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This study comprehensively investigates the phase evolution of
silver—carbon composite (Ag/C) layers in anode-less batteries with
both liquid and solid electrolytes. The results of in situ X-ray
diffraction and cross-sectional electron microscopy analyses reveal
that the alloying reaction of Ag and Li is more homogeneous in
solid—electrolyte-based cells compared to liquid-electrolyte-based
cells. This homogeneity is attributed to diffusional Coble creep
across the heterogeneous interfaces of Ag/C layers and solid
electrolytes.

From a battery cell design perspective, an anode-less system has the
potential to enhance energy densities to their theoretical limits."”
Additionally, it can considerably reduce the cell volume required for
anode stacks, thus providing a cost-effective and simplified fabrica-
tion process.’> Consequently, this approach has been widely imple-
mented in next-generation lithium-ion battery (LIB) systems, such as
all-solid-state batteries (ASSBs) and lithium-metal batteries.* ® How-
ever, anode-less LIB systems suffer from significant capacity degra-
dation during cycling, primarily due to the formation of Li dendrites
caused by the absence of layers to host metallic Li deposits.”® To
address this challenge, a thin layer (210 pm) of silver (Ag)/porous
carbon (C) composites has been applied to the current collector
(CC).>™ This layer allows Ag nanoparticles to act as nucleation sites
for Li deposits through the electrochemical alloying reaction (yAg +
x(Li* + e7) — LiAg), thereby preventing the growth of metallic Li
dendrites on the anode.*">" Despite its broad applications in
various LIB systems, there has been limited research directly com-
paring the alloying reactions of Ag with Li in solid-state versus liquid-
state electrolyte systems.
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This study investigates the distinct alloying reactions of Ag/C
layers in anode-less battery systems using solid- and liquid-
electrolytes (Fig. 1). During the charging process (ie., Li plating),
homogeneous Li deposits formed between the Ag/C layer and the CC
in the cells based on a solid electrolyte (SE, LisPSsCl). Conversely, in
cells using a liquid electrolyte (LE, 1.15 M lithium hexafluoropho-
sphate dissolved in a carbonate solution), preferential Li electro-
deposition was observed on the top surface of the Ag/C layers
(referred to as top-plating), with unreacted Ag/C layers situated
between the Li deposits and the CC. This distinct behaviour stems
from the interfacial properties between the electrolytes and the Ag/C
layers. Under cathodic polarization conditions, Li deposits resulting
from the alloying reactions of Li and Ag diffuse across a well-defined
heterogeneous interface between the SE and Ag/C layers (SE|Ag/C),
promoting the formation of homogeneous and uniform Li-Ag layers
as Li deposits between Ag/C and CC (refer to Fig. S1 for a detailed
illustration of the Li nucleation, diffusion, and Li-Ag alloying
processes, ESIt). However, in the LE-based cells, the relatively
homogeneous interface between the LE and Ag/C layers (LE|Ag/C),
due to the electrolyte infiltration and good Li ion diffusivity, facil-
itates sufficient Li flux near individual Ag particles. Consequently,
Li-Ag alloy particles formed in the initial Li plating step are more
effective in further alloying reactions than unreacted Ag particles,
accelerating the heterogeneous formation of Li-Ag alloying layers on
top of the remaining Ag/C layers.

Fig. 2A and B and Fig. S2 (ESIt) present the typical galvano-
static Li plating/stripping profiles of Ag/C layers in LE- and
SE-based cells at a current density of 0.5 mA cm ™2, with a cutoff
capacity of 2 mA h cm™? (refer to the ESIf for experimental
details). Both cells exhibited plateau overpotentials relative to
0 Vvs. Li'/Li (referred to as “V” unless otherwise stated in this
work), indicating the formation of Li deposits during the
plating process and their dissolution during the stripping
process. Building on previous studies,"*'® we evaluated the
overpotential for Li nucleation (1,) and growth (1, including
Li-Ag alloying reactions), as shown in Fig. S2C and D (ESIY).
The Ag/C layers in the SE-based cell exhibited a higher . value
(32 mV) but a lower #,, value (2 mV) than those in the LE-based
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Fig. 1 Schematic illustration showing the comparative alloying reactions of Ag/C with Li in LE and SE.
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Fig. 2 Comparative galvanostatic Li plating/stripping profiles of the Ag/C layers in (A) LE- and (B) SE-based cells at 60 °C. Cross-sectional SEM images of
Ag/C-containing electrodes in (C)—(E) LE- and (F)—(H) SE-based cells at different charging states (Left: Pristine, middle: 2 mA h cm~2 of Li plating. Right: Li
stripping at 0.15 V). The holes and pitches in the SE layers are formed during sampling of the SE|Ag/C|CC pellet from the cell housing.

cell (7, = 18 mV, 7, = 7 mV). The higher 7, in the SE-based cell is
attributed to sluggish Li diffusion in the SE, across the Ag/C|SE
interface, and within the Ag/C layers. Conversely, the lower 7,
value can be attributed to the Li-Ag alloying reactions, which
significantly reduces the 7, value. In contrast, in the LE-based
cell, the lower 4 can be explained by the rapid access of Li ions
onto the surface of the Ag/C layer, while the higher #, value
reflects the electrochemical reduction of Li ions to metallic Li
in the absence of a suitable host structure. These observations
indicate that the kinetics of Li diffusion dominate over the
thermodynamics of Li electrodeposition in SE-based cells. The
overpotential was ~14 mV higher in the SE-based cell com-
pared to the LE-based cell, likely due to the slower Li ion
diffusion in the SE matrix and across the SE|Ag/C interfaces.
A sharp voltage dip during the plating process of the LE-based
cell corresponded to the nucleation overpotential required for

This journal is © The Royal Society of Chemistry 2024

the formation of Li-Ag alloys with sufficiently large nuclei for
the growth of Li deposits."*'® Conversely, it is noteworthy that
the SE-based cell did not exhibit such a sharp voltage dip,
suggesting a different Li electrodeposition mechanism'®™° in
LE- and SE-based cells. Considering the smaller voltage dips
but larger Li growth plateaus for the SE-based cell compared to
the LE-based cell, the kinetics of Li diffusion appear to
outweigh the thermodynamics of Li electrodeposition in the
SE-based cell.

This difference in the primary mechanism of Li electrode-
position in the LE- and SE-based cells resulted in distinct
locations of Li deposits. As shown in Fig. 2C-E and Fig. S3
(ESIt), Li deposit layers (~32.9 pum) grew on the Ag/C layers in
the LE-based cell. The significant amount of fluorine detected
in the Li deposits in the energy dispersive spectroscopy (EDS)
mapping results (Fig. S3, ESIT) implies the presence of solid
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electrolyte interface (SEI) layers resulting from the decomposi-
tion of the LE. To address the safety concerns caused by
accelerated LE decomposition on top-plated Li deposits,
researchers have explored various strategies, including Li-
confinable hosts, mesh-type hosts, and modified separators.>®
Notably, even after the Li plating process, unreacted Ag/C layers
(~4.4 um) remained between the Li deposits and the CC, likely
because Li preferentially alloys with the Li-Ag alloys®” initially
formed during the plating step, rather than with unreacted Ag
under the LE system, where Li diffusion onto the Ag/C layers is
relatively rapid. Upon the stripping process, the thickness of
the Li deposits significantly decreased to approximately 5.8 pm,
but clear interfaces remained between the Li deposits and
unreacted Ag/C layers. For reference, the Ag/C layers were also
evaluated in the cell using an ether-based LE (Fig. S4, ESIT).
Notably, the galvanostatic plating/stripping profile in the ether-
based LE exhibited no significant difference compared with
that in the carbonate-based LE (Fig. 2A).

In contrast, in the SE-based cell, Li deposits diffused across
the SE|Ag/C interfaces and were plated between the Ag/C layers
and the CC (Fig. 2F-H and Fig. S5, ESI{),” attributed to the
diffusional Coble creep-controlled Li electrodeposition
mechanism.'*™"® Li deposits formed by filling the pores in
the Ag/C layers with Li nucleates, followed by an alloying
reaction with the nearby Ag particles to form Li-Ag alloys.
Notably, as discussed in the subsequent section, the alloying
reactions in the SE-based cell occurred uniformly, leaving no
unreacted metallic Ag phase, unlike in the LE-based cell
(Fig. 2D). After the stripping process, the Li deposit layers
vanished, leaving Li-Ag/C layers between the SE and CC. The
distinct locations of Li deposits in the LE- and SE-based cells
remained consistent when paired with a high-voltage cathode
(LiNbO;-coated LiNij gCop1Mng,0,, NCM), indicating that Li-
containing electrodes (i.e., NCM or Li foil) do not affect the Li
deposition behaviour on the Ag/C layers (Fig. S6 and S7, ESIT).

To understand the different locations of Li deposits and
their correlation with the phase evolution behaviours of Ag/C
layers observed through SEM analysis during LE- and SE-based
cell operations, we conducted in situ X-ray diffraction (XRD)
analysis (Fig. 3 and Fig. S8-510, ESI}). Initially, we confirmed
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that the Ag/C layers exhibited similar plating/stripping beha-
viours in the SE-based coin cell configuration, ensuring a fair
comparison of their phase evolution behaviours in LE- and SE-
based cells during in situ XRD characterizations (Fig. S11, ESIT).
According to the well-defined Li-Ag binary phase dia-
gram,">>>?> the nucleation of Li on the Ag matrix leads to
sequential phase transitions of Li-Ag alloys, resulting in var-
ious intermetallic compounds (e.g., B (Li;Ag1), Vs (LioAgs), V2
(LisAg,), and v, (LisAg,)). During the plating process below 0 V
in the LE-based cell (Fig. 3A and B), the B phase ((110), ~17.8°)
initially formed by consuming the Ag phase, followed by the
gradual appearance of the y; phase ((333) and (333), ~17.6°).
The (333) and (333) peaks associated with the y; phase shifted
toward lower 20 values due to unit cell expansion, possibly
related to the significant solubility of Li in the y; phase. Further
plating resulted in the formation of the y, phase ((220), ~17.2°)
from the y; matrix, but the transition from vy, to y; phases was
not observed. Additionally, the Ag(111) peak did not fully
disappear, aligning with cross-sectional SEM images that
showed clear interfaces between the Li deposits (i.e., Li-Ag
alloys) and the unreacted Ag/C layers (Fig. 2D). During the
stripping process up to 0.15 V, the phase transitions of the
Li-Ag alloy occurred in the reverse order of the plating process,
with the coexistence of the y; phase and the unreacted Ag phase
at 0.15 V.

In the SE-based cell (Fig. 3C and D), the Ag/C layers demon-
strated a phase transition trend similar to that observed in the
LE-based cell during the plating process. However, under
identical plating conditions, the alloying reaction advanced
further into the two-phase region of the y; and y, phases in
the SE-based cell, as evidenced by the appearance of the XRD
peak for the y; phase at ~17.0°, which was not observed in the
LE-based cell. This finding indicates that the movement of Li
along the SE, Ag, and C interfaces, governed by diffusional
Coble creep,'® " produces Li-Ag alloys while promoting their
deposition between Ag/C and CC by penetrating through the
Ag/C layers in the SE-based cell. Conversely, in the LE-based
cell, after the formation of the y, phase, it is more likely that
pure Li plating and the formation of the SEI layer (Fig. S3],
ESIt) through further electrolyte decomposition are favoured

0.0 05 1.0 1.5 2.0
Voltage (V)

16.8 17.2 17.6
26 (A=0.69 A)

0.0 05 1.0 1.5 2.0
Voltage (V)

D
( )Ang Vs B (E)
' = Pristine
> = After plating q
@
c
2
£ /M
3
N |(F)
@ == Pristine .
E == After plating i
- After stri
2 er strippingf
SE--.,
88 179 176 25480 25620 25660 25600
26 (A=0.69 A) Energy (eV)

Fig. 3 (A)—=(D) In situ XRD analysis for the Ag/C layers. (A) Galvanostatic Li plating/stripping profiles at a current density of 0.25 mA cm~2 in the LE-based
cell and (B) its corresponding contour map displaying the phase evolution of Ag and Li-Ag alloys (B, vz, v2, and y4). (C) and (D) The same considerations in
the SE-based cell. Ex-situ XAFS analysis at the Ag K-edge for the Ag/C layers prepared from the (E) LE- and (F) SE-based cells at different charging states.
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over the Li-Ag alloying reaction. This could also explain the
thicker Li deposit layers observed in the LE-based cell (Fig. 2D
and Fig. S12, ESIt), which may contain pure Li deposits and SEI
layers, compared to the SE-based cell. Upon the completion of
the stripping process, only the y; phase was present at 0.15 V,
without a full recovery of the Ag phase.

We also performed X-ray absorption fine structure (XAFS)
analysis at the Ag K-edge for Ag/C layers prepared in the LE- and
SE-based cells at different states of charge (Fig. 3E and F). The
X-ray absorption near edge structure (XANES) profiles revealed
three key observations: (1) upon Li plating of 2.0 mA h em™?,
the XANES profiles in both cells shifted toward higher energy
values, resulting from the higher Li content in the Li-Ag alloy
matrix and more homogeneous alloying in the SE-based cell. (2)
The oscillations in the XANES profile were significantly weaker
in the SE-based cell compared to the LE-based cell, suggesting
that the crystallinity of the Ag matrix decreased due to the high
Li content in the alloying matrix. The weak extended XAFS
(EXAFS) intensity for the Ag-Ag path in the Ag/C layers at the
plating of 2.0 mA h cm™? in the SE-based cell also supported
the crystallinity weakening in the Li-Ag alloys with high Li
contents (Fig. S13-S17 and Tables S1-S7, ESIt). (3) Even after
the stripping process at 0.15 V, the XANES and EXAFS profiles
did not fully return to those of the pure Ag phase, which is
consistent with the in situ XRD results.

This study investigates the correlation between the locations
of Li deposits and the physicochemical property evolution of
Ag/C layers in anode-less battery systems using XRD, XAFS, and
cross-sectional SEM characterizations. In the LE-based cell, Li
deposits were plated on the surface of the Ag/C layers, leaving
unreacted Ag/C layers between the Li deposits and the current
collector (CC). This phenomenon is attributed to the faster
electron transfer on the Ag/C layers compared to Li conduction
within the Ag/C layers. In contrast, in the SE-based cell, Li
movement across the SE|Ag/C interfaces, controlled by diffu-
sional Coble creep, resulted in homogeneous Li deposits
(extending to the y; phase) plated between the Ag/C layers
and the CC. This Coble creep-mediated Li movement promotes
homogeneous Li-Ag alloying behaviours, not only in terms of
the location of Li deposits but also in terms of the phase
evolution of Li-Ag alloys. If the electrochemical environment
did not facilitate the effective operation of Coble creep, Li
deposits would have formed between the Ag/C and SE.'® This
study aims to enhance the fundamental understanding of Li
electrodeposition in anode-less battery systems that use lithio-
philic element/porous carbon composite layers.
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