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All-solid-state Li metal batteries with ultimate energy density require stabilization at the Li/solid electrolyte
interfaces. Further, the use of conventional thick (hundreds of pm) Li metal anodes (LMAs) hinders an impartial
evaluation of full cells. In this study, interfacial evolution is compared for thin LMAs (~ 10 pm thick) prepared by
a scalable electrodeposition, with varying protective In/LiyIn layer formed via electroless plating. The positive
effects of the In/LixIn layer are confirmed for both Li/LigPSsCl/Li symmetric cells and LiNig 70C0¢.15Mng,1502/
LigPSsCl/Li full cells. Complementary analysis including electrochemical, ex situ X-ray photoelectron spectros-
copy, operando electrochemical pressiometry, and cross-sectional scanning electron microscopy measurements
discloses complex Li/LigPSsCl interfacial evolutions affected by the In/LiyIn coatings, that is, suppressed side
reactions and penetrating Li growth. Importantly, a new indicator from operando electrochemical pressiometry
analysis, the capacity-normalized pressure change difference A(APg) successfully predicts the dendritic growth
of Li during cycling of LiNig 70Cog.15Mng 1502/Li full cell.

1. Introduction

Electrification of power trains and energy storage systems have
boosted research on lithium-ion batteries (LIBs) with higher energy
density [1,2]. Accordingly, specific and volumetric energy densities of
the state-of-the-art LIBs have reached ~260 W h kg™ and ~770 W h
L™, that are more than doubled ever since their first introduction to the
commercial market in the early 1990s [1-3]. Further leap in energy
density requires the adaptation of Li metal anode (LMA) owing to its
highest theoretical capacity (3860 mA h g~! or 2061 mA h cm™>) and
the lowest potential (—3.04 V vs. the normal hydrogen electrode (NHE))
[4-8]. However, the practical applications of LMAs have been hindered
by their extreme vulnerability toward internal short circuits (ISCs) and
aggressive reactivity with conventional organic liquid electrolytes,
which are detrimental to their safety performance [4-10]. To circumvent
the limitations related to liquid electrolytes and safety concerns, and to
enable the utilization of LMAs, all-solid-state Li metal batteries
(ASLMBs) using non-flammable inorganic solid electrolytes (SEs) have
been investigated extensively [11-18]. Till date, various types of inor-
ganic SEs with high Li* conductivities of at least 10> S cm™! at room
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temperature, including sulfides (e.g., Lis sPS4Cly 5: 12 mS em™Y) [19,
20], oxides (e.g., LiyLagZr,O;2: 0.1-1 mS em ™) [21], halides (e.g.,
Li3YClg: 0.5 mS cm ™)) [22-24], and closo-borates (e.g., 0.7Li(CBgH;9)—
0.3Li(CB11H12): 6.7 mS em™ 1) [24,25], have been widely investigated
for ASLMBs.

However, SEs have not fully stabilized LMAs. First of all, Li metals
grow by penetrating into the SEs during Li plating [17,18,27-29]. Voids
at interfaces and defects such as cracks and grain boundaries of SEs, can
act as the pathways for the penetrating Li growth. In addition, insuffi-
ciently low electronic conductivity of SEs could cause the Li nucleation
inside the SE layer [16]. The growing dendritic Li eventually leads to an
ISC and sudden death of cells [27,29]. Furthermore, LMAs experience
significant volume changes during repetitive charge-discharge cycles,
with 5.0 pm of thickness change corresponding to 1.0 mA h cm™2. In
particular, SEs are reductively decomposed while in contact with Li
metal and form passivating solid electrolyte interphases (SEIs)
comprising poor ion-conducting byproducts, such as Li,S and LizP
[30-33]. The uncontrolled growth of these passivation layers reconfig-
ures the interfacial contacts between the LMA and SE and consequently
increases the cell impedance, which has a detrimental effect on the cell
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performance. In addition, interfacial contact loss can induce current
constriction, which facilitates the penetration of Li [27,29-34].

Various surface modification strategies have been attempted to
address interfacial instability problems of LMAs in ASLMBs. i) Engi-
neering artificial SEIs based on inorganic Li compounds can efficiently
stabilize Li-SE interfaces [35-38]. Inorganic SEIs possessing high inter-
face energy with Li metal and robust physical property successfully
suppressed the dendritic Li growth [38]. ii) Conformal metal coatings
lead to stabilized interfaces by preventing direct contact between Li and
SEs [34,39,40]. Further, it was shown that the application of bifunc-
tional interphase with LiyMg alloy and LiF stabilized the LMA-SE in-
terfaces [41]. iii) Using Ag-C composite anodes, Li metal was grown in
situ at the Ag-C/current collector interfaces, thereby bypassing the
direct contact between Li and SEs [42].

In addition, a critical limitation to the practical applications of LMAs
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is the thickness of the Li metal. To achieve the targeted energy densities
(~400 Wh kg_1 and 1000 W h L_l) of rechargeable Li batteries, thin
LMAs should be utilized [43-46]. Even under optimized cell conditions
with high-mass-loading cathodes and thin SE membranes, ASLMBs with
massive Li reservoirs (~200 pm thick) provide only limited energy
densities of up to 300 W h kg! and 400 W h L™! (Fig. 1a, a detailed
calculation of energy densities is given in the Supporting Information).
The value of 400 W h L ! is even lower than that of the latest LIBs (~770
W h L™1). LMAs with thicknesses less than 10 pm provide the targeted
values for both gravimetric and volumetric energy densities of ASLMBs.
However, the majority of previous studies on ASLMBs have utilized thick
Li foils (e.g., ~1 mm thickness) and suffered from impractical energy
density level [13,17,37,38,43,44,47-50]. Additionally, thick LMAs can
act as infinite reservoir of Li and this hinders a fair evaluation of the
battery systems. Specifically, even though Li is continuously lost due to
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Fig. 1. Electrodeposited thin LMAs for high-energy ASLMBs. (a) Comparison of cell configuration and energy densities for LIBs, ASLMBs using thick and thin Li metal
anodes. (b) Schematic of the electrodeposition process for thin LMAs. (c¢) Top SEM image of the electrodeposited thin LMA. Cross-sectional SEM image is also shown
in the inset of (c). (d) XRD patterns of Li metals before (0 min) and after the In/LisIn coatings (5 min). (¢) SEM image of the In/LiyIn LMA.
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side reactions, the cycling performance is not affected by Li losses
because the thick LMAs act as an almost limitless Li reservoir [47,51,
52]. In contrast, Li loss can pose great impact on cyclability when thin
LMAs with limited amount of Li reservoir are used. Therefore, applica-
tion of promising protective layers and understanding their effects on
interfacial evolution are in urgent need for improving the performance
of ASLMBs.

Based on the aforementioned issues and challenges, herein, we
report a facile and scalable electrodeposition method for fabricating thin
LMAs (~ 10 pm thick Li deposited on a stainless steel (SUS) current
collector) and their stabilization via electroless In plating using an in-
dium bis(trifluoromethanesulfonyl)imide (In(TFSI)s) solution [53].
Symmetric cells of Li/LigPSsCl (LPSCl)/c-Li (c-Li refers to a counter
electrode of Li; goIn (nominal composition, weight ratio of Li to In is 8:2))
and LiNig79Cog.15Mng 1502 (NCM)/LPSCl/Li all-solid-state full cells
demonstrated enhanced cycling stability after optimizing the In/LiyIn
coatings on the electrodeposited thin LMAs. Further, electrochemical,
cross-sectional scanning electron microscopy (SEM), ex situ X-ray
photoelectron spectroscopy (XPS), revealed that In/LixIn coatings sup-
pressed detrimental side reactions at the Li/LPSCI interfaces and the
penetration of Li growth into SE layer, which was also confirmed by
operando electrochemical pressiometry analysis. Specifically, it is
demonstrated that a new indicator for internal short circuit, that is, a
capacity-normalized pressure change difference A(APg), can probe the
Li plating mechanism.

2. Results and discussion

Thin LMAs (~10 pm thick Li) were prepared using a facile and
scalable electrodeposition process (Fig. 1b). Li metal was electro-
deposited on a SUS foil (~10 pm thick) using a solution of 3 M LiFSI in
1,2 dimethoxyethane (DME) with a targeted thickness as thin as ~10 pm
and an area of 100 x 100 mm?. The SEM and photograph images of the
top surface (Figs. 1c and Sla) showed smooth surfaces without any
major defects in the electrodeposited Li layers. The thickness measure-
ment results obtained for the entire area of the thin LMA and the cross-
sectional SEM image showed a uniform distribution of 10.5-11.5 pm
(Figures S1b, c¢ and the inset of Fig. 1c). The X-ray diffraction (XRD)
pattern of the electrodeposited LMAs showed two characteristic re-
flections for metallic Li at 36° and 65° (PDF no.15-0401) without any
signals of impurities or unknown phases (Fig. 1d, denoted as 0 min). The
Li 1s XPS spectrum of the electrodeposited LMA showed the presence of
Li metal with LiF, Li;COs3, and Li3O impurities (Figure S2) derived from
the LiFSI/DME solution. Notably, the electrodeposition protocol for
LMAs demonstrated herein (Fig. 1b) has the potential for mass pro-
duction via a roll-to-roll process, as illustrated in Figure S3. Moreover,
electrodeposition strategy has advantages compared to mechanical
rolling, liquid phase processes and Li metal powder method in terms of
cost, purity and yield as well (Table S1).

Electroless plating of In was applied to the electrodeposited thin
LMAs to stabilize the Li/SE (LPSCI) interface in all-solid-state cells.
Electroless In deposition proceeded by soaking the as-electrodeposited
LMA in a solution of 12 mM In(TFSI)3 in a mixture of ethylene car-
bonate (EC) and dimethyl carbonate (DMC) (1:1, v/v) [53]. Owing to
the large difference in the standard electrode potential between Li/Li"
(—=3.04 V vs. NHE) and In/In3* (—0.34 V vs. NHE) [54,55], the
displacement reaction (3Li® + In®" — 3Li" + In° AG® = —847.27
kJ/mol) is favored, and it resulted in the coating of metallic In species on
Li metal surfaces via the consumption of Li (Figure S4) [53,56]. The
soaking time determined the amount and morphology of the coating
layers, and it was optimized to 5 min, as discussed later. After the
electroless In plating, the surface of LMAs (a sample plated for 5 min was
denoted as the 5 min sample) turned gray from the light yellow color of
the pristine sample (the O min sample) (Figure S5). The
electroless-plated coating layers for the 5 min LMA sample were probed
by XRD, XPS, and SEM measurements. The XRD pattern of the
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electroless-plated LMA confirmed the Li-In alloy phase (LijsIng, pdf.
No0.65-6908) and In metal, in addition to trace amounts of unknown
impurities (Fig. 1d). The electroless-plated LMA samples were referred
to as In/LixIn-coated LMAs. The Li 1s and In 3d XPS spectra of the
In/LixIn-coated LMA are displayed in Figure S6a, and b, respectively.
The Li 1s spectrum exhibited the signals for Li;3Ing and Li metal at 55.4
and 52.8 eV, respectively, and those for Li;CO3 and Li;O, which are the
solution-derived byproducts (Figure S6a) [57]. In the In 3d spectrum
(Figure S6b) strong peaks for In metal (442.2 and 450.2 eV) and Iny03
(444.5 and 453.5 eV) with the signals for Li;3Ing alloy phase (443.2 and
451.2 eV) were observed [58]. An SEM image of the In/LixIn-coated
LMA and the corresponding energy dispersive X-ray spectroscopy
(EDXS) elemental map of In are shown in Figs. 1e and S7, respectively.
Compared to the morphology of the as-electrodeposited uncoated LMA
(0 min, Fig. 1¢), it can be seen that submicron globular In/LiyIn particles
cover the entire Li surface (Fig. 1e). The EDXS elemental map of In
indicated the uniform distribution of the coating materials (Figure S7).

The electroless In plating was optimized by varying the soaking time
of the bare LMAs in the In(TFSI)3 solutions from 5 to 15 and 40 min. The
results of the Li/LPSCl/c-Li symmetric cells at 60 °C, are compared in
Fig. 2. The positive voltage profiles correspond to the plating of Li" from
the counter electrode (c-Li) on the working electrode (electrodeposited
thin Li) while the negative voltage profiles correspond to the stripping of
Li* from the working electrode to the counter. At a current density of 1
mA cm 2 with a capacity of 1 mA h cm ™2 for each charge and discharge,
the 5 min sample exhibited the lowest polarization and the longest cycle
life of up to 540 h (Fig. 2a). This result is in contrast to that of the un-
coated LMA (cycle life of up to 320 h). As we applied thin Li metal (~10
um) as a working electrode with a limited capacity of 2 mA h cm 2
which is in contrast to the excessive amount of Li reservoir of c-Li,
depletion of Li reservoir occurs at the working electrode (thin Li metal)
and thus causes a sharp increase of overpotential during the Li stripping
stage (negative voltage profiles) in the later part of cycling, as shown in
Fig. 2a. Nyquist plots for the uncoated and In/LiyIn-coated LMAs, cor-
responding to the stripping/deposition tests in Fig. 2a are shown for
different cycles in Fig. 2b, and they were fitted with the equivalent
circuit model shown in Figure S8. The corresponding results are sum-
marized and plotted in Table S2, Fig. 2¢, and Figure S9 respectively. Ry,
which corresponds to the x-axis intercepts of the Nyquist plots, repre-
sents the resistance of the LPSCI layer (Figure S10). The Ry + R3 values
indicate the overall interfacial resistances for Li/SE [30,59]. In partic-
ular, the uncoated LMAs (0 min) showed significantly decreasing Ry
values as the cycling proceeded from 7.4 to 4.6 Q, and then from 4.6 to
4.1 Q after 60 and 110 cycles, respectively (Fig. 2c). This observation is
interpreted to be a consequence of the penetrating growth of Li metal
into the SE layers [16-37]. Further, the interphase and interfacial
resistance (Rg + Rg) increased upon cycling, from 4.5 to 7.9 Q, and then
from 7.9 to 10.4 Q after 60 and 110 cycles, respectively, indicating that
excessive side reactions occurred and caused great amount of SEI for-
mation at the Li/LPSCl interfaces (Figure S9) [30,59]. In contrast, the SE
layer resistance (R;) for the In/LiyIn-coated LMAs (5 min) decreased
only during the initial 60 cycles (from 9.5 to 8.6 Q) and remained
saturated at ~8.5 Q (Fig. 2c). The decrease in R; for the In/LiyIn-coated
LMAs in this work was much smaller (—1.0 Q up to 210th cycle)
compared to that for the uncoated LMAs (—3.4 Q up to 110th cycle),
substantiating the suppressed penetrating growth of Li by the In/LiyIn
coating. Furthermore, the growth of the total interfacial resistance (Ry
+ R3) was reduced by the In/LiyIn coating, indicating its advantageous
role in suppressing Li/LPSCl interfacial reactions (Table S2). Overall, the
results for the symmetric cells (Fig. 2a-c) demonstrate that the In/LixIn
coating layers suppress the decomposition of LPSCI and the penetrating
growth of Li. Further, increment tests were carried to determine the
critical current density which implies the maximum endurable current
density for ASLMB without ISC [60]. Li/LPSCl/c-Li symmetric cells were
cycled with fixed cycling times by continuously increasing the current
density and capacity every three cycles at 30 °C and 60 °C (FigureS11)
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Fig. 2. Results of In/LixIn-coated LMAs with varying the electroless plating reaction time. (a) Galvanostatic cycling of Li/LPSCl/c-Li cells using In/LixIn-coated LMAs.
(b) Nyquist plots of c-Li/LPSCl/Li cells using uncoated (0 min) and Li/LiyIn-coated (5 min) LMAs, and (c) corresponding R; values as a function of cycle number. (d)
Initial discharge (delithiation) voltage profiles of c-Li/LPSCI/Li cells using In/LiyIn-coated LMAs. (e) Amount of Li consumed by the electroless plating reaction,

determined by the stripping test and ICP-OES measurements.

[60]. However, the In/LixIn coatings on LMAs did not show prominent
improvements. Both the uncoated and In/LiyIn-coated samples exhibi-
ted ISCs at 3-4 mA cm ™2 at 60 °C and at 1.5 mA cm 2 at 30 °C.
Despite the remarkably enhanced performance of the 5 min sample,
the samples with prolonged reaction times of 15 and 40 min showed
even shorter cycle lives of 260 and 220 h, respectively, compared to the
0 min (or uncoated) sample (320 h) (Fig. 2a). First, as the electroless
plating of In consumes Li, a longer reaction time leads to a larger amount
of Li loss, and the amount of remaining Li metal can significantly impact
the performance of ASLMBs. The amount of Li loss was quantified by
both stripping tests and inductively coupled plasma-optical emission
spectrometry (ICP-OES) measurements (Fig. 2d and e, and Table S3).
The growth rate of In metal during electroless plating is provided in
Supporting Information. Not surprisingly, an inverse relationship be-
tween the remaining Li capacity and the plating reaction time was
confirmed. The 0 min sample showed a total capacity of 1.84 mA h
cm™2, which is consistent with the theoretical capacity of 10 pm thick Li
metal (2.0 mA h ecm2). After the electroless plating reaction for 5, 15,
and 40 min, the remaining Li capacities determined by the stripping
tests, decreased to 1.60, 1.39, and 1.13 mA h ecm™2, respectively. The
ICP-OES results agree well with the stripping test results. Furthermore,
the surface morphology of the In/LisIn layers could be another factor
that affects electrochemical performance. To promote even Li' fluxes
during deposition, the surface morphology should be uniform without
any protrusions or the uncontrolled presence of coating particles. In
contrast to the uniform and fine coating materials for the 5 min sample
(Fig. 1e), the longer plating reaction resulted in coarser and irregular
shapes (Figure S12). The inhomogeneous distribution of In/LiyIn parti-
cles on the Li surface could easily cause large local current densities and
consequently uneven deposition of Li metal. In summary, although the
In/LixIn coatings avoid direct contact between Li and LPSCI and sup-
press the side reactions, the excessive plating reaction time resulted in a
large amount of Li loss and irregular and uneven morphologies of the
coatings, which are disadvantageous for stable cycling. This could
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explain the optimal performance of the 5 min sample.

To further validate the effect of the In/LixIn protective layer, the Li/
LPSCl interfacial evolution after cycling of Li/LPSCl/c-Li symmetric cells
was probed for the 0 min and 5 min samples by ex situ XPS and striping
measurements (Fig. 3). The Li 1s and S 2p XPS spectra are shown in
Fig. 3a and b, respectively, and the fitted results are summarized in
Table S4. For the 0 min sample after 110 cycles, significant chemical
decomposition of LPSCl was observed in both Li 1 s and S 2p spectra with
obvious evolution of the peaks at 56.5 (Li 1s), and 160.5 and 161.5eV (S
2p) for LiyS which is a well-known Li-sulfide SE byproduct [30-32,
63-66]; the areal fraction for LisS signals with respect to LigPSsCl was
much smaller for the cycled 5 min sample, compared to those for the
cycled uncoated sample (0 min): 0.37 vs. 4.35 for Li 1s signal and 0.15
vs. 0.73 for S 2p signal. In addition, reaction between In and LPSCl may
form additional interfacial byproducts such as In,S3 [61,62]. However,
due to the close peak positions for InyS3 (161.6 eV) and LigPSsCl (161.7
eV), clear-cut deconvolution was not possible [61].

The side-reaction suppression ability of the In/LixIn layer was also
confirmed by the Li stripping test results (Fig. 3c and d). After 110 cy-
cles, the remaining Li capacities were measured and are summarized in
Table 1. The uncoated LMA (0 min) showed a capacity drop from 1.84 to
1.19 mA h cm 2 after 110 cycles, corresponding to 35% of Li loss, which
is attributed to the amount of the Li/LPSCl side reaction. By applying the
In/LixIn protective layer (5 min), the capacity drop after 110 cycles was
decreased to half, i.e., only 18% (from 1.60 to 1.33 mA h cm3).
Therefore, the ex situ XPS and stripping test results confirm the effec-
tiveness of the In/LixIn coatings for the suppression of Li/LPSCI side
reactions upon repeated cycling.

To assess the effects of In/LiyIn-coated thin LMAs under practical full
cell configuration, NCM/Li all-solid-state full cells for uncoated (0 min)
and coated (5 min) LMAs were tested in the voltage range of 3.0-4.3 V at
60 °C, and the results are shown in Figs. 4a and b, and S13-S15. Using
the In/LixIn-coated LMA, NCM/Li full cells showed an initial discharge
capacity of 166 mA h g~! at 1.0 C and stable cycle life up to 200 cycles
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Table 1
Li capacities for uncoated (0 min) and In/Li,In-coated (5 min) LMAs before and
after cycling of Li/LPSCl/c-Li symmetric cells at 60 °C.

Li reservoir capacity (mA h cm™2)
Before cycling After 100 cycles

Sample (electroless plating reaction time)

1.84
1.60

0 min (uncoated)
5 min

1.19 (35.3% loss)
1.33 (17.8% loss)

with 79% capacity retention and 98.92% average coulombic efficiency
(Fig. 4a). In contrast, the full cells using the unprotected LMA showed a
smaller capacity of 150 mA h g ! and sudden death by ISC only in the
32™ cycle. A similar trend was also observed in the full cells cycled at
0.5 C (Figure S15). Compared with the result of the Li/LPSCl/c-Li
symmetric cells lasting up to 320 h (or 160 cycles, Fig. 2a), the much
shorter cycle life ended with ISC of the NCM/Li full cells (Fig. 4a) is
significant. ISCs were more frequently observed from NCM/Li full cells
due to a couple of distinctive features from Li symmetric cells. First, the
areal capacities of the NCM/Li full cells were larger (1.4 or 2.4 mA h
cm’z) than those of the symmetric cells (1 mA h cm’z). Second, the
thick counter electrode (~100 mA h cm™2) for the symmetric cells,
unlike NCM cathode with only limited Li amount, supplies an almost
unlimited amount of Li despite the significant consumption of Li at the
LMA/LPSCI interfaces by side reactions [49]. Therefore, the drastic
difference in cycling performance between the Li/LPSCl/c-Li symmetric
cells and NCM/Li full cells is implied. Further, the rate capabilities of the
uncoated and In/LixIn-coated LMAs are shown in Figures S13b and 4b,
respectively. The superior cycling performance of the NCM/Li full cells
using the In/LixIn-coated LMAs, compared to that of the uncoated LMAs,
is emphasized, particularly in terms of the suppressed interfacial side
reaction and consequently Li loss, which also counteract the penetrating
growth of Li.

Reducing the capacity ratio of the negative to positive electrodes (N/
P ratio) to unity or even smaller values is an important prerequisite for
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ASLMBs with energy densities higher than 400 W h kg ™! [46]. However,
reducing the N/P ratio leads to a limited Li source to compensate for the
side-reaction-derived Li loss, as discussed when comparing the sym-
metric and full cells above [49]. Therefore, an evaluation of the LMA
performance with a practically acceptable low N/P ratio (i.e., <1) is
essential [49,67]. In Fig. 4c and Table S5, the cycling performances for
all-solid-state full cells from previous studies in terms of N/P ratios
against cycle numbers are compared. Notably, most previous studies
have reported results with N/P ratios of > ~10 [48-50,68-70]. In
contrast, our results demonstrated excellent cycling performances with
practically acceptable N/P ratios of 1.53 or 1.02 owing to the coupling of
exceptionally thin LMAs (10 pm) with NCM cathodes with acceptable
mass loadings of 7.2 or 12.6 mgncm cm~?, respectively.

To elucidate the origin of the significant difference in the perfor-
mance of NCM/Li full cells between the uncoated and In/LiyIn-coated (5
min) LMAs, operando electrochemical pressiometry measurements were
carried out (Fig. 5) [65,66,71]. Volume changes occurring at the elec-
trode materials during charge and discharge result in pressure changes
of all-solid-state cells [72,73]. Because the volume change for LMAs is
significantly larger than that for NCM cathodes (approximately 4-6%),
the total pressure change of NCM/Li full cells follows that of LMAs [65,
66,74]. Schematic of the cell configuration for the pressiometry mea-
surements with the interfacial evolution is shown in Fig. 5a. The char-
ge—discharge voltage profiles of the NCM/Li full cells for the uncoated
and In/LiyIn-coated LMAs at 0.5 C and 60 °C and the corresponding
pressure changes (AP) are shown in Fig. 5b and c, respectively. The
pressure change data for the In/LiyIn-coated LMAs at extended cycles
are provided in Figure S16. For both the uncoated and In/LixIn-coated
LMAs, a linear relationship between charge and pressure change was
observed, reflecting the dominance of the LMA volume change over the
NCM pressure changes.

The discharge capacity and corresponding pressure change differ-
ence A(AP) during each discharge for the uncoated and In/LixIn-coated
LMAs are plotted in Fig. 5d and e, respectively. Furthermore, the



H. Lim et al.

Energy Storage Materials 50 (2022) 543-553

Fig. 4. Electrochemical performance results at
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pressure change differences were normalized with respect to the
discharge capacity at each cycle (denoted as A(AP)q), and they are
shown in Fig. 5f. Up to ~13 cycles, the A(AP)q values for the uncoated
and coated LMAs gradually decreased with almost identical values.
While normal Li stripping/deposition for a bulk Li layer contributes to
uniaxial pressure changes, Li filling defects, such as cracks and void
spaces, cannot contribute to the uniaxial pressure increase (Figure S17).
In this regard, the decreasing A(AP)q indicates that the amount of Li
stripped/deposited in the bulk layer was reduced, while the amount of Li
filling defects was increased, that is, the penetrating growth of Li metal
[37]. In addition, the effect of increasing the amount of Li/LPSCI side
reactions forming Li,S and LigP upon cycling cannot be excluded
because the volume changes for these side reactions are lower than those
for Li stripping/deposition (LigPS5Cl + 8Li — 5LiS + LisP + LiCl: AV =
—18.4%, Supporting Information for further details). Therefore, by
monitoring the changing A(AP)q values, the growth mechanism of Li
metal can be efficiently predicted. Interestingly, after 13 cycles, the
uncoated LMAs showed a rapid decline in A(AP)q, in contrast to the
coated LMAs, suggesting considerable Li penetration into the SE layers
(Fig. 5f). This behavior is consistent with the abrupt cell failure by ISC at
the 20 cycle for the uncoated LMAs, as shown in Fig. 5d. In particular,
the uncoated LMAs showed stable capacity retention just before sudden
failure, whereas A(AP)q showed a distinct sign of significant Li pene-
tration at several cycles prior to the failure. Therefore, the A(AP)q value
acts as an indicator of ISC. The A(AP)q value for the coated LMAs
gradually decreased up to ~30 cycles and was saturated to be 13.5 MPa
g(A ! ; however, it increased in subsequent cycles (Fig. 5f). This result
demonstrates the high tolerance of the In/LiyIn-coated LMAs against
penetrating Li growth, which is consistent with the electrochemical
impedance spectroscopy (EIS) results of Li/LPSCl/c-Li symmetric cells.

The increasing pressure difference values after ~30t cycle for using
the In/LixIn-coated LMAs (Fig. 5Se, f) is also noteworthy. First, an inho-
mogeneous Li deposition/stripping could be the reason. An SEM image
of LMA after 60 cycles of Li/LPSCl/c-Li symmetric cells and corre-
sponding EDXS elemental maps of S, Fe, and O in Figure S18 represent
an inhomogeneous chemical feature of the Li/LPSCl interfaces, implying
highly inhomogeneous Li deposition/stripping. This interfacial recon-
figuration upon cycling results in current constriction in decreased
active surface area, which indicates increased uniaxial pressure changes
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(Figure S18e). Second, the dead Li formation could be another reason for
the pressure difference increase. The penetrating Li fills the pores of the
SE layer and may become inactive (or “dead”) during the early cycles,
which indicates that available pore spaces decrease. Then, the pressure
changes could also increase.

Finally, the Li/LPSCI interfacial evolution was investigated by cross-
sectional FESEM measurements of the NCM/Li all-solid-state cells
(Fig. 6). In the pristine state, both the uncoated and coated (5 min) LMAs
had an intimate interface with LPSCI (Fig. 6a and c). However, after 20
cycles, only the coated LMA maintained close interfacial contacts,
whereas the uncoated LMA presented void spaces at the interface and a
vertical crack that provided the path for the penetrating Li growth
(Fig. 6b and d). This result is consistent with the electrochemical per-
formance of the Li/LPSCl/c-Li symmetric cells and NCM/Li full cells.
However, repeated charge—discharge cycling led to the migration of In
throughout the LMAs (Figure S19), implying that LPSCI could be further
decomposed by newly formed Li metal regions in every cycle. Indis-
putably, after the symmetric cell tests, it was observed that the In/LixIn
layer partly vanished, and all the Li reservoirs were consumed by side
reactions at the end of the cell life for both the uncoated and In/LiyIn-
coated LMAs (Figure S20). Specifically, the degraded surface coverage
of the protective layer accelerates the side reaction and accordingly the
Li plating/stripping reaction becomes more inhomogeneous, which
leads to more vulnerability to internal short circuits [75-77]. The
limited functionality of the In/LisIn coatings thus necessitates future
research in the engineering of surface modifications. Furthermore, the
pressiometry results over the entire range of cycles (Figure S16,)
revealed an increase in the baseline pressure from ~75 h (234 cycle),
which indicates the expansion caused by continuous side reactions be-
tween Li and LPSCI [78,79]. The fast capacity decay of the NCM/Li
all-solid-state full cells cycled at 0.5 C (Figure S15), starting at ~9goth
cycle would be related to those increased side reactions which should
lead to increased cell polarization.

3. Conclusions
In summary, LMAs with thin (~10 pm thick) Li metal protected by a

conformal and even In/LixIn layer were fabricated by wet-(electro)
chemical routes. It was shown that the optimized In/LiyIn coating on
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Fig. 5. Operando electrochemical pressiometry results of NCM/Li all-solid-state full cells at 0.5C and 60 °C for uncoated and In/LiyIn-coated thin LMAs. (a)
Schematic of pressiometry measurements of NCM/Li all-solid-state full cells and interfacial evolution affected by the In/Li,In protective coatings. Charge-discharge
voltage profiles NCM/Li all-solid-state full cells and corresponding pressure changes for (b) uncoated (0 min) and (c) In/LiIn-coated (5 min) thin LMAs. (d, e)
Corresponding discharge capacities and pressure change difference (A(AP)) values as a function of cycle number. (f) Capacity-normalized pressure change difference
(A(AP)) as a function of cycle number.

LMAs, i.e., the plating reaction time of 5 min, was attributed to the validated using both Li/LPSCl/c-Li symmetric cells and NCM/Li all-
minimal loss of Li during the electroless plating (13.0% and 9.8%, solid-state full cells with an N/P ratio of 1.53. The interfacial evolu-
determined from the stripping tests and ICP-OES measurements) and the tion varied with the In/LiyIn coating is illustrated in Fig. 7. Without the
conformal coverage and homogeneity of the coatings. The significant protective layer, repeated stripping/deposition of Li metal causes a se-
improvements of thin LMAs by the In/LiyIn-coatings were successfully vere side reaction with LPSCL. In addition, this results in void spaces at
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Fig. 6. Cross-sectional SEM images showing interfacial evolution at LPSCl/Li for NCM/Li all-solid-state full cells for (a, b) uncoated (0 min) and (c, d) In/LixIn-coated

(5 min) LMAs before cycling (a, ¢) and after 20 cycles (b, d).
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Fig. 7. Schematic illustrating the Li/LPSCI interfacial evolution for using uncoated and In/LiyIn-coated LMAs.

the interfaces and cracks, which could accelerate or initiate the pene-
trating Li growth [80]. By avoiding direct contact between Li and LPSCI,
there was a significant reduction in the amounts of side-reaction-derived
byproducts and in the formation of cracks and interfacial void spaces. In
particular, these features were demonstrated nondestructively by
analyzing the capacity-normalized pressure change difference A(APg) in
operando electrochemical pressiometry, which is the first identified
indicator for Li metal plating mechanism. By monitoring A(APq)
throughout cycles, the Li/(In/LixIn)/LPSCl interfacial evolution was
successfully probed, and ISC was predicted several cycles prior to the
apparent sign of cell failure. Furthermore, we illustrated the difference
between the symmetric cell and full cell conditions, emphasizing the
importance of the amount of the Li reservoir. Despite the promising
features of In/LiyIn protective layer in our results, the In/LiyIn protective
coating layers could not remain immobile upon repeated
charge-discharge cycles, and the Li reservoir was eventually depleted.
Therefore, further efforts to upgrade the strategy for protective layers
are necessary for future studies to improve ASLMB performance, such as
thickening the layer [81], applying a biphasic layer [41], and polymer
interlayer [82,83] or polymer coating on SEs [84].
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4. Experimental
4.1. Preparation of materials

LiFSI (Sigma Aldrich), In(TFSI)3 (Sigma Aldrich), EC/DMC (1:1 v/v,
Guotai Huarong New Chemical Materials Co., Ltd. Korea), and DEC
(Guotai Huarong New Chemical Materials Co. Ltd. Korea) and DME
(Guotai Huarong New Chemical Materials Co., Ltd. Korea) were used as
received. LiFSI (3 M) dissolved in DME was used as the Li-plating so-
lution. The Li metal counter electrode and SUS foil were immersed in the
plating solution and electrically connected to the wire. By controlling
the current density to 2 mA cm ™2 and plating time to 3710's, 10 pm thick
Li metal was deposited on a SUS foil with an area of 100 x 100 mm?. The
as-electrodeposited LMA surface was rinsed with DME. For the electro-
less plating of In on electrodeposited LMAs, a solution of 12 mM In
(TFSI)3 in EC/DMC was prepared. Then, electrodeposited Li foils with a
diameter of 12 mm were immersed in 2 mL of the In(TFSI)3 solution for
the targeted time. After the plating reaction, the LMA samples were
rinsed with DEC and dried in an Ar-filled dry box prior to further use.
NCM powders coated with LiNbOg3 (1.4 wt.%) via wet-chemical method
using lithium ethoxide (99.95%, Sigma Aldrich) and niobium ethoxide
(99.95%, Sigma Aldrich) were used [85]. LgPS5Cl powder (CIS Co., Ltd.
Korea) with a Li* conductivity of 2.8 mS em ™! at 30 °C, determined by
the AC method using Ti/SE/Ti symmetric cells, was used as received.
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4.2. Materials characterization

For XRD measurements, the samples were hermetically sealed using
a Be window. They were mounted on a Rigaku MiniFlex 600 diffrac-
tometer and subjected to measurements using Cu K, radiation (1.5406
A) in the 26 scanning range of 10°~80° with a step size of 0.02° at 40 kV
and 15 mA. Cross-sectional FESEM images were obtained by cold pol-
ishing the samples at 4.5 kV for 10 h followed by 1.5 kV milling for 2 h
with an Ar ion beam at —30 °C (JEOL, IB19510CP). FESEM images and
corresponding EDX elemental maps were obtained using AURIGA (Carl
Zeiss). The sample specimens were stored and transported using an air-
isolation system holder to avoid exposure to ambient air. The amount of
Li loss during the electroless In plating reaction, obtained by ICP-OES
measurements (OPTIMA 8300) was determined for the plating solu-
tion collected after the reaction. Ex situ XPS measurements were per-
formed with a monochromatic Al K, source (1486.6 eV) at 12 kV and 6
mA using K-Alpha+ (Thermo Fisher Scientific). The samples were
mounted on a sample holder in an Ar-filled glove box and transferred to
XPS equipment without exposure to ambient air. The surface of sulfide
SE pellets collected from the Li/LgPS5Cl/c-Li symmetric cells after 110
cycles was used for the XPS measurements.

4.3. Electrochemical characterization

All-solid-state cells with a diameter of 13 mm, comprising Ti rods as
the current collectors and a polyaryletheretherketone mold were used.
To fabricate all-solid-state Li/LgPSs5Cl/c-Li symmetric cells, an LPSCl
layer was formed by pelletizing 150 mg of LPSCl by pressing at 520 MPa
for 3 min. Then, a working electrode (uncoated or coated LMA) with a
diameter of 12 mm was attached to one side of the SE (LPSCI) layer, and
Lijooln (8:2 wt ratio, 500 pm corresponding to 100 mA h cm ™2, Honjo
Metal. Co., Ltd.) counter electrode was placed on the other side of the SE
layer. LijgoIn counter electrodes were utilized instead of pure Li metal to
mitigate the ISC by the counter electrode. The entire assembly was
pressed at a pressure of 30 MPa. After pre-cycling at 0.2 mA em 2forlh
for each charge and discharge cycle during the first 10 cycles, galva-
nostatic cycling tests were carried out at 1.0 mA cm 2 for 1 h at each
charge and discharge cycle. The EIS data were collected by using an
amplitude of 7 mV and a frequency range from 7 MHz to 100 mHz on a
VSP300 (Bio-Logic). The frequency range was set to minimize the
alteration of the cells during the measurements while providing enough
data for the impedance analysis. EIS measurements of the symmetric
cells were performed before the galvanostatic cycling test and after 60,
110, and 210 cycles. Despite incomplete shape of the semi-circles, the
fitting of the Nyquist plots was performed following the reported
equivalent circuit and resistance components of Li symmetric cell [30,
59]. The NCM cathodes were prepared using a wet-slurry method. A
mixture of NCM, LPSCl, NBR biner and conducting carbon additives
(Super C65) in a weight ratio of 70: 27.5: 1.5: 1 was added to a
slurry-processing solvent of benzyl acetate (99%, Sigma Aldrich) and
coated on an carbon-Al current collector using the doctor-blade method.
The cast slurry was dried under vacuum at 150 °C. After the SE layers
were formed by pelletizing 150 mg of LPSCl powder under 70 MPa,
cathodes were placed on one side of the SE layer and the entire assembly
was pressed at 370 MPa. Finally, either uncoated or coated LMA was
attached to the other side of the SE layer under a pressure of 70 MPa.
All-solid-state full cells were cycled at 0.5 C or 1.0 C at 60 °C between
3.0-4.3 V. For operando pressiometry measurements, pressure Sensors
with a resolution of 0.1 kg (load cell, BONGSHIN) were placed in the
ASLMB setup (Fig. 6a). The pressure changes during charging and dis-
charging were monitored using in-house software. The
capacity-normalized pressure change difference A(APg) was calculated
by the following equation: A(APg) = A(AP)/Qgischarge Where Quischarge iS
a discharge capacity at a corresponding cycle All processes for fabri-
cating the electrodes were conducted in an Ar-filled dry glove box. The
mass loadings of NCM were 7.2 mg cm ™2 for the cycling test and 12.6 mg
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cm 2 for the rate and pressiometry measurements.
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