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ABSTRACT: Sulfide-based all-solid-state lithium metal batteries ,,

(ASSLMBs) are promising next-generation batteries due to their W

high energy density and safety. However, lithium anodes face
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challenges like dendrite growth and side reactions at the lithium Organics
metal-sulfide electrolyte interface. In this study, we eliminated the Li,0
resistive native layer on lithium metal and formed a protective LiPs.Cl

layer with high ionic conductivity, mechanical strength, and LN
cohesion by reacting lithium metal with a solution containing . ® ui.co,
nitromethane, dimethoxyethene, and lithium nitrate. The lithium = = S = .
symmetric cell with the surface-modified Li exhibited a high critical 'Y LM
current density of 2.8 mA cm 2 and stable cycling over 1000 h at G o Others

30 °C. The ASSLMB with surface-modified Li anode, LisPS;Cl

electrolyte, and LiNij,3Co,;oMn,;,0, cathode achieved a high

discharge capacity (183.2 mAh g™') and stable cycling for 300 cycles without short-circuit at 0.3 C and 30 °C, which enabled
solving the critical challenging issues of Li metal for the development of ASSLMBs.
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(LIBs), they have faced energy density limitations and

safety concerns. All-solid-state lithium metal batteries
(ASSLMBs) employing lithium metal anodes and solid
electrolytes have been considered the most promising next-
generation batteries for addressing these issues.' " Among the
various solid electrolytes, sulfide electrolytes have attracted
considerable attention as the most promising candidates to
replace liquid electrolytes because of their ductile properties
and high ion conductivity.”~" However, the short-circuit
caused by lithium dendrite usually occurs during cycling
owing to the formation of voids, cracks, and grain boundaries
within the solid electrolyte, and side reactions between Li
metal and the solid electrolyte also easily occur,®™® which are
the main obstacles to securing the long cycle life of ASSLMBs.
Applying high pressure to the ASSLMBs to improve the
interfacial contacts further promoted Li creep and dendrite
formation. Moreover, the nonuniform consumption of Li metal
and the accumulation of byproducts at the interface during
cycling cause a local current to flow, accelerating Li dendrite
growth and short-circuiting of the cell. Various strategies have
been proposed to address these issues. First, the use of Li-M
alloys can suppress Li dendrites by uniformly depositing
lithium, and the deposited Li is alloyed to prevent contact
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between the Li and the solid electrolyte, thereby mitigating
side reactions at the interface to some extent."*™"” However,
the metals used for alloying with Li are expensive, and Li-M
alloys have a lower cell voltage than Li metal, resulting in a
reduction of the energy density. Second, a solid electrolyte
interphase (SEI) layer composed of LiF, Li,O, Li;N, Li;PO,,
and organic materials with good mechanical properties, high
ionic conductivity, and high interfacial energy with Li metal
can efficiently inhibit the formation of Li dendrites, improve
the transport of Li ions, and suppress side reactions." ™" Since
rigid inorganic materials may collapse during the charge—
discharge processes, the organic materials in the SEI layer are
indispensable for maintaining strong cohesion with the Li
anode.”” Recently, the surface modification of Li metal has
allowed Li deposition to be more uniform, resulting in an
improvement in the critical current density (CCD) and cycling
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Figure 1. C 1s, N 1s, and O 1s XPS spectra for (a) bare Li, (b) N@Li, (c¢) DL@Li, and (d) NDL@Li.

stability of lithium metal batteries.”> > In this study, we
eliminated native resistive materials (LiOH, Li,O, Li,CO;) on
the surface of bare Li metal and reconstructed a thin protective
layer consisting of Li,O, Li;N, and organic materials by
reacting the Li metal and a reactive solution containing
nitromethane (NM), dimethoxyethane (DME) and lithium
nitrate (LNO).”*™** The surface-modified Li using NM, DME,
and LNO (denoted by NDL@Li) promoted the uniform
deposition/stripping of Li, prevented the growth of lithium
dendrite, exhibited a high CCD, and demonstrated excellent
cycling stability without short-circuit.

To investigate the role of the protective layer in stabilizing
lithium metal, we analyzed its formation process. To
reconstruct the protective layer via chemical reaction with
the native layer on the Li metal, bare Li was immersed in a
solution containing NM, DME, and LNO (NDL). For
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comparison, Li was also dipped in NM solvent (denoted by
N@Li) and DME-containing LNO (denoted by DL@Li),
respectively. The surface morphologies of the obtained Li
revealed quite different morphologies (Figure S1). The bare Li
metal showed a smooth surface morphology. By contrast, N@
Li had many small particles randomly distributed on the
lithium surface. Both DL@Li and NDL@Li exhibit uniform
and smooth morphologies. Additional experiments were
conducted to analyze the chemical reaction between the
reactive solution and Li metal. When Li metal was immersed in
the NM, the solvent changed from transparent to light yellow,
as shown in Figure S2. This phenomenon was also observed
for Li in NDL solution. It is well-known that bare Li metal
contains native inorganic materials such as LiOH, Li,O, and
Li,COj; on its surface.”® To investigate the cause of the color
change, commercially available LiOH, Li,O, and Li,CO; were

https://doi.org/10.1021/acsenergylett.5c00656
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Figure 2. XPS mapping images of (a) LiOH, (b) Li,CO;, (c) Li;N, and (d) Li,O on the NDL@Li. (e) Schematic illustration of the ex-situ

formed protective layer for the NDL@Li.

immersed in NM and DME. For simplicity, the solvent
containing the Li salt is denoted as Li salt@solvent. As shown
in Figure S3, LIOH@NM and Li,O@NM turned yellow.
When the solvent was dried, the Li,O and LiOH powders
changed to yellow and brown, respectively (Figure S4). The Li
salt obtained after drying the solvent was expressed as
solvent@Li salt. To confirm whether the NM solvent dissolved
the Li salts (LiOH, Li,O) or the reaction products, 'Li NMR
spectroscopy was conducted.” As presented in Figure S5a and
S5b, both LIOH@NM and Li,O@NM exhibited "Li peaks;
whereas, no Li signals were observed in LIOH@DME and
Li,O@DME. Additionally, no Li peaks were detected in NM-
and DME-containing Li,CO; (Figure SSc). These results
imply that NM dissociates substances containing Li" ions after
reacting with LiOH and Li,O, resulting in color change to
yellow in LIOH@NM and Li,O@NM. Organic chemical
bonding and inorganic crystal structure were further
investigated using Fourier transform infrared (FT-IR) and
XRD analysis. In the FT-IR spectrum of NM@LiOH (Figure
S6a), a new peak corresponding to R—OH was observed in the
range 2700—3500 cm™}, and small peaks attributed to N—O,
C—H, and C—N appeared at 1000—1700 cm ™, indicating the
formation of organic compounds.’” In the XRD pattern of
NM@LiOH (Figure S6b), additional crystalline peaks
corresponding to Li;N are observed at 21.5° and 29.0°,
suggesting the production of ion-conductive Li;N from the
reaction between NM and LiOH. NM@Li,O also exhibited
the characteristic peaks of organic materials in the range of
1000—1700 cm™" (Figure S7a), whereas no additional
crystalline peaks were detected in the XRD pattern (Figure
S7b).

XPS measurements were performed to investigate the
chemical composition of the protective layer on the surface-
modified Li. As expected, bare Li contained native inorganic
materials such as Li,CO3, LiOH, and Li,O on the surface layer
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(Figure 1a).”> N@Li exhibited C—0, C—OH, and Li—C peaks
in the C 1s spectrum,”” while NO,", Li,N,O, and Li;N peaks
were observed in the N Is spectrum.”* In addition, an N—O
peak was observed with a decrease of Li,O peak intensity in
the O 1s region (Figure 1b). DL@Li exhibited peaks similar to
those of bare Li; however, it is noticeable that the peak
intensity of Li,O was significantly increased (Figure 1c). The
peaks appeared in NDL@Li were observed for both N@Li and
DL@Li, along with peaks corresponding to C—OH, N-O,
Li;N, and Li,O (Figure 1d).

Figure S8 presents the compositional differences among Li,
N@Li, DL@Li, and NDL@Li. When using NM-containing
solutions (N@Li, NDL@Li), the intensity of the Li;N peak
increased significantly. In contrast, the use of LiNOj;-
containing solutions (DL@Li, NDL@Li) led to a notable
increase in the Li,O peak intensity, which is consistent with the
earlier observations in Figure 1. This can be explained by the
reaction pathways between lithium metal and the NM/LiNO;
(3Li + LiNO; — 2Li,O + NO, Li + CH;NO, — Li;N +
Li,N,O, + NO,™ + organics).

The distribution of the chemical compounds (Li,CO3, Li,O,
and Li;N) formed on the Li surface was investigated using XPS
mapping, as shown in Figure S9. The XPS mappings of each
component for different Li are presented in Figure S10 - S12.
Bare Li exhibited a uniform distribution of Li,CO;, Li,O, and
LiOH. In contrast, N@Li exhibits a high intensity of Li;N,
whereas DL@Li shows a predominance of Li,O. It should be
noted that NDL@Li contained large amounts of Li;N and
Li, O, resulting in a strong turquoise color, which is a mixture
of blue and green (Figure S9d and Figure 2a - 2d). These
results are consistent with the XPS results shown in Figure 1.
Considering the results discussed above, it can be concluded
that Li,O, Li;N, and organic materials were formed on the
surface of NDL@Li through the chemical reaction of native

https://doi.org/10.1021/acsenergylett.5c00656
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Figure 3. AFM images of (a) bare Li, (b) N@Li, (c) DL@Li, and (d) NDL@Li. Physical properties of different types of Li electrodes
obtained from noncontact mode and force—distance measurement (contact mode). (e) Average square height, (f) Young’s modulus, and (g)

binding force.

materials (Li,O, and LiOH) on the surface of bare Li and the
reactive solution, as schematically illustrated in Figure 2e.
AFM analysis was conducted to evaluate the uniformity and
physical properties of the surface layers formed on the different
types of Li electrodes. The AFM images and force—distance
plots are presented in Figure 3a - 3d and Figure S$13,
respectively. As shown in Figure 3e, NDL@LIi exhibits a lower
average square height than the other types of Li, indicating that
the surface of NDL@Li is the most uniform and smooth. In
contrast, N@Li exhibited the largest average square height,
because many particles were unevenly distributed on its
surface, as shown in Figure S1b. In terms of the mechanical
properties, DL@Li and NDL@Li exhibited higher moduli than
bare Li and N@Li (Figure 3f). As previously discussed, both
DL@Li and NDL@Li had relatively large amounts of Li,O
compared with bare Li and N@Li. The presence of a large
amount of Li,O in DL@Li and NDL@Li contributes to the
enhancement of the modulus, which is effective for suppressing
Li dendrite formation and growth during cycling.”>~>" The
N@Li exhibited a small portion of Li,O accompanied by a
large amount of organic compounds, yielding the largest
binding force.”” The NDL@Li also contained organic
compounds formed by NM, endowing it with a superior
binding properties compared to that of DL@Li (Figure 3g).
To investigate the relative thicknesses of the protective
layers, we obtained XPS depth profiles of various Li electrodes.
In the N Is spectra, nitrogen-related peaks such as Li;N and
Li,N,O, disappear after 400 s of etching in the N@Li sample,
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whereas in NDL@LIi, these peaks vanish after 200 s (Figure
S14). Similarly, in the O 1s spectra, oxygen-containing species
(e.g, Li,CO; and LiOH) are observed up to 400 s in bare Li,
disappear after 300 s in DL@LI, and vanish as early as 200 s in
NDL@Li (Figure S15). These results confirm that NDL@LAi
has the thinnest protective layer among the samples, consistent
with the enhanced uniformity observed in the AFM analysis
(Figure 3d).

The electrochemical impedance spectra of symmetric Li cells
employing NDL@Li and solid electrolyte are shown in Figure
4a. The AC impedance spectra of cells with other types of Li
electrodes are also presented in Figure S16. The X-axis
intercept in the high-frequency represents the bulk resistance
of the solid electrolyte (Ry,y), whereas the diameter of the
semicircle observed in the mid to low-frequency corresponds
to the interfacial resistance (R;).”® As shown in Figure 4b and
4c, the cells using bare Li and N@Li exhibited a large increase
in both Ry and R; with time, which can be attributed to side
reactions between the solid electrolyte and Li electrodes. By
contrast, the cells employing DL@Li and NDL@Li showed
relatively stable Ry, and R; values. This is because of the
robust protective layer (e.g, Li,O with high mechanical
strength) that prevents direct contact between the solid
electrolyte and Li metal, mitigating deleterious side reactions.
To measure the CCD of the symmetric Li cells employing
different types of lithium electrodes, the current density for
stripping and deposition of lithium was increased from 0.1 to
32 mA cm™ Figure 4d shows the voltage curves of the

https://doi.org/10.1021/acsenergylett.5c00656
ACS Energy Lett. 2025, 10, 2277—-2284
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Figure 4. (a) AC impedance spectra of the symmetric NDL@Li/solid electrolyte/NDL@Li cell. (b) Bulk and (c) interfacial resistances of the
symmetric Li/solid electrolyte/Li cells with different types of Li. (d) Galvanostatic cycling curves of the Li/solid electrolyte/Li cells with
different types of Li at step-increased current densities (the cycle was performed under 1 h deposition and 1 h stripping). (e) Galvanostatic
cycling curves of Li/solid electrolyte/Li cells with different types of Li at constant current density of 0.5 mA cm~2 and cut-off capacity of 0.5

mAh cm™2.

symmetric Li cells with different Li electrodes as the current
density gradually increased. The cell with bare Li exhibits the
lowest CCD of 0.6 mA cm™>. When employing surface-
modified Li electrodes, the CCD values increased in the
following order: N@Li, DL@Li, and NDL@Li. Notably, the
cell featuring NDL@Li showed the highest CCD of 2.8 mA
cm™?, corresponding to 4.7 times the CCD of the cell with bare
Li. The long-term galvanostatic cycling of the symmetric Li
cells with different Li electrodes and solid electrolyte was
conducted at 0.5 mA cm™ for 1 h during every stripping and
deposition cycle. As depicted in Figure 4e, compared with the
cells utilizing bare Li and N@Li, the cells employing DL@Li
and NDL@Li showed much better cycling stability for up to
1000 h without short circuiting. This is because the DL@Li
and NDL@Li electrodes have a protective layer with high
mechanical strength that suppresses Li dendrite growth, as
discussed in the XPS and AFM results. The cell with NDL@Li
exhibited a lower overpotential than the DL@Li cell, which can
be ascribed to the enhanced Li" ion conductivity by the
presence of a large amount of Li;N.”" When cycling the cells at
higher current density (1.0 mA cm™), the cell with bare Li
experienced a short-circuit during the formation cycle at lower
current density (0.75 mA cm™), and all cells except for the cell
with NDL@Li exhibited a short-circuit when cycling at 1.0 mA
cm™2, as shown in Figure S17. These results reveal that NDL@
Li with excellent mechanical strength and high ionic
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conductivity is a promising electrode for improving the
interfacial stability of ASSLBs employing sulfide solid electro-
lytes. After the repeated cycling of the symmetric Li cells at 0.5
mA cm™?, the cross-sectional morphologies of the Li electrode-
solid electrolyte interface in the cells employing bare Li and
NDL@Li was investigated. After 350 h, the cell based on bare
Li encountered a short-circuit, leading to interfacial collapse, as
shown in Figure S18. In contrast, the NDL@Li cell did not
exhibit a short-circuit during cycling up to 1000 h and
maintained a uniform thickness of lithium after repeated
cycling (Figure S19). These results demonstrate that NDL@Li
suppresses not only Li dendrite growth but also side reactions
at the Li electrode-solid electrolyte interface, leading to
significantly enhanced cycling stability compared to bare Li.
ASSLMBs composed of different types of Li anodes, solid
electrolytes, and NCM cathodes were assembled, and their
cycling performance was evaluated. Figure Sa shows the charge
and discharge curves of the cells during the first precondition-
ing cycle at 0.1 C and 30 °C. The cells delivered the discharge
capacities of 180.3 to 183.2 mAh g™, corresponding to the
areal capacities of 3.0 to 3.1 mAh cm™2 After two
preconditioning cycles, the cells were cycled at 0.3 C and 30
°C, and their voltage profiles are presented in Figure Sb and
S20. The cycling performances are compared in Figure Sc.
Except for the cell with the NDL@Li, all the cells showed
short-circuiting during the earlier cycles, arising from the

https://doi.org/10.1021/acsenergylett.5c00656
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before and after 300 cycles.

growth of lithium dendrites. By contrast, the cell employing the
NDL@Li anode exhibited stable charge and discharge cycles
without short-circuiting. After 300 cycles, the cell assembled
with NDL@Li delivered a discharge capacity of 109.7 mAh g™
at 0.3 C and 30 °C. When comparing the cycling performance
of ASSLMBs with Li metal and sulfide-based solid electrolyte
reported to date, the cell employing NDL@Li anode (20 pm)
and NCM cathode in this work exhibited excellent cycling
stability even at the highest areal capacity, as summarized in
Table S1. Figure Sd shows the resistances (Ryu Regthoder 2nd
R,.04.) of the ASSLMBs with NDL@Li before and after 300
cycles, which were obtained from the AC impedance in Figure
§21.°7 As shown in figure, both the bulk and cathode
resistances increased significantly after 300 cycles, whereas
the anode resistance maintained similar values after cycling,
indicating that the NDL@Li anode had remarkable interfacial
stability and few side reactions with the solid electrolyte.

The electrodeposition images after the first formation charge
of the cells are shown in Figure S22 and S23, which are
obtained by removing solid electrolyte using NMP solvent.*
Even at low current density (0.3 mA cm™), Li and N@Li
showed a degradation at anode interface, resulting in lithium
being deposited in a dendritic form. In contrast, when using
DL@Li and NDL@L, lithium was deposited uniformly. This
is because the mechanical properties of Li,O are likely the
dominant factor in suppressing dendritic growth and
promoting Li deposition beneath the protective layer at low
current density. The interfacial morphology between the Li
anode and solid electrolyte in the cells with bare Li and NDL@
Li was investigated using cross-sectional FIB-SEM analysis.
Figure S24a shows the SEM image of the Li-solid electrolyte
interface in the cell with bare Li after a short circuit. Minimal
lithium remained because of the deleterious side reactions
between the Li metal and the sulfide electrolyte during the
charge—discharge process. By contrast, the cell employing
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NDL@Li retained uniform and thick Li (Figure S24b),
because the protective layer on NDL@Li suppressed the side
reactions and growth of Li dendrites at the Li anode-solid
electrolyte interface.

Our study on the surface-modified Li electrode for
ASSLMBs provides insights into strategies for suppressing
the growth of lithium dendrites and side reactions of Li metal
with sulfide solid electrolytes. NDL@Li, with a uniform, ion-
conductive, mechanically strong, and cohesive protective layer,
was obtained by the chemical reaction of Li metal with a
reactive solution containing nitromethane, dimethoxyethene,
and lithium nitrate. Nitromethane reacted with LiOH and
Li,O on the surface of the bare Li, and the resulting products
(LizN and organic materials) facilitated Li-ion transport and
firmly bound the inorganic materials. Lithium nitrate in
dimethoxyethene produces Li,O with high mechanical
strength. The use of NDL@Li suppressed Li dendrites and
side reactions, thereby preventing Li consumption during
cycling. The symmetric Li cell employing NDL@Li exhibited a
much higher CCD than bare Li and excellent cycling stability
for up to 1000 h at 0.5 mA cm™2 The ASSLMB assembled
with NDL@LIi anode, sulfide electroelyte, and NCM cathode
delivered a high discharge capacity 183.2 mAh g!, and
exhibited good cycling stability without short-circuit over 300
cycles. Consequently, our state-of-the-art work presents a
promising strategy for Li anodes to achieve both high energy
density and enhanced cycling stability in ASSLMBs. With these
significant improvements, the surface modification of bare Li
using a reactive solution is proposed as a new strategy for
developing next-generation ASSLMBs.
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