumably due to the overpotential. For the three types
of carbon composite anode in the present study, we assume that
all of the carbon spheres would have similar Li ion diffusivity
because they all had the same chemical composition and
surface properties. Regardless of the diameter of the spheres,
the Li ions were mostly reduced at the interface of the SE-
carbon layer. However, the morphology and location of the Li
deposits differed depending on the diameter of carbon spheres.
We believe that this difference originates from variation in the
kinetic behavior and the mobility of Li in pores of different
sizes. Because Li movement was enhanced in pores of a smaller
size, the mechanism of Li movement in small pores is consid-
ered via diffusional creep.””**

As briefly mentioned in the introduction, previous studies
have reported that Li metal was deformed via diffusional Coble
creep within carbon tubules with a width of 100 nm during Li
deposition and stripping.'® On the other hand, in another study,
Li metal was deformed via different mechanisms during
uniaxial press tests when the diameter of the Li metal pillar was
larger than 0.98 pm.* These Li pillars were deformed by dis-
placive plasticity, which occurs under higher stress than does
Coble creep. However, systematic analysis of the change in
deformation mechanisms based on the size of Li metal on
a scale of a few hundred nanometers has not yet been reported,
presumably due to the challenges associated with the sample
preparation, transfer, and testing of Li metal. However,
compressive tests have been applied to Sn pillars with diame-
ters from 450 to 130 nm.”® The deformation mechanism for Sn
pillars switched from displacive plasticity to diffusional Coble
creep when the size of the Sn pillars decreased from 450 to
130 nm. Because Sn has a similar homologous temperature to
that of Li (7/Ty;, 0.66 and 0.60 for Li and Sn, respectively), it is
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expected that both metals would show similar deformation
behavior.*

In Coble creep, the deformation occurs via interfacial diffu-
sion. The strain rate of Li due to a diffusional Coble creep is
given by eqn (2),>**°

de 6D, 2
dr - "Dk’

K is the dimensionless constant, ¢ is the nominal surface
layer thickness, Dy is the surface diffusivity of Li, Q is the atomic
volume of Li, kg is the Boltzmann's constant, T is the absolute
temperature, ¢ is the applied stress, and D is the average grain
diameter. Considering the previous research that Li electrode-
posits within the carbon tubules are single crystal," the average
grain size of Li deposits in porous anode may be reasonably
regarded as the pore size of the anode. Therefore, the strain rate
of Li could be inversely proportional to the average pore diam-
eter of the interlayer. Accordingly, plastic deformation via
diffusional Coble creep is likely to occur more rapidly when the
composite anode has smaller pores. In pores larger than the
critical limit, deformation into the pores occurs only when the
stress level reaches a level sufficient for displacive plasticity to
occur. In the present study, it appeared that the Coble creep was
hindered in the CS1 composite anode due to its large pore
diameter (average 473.3 nm; see Fig. 1e). Therefore, metallic Li
was deposited at the location where the Li ions were reduced. In
contrast, in the CS3 composite anode, the Li deposits readily
entered the pores due to its high strain rate originating from the
small CS3 anode pore diameter. Therefore, Li readily moved
from the SE surface to the CC side through the pores in the CS3
layer and was deposited at the interface between the CC and the
CS3 layer.

Fig. 2j and k present SEM images of the Li deposits on the
CS3 composite anode for two deposition capacities
(0.5 mAh cm ™ ?and 1 mA h cm ™2, respectively). With deposition
at 0.5 mA h em ™2, the Li deposits started to protrude from the
CS3 layer, exhibiting a ridge-like morphology with a width of
less than 50 nm covering only a small area of the CS3 layer
surface. Because the carbon interlayer was not completely
homogeneous in terms of the pore size, Li diffusivity, and
pressure, the movement of Li deposits would presumably be
facilitated in certain regions of the CS3 layer and emerge from
those points. When the deposition capacity was increased to
1 mA h em 2 (Fig. 2k) and 3 mA h em ™ (Fig. 2f), the ridge-like Li
deposits grew further while maintaining their acute peaks, and
Li spreads from the ridge of mountain range. This morphology
evolution during Li deposition in the CS3 composite anode is
analogous to the formation of a volcanic mountain range,
indicating that Li behaves like a fluid within the CS3 composite
layer and was deposited between CS3 and the SUS CC mainly via
diffusional Coble creep.

For the CS2 composite anode, the inhomogeneity of the pore
size, Li diffusivity, and pressure produced a complicated,
unique deposition morphology. As described above, Li deposits
split the CS2 layer; however, rather than positioning completely
within the CS2 layer, some regions of the CS2 layer were located
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below the Li deposits, while others were above them. The
proposed scenario for the formation of this morphology is
schematically presented in Fig. S8.1 During initial plating, Li
may diffuse into some regions of the CS2 layer with higher Li
mobility (for example, in areas with a smaller pore size),
maintaining the intimate contact between the SE and CS2 layer.
However, if the strain rate in the immediate vicinity of this
region is too low to allow the Li to advance toward the CC
(Fig. S8t) due to inhomogeneity in the CS2 layer (for example,
lower Li mobility due to a larger pore size), Li metal will be
plated directly on the SE surface and separate the SE-CS2
interface. The region of the CS2 layer where diffusional creep
occurred will then be pressed toward the SE by the external
pressure, and the region where Li is directly electrodeposited on
the surface of SE will be pushed toward the CC by the deposited
Li metal. The two stresses applied to the CS2 layer act in
opposite directions (Fig. S8b¥), acting as a tearing stress; if they
are higher than the cohesion energy of the CS2 layer, this layer
will be broken up and crevices can form (Fig. S8ct). Once the
CS2 layer contains crevices, Li deposits will preferentially grow
along the free surface of these crevices to the CC (Fig. S8dt).
To evaluate the relationship between Li deposition behavior
and electrochemical performance, half-cells with carbon-based
composite anodes were cycled. Fig. 3a presents the initial
voltage profiles for Li deposition and stripping at a current
density of 0.5 mA cm ™2 and a capacity limit of 3 mA h cm 2. The
coulombic efficiency (CE) decreased from CS3 to CS1, suggest-
ing that the CE decreased as the contact area between the Li
deposits and SE increased. The cell with the CS3 anode, where
physical contact between the main Li deposits and the SE was
blocked by the carbon layer, produced the highest CE (81.9%),
while that with the CS2, where a portion of the Li deposits was
in contact with the SE, had a CE of 72.1%. The cell with CS1, in
which the entire Li layer was in contact with the SE had a CE of
60.8%. This is presumably because the plated Li metal was
consumed by the side reactions that occurred at the interface of
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Fig. 3 (a) Initial Li deposition and stripping voltage profiles for the CS1,
CS2, and CS3 composite anodes. (b) Variation in the coulombic effi-
ciency during repeated Li plating and stripping of the CS1, CS2, and
CS3 composite anodes. (Inset) Enlarged voltage profiles of the initial Li
deposition.
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SE-Li deposits. In the inset of Fig. 3b, the CS2 cell produced the
highest overpotential (112.5 mV) compared to the CS1 and CS3
cells (109.2 and 105.3 mV, respectively), presumably because
splitting the CS2 layer requires additional energy to overcome
the binding energy of the polymeric binder between the carbon
spheres. The CS3 cell had a lower overpotential compared to
that of CS1. We ascribed this to the stronger adhesion between
the carbon layer and SE than that between the carbon layer and
CC, as indicated by the energetics analysis above.

In the repeated Li deposition/stripping tests, the CS3 cell ran
for more than 20 cycles without short-circuiting, whereas the
CS1 and CS2 cells failed significantly earlier in their 9th and 7th
cycle, respectively. The voltage profiles of CS1 and CS2 cells
when short-circuiting occurs are displayed in Fig. S9.f The
overpotential suddenly dropped to below 5 mV when short-
circuiting occurs. This early failure may be due to the
unstable interface and side reactions between the Li and SE. In
particular, repeated separation of the interface between the SE
and carbon layer and the accumulation of by-products in the
CS1 and CS2 cells may have increased the interfacial resistance
and led to inhomogeneous Li deposition. This could lead to
a higher local current density, eventually resulting in dendritic
Li growth into the SE pellet and a short circuit, which is the
main cause of early failure. In contrast, the interface between
the CS3 interlayer and SE remained stable without separation,
and side reactions were suppressed because the CS3 interlayer
separates the main Li deposits from the SE. The results of
electrochemical impedance spectroscopic (EIS) analysis
summarized in Fig. S107 were in line with the cycling test
results. All of the cells exhibited similar resistance before
cycling (232, 258, and 261 Q cm” for CS1, CS2, and CS3,
respectively); however, after 5 cycles, CS3 had the lowest resis-
tance (866, 1246, and 666 Q cm® for CS1, CS2, and CS3,
respectively). The resistance of CS2 cell significantly increased
after cycling because the crevice formed within CS2 layer during
Li deposition were maintained after Li stripping (Fig. S11b and
ct) while CS1 (Fig. S11at) and CS3 (Fig. S11d+) layer maintained
their pristine architecture without cracks. The presence of
crevice in the CS2 interlayer remarkably hindered transport
pathway and increased resistance compared to that of other CS
layers.

3.3 Kinetic factors: temperature-dependent Li deposition
behavior in CS3 composite anodes

Metallic Li was plated onto the CS3 composite anode at 45 and
30 °C to observe the effect of temperature on the morphology
evolution of the Li deposits. The surface diffusivity of Li is given
by eqn (3),

Dy = 0.014e 647w/ (3)

where Ty, is the melting point of Li. Because the strain rate due
to Coble creep depends on the surface diffusivity,****' the
strain rate is expected to markedly increase with temperature
under the experimental conditions (300-340 K).

The morphology of Li plated at 45 °C was similar to that
deposited at 60 °C. As shown in Fig. 4a and b (see also Fig. S12a
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Fig. 4 (aand c) Cross-sectional and (b and d) top-view SEM images of
the Li deposited CS3 composite anode plated to a capacity of
3mAhcm™2at (aand b) 45 °C and (c and d) 30 °C.

and bf¥), the entire Li deposit was plated between the CS3 layer
and CC with a ridge-like surface morphology on the CC side.
This suggests that the diffusion and strain rate at 45 °C was
sufficiently high for Li to advance through the pores in the CS3
layer. However, at 30 °C, as shown in Fig. 4c and d (see also
Fig. S12c and dt), the morphology of the Li deposits was similar
to that of CS2 at 60 °C (Fig. 2b and e). Due to the limited surface
diffusion at a low temperature, Li mobility in the CS3 layer
would be insufficient to completely penetrate the CS3 layer.
Similar to the Li deposition within the CS2 composite anode at
60 °C, the inhomogeneity in the CS3 layer presumably produced
local differences in Li mobility and deposition, leading to
a morphology similar to that of the CS2 composite anode at
60 °C.

3.4 Kinetic factors: Li deposition onto composite anode
composed of other materials

Li mobility through the interlayer not only depends on the
temperature but also on the interlayer materials due to the
different surface diffusivity of Li on the interlayer materials. To
assess the effect of different interlayer materials, Li metal was
deposited on composite anodes composed of commercial
carbon black SUPER C65 (SC65) with a diameter of around
40 nm (Fig. S13at), lithium titanate (Li,TisO1,, LTO) nano-
powder with a diameter of around 200 nm (Fig. Si4af), Cu
particles with a diameter of around 100 nm (Fig. S15at), and Ni
particles with a diameter of around 300 nm (Fig. S15d7).
Because SC65 has a smaller diameter than CS3 (75 nm), even
though SC65 carbon is more defective than CS3 with larger I/Ig
ratio of 1.06 (Fig. S167), we expected that diffusional Coble
creep would occur in the SC65 composite anode. As shown in
Fig. S13b-d,f Li deposits on SC65 exhibited a similar
morphology to that of CS3. All of the Li deposits plated at the
SC65-CC interface and exhibited a ridge-like morphology. As
shown in Fig. S14g1 When the Li metal was plated onto the LTO,
the Li deposits also exhibited a similar morphology to that of
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CS3 (Fig. S14b and gt) despite the similar pore diameter of LTO
with that of CS2 (Fig. S17,1 94.2 nm for LTO and 104.7 nm for
CS2). The voids in the LTO composite anode were filled with Li
deposits (Fig. S14ct) and a ridge-like morphology was observed
during Li plating (Fig. S14e-gt). However, when Cu and Ni NPs
were employed as composite anode components, the Li depo-
sition behavior was quite different from those of CS anodes.
Though the average pore diameters of metal interlayers are
similar to that of CS3 (Fig. S17,1 42.4, 29.6, and 30.9 nm for Cu,
Ni, and CS3, respectively), the horizontal Li layer was plated on
the surface of the SE below the metal particle interlayer
(Fig. S15b for Cu and Fig. S15et for Ni). The location and
morphology of main Li deposits layers were similar to that of
CS1 which has much larger pore diameter than metal interlayer.
However, the Li deposition behavior within interlayer was
similar to that of CS3, filling the entire voids of metal interlayer
(Fig. S15c and f¥}).

We ascribe this Li deposition behavior to the surface Li
mobility on the NPs of the composite layer. Because the Li
deposits were in contact with the particles, their diffusion and
deformation were significantly influenced by the surface of the
anode materials. Carbon and LTO, which are used as electrode
active materials in Li-ion batteries, have meaningful Li diffu-
sivity.'*?*% In particular, the lithiophilic surface of LTO may
facilitate surface diffusion of Li, enabling fast diffusional creep
along the interface despite its pore size similar to that of CS2.
On the other hand, Cu and Ni are relatively inert with respect to
Li and have a different crystal structure to that of Li, leading to
a large overpotential for Li nucleation on them.** Therefore,
relatively sluggish Li movement was likely on the surface of Cu
and Ni, despite similar pore size with CS3. Thus, Li deposits can
only advance to the interlayer and further penetration toward
CC was hindered due to the suppressed creep.

3.5 Kinetic factors: Li deposition behavior onto a composite
anode with Ag-decorated carbon spheres

To further expedite Li movement through the interlayer by
facilitating its surface diffusion, we decorated the three types of
carbon sphere with highly lithiophilic Ag NPs and denoted the
results as Ag-CS1, Ag-CS2, and Ag-CS3. Ag forms an alloy with
Li and is soluble in Li (~9 at%@145.5 °C).**** The Ag-decorated
carbon spheres were synthesized by the carbonization of Ag-
decorated polymer spheres (for more detail, see the Methods
section). TEM images (Fig. 5) and corresponding energy
dispersive spectrometry (EDS) mapping images (Fig. S187)
showed that Ag NPs with diameters of around 20 nm were
evenly embedded on the surface of the carbon spheres.

Li metal was plated onto the Ag-CS composite anodes
under the same experimental conditions as used for the CS
composite anodes (i.e., a current density of 0.5 mA cm™> at
a capacity of 3 mA h cm™ 2 with an operating temperature of
60 °C and a uniaxial pressure of 5 MPa). Fig. 6a-f (Fig. 6a—c for
SE mode, and Fig. 6d-f for BSE mode) and Fig. 6g-i present
cross-sectional and top-view SEM images, respectively, after Li
deposition onto the Ag-CS composite anodes. SEM images
with marked boundaries and EDS elemental mapping images
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Fig. 5 TEM images of (a) Ag—CS1, (b) Ag—CS2, and (c) Ag—CS3.
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Fig. 6 Cross-sectional SEM images obtained from (a—c) secondary electron mode and (d—f) backscattered electron mode, and (g—i) top-view
SEM images of Li deposited Ag—CS composite anodes plated to a capacity of 3mA h cm™2: (a, d and g) Ag—CS1, (b, e, and h) Ag—CS2, and (c, f, and
i) CS3, respectively. (j) Initial Li deposition and stripping voltage profiles for the Ag—CS composite anodes. (k) Variation in the coulombic efficiency
during the repeated Li plating and stripping of the Ag—CS composite anodes. (Inset) Enlarged voltage profiles for the initial Li deposition.
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are also displayed in Fig. S19.f The location of the Li deposits
depending on the pore size of Ag-CS composite anodes
exhibited a similar trend to that without Ag. Li was plated on
the surface of the SE in the cell with the Ag-CS1 composite
anode (Fig. 6a, d, g and S19at). In the cell with Ag-CS2, the Li
deposits split the Ag-CS2 layer, crawling from the surface of
the SE to the CC side along the crevices in the Ag-CS2 (Fig. 6b,
e, h, S19b and S20%). In the Ag-CS3 cell, Li deposits were
formed between the Ag-CS3 layer and the CC maintaining the
intimate contact between the Ag-CS3 layer and the SE (Fig. 6c,
f, i, and S19ct).

However, the microstructure of the Li deposits in the Ag-CS
composite anodes demonstrated clear differences with that of
the CS composite anodes. In contrast to the CS1 and CS2 cells,
in which most of the voids in the carbon layer remained empty
after Li deposition, all of the voids in the Ag-CS1 and Ag-CS2
composite layers were filled with Li deposits (Fig. S21a and bf).
Furthermore, for all Ag-CS cells, the Li deposits exhibited
a vertically aligned rod-shaped morphology with a diameter of
5-10 pm, which is notably different from the single cluster Li
deposits in the CS composite anodes. In particular, within the
Ag-CS3 cell, the Li deposits were densely packed and had an
even thickness, while the CS3 cell had a ridge-and-plateau
morphology and an inhomogeneous plane distribution
(Fig. 2c and i). The distribution of the Ag differed depending on
the pore size. In the BSE-mode SEM images (Fig. 6d-f), the Ag
NPs appeared to be much brighter compared to the Li and
carbon. Within the Ag—CS1 and Ag-CS2 cells, Ag particles were
only observed in the Ag-CS interlayer, not in the main Li
deposits. However, according to the corresponding EDS
mapping images in Fig. S19a and b, Ag was detected in both
the Ag-CS interlayer and Li deposits, but the intensity in the Li
deposits was significantly lower than in the interlayer. It seems
that only a limited amount of Ag had dissolved and diffused
into the Li deposits from the interlayer in the Ag-CS1 and CS2
anodes. However, in the Ag—CS3 cell, Ag particles were observed
in both the Ag-CS3 interlayer and Li deposits in BSE-mode SEM
analysis (Fig. 6f). In addition, Ag was uniformly detected
throughout the Li deposits and Ag-CS3 interlayer in the EDS
mapping images (Fig. S19ct). The boundary between the Li
deposits and Ag-CS3 was not clear in the EDS mapping images
of Ag. Similar to the CS3 interlayer, it was assumed that Li
moved through the Ag-CS3 interlayer via diffusional Coble
creep.

The distinctive Li deposition behavior in the Ag-CS
composite anodes compared to that in the CS anodes was
attributed to the solubility of Ag within Li and the highly
lithiophilic surface of Ag and Li-Ag alloys. It has been widely
reported that these features strongly facilitate Li deposition
kinetics by reducing the nucleation overpotential,***” boost-
ing Li adatom diffusion,*® and reducing the exchange current
density.>® Due to the synergistic effect of increased diffusivity
and decreased exchange current density, Li can diffuse further
before deposition and establish a more thermodynamically
stable morphology. The improved Li diffusivity facilitates Li
movement within the Ag-CS1 and Ag-CS2 composite layers,
which was impossible within the CS1 and CS2 layers due to
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their large pores. As a result, Li can fill the empty voids within
the Ag-CS1 and Ag-CS2 composite layers. We also concluded
that the rod-shaped morphology of the Li deposits originated
from preferential Li nucleation around the Ag particles. The
reduced nucleation overpotential for Li on the Ag surface
would allow preferential Li nucleation around the Ag particles,
and higher Li adatom diffusion would generate a thermody-
namically more stable uniform and rounded morphology. The
Ag particle presumably worked as a seed for Li growth, and Li
rods could vertically grow from it. The morphology of the Li
deposits in the Ag-CS3 composite anode at the lower plating
capacity of 1 mA h cm™? supported the proposed Li growth
mechanism. As shown in Fig. S22a-d,f the Li deposits had
a spherical morphology after Li deposition of 1 mA h em ™.
The Ag particles appeared brighter compared to Li in the SEM
images obtained in BSE mode. In the enlarged SEM images of
the small Li particles with a diameter of hundreds of nano-
meters (Fig. S22h and if corresponding to the blue square
marked in Fig. S22e and f,} respectively), the Li deposits were
wrapped around the Ag particles. This suggests that Li was
initially grown on the Ag particles forming rounded, spherical
particles and developed into vertically aligned rods as depo-
sition continued. When SC65 carbon was decorated with Ag
particles, it demonstrated similar results to those for Ag-CS3
(Fig. S237).

The electrochemical performance of the Ag-CS3 composite
anodes was assessed using repeated Li deposition and stripping
tests. The Ag-CS composite anodes were tested under the same
experimental process as that employed for the CS composite
anode. After the first Li deposition-stripping cycle, the CE of
Ag-CS1, Ag-CS2, and Ag-CS3 was 67.1, 69.0, and 81.2%,
respectively (Fig. 6j). Similar to the CS composite anodes, CE
increased as the contact area between the main Li deposits and
SE decreased. Consistent with previous reports,*” Ag incor-
poration significantly reduced the nucleation overpotential. The
Ag-CS1, Ag-CS2, and Ag-CS3 anodes had a nucleation over-
potential of 12.9, 12.2, and 4.3 mV, respectively (inset of Fig. 6k),
while CS1, CS2, and CS3 had 32.4, 39.5, 31.7 mV, respectively
(inset of Fig. 4b). In particular, the cell with the Ag-CS3
composite anode had a notably lower nucleation overpotential
because the effect of Ag on Li nucleation was maximized in Ag-
CS3 due to Li movement through the interlayer containing Ag
via Coble creep. In the cycling tests, all of the cells employing
a Ag-CS composite anode operated for a higher number of
cycles before short-circuiting compared to the cells without Ag
(Fig. 6k). Of the Ag-CS composite anodes, Ag-CS3 produced the
most stable performance, reaching more than 50 cycles with
average CE of 96.0% without short-circuiting. EIS analysis
confirmed that the incorporation of Ag NPs in the composite
anode suppressed the increase in resistance during the cycles
(Fig. S247). The resistance increased by 10.0, 62.3, and 2.0% for
Ag-CS1, Ag-CS2, and Ag-CS3, respectively, after 5 cycles
compared to the pristine state. These increases were signifi-
cantly lower than those for the composite anodes without Ag
(371, 483, and 255% for CS1, CS2, and CS3, respectively).
Furthermore, after 10 cycles of repeated Li deposition and
stripping, Ag—CS3 had a lower resistance than Ag-CS1 and Ag-
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CS2 (323, 526, and 258 Q cm? for Ag-CS1, Ag-CS2, and Ag-CS3,
respectively).

4. Conclusions

In this study, the factors determining the morphology and
location of Li deposits in Li-free ASSBs with a porous interlayer
on the CC were identified by analyzing the Li deposition
behavior. To suppress undesirable side reactions between the
SE and deposited Li, the main Li deposit layer at the porous
interlayer-CC interface is preferable to that at the SE-porous
interlayer interface. The location and morphology of the Li
deposits in the ASSBs with a porous interlayer on the CC are
affected by both the thermodynamics of Li electrodeposition
and the kinetics of Li movement. Based on our analysis of the
energetics of Li electrodeposition, we found that the interfacial
energy is one factor determining the location of the main Li
deposits in ASSBs with a porous interlayer on the CC. In our
system, the work of adhesion between the SE and the porous
interlayer at a pressure of 380 MPa was higher than that for the
porous layer and CC; consequently, the main Li layer was
deposited at the porous layer-CC interface. However, deposi-
tion at the porous layer-CC interface requires the sufficient
mobility of Li (either as ions or atoms) from the SE through the
interlayer.

We thus explored several kinetic factors in this study,
including the pore size of the composite anode, temperature,
scaffold materials, and surface modification with Ag NPs. Based
on the observed Li deposition behavior depending on the pore
size of the interlayer, diffusional Coble creep was identified as
the mechanism for Li movement through the porous layer.
Therefore, Li movement was facilitated by the presence of
smaller pores, higher temperatures, and lithiophilic scaffold
materials. We proposed a scenario to interpret the Li deposition
behavior depending on the pore size based on diffusive creep,
inhomogeneity in the porous interlayer, and the resulting stress
within the interlayer. The main Li deposit layer was observed at
the SE-porous layer interface for the interlayer with the smallest
average pore size (CS3), while the interlayers with larger pore
sizes exhibited partial or complete contact between the depos-
ited Li and the SE layer. As a result, the CS3 cell exhibited the
most improved cyclability during repeated Li deposition and
stripping. Ag NPs coated on the surface of the carbon spheres
within the composite anode provided thermodynamically stable
Li deposition sites and facilitated Li diffusion due to the highly
lithiophilic nature of Ag and Li-Ag alloys. The Ag (and alloys)
behaved as seeds for Li growth. In particular, within the Ag-CS3
cell, denser and more homogeneous Li deposits were produced
compared to that without Ag. The synergistic effects of homo-
geneous Li deposition and stable anode/SE interfaces led to
stable Li deposition and stripping.

This work extends our fundamental understanding of the Li
deposition mechanisms in Li-free ASSBs, especially those with
a porous interlayer, and proposes a thermodynamic and kinetic
interpretation of the factors determining the location and
morphology of Li deposits. These results provide useful guide-
lines for the development of highly reversible anodes for ASSBs.
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