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ABSTRACT: The highly reactive nature of Li metal presents challenges, such
as an unstable solid—electrolyte interphase (SEI) and uneven Li nucleation.
Herein, to address these challenges, ZnF, and LiNO; were introduced as
electrolyte additives to create a lithiophilic Li—Zn alloy and a stable SEI
comprising LiF and LiNO; on the Li metal surface. The Li—Zn alloy, formed
via a spontaneous conversion reaction between ZnF, and Li, provides favorable
nucleation sites for Li deposition, thereby suppressing dendrite growth and
improving the cycle stability of the Li metal, even at a high current density of 5
mA cm ™ In LillLiFePO, full cells, a remarkable capacity retention of 98.6%
was achieved after 400 cycles at 1 C. Furthermore, approximately 100%
capacity retention was achieved after 1400 cycles at 10 C. This study provides a
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Ithough graphite anodes provide excellent conductivity
when deployed in conventional Li-ion batteries,"” their
low theoretical capacity (372 mAh g~') presents a drawback.
Conversely, next-generation Li-metal batteries (LMBs) utiliz-
ing Li metals as anodes exhibit extremely high theoretical
capacity (3860 mAh g') and low electrochemical potential
(—3.04 V vs SHE); they have emerged as representative
candidate high-energy-density batteries.”* However, the high
reactivity of Li metals accounts for several critical limitations in
LMBs such as (1) interfacial side reactions with electrolytes,
(2) uneven Li dendrite growth during repeated stripping/
plating cycles, and (3) formation of dead Li separated from the
dendrite matrix.”~® In particular, the formation of Li dendrites
must be suppressed to enable the practical application of
LMBs, as dendrites directly impact battery performance.
Mechanically and electrochemically stable solid—electrolyte
interphases (SEIs) can inhibit irreversible electrolyte loss
resulting from parasitic reactions with Li metals, thereby
suppressing dendrite growth. For example, a study revealed
that LiF-rich SEIs with high mechanical strength suppressed
crack formation caused by Li volume expansion.” Additionally,
electrochemically stable SEIs do not react with Li and
electrolytes. Consequently, strategies, such as artificial SEI
formation, adsorption of three-dimensional architectures onto
Li metal, and electrolyte engineering, have been explored for
designing highly stable SEIs.'’”'* Additionally, electrolyte
modification, which is among the simplest strategies for
fabricating stable artificial SEIs, enables LiF-rich SEI formation
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using high concentrations of lithium bis(fluorosulfonyl)imide
(LiFSI)"*'* or additives, such as lithium nitrate (LiNO,),
lithium difluoro(oxalate)borate, fluoroethylene carbonate, and
vinylene carbonate, that contribute to the N- and F-rich SEI
layers after undergoing decomposition.'”™*° Owing to their
low interfacial energy, lithiophilic materials (e.g, Au, Ag, Zn,
In, and Mg) reduce nucleation barriers and facilitate uniform
Li deposition.”'~>’ As these materials exhibit the same
structure as pure Li metal, they can improve the stability of
Li growth, thereby effectively suppressing dendrite forma-
tion.”"** Similarly, metal fluorides (e.g., AgF, AuF, InF;, MgF,,
and ZnF,) exhibit lithiophilicity toward Li and promote the
formation of mechanically stable F~-rich SEIs. Among them,
ZnF, is cost-effective, adsorbs onto the Li surface, and
undergoes conversion reactions, thereby providing the fluoride
required for SEI formation.

Herein, to simultaneously address the challenges of unstable
SEI formation and nonuniform Li nucleation, we designed a Li
metal surface with a lithiophilic layer and a mechanically and
chemically stable SEI using ZnF, and LiNOj as electrolyte
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Figure 1. High-magnification FE-SEM images of the Li metal surface for (a) pristine Li and (b) after reaction with 2.3 M LiFSI in DME containing
40 mM ZnF, and 20 mM LiNO; (ZN-EL). Nucleation overpotential results on the Cu foil of a LillCu asymmetric cell at current densities of (c) 0.1
mA cm™ and (d) § mA cm™2 (e) Electrochemical performance of LillLi symmetric cells at $ mA cm™ with a capacity set to 1 mAh cm™ (f)

Corresponding enlarged views of the 11th, 150th, and 250th cycles.

additives. ZnF, undergoes a conversion reaction to form a Li—
Zn alloy and LiF as follows:**

2Li + ZnE, — Zn + 2LiF (1)

Li + Zn — Li — Znalloy )

During the reaction, the Li—Zn alloy forms on the Li metal
surface, facilitating uniform Li plating/stripping. Although LiF
demonstrates excellent mechanical strength, it exhibits low
ionic conductivity, which can be compensated for by Li;N
formed from LiNO;.>**° Thus, the formation of a lithiophilic
Li—Zn layer promotes uniform Li nucleation, leading to
granular growth and enhanced Li metal stability. Accordingly,
herein, the additives extended the Li metal lifespan over 2-fold
at S mA cm™ in Li symmetric cells while also enhancing
Coulombic efficiency (CE) and rate capability in LillLiFePO,
(LFP) full cells.

The initial uneven SEI formation caused Li dendrite growth,
which negatively affected the performance and stability of the
cell. ZnF, and LiNOj were introduced as electrolyte additives
to form a reinforced SEI on the Li metal surface. The
electrolytes were prepared using 2.3 M LiFSI in 1,2-
dimethoxyethane (DME) (no-additive EL, where EL denotes
‘electrolyte’), containing 20 mM LiNO; (N-EL), 80 mM LiF
and 20 mM LiNO; (LN-EL), and 40 mM ZnF, and 20 mM
LINO; (ZN-EL) depending on the compositions of the
additives, and stirred for 3 d until additives were completely
dispersed. After the Li metal was exposed to each electrolyte,
the reacted surface was analyzed via field-emission scanning
electron microscopy (FE-SEM). Compared with pristine Li
metal (Figure la), spherical particles were uniformly
distributed on the surface reacted with ZN-EL (Figure 1b).
Moreover, energy-dispersive X-ray spectroscopy mapping
confirmed that Zn was evenly dispersed (Figure S1). ZN-EL
forms a Li—Zn alloy and LiF through a conversion reaction on
the Li metal surface,”” and the Li—Zn alloy can function as a
solid solution buffer layer during the Li plating/stripping
process to induce uniform Li deposition. However, herein, the
Li metal surface exposed to no-additive EL, N-EL, and LN-EL
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did not exhibit notable changes (Figure S1), apart from a few
particles formed because of the chemical reaction between the
electrolyte and Li metal. Thus, the simple contact between
ZN-EL and the Li metal induces in situ Li—Zn alloying, which
probably results in the formation of a lithiophilic and stable
SEL

Figure 1lc shows the voltage profile of the initial Li
deposition process in a LilCu half-cell. This profile was used
to evaluate the nucleation overpotential, which is the difference
between the initial decrease in voltage dur'n§ discharge and the
voltage in the subsequent plateau region.”””* At a low current
density of 0.1 mA cm™, ZN-EL exhibited a nucleation
overpotential of 15 mV (vs Li/Li"), which was more than twice
as low as 37 mV (vs Li/Li*) observed with the no-additive EL.
When Li—Zn sites with high solubility in Li metal are formed
on the Li surface, the interfacial and nucleation energy barrier
can be reduced due to their structural similarity to pure Li,
which enables better lattice compatibility.”’ Furthermore, even
at a high current density of S mA cm™, a considerably lower
nucleation overpotential was observed for ZN-EL (0.30 V, vs
Li/Li*) compared with that for no-additive EL (0.39 V, vs Li/
Li*) (Figure 1d).

To evaluate the stability of Li metal for each electrolyte, Lill
Li symmetric cells were tested under a harsh current density
condition of $ mA cm™ for no-additive EL, LN-EL, and ZN-
EL (Figure le). Although the no-additive EL cell underwent a
short circuit after ~250 cycles, the ZN-EL cell continued to
operate stably for more than twice as many cycles. LN-EL
slightly improved the lifespan of Li metal; however, a short
circuit still occurred after an additional S0 cycles compared
with no-additive EL. The superior long-term Li metal stability
provided by ZN-EL is probably due to the formation of a Li—
Zn alloy, which facilitates uniform Li plating and stripping,
thereby mitigating dendrite growth. The voltage profiles shown
in Figure S2 reveal that the three investigated electrolytes
displayed peaks (marked with red circles), which corresponded
to their increased overpotential in the discharge process. These
peaks were attributable to pit formation or dendritic growth.®
Conversely, no such peaks were observed for ZN-EL,
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Figure 2. Comparison of the Li dendrite growth and deposition behavior. SEM images of the Li metal surface (a—c) after initial plating and cross
sections (d—f) after 100 cycles, along with the corresponding enlarged cross-section images. The following electrolytes were utilized for plating: (a,
d) 2.3 M LiFSI in DME (no-additive EL), (b, e) an electrolyte containing 80 mM LiF and 20 mM LiNO; (LN-EL), and (c, f) an electrolyte
containing 40 mM ZnF, and 20 mM LiNO; (ZN-EL). (g) Bar chart of the real and relative thicknesses of the plated Li compared to the real and
relative thicknesses of pristine Li metal. OM images of the initial deposition morphology of Li in the (h) no-additive EL and (i) ZN-EL. Li was

deposited at a current density of $ mA cm™ up to a capacity of 0.5 mAh cm™.
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confirming that Li deposition and stripping proceeded
uniformly. Regarding the long-term cycling performance
(Figure 1f), the initial overpotential was 32 mV (vs Li/Li")
for no-additive EL and ZN-EL and 38 mV for LN-EL. After
150 cycles, the overpotential increased to 48 mV for no-
additive EL and LN-EL, whereas it increased to 46 mV for ZN-
EL, maintaining the lowest overpotential at the 150th cycle.
After 250 cycles, only the cell with ZN-EL retained an
overpotential of 49 mV, whereas short circuits occurred in the
other cells. In particular, the cell with ZN-EL exhibited more
than twice the cycling lifespan of the cell with no-additive EL,
achieving stable operation for over 500 cycles. Thus, the initial
stripping/plating behavior affects the long-term lifespan of Li
metal. When comparing the surfaces formed during the first
cycle, a smooth surface was observed to exhibit a lower local
current density than an uneven surface. This continuously
suppressed dendrite growth, thereby increasing the lifespan of
Li metal.”

The initial deposition morphology and cross-section of Li
metal exposed to the electrolytes were observed via SEM after
100 cycles. Figures 2a—c show the SEM images of the initially
deposited Li metal surface plated with the no-additive EL, LN-
EL, and ZN-EL. In the case of no-additive EL, Li exhibited a
nonuniform and randomly grown shape, while LN-EL
exhibited thicker dendrites compared with those observed for
no-additive EL. Contrarily, ZN-EL exhibited the most uniform,
bulk-like Li deposition. Figures 2d—f show cross-section
images of the cycled Li (100 cycles), with thickness
measurements numerically summarized in Figure 2g. Pristine
Li metal had a thickness of 113 um (Figure S3), while no-
additive EL formed a thick porous layer (125 ym) due to the
accumulated SEI residue and dead Li. LN-EL showed a slightly

thinner layer (120 gm) compared with no-additive EL, while
ZN-EL exhibited a considerably thinner accumulated layer of
72 pm, a 60% reduction. Magnified SEM image of the porous
layer for each electrolyte revealed that ZN-EL had the highest
density, followed by LN-EL and no-additive EL, indicating that
ZN-EL suppressed dendrite growth, resulting in a denser and
less porous layer. The porous growth of Li metal and side
reactions with the electrolyte led to continuous volume
expansion. Based on this result, the per-cycle thickness
increase was calculated to be 8.29% for additive-free EL and
7.97% for LN-EL. In contrast, ZN-EL exhibited the lowest
increase at 5.05%, suggesting its effectiveness in mitigating
volume expansion by suppressing dendritic growth (Table S1).
Figure S4 shows that N-EL exhibited considerably thinner
dendrites compared with LN-EL, which can be attributed to
the presence or absence of LiF additives. In LN-EL, the
increased amount of LiF enhanced the SEI's mechanical
strength, effectively suppressing dendrite growth during
deposition.

In situ optical microscopy (OM) was employed to
investigate the initial Li deposition behavior and morphology.
Figure 2h,i show the morphologies of the electrochemically
deposited Li metal in no-additive EL and ZN-EL at S mA cm™
until 0.5 mAh cm ™. For no-additive EL, Li deposition was thin
and irregularly shaped with varying thicknesses of 71.6 and
70.1 pm. Contrarily, ZN-EL enabled uniform Li deposition
with thicknesses of 23.8, 25.7, and 24.5 um, forming a thin and
compact layer with a uniform thickness and structure. The
lithiophilic Li—Zn alloy in ZN-EL facilitated smooth Li plating,
reducing local current density and suppressing dendrite
growth. Accordingly, the X-ray photoelectron spectroscopy
and Li 1s depth profile analysis (Figure SS) confirmed the
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Figure 3. Electrochemical characterizations of LillLi symmetric cells for interfacial kinetic behaviors. (a) Interfacial impedance obtained from the
EIS spectra before and after aging, as well as after cycling. (b) LSV-obtained Tafel plots at 0.1 mV s™’, along with the exchange-current densities
calculated from the Tafel plot. (¢, d) Nyquist plots of the LillLi symmetric cells at different temperatures. The Arrhenius behavior, as well as the
comparison of activation energies (e) E,; and (f) E,, between R, and R; derived from the Nyquist plots.

presence of a Li—Zn alloy on the surface of Li metal (after
plating) and within the SEI. This alloy, along with Li;N,
enhanced the stability of the SEI and effectively suppressed
dendrite growth. Li;N, obtained via the electrochemical
reduction of LiNO,, exhibits high ionic conductivity (~107*
S cm™), which facilitates efficient Li transport through the
SEL This property offsets the inherently resistive nature of LiF
(107 to 107'° S cm™"), yielding a more ion-conductive and
electrochemically stable SEI structure.”**" This phenomenon
was further confirmed by electrochemical impedance spectros-
copy (EIS) measurements, which revealed a notable decrease
in the interfacial resistance in ZN-EL. Additionally, the results
of the cathodic linear sweep voltammetry (LSV) analysis
(Figure S6) revealed that ZN-EL suppressed the decom-
position of FSI” and DME, thereby minimizing side reactions
with the electrolyte. These results indicated that ZN-EL
offered mechanical and electrochemical stabilities, thereby
reliably protecting the Li metal.

To reveal the advantages of the additives for electrochemical
properties in Li metal, the interfacial stability was evaluated.
Figure 3a shows the interfacial impedance values before and
after aging (12 h) as well as after cycling in the LillLi
symmetric cells with no-additive EL and ZN-EL. Initially, both
electrolytes had similar interfacial impedances, i.e., 52.01 and
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52.54 Q, but after aging, the impedance of both increased due
to chemical reactions between Li metal and the electrolyte.
ZN-EL, however, formed a Li—Zn alloy (through the
conversion reactions described in eqs 1 and 2), exhibiting an
interfacial impedance lower (78.0 Q) than that for no-additive
EL (112 Q). After cycling, cells with no-additive EL and ZN-
EL stabilized at 9.4 and 8.2 Q, respectively. To evaluate the
charge-transfer kinetics at the Li metal surface, LSV was
performed and the exchange-current density (I,) was
determined using Tafel plots obtained from the LSV curves
(Figure 3b). The higher the exchange-current density, the
faster the charge transfer at the Li/electrolyte interface.’>>3
The cell with no-additive EL had an exchange-current density
of 0.06 mA cm™2, whereas that with ZN-EL had an exchange-
current density of 0.23 mA cm™> This indicates that the
kinetics at the interface were improved in the cell with ZN-EL.
Thus, the cell with ZN-EL, after aging, had a lower interfacial
impedance compared with the cell with the no-additive EL
(Figure 3a) owing to enhanced kinetics at the interface.
Considering that the charge-transfer process of Li ions
across the SEI is dependent on temperature, the activation
energy can be calculated by plotting the EIS spectra at various
temperatures using the Arrhenius equation (Figures 3c—f).* "
In the equivalent circuit model shown in Figure S7, Ry, (R,)
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and R, (R;) represent the resistances related to the desolvation
of Li ions and charge transfer, respectively.’® The activation
energy (E,,) for Ry, in ZN-EL was significantly lower at 15.39
kJ mol™!, compared with 37.43 kJ mol™" for the cell with the
no-additive EL. This suggests that the zinc cation positioned
on the initial Li metal surface may have caused an increase in
the local cation concentration. This facilitates the separation of
solvent molecules during the desolvation of Li ions more easily
than in the no-additive EL. The activation energy (E,,) for R
in Zn-EL was reduced to 45.45 k] mol™! compared with 53.03
kJ mol™ in no-additive EL. This energy barrier difference for

10086

Li-ion transfer can be attributed to a stable SEI formation,
comprising a lithiophilic Li—Zn alloy and Li;N. The formation
of the Li—Zn alloy in ZN-EL improved the interfacial stability
and enhanced the kinetics of Li plating/stripping.

To verify the formation and effect of the Li—Zn alloy,
density functional theory calculations were conducted using
the Vienna Ab initio Simulation Package. Figure 4a illustrates
the conversion reaction forming Li—Zn and LiF, with the
Gibbs free energy (AG) calculations at 25 °C. The formation
of Zn and LiF from ZnF, (eq 1) had AG = —43.55 kJ mol ™},
and the subsequent Li—Zn alloy formation (eq 2) had AG =
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—16.33 kJ mol ™', both indicating spontaneous reactions (AG <
0). Therefore, ZnF, in ZN-EL absorbs onto the Li metal
surface, forming the Li—Zn alloy, as shown in Figure 1.

Figure 4b shows the adsorption energies of Li ions deposited
onto specific sites on the Li (100) and LiZn (110) surfaces; the
details for each possible adsorption site are presented in
Figures S8 and S9. The lowest adsorption energy on LiZn
(110) (—2.083 eV) was significantly lower than that on Li
(100) (—1.512 eV). Notably, even the highest adsorption
energy on LiZn (110) (—1.693 eV) was still lower than the
lowest adsorption energy on Li (100), indicating that Li was
preferentially deposited onto the LiZn sites. In ZN-EL, ZnF,
undergoes a conversion reaction to form a Li—Zn alloy, which
serves as a nucleation site for uniform Li deposition,
suppressing dendrite growth (Figure 2). This improved Li
deposition sites, and kinetics in ZN-EL enhance electro-
chemical performance compared with that of the no-additive
EL.

To verify the effect of the electrolyte additive in the full cell,
the capacity and cyclability were evaluated using the LFP
cathode. The first charge—discharge cycle curve was evaluated
at 1 C (1 C =160 mA g™') (Figure 5a).>” The initial charge
and discharge capacities of the cell with ZN-EL were close to
the theoretical capacity (170 mAh g~') compared with the cell
with no-additive EL. The cell with no-additive EL exhibited
charge and discharge capacities of 142.6 and 134.6 mAh g/,
respectively, whereas the cell with ZN-EL exhibited charge and
discharge capacities of 154.4 and 146.7 mAh g~', with initial
CEs of 94.4% and 95.0%, respectively. Figure Sb shows the rate
capability assessed based on the discharge capacity at 1, 2, 5,
10, and 20 C, following two formation cycles at 0.1 C. The cell
with ZN-EL exhibited higher capacities at each rate, recording
148.0, 138.6, 115.5, 93.6, and 69.4 mAh g™, while the cell with
no-additive EL exhibited lower capacities of 141.9, 130.7,
108.4, 88.2, and 66.3 mAh g™, respectively. In addition, in the
long-cycle evaluation at 1 C, the cell with the no-additive EL
underwent capacity fading and a decrease in CE after
approximately 200 cycles. Contrarily, the cell with ZN-EL
maintained a capacity of 145 mAh g™' even after 400 cycles,
with an exceptionally high CE of 100% (Figure Sc). At this
point, the cell with ZN-EL exhibited a retention of 98.6%,
whereas the cell with the no-additive EL achieved the same
retention at only 217 cycles. Considering that ZN-EL ensured
a high current stability of the Li metal (Figure le), a high
current was applied to a LillLFP full cell, and the cyclability was
evaluated at an extremely high rate of 10 C (4.9 mA cm™)
(Figure 5d). The cell with the no-additive EL began to decay
after 800 cycles and rapidly failed after approximately 1000
cycles. Contrarily, the cell with ZN-EL maintained a capacity
of 104.3 mAh ¢! even after 1400 cycles and demonstrated
nearly 100% CE and retention at high rates, exhibiting an
excellent long-term cycling performance. In the LillAl LSV test
shown in Figure S10, the electrolyte in the cell with no-additive
EL began to decompose at approximately 4.3 V (vs Li/Li"),
whereas in the cell with ZN-EL, decomposition occurred at
approximately 4.7 V (vs Li/Li*). This suggests that using
electrolyte additives improves the stability of the anode and
suppresses electrolyte decomposition at high voltages, reducing
side reactions between the cathode and electrolyte.

In conclusion, we successfully improved the stability of Li
metal in LMBs by introducing electrolyte additives ZnF, and
LiNOj;. These additives promoted the formation of a Li—Zn
alloy on the Li metal surface and LiF and LiNO; as SEI

components. In the cell with ZN-EL, the lithiophilic Li—Zn
alloy and reinforced SEI improved interfacial stability,
suppressing dendrite growth, even at a high current density
of S mA cm™2 The effect of the additives was observed in the
LillLFP full cell; at 10 C (approximately S mA cm™2), the cell
with ZN-EL exhibited a discharge capacity of 104.3 mAh g~!
after 1400 cycles with nearly 100% retention. This study
demonstrates an electrolyte additive strategy that can
considerably enhance the stability and lifespan of Li metal
for next-generation high-energy-density LMBs through simple
and effective treatment.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c01307.

Additional data for FE-SEM images of the Li metal
surface after reaction with electrolytes and after Li
plating; voltage profiles of the symmetric cells, cross-
sectional SEM images of pristine Li metals; cathodic and
anodic LSV curves of electrolytes; calculation details for
cumulative thickness increase per cycle (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Won-Jin Kwak — School of Energy and Chemical Engineering,
Ulsan National Institute of Science and Technology, Ulsan
44919, Republic of Korea; © orcid.org/0000-0002-9807-
1434; Email: wjkwak@unist.ac.kr

Hun-Gi Jung — Energy Storage Research Center, Sustainable
Energy Research Division, Korea Institute of Science and
Technology, Seoul 02792, Republic of Korea; Department of
Energy Science and KIST-SKKU Carbon-Neutral Research
Center, Sungkyunkwan University, Suwon 16419, Republic of
Korea; Division of Energy and Environment Technology,
KIST School, University of Science and Technology, Seoul
02792, South Korea; © orcid.org/0000-0002-2162-2680;
Email: hungi@kist.re.kr

Authors

Yun-Joo Jo — Energy Storage Research Center, Sustainable
Energy Research Division, Korea Institute of Science and
Technology, Seoul 02792, Republic of Korea

Hyeon-Ji Shin — Energy Storage Research Center, Sustainable
Energy Research Division, Korea Institute of Science and
Technology, Seoul 02792, Republic of Korea

Hyerim Kim — Department of Energy Engineering, Hanyang
University, Seoul 04763, Republic of Korea

Shivam Kansara — Department of Energy Engineering,
Hanyang University, Seoul 04763, Republic of Korea;

orcid.org/0000-0003-0908-8267

Jang-Yeon Hwang — Department of Energy Engineering,

Hanyang University, Seoul 04763, Republic of Korea;
orcid.org/0000-0003-3802-7439

Jongsoon Kim — Department of Energy Science,
Sungkyunkwan University, Suwon 16419, Republic of Korea

Junyoung Mun — School of Advanced Materials Science and
Engineering, Sungkyunkwan University, Suwon 16419,
Republic of Korea

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.5c01307

https://doi.org/10.1021/acs.nanolett.5c01307
Nano Lett. 2025, 25, 10082—10089


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01307/suppl_file/nl5c01307_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01307/suppl_file/nl5c01307_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c01307?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c01307/suppl_file/nl5c01307_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Won-Jin+Kwak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9807-1434
https://orcid.org/0000-0002-9807-1434
mailto:wjkwak@unist.ac.kr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hun-Gi+Jung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2162-2680
mailto:hungi@kist.re.kr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yun-Joo+Jo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyeon-Ji+Shin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyerim+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shivam+Kansara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0908-8267
https://orcid.org/0000-0003-0908-8267
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jang-Yeon+Hwang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3802-7439
https://orcid.org/0000-0003-3802-7439
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jongsoon+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junyoung+Mun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c01307?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c01307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

Author Contributions

*Yun-Joo Jo and Hyeon-Ji Shin contributed equally to this
work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Korea Institute of Science and
Technology institutional program; National Research Council
of Science & Technology (NST) grant and the National
Research Foundation from Ministry of Science and ICT of
Korea (No. GTL24011-000 and CAP21042-110); and
Development Program of Core Industrial Technology funded
by the Ministry of Trade, Industry & Energy of Korea (No.
20007045)

B REFERENCES

(1) Zhang, H.; Yang, Y.,; Ren, D.; Wang, L; He, X. Graphite as
anode materials: Fundamental mechanism, recent progress and
advances. Energy Storage Mater. 2021, 36, 147—170.

(2) Nitta, N.; Wu, F.; Lee, J. T.; Yushin, G. Li-ion battery materials:
Present and future. Mater. Today 2018, 18, 252—264.

(3) Shen, X; Liu, H; Cheng, X.-B.; Yan, C.; Huang, J.-Q. Beyond
lithium ion batteries: Higher energy density battery systems based on
lithium metal anodes. Energy Storage Mater. 2018, 12, 161—175.

(4) Kwak, W.-J.; Rosy; Sharon, D.; Xia, C.; Kim, H.; Johnson, L. R;
Bruce, P. G.; Nazar, L. F.; Sun, Y.-K;; Frimer, A. A.; Noked, M,;
Freunberger, S. A, Aurbach, D. Lithium-Oxygen Batteries and
Related Systems: Potential, Status, and Future. Chem. Rev. 2020,
120, 6626—6683.

(5) Chandrashekar, S.; Trease, N. M.; Chang, H. J.; Du, L.-S.; Grey,
C. P.; Jerschow, A. 'Li MRI of Li batteries reveals location of
microstructural lithium. Nat. Mater. 2012, 11, 311-315.

(6) Wood, K. N.; Kazyak, E.; Chadwick, A. F.; Chen, K.-H.; Zhang,
J.-G.; Thornton, K,; Dasgupta, N. P. Dendrites and Pits: Untangling
the Complex Behavior of Lithium Metal Anodes through Operando
Video Microscopy. ACS Cent. Sci. 2016, 2, 790—801.

(7) Liu, Y.; Liu, Q.; Xin, L,; Liu, Y,; Yang, F; Stach, E. A; Xie, J.
Making Li-metal electrodes rechargeable by controlling the dendrite
growth direction. Nat. Energy 2017, 2, 17083.

(8) Chen, K-H.; Wood, K. N.; Kazyak, E.; LePage, W. S.; Davis, A.
L; Sanchez, A. J.; Dasgupta, N. P. Dead lithium: mass transport
effects on voltage, capacity, and failure of lithium metal anodes. J.
Mater. Chem. A 2017, 5, 11671—11681.

(9) Cipolla, A.; Barchasz, C.; Mathieu, B.; Chavillon, B.; Martinet, S.
Effect of electrochemical and mechanical properties of SEI on
dendritic growth during lithium deposition on lithium metal
electrode. J. Power Sources 2022, 545, 231898.

(10) Delaporte, N.; Wang, Y.; Zaghib, K. Pre-treatments of Lithium
Foil Surface for Improving the Cycling Life of Li Metal Batteries.
Front. Mater. 2019, 6, 267.

(11) Su, L.; Manthiram, A. Lithium-Metal Batteries via Suppressing
Li Dendrite Growth and Improving Coulombic Efficiency. Small
Struct. 2022, 3, 2200114.

(12) Wang, L.; Zhou, Z.; Yan, X.; Hou, F.; Wen, L.; Luo, W.; Liang,
J.; Dou, S. X. Engineering of lithium-metal anodes towards a safe and
stable battery. Energy Storage Mater. 2018, 14, 22—48.

(13) Wang, Q.; Zhao, C.; Wang, S.; Wang, J.; Liu, M.; Ganapathy,
S.; Bai, X,; Li, B.; Wagemaker, M. Clarifying the Relationship between
the Lithium Deposition Coverage and Microstructure in Lithium
Metal Batteries. . Am. Chem. Soc. 2022, 144, 21961-21971.

(14) Fan, X; Chen, L,; Ji, X.; Deng, T.; Hou, S.; Chen, J.; Zheng, J.;
Wang, F,; Jiang, J.; Xu, K.; Wang, C. Highly Fluorinated Interphases
Enable High-Voltage Li-Metal Batteries. Chem. 2018, 4, 174—185.

(15) Liu, Y; Lin, D.; Li, Y,; Chen, G.; Pei, A.; Nix, O.; Li, Y.; Cui, Y.
Solubility-mediated sustained release enabling nitrate additive in

carbonate electrolytes for stable lithium metal anode. Nat. Commun.
2018, 9, 3656.

(16) Hwang, J.-Y,; Park, S.-J.; Yoon, C. S.; Sun, Y.-K. Customizing a
Li-metal battery that survives practical operating conditions for
electric vehicle applications. Energy Environ. Sci. 2019, 12, 2174—
2184.

(17) Hou, T ; Yang, G.; Rajput, N. N.; Self, J.; Park, S.-W.; Nanda, J.;
Persson, K. A. The influence of FEC on the solvation structure and
reduction reaction of LiPF4/EC electrolytes and its implication for
solid electrolyte interphase formation. Nano Energy 2019, 64, 103881.

(18) Aurbach, D.; Gamolsky, K.; Markovsky, B.; Gofer, Y.; Schmidt,
M.; Heider, U. On the use of vinylene carbonate (VC) as an additive
to electrolyte solutions for Li-ion batteries. Electrochim. Acta 2002, 47,
1423—14309.

(19) Kim, S.; Lee, T. K; Kwak, S. K; Choi, N.-S. Solid Electrolyte
Interphase Layers by Using Lithiophilic and Electrochemically Active
Tonic Additives for Lithium Metal Anodes. ACS Energy Lett. 2022, 7,
67—69.

(20) He, J.; Wang, H.; Zhou, Q.; Qj, S.; Wu, M,; Li, F.; Hu, W.; Ma,
J. Unveiling the Role of Li* Solvation Structures with Commercial
Carbonates in the Formation of Solid Electrolyte Interphase for
Lithium Metal Batteries. Small Methods 2021, 5, 2100441.

(21) Yan, K; Ly, Z.; Lee, H.-W.; Xiong, F.; Hsu, P.-C.; Li, Y.; Zhao,
J; Chy, S.; Cui, Y. Selective deposition and stable encapsulation of
lithium through heterogeneous seeded growth. Nat. Energy 2016, 1,
16010.

(22) Lee, J; Choi, S. H.; Im, G.; Lee, K. J.; Lee, T.; Oh, J.; Lee, N.;
Kim, H.; Kim, Y.; Lee, S. Room-Temperature Anode-Less All-Solid-
State Batteries via the Conversion Reaction of Metal Fluorides. Adv.
Mater. 2022, 34, 2203580.

(23) Jin, S.; Ye, Y.; Niu, Y;; Xu, Y.; Jin, H,; Wang, J.; Sun, Z.; Cao,
A.; Wy, X,; Luo, Y.; et al. Solid-Solution-Based Metal Alloy Phase for
Highly Reversible Lithium Metal Anode. J. Am. Chem. Soc. 2020, 142,
8818—8826.

(24) Chen, L,; Chen, K.-S.; Chen, X.; Ramirez, G.; Huang, Z.; Geise,
N. R; Steinriick, H.-G.; Fisher, B. L.; Shahbazian-Yassar, R.; Toney,
M. E,; Hersam, M. C; Elam, J. W. Novel ALD Chemistry Enabled
Low-Temperature Synthesis of Lithium Fluoride Coatings for
Durable Lithium Anodes. ACS Appl. Mater. Interfaces 2018, 10,
26972—-26981.

(25) Pan, J.; Cheng, Y.-T.; Qi, Y. General method to predict voltage-
dependent ionic conduction in a solid electrolyte coating on
electrodes. Phys. Rev. B 20185, 91, 134116.

(26) Li, W.; Wy, G.; Aratjo, C. M.; Scheicher, R. H.; Blomgqyvist, A.;
Ahuja, R; Xiong, Z.; Feng, Y,; Chen, P. Li" ion conductivity and
diffusion mechanism in a-Li;N and f-Li;N. Energy Environ. Sci. 2010,
3, 1524—1530.

(27) Liu, Y.; Xu, Y.; Wang, J.; Sun, Y.; Feng, X.; Xiang, H. Regulated
lithium deposition behavior by an artificial coating of Cu foil for
dendrite-free lithium metal batteries. Mater. Today Sustain. 2022, 18,
100127.

(28) Zhang, R;; Chen, X. R;; Chen, X.; Cheng, X. B; Zhang, X. Q;
Yan, C.; Zhang, Q. Lithiophilic Sites in Doped Graphene Guide
Uniform Lithium Nucleation for Dendrite-Free Lithium Metal
Anodes. Angew. Chem. 2017, 129, 7872—7876.

(29) Koo, D.; Kwon, B.; Lee, J.; Lee, K. T. Asymmetric behaviour of
Li/Li symmetric cells for Li metal batteries. Chem. Commun. 2019, SS,
9637—9640.

(30) Choudhury, S. Rational Design of Nanostructured Polymer
Electrolytes and Solid-Liquid Interphases for Lithium Batteries; Springer,
Cham, 2019; pp 81-94.

(31) Zhang, S.; Li, R; Hu, N.; Deng, T.; Weng, S.; Wu, Z,; Lu, D,;
Zhang, H.; Zhang, J.; Wang, X,; Chen, L.; Fan, L,; Fan, X. Tackling
realistic Li* flux for high-energy lithium metal batteries. Nat. Commun.
2022, 13, 5431.

(32) Peng, Z.; Cao, X; Gao, P,; Jia, H.; Ren, X;; Roy, S.; Li, Z.; Zhu,
Y,; Xie, W,; Liu, D; Li, Q; Wang, D.; Xu, W.; Zhang, J.-G. High-
Power Lithium Metal Batteries Enabled by High-Concentration

https://doi.org/10.1021/acs.nanolett.5c01307
Nano Lett. 2025, 25, 10082—10089


https://doi.org/10.1016/j.ensm.2020.12.027
https://doi.org/10.1016/j.ensm.2020.12.027
https://doi.org/10.1016/j.ensm.2020.12.027
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1016/j.ensm.2017.12.002
https://doi.org/10.1016/j.ensm.2017.12.002
https://doi.org/10.1016/j.ensm.2017.12.002
https://doi.org/10.1021/acs.chemrev.9b00609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat3246
https://doi.org/10.1038/nmat3246
https://doi.org/10.1021/acscentsci.6b00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.6b00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.6b00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nenergy.2017.83
https://doi.org/10.1038/nenergy.2017.83
https://doi.org/10.1039/C7TA00371D
https://doi.org/10.1039/C7TA00371D
https://doi.org/10.1016/j.jpowsour.2022.231898
https://doi.org/10.1016/j.jpowsour.2022.231898
https://doi.org/10.1016/j.jpowsour.2022.231898
https://doi.org/10.3389/fmats.2019.00267
https://doi.org/10.3389/fmats.2019.00267
https://doi.org/10.1002/sstr.202200114
https://doi.org/10.1002/sstr.202200114
https://doi.org/10.1016/j.ensm.2018.02.014
https://doi.org/10.1016/j.ensm.2018.02.014
https://doi.org/10.1021/jacs.2c08849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2017.10.017
https://doi.org/10.1016/j.chempr.2017.10.017
https://doi.org/10.1038/s41467-018-06077-5
https://doi.org/10.1038/s41467-018-06077-5
https://doi.org/10.1039/C9EE00716D
https://doi.org/10.1039/C9EE00716D
https://doi.org/10.1039/C9EE00716D
https://doi.org/10.1016/j.nanoen.2019.103881
https://doi.org/10.1016/j.nanoen.2019.103881
https://doi.org/10.1016/j.nanoen.2019.103881
https://doi.org/10.1016/S0013-4686(01)00858-1
https://doi.org/10.1016/S0013-4686(01)00858-1
https://doi.org/10.1021/acsenergylett.1c02461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c02461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c02461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smtd.202100441
https://doi.org/10.1002/smtd.202100441
https://doi.org/10.1002/smtd.202100441
https://doi.org/10.1038/nenergy.2016.10
https://doi.org/10.1038/nenergy.2016.10
https://doi.org/10.1002/adma.202203580
https://doi.org/10.1002/adma.202203580
https://doi.org/10.1021/jacs.0c01811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.91.134116
https://doi.org/10.1103/PhysRevB.91.134116
https://doi.org/10.1103/PhysRevB.91.134116
https://doi.org/10.1039/c0ee00052c
https://doi.org/10.1039/c0ee00052c
https://doi.org/10.1016/j.mtsust.2022.100127
https://doi.org/10.1016/j.mtsust.2022.100127
https://doi.org/10.1016/j.mtsust.2022.100127
https://doi.org/10.1002/ange.201702099
https://doi.org/10.1002/ange.201702099
https://doi.org/10.1002/ange.201702099
https://doi.org/10.1039/C9CC04082J
https://doi.org/10.1039/C9CC04082J
https://doi.org/10.1038/s41467-022-33151-w
https://doi.org/10.1038/s41467-022-33151-w
https://doi.org/10.1002/adfm.202001285
https://doi.org/10.1002/adfm.202001285
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c01307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters pubs.acs.org/NanoLett

Acetonitrile-Based Electrolytes with Vinylene Carbonate Additive.
Adv. Funct. Mater. 2020, 30, 2001285.

(33) Zhao, Q.; Wang, R;; Hu, X.; Wang, Y,; Lu, G; Yang, Z; Liu,
Q. Yang, X; Pan, F; Xu, C. Functionalized 12 ym Polyethylene
Separator to Realize Dendrite-Free Lithium Deposition toward Highly
Stable Lithium-Metal Batteries. Adv. Sci. 2022, 9, 2102215.

(34) Yan, C; Li, H.-R; Chen, X;; Zhang, X.-Q.; Cheng, X.-B.; Xu,
X.-B.; Huang, J.-Q.; Zhang, Q. Regulating the Inner Helmholtz Plane
for Stable Solid Electrolyte Interphase on Lithium Metal Anodes. J.
Am. Chem. Soc. 2019, 141, 9422—9429.

(35) Zabara, M. A; Katirci, G.; Civan, F. E.; Yiiriim, A.; Giirsel, S.
A, Ulgiit, B. Insights into charge transfer dynamics of Li batteries
through temperature-dependent electrochemical impedance spectros-
copy (EIS) utilizing symmetric cell configuration. Electrochim. Acta
2024, 485, 144080.

(36) Tanibata, N.; Morimoto, R.; Nishikawa, K., Takeda, H.;
Nakayama, M. Asymmetry in the Solvation-Desolvation Resistance for
Li Metal Batteries. Anal. Chem. 2020, 92, 3499—3502.

(37) Hu, L.-H; Wu, F.-Y,; Lin, C.-T.; Khlobystov, A. N.; Li, L.-J.
Graphene-modified LiFePO, cathode for lithium ion battery beyond
theoretical capacity. Nat. Commun. 2013, 4, 1687.

10089

https://doi.org/10.1021/acs.nanolett.5c01307
Nano Lett. 2025, 25, 10082—10089


https://doi.org/10.1002/adfm.202001285
https://doi.org/10.1002/advs.202102215
https://doi.org/10.1002/advs.202102215
https://doi.org/10.1002/advs.202102215
https://doi.org/10.1021/jacs.9b05029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b05029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2024.144080
https://doi.org/10.1016/j.electacta.2024.144080
https://doi.org/10.1016/j.electacta.2024.144080
https://doi.org/10.1021/acs.analchem.9b05321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b05321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms2705
https://doi.org/10.1038/ncomms2705
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c01307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

