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ABSTRACT: It is crucial to comprehend the effect of the solid
electrolyte interphase (SEI) on battery performance to develop
stable Li metal batteries. Nonetheless, the exact nanostructure
and working mechanisms of the SEI remain obscure. Here, we
have investigated the relationship between electrolyte compo-
nents and the structural configuration of interfacial layers using
an optimized cryogenic transmission electron microscopy (Cryo-
TEM) analysis and theoretical calculation. We revealed a unique
dual-layered inorganic-rich nanostructure, in contrast to the
widely known simple specific component-rich SEI layers. The
origin of stable Li cycling is closely related to the Li-ion diffusion
mechanism via diverse crystalline grains and numerous grain
boundaries in the fine crystalline-rich SEI layer. The results can
elucidate a particular issue pertaining to the chemical structure of SEI layers that can induce uniform Li diffusion and rapid Li-
ion conduction on Li metal anodes, developing stable Li metal batteries.

Metallic Li is well-known for the highest specific
capacity (3,860 mAh g−1) and the lowest redox
potential (−3.040 V vs standard hydrogen elec-

trode) among battery anode materials, making it ideal for
developing high energy density battery systems, such as Li−O2
(∼3,500 Wh kg−1), Li−S (∼2,600 Wh kg−1), and other future
battery systems. Nevertheless, highly reactive Li undergoes
continuous side reactions with electrolytes, which accelerate
the loss of fresh Li source and electrolyte components,
resulting in low Coulombic efficiencies and short cycle lives.1−6

In particular, dendrites resulting from the spatial heterogeneity
of the Li-ion distribution on the electrode surface can cause an
internal short circuit in the battery system. It is believed that
heterogeneous the solid electrolyte interphase (SEI) layer
originating from the electrolyte component reduction contrib-
utes significantly to the issues mentioned above.7−10

Various strategies for improving the Li metal anode, such as
using advanced electrolytes, enhance the electrochemical
performance of Li metal batteries.11 High-concentration
electrolytes are known to reduce the average ion concentration
gradients from the bulk electrolyte to the electrode surface.
The smoothed concentration gradient from a bulk electrolyte
to a current collector can facilitate stable metal deposition with

a relatively large size, no discernible morphology, and no
preferred growth direction.6,12

Fundamentally, the effect of the SEI layer formed on the
electrode surface is as important as the relieved electrolyte
concentration gradient for stable metal deposition.13−15

Variables, such as surface and crystal free energy, govern the
Li metal deposition on a foreign substrate surface.16 Due to the
presence of the electrolyte reductive reaction, the interfacial
state would significantly impact these free energies during the
Li deposition process. Since Li ions or electrolyte components
react indiscriminately, it is challenging to comprehend the
complicated interfacial reactions, including the correlation
between Li deposition and SEI formation.
Although interfacial analyses, such as X-ray photoelectron

spectroscopy (XPS), can infer the elemental composition
change in the entire SEI layer, a proper analysis is required to
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comprehend the locally formed interface, the structural change
of SEI layers, and plated Li.17−19 Cryogenic transmission
electron microscopy (Cryo-TEM) was introduced to the
energy field originaally by the biology community.17,18 The
beam-sensitive Li has been investigated by this technique,
which preserves structural/chemical information at low
temperatures (<−170 °C) under relatively low-dose rates
(<1,000 e·Å−2·s−1). Although cryogenic treatment stabilizes
the analysis conditions, some difficulties persist. Each
crystalline grain, such as Li2O and LiF, may have different
degrees of endurance to the high energy electron beam even
under the same cryogenic conditions, which means much
attention is needed to observe various crystalline inorganic
grains that could have been formed during the cycling. Because
of its complex amorphous and mixed crystalline structure, it is
challenging to reveal the exact effect of the SEI layers on Li
metal anodes.20,21

Herein, we have successfully studied the impacts of
interfacial layers on the Li metal anode by comparing the
structural/chemical properties using Cryo-TEM and density
functional theory (DFT) calculations. Small and uniformly
distributed Li nuclei were observed with the inorganic-rich SEI
layers when a concentrated electrolyte was used. At the initial
stage, the spatially homogeneous Li nuclei were deposited by
uniform Li-ion migration via a rapidly formed high ionic
conducting SEI layer, which could inhibit dendrite growth. In a
subsequent charging process, the formed inorganic interphase
grew into a compact dual-layered inorganic-rich SEI layer that
can provide fast Li-ion pathways. Consequently, depending on
the electrolyte system, this structural/chemical observation can

provide profound insight and facilitate the design of superior Li
metal batteries.

Uniform Li-Ion Flux and Nucleation in Inorganic-Rich
SEI Layers. When a current is applied, Li ions near the surface
of the current collector are consumed by transferred electrons
with reductive reactions like SEI formation. Properties of SEIs,
including the ionic conductivity, can change depending on
their structure/chemical composition. It is well-known that the
SEI layer derived from the conventional carbonate electrolyte
has a mosaic or a multilayer structure with Li2O crystalline
grains embedded in an amorphous matrix. Although SEIs
derived from carbonate electrolytes can be controlled by salt
tuning, most of them have an amorphous-rich carbon matrix
with heterogeneously precipitated inorganic components.7,19,22

Li ions showed different conduction through the amorphous
matrix and the inorganic crystalline grains of these SEIs,
creating partially fast ionic conductive regions and uneven Li-
ion diffusion over the entire SEI (Figure 1A).23 The
nonuniform Li-ion diffusion generated partially concentrated
regions near the current collector. Finally, a nonuniform Li
nucleation occurred at the initial stage of Li deposition as
shown in Figures 1B,C and S1. Compared with the
conventional carbonate electrolyte, LiFSI-DME based con-
centrated electrolyte demonstrated a different decomposition
mechanism and rendered a robust inorganic-rich SEI layer.11

Since DME solvent is chemically stable against reductive
reaction, the formed SEI layer is composed of diverse inorganic
species, such as Li2O and LiF, that originated from the LiFSI
decomposition (Figure 1D).24 The SEI layer derived from
concentrated electrolytes can deposit first or co-deposit with Li
on the current collector since the LiFSI salt decomposes at a

Figure 1. Li metal nucleation under different Li-flux conditions at the initial stage at 10 s. (A) Schematic of the nonuniform Li-ion flux near
the current collector without the SEI layer contribution in the conventional carbonate electrolyte. (B and C) SEM (B) and Cryo-TEM (C)
image of nonuniform Li nucleation on the copper current collector in the conventional carbonate electrolyte. (D) Schematic of the uniform
Li-ion flux near the current collector with the abundant SEI layer in the high-concentration DME electrolyte. (E and F) SEM (E) and Cryo-
TEM (F) image of uniform Li nucleation on the copper current collector in the high-concentration DME electrolyte.
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relatively higher potential than Li nucleation. At the initial
stage, the formed inorganic-rich SEI layer could regulate Li-ion
diffusion evenly because of the abundantly distributed
inorganic species over the entire SEI layer. The uniform Li-
ion diffusion could facilitate smaller and more uniform nuclei
in comparison to those formed using conventional carbonate
electrolytes, as shown in Figures 1E,F and S1.
The crystal free energy, ΔG, is given by ΔG = 4πr2γ + 4/

3πr3ΔGv, where r is the radius of a spherical particle, γ the
surface energy, and ΔGv the free energy of the bulk crystal.
The bulk crystal energy, ΔGv, is expressed as −kBT·ln(S)·v−1,
which is defined by the Boltzmann’s constant (kB), temper-
ature (T), the supersaturation of the solution (S), and molar
volume (v). Overcoming the surface free energy is the most
important factor for the uniform metal nucleation and growth
on a foreign surface.25 A high concentration of Li ions
increases the supersaturation value on the Cu current collector
in a concentrated DME electrolyte. Furthermore, the
inorganic-rich SEI layer capable of inducing a fast Li-ion
diffusion may affect the surface energy of the current collector
with its lithiophilic property. Unlike the conventional electro-
lyte system, the concentration of Li ions near the current
collector would not significantly be localized in the

concentrated electrolyte systems. Evenly distributed Li ions
did not trigger Li depletion across the entire regions under the
same current density, resulting in an even distribution of small
nuclei with the SEI abundant regions (Figures 1E,F and S1).
These results suggest that the concentrated electrolytes can
form the SEI more easily than conventional carbonate
electrolytes at the initial stage and the formed interphase can
regulate the initial nucleation uniformly (Figure 1C,F).

Nanoarchitecture of Inorganic-Rich SEI Derived from
the LiFSI-DME Electrolytes. The initially formed SEI layer
played an important role in the subsequent cycles of Li plating
and stripping. The nuclei formed in the conventional carbonate
electrolyte showed diverse morphological properties such as
mossy-like nuclei of 50−200 nm, which were aggregated in
most parts of the Li deposition (Figures 1B and S1). Some
large needle-like nuclei over 400 nm without a specific SEI
layer were observed at a specific area on the current collector
(Figure 1C). This needle-like structure confirmed that Li is
governed by the kinetically preferential deposition on the
existing nucleation sites. The amorphous-rich mosaic and
multilayer SEIs, mostly composed of carbon species derived
from carbonate solvent, showed uneven nanostructure through
the entire electrode surface (Figures S2−S4). The regions of

Figure 2. Inorganic-rich SEI layer in the high-concentration DME electrolyte. (A) Cryo-HRTEM image of spherical Li nuclei and inorganic-
rich SEI layers (inset corresponds to the FFT) at the initial stage (2.0 mA·cm−1, 10 s) in the high-concentration DME electrolyte. (B) Cryo-
HRTEM image of the dual-layered inorganic-rich SEI layer after charging 1.0 mAh·cm−1 by 2.0 mA·cm−1 in the high-concentration DME
electrolyte. (C−E) Areal distribution of deposited Li metal (C), Li2O (D), LiF, Li2S, and Li3N (E) in the Cryo-HRTEM image shown in
panel B. (F and G) TEM-EDS peaks of each element (F) and atomic content (G) in the dual-layered inorganic-rich SEI. (H) A schematic of
the structure of the dual-layered inorganic-rich SEI.
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unevenly embedded crystalline inorganic species or partially
covered Li2O could provide unstable spots for dendritic
growth in the subsequent cycles. The heterogeneously formed
Li nuclei and SEI layer in conventional carbonate electrolytes
could cause the focused Li flux and yield higher local current
densities over the limiting value to initiate the tip-growing Li
dendrite (Figure S5a,b).12,26 However, the uniform Li diffusion
through an inorganic-rich SEI layer derived from the
concentrated electrolyte generated a peculiar shape of Li
nuclei (Figures 1F and 2A). Approximately 5 nm-thick distinct
layers composed of Li2O, LiF, and sulfide species were
observed on the surface of the spherical nuclei, as shown in
Figure 2A. The strong diffraction spots of sulfide species, Li2O,
and LiF as shown in Figure S6a suggest that the inorganic
species were mainly formed and facilitated the uniform Li
diffusion at the initial stage of Li deposition. These inorganic
species in the SEI layer which have high ionic conductivity
compared with the amorphous matrix divided the focused Li
flux and evenly made small nuclei of approximately 50 nm. The
uniformly formed spherical nuclei and SEI layer can further
guide Li ions evenly through the entire surface in subsequent
cycles and make stable electroplating possible. According to
the LaMer mechanism, the concentration of ions at the surface
decreases rapidly when the initial nucleation occurs. If a
sufficiently high concentration of ions can be maintained, the
nucleation is uniform and stable upon further plating because
ion diffusion for crystal growth is supplied smoothly.6 Small
single-crystalline spherical nuclei grew to nanosheet-like Li, not
dendrites (Figure S5c,d), with the abundant inorganic-rich SEI
layer composed of the Li2O outer layer and the inorganic-rich
inner layer (Figures 2B and S6b). The Li2O layer existed
evenly, approximately 10 nm above the deposited Li metal, and
other inorganic components such as LiF, Li2S, and Li3N were

approximately 5 nm inside the Li metal. This unique dual-
layered nanostructure derived from the concentrated electro-
lyte showed a lot of inorganic crystalline grains, different from
the conventional carbonate electrolyte SEI layer (Figures 2B
and S2). The distribution of each component was also revealed
by areal distribution mapping data as shown in Figure 2C (Li
metal), 2D (Li2O), and 2E (LiF, Li2S, and Li3N) consistent
with the results of TEM-EDS and XPS-depth profile data
(Figures 2F,G, S7, and S8). Li ions can find diverse fast
pathways through the grain boundaries among many inorganic
crystalline grains with migration energy barriers lower than
bulk grains or amorphous matrix (Figure 2H).27 The fact that
some inorganic components except Li2O were placed partially
concentrated at the specific areas might be a starting point for
the morphological evolution from spherical nuclei to nano-
sheet. The unique SEI layer was also different with relatively
low-concentration electrolytes such as 2.0 M LiFSI-DME as
shown in Figure 3A. The deposited Li using a 2.0 M electrolyte
showed a mixed morphology of nanosheet (Figure 3B, red
square in Figure 3A) and dendrite (Figure 3C, green square in
Figure 3A). The surface of the nanosheet consisted of diverse
inorganic products, such as Li2S, Li3N, and Li2O, like the
interface of the deposited Li using highly concentrated
electrolyte (Figures S6b and 3D). However, the interfacial
structure of the dendrite contained only Li2O comparable to
the dendrite-dominated Li deposition in conventional
carbonate electrolytes (Figures S2 and 3E). These results
confirm that the inorganic-rich SEI layer can induce more
uniform and denser Li deposition.
DFT study was further conducted to reveal the formation

mechanism of the dual-layered inorganic-rich SEI.28,29 The
main components of the inorganic-rich SEI layer were LiF,
Li2S, and Li3N, the decomposition products of LiFSI salt. After

Figure 3. Mixed morphology of deposited Li in 2.0 M LiFSI DME electrolyte and decomposition mechanism of LiFSI salt. (A) Low-
magnification Cryo-TEM image of the deposited Li metal with mixed morphology of dendrite and nanosheet in 2.0 M LiFSI DME
electrolyte. (B) Deposited Li metal with the nanosheet morphology (red dashed box in panel A). (C) Deposited Li metal with the dendrite
morphology (green dashed box in panel A). (D) Cryo-HRTEM image of the nanosheet Li metal and SEI layer (orange dashed box in panel
B). The inset corresponds to the FFT. (E) Cryo-HRTEM image of the dendrite Li metal and SEI layer (blue dashed box in panel C). The
inset corresponds to the FFT. (F) LiFSI salt decomposition potential energy diagram and (G) schematic decomposition mechanisms that
formed the dual-layered inorganic-rich SEI layer in the concentrated DME electrolyte.
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reducing the LiFSI with additional Li ions, the S�F, S�O,
and N�S chemical bonds broke, making their products the
seeds of inorganic compounds in the SEI. We evaluated the
thermodynamic stability of those products after reducing LiFSI
salt with extra Li ions. As a result, S�F bonds broke first
before any other bonds, and S�O and N�S bonds broke
consecutively (Figure 3F,G). The N�S bond broke at the
latter phase to produce Li2S and Li3N, which is predicted to be
the potential-determining step of LiFSI decomposition (Figure
S9). During the LiFSI decomposition process, Li ions exhibited
a preference for bondingwith the inorganic species rather than
breaking extra chemical bonds when the molecular neutrality
of the salt was lost. Thus, LiF, Li2O, Li2S, and Li3N were
produced rapidly with the Li nucleation and distributed near
the deposited Li metal. In the additional Li growth process
where sufficient overpotential is maintained, LiF and Li2O are
expected to compose the outer layer because of the
continuously applied potential, breaking the N�S bond
harder. This predicted decomposition process is consistent
with the nanoarchitecture of the dual-layered inorganic-rich
SEI as shown in Figure 2B.

Electrochemical Performance and Long-Term Dura-
bility of Li Metal Batteries. To elucidate the high ionic
conductivity of the inorganic-rich SEI layer, DFT calculations
were performed.30,31 The bulk inorganic SEI species and their

surface/interfaces were considered possible ionic conducting
hosts. Among the bulk inorganic SEI layers, LiF showed the
lowest Li-ion conductivity, while Li3N has a high Li-ion
conducting channel along specific interlayer diffusion (Figure
4A). The Li2O and Li2S bulk structure showed 0.26 and 0.34
eV of energy barrier, indicating it is relatively difficult to
transfer Li ions. In most cases, Li-ion diffusion along the
surface planes is faster than that through the bulk region.
Although a relatively low energy barrier was observed in the
Li3N bulk, Li3N surface, and Li2O surface structures, they are
not the main reason for the improved electrochemical
performance. When Li ions were transferred from the Li2O-
rich outer layer into the Li metal side, Li ions would encounter
various pathways which have diverse energy barriers (see
interface section in Figure 4A). Numerous grain boundaries
formed among many crystalline grains could considerably
affect Li conduction through their lower energy barrier.
Interestingly, most interfacial diffusion among inorganic
species showed a low energy barrier (less than 0.2 eV),
which is similar to the Li2O surface structure. If Li ions exist at
the bulk structure or near the surface plane of SEI species with
a high energy barrier, Li ions can be easily transferred to the
interfacial sites among crystalline grains that have a lower
migration energy barrier. In other words, efficient and fast Li

Figure 4. Fast Li-ion conduction through the inorganic-rich SEI layer. (A) Li-ion migration energy comparison through the bulk, surface
structure of inorganic grains, and interface among crystalline grains. Li-ion migration energy between the same phase was not considered
(displayed as a gap in each column). Large migration energy of Li3N−Li2O is the reverse direction energy barrier of spontaneous reaction
(see the Molecular Modeling section in the Supporting Information and Figures S12−S14). (B) Comparison of overpotential in the initial
stage using different electrolytes. (C) EIS data after the first charging on the copper current collector. (D) Li symmetric cell data under 1.0
mAh·cm−1 by 2.0 mA·cm−1.
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conduction could be achieved in the inorganic-rich dual-
layered SEI.
This different SEI layer significantly affected the electro-

chemical performance of symmetric Li cells, as shown in Figure
4B−D. The overpotential of the concentrated electrolyte
system was approximately 30 mV, which is 5−6 times lower
than that of the conventional carbonate electrolyte system in
the first Li nucleation, and remained unchanged in subsequent
cycles (Figure 4B). However, a large voltage spike of the
conventional carbonate electrolyte system at the initial stage
suggests that the interphase composed of inorganic species
effectively decreased the electrode polarization from the initial
stage. We further confirmed the contribution of the dual-
layered inorganic-rich SEI to the electrochemical impedance
spectroscopy (EIS) after the first deposition on a bare Cu
current collector using each electrolyte (Figure 4C). The
semicircle from the conventional carbonate electrolyte system
yielded a resistance of approximately 30.23 Ω, but the
concentrated electrolyte system yielded 11.10 Ω with the
help of the swiftly formed SEI layer. The robust SEI layer
formed at the first cycle could lead to stable cycling over 1,000
cycles while maintaining low overpotential (Figure 4D).

Although the ionic conductivity of the bulk electrolyte is
relatively low due to high viscosity, the high ionic conductive
SEI layer could decrease the overpotential and the resistance at
the interface, as shown in Figure 4B,C. The role of
fluoroethylene carbonate (FEC) additive in conventional
carbonate electrolytes is to change the structure of the SEI
layer upon Li metal increasing the Coulombic efficiency, but
the cycle retention was not significantly improved at a
relatively high current density of 2.0 mA·cm−2 (Figure S10a).
Even with an FEC additive, a sharp dendritic shape inevitably
formed during Li deposition which could provide a notch
region at specific points in the subsequent cycles, resulting in
cracks and dead lithium (Figure S5a,b).8,9,19 The stability of Li
metal anode using relatively low-concentration LiFSI-DME
electrolyte was also poor as shown in Figure S10b. Low
overpotential during the cycles indicated that the electrolytes
can facilitate rapid transfer of Li ions due to the thin SEI layer
composed of high ionic conductive species (Figure S10c,d).
However, Li symmetric cells with 1.0 and 2.0 M LiFSI-DME
electrolyte showed a short-circuit failure near 200 cycles
(Figure S10e) because they showed an identical nanostructure

Figure 5. Uniform Li stripping through an inorganic-rich SEI layer. (A−C) Low magnification Cryo-TEM and high magnification Cryo-
STEM images of the remaining SEI layer after the discharge process in the high-concentration DME electrolyte system. (D) Cryo-HRTEM
image of the remaining SEI layer and empty space inside the layer in the high concentration DME electrolyte system. (E) FFT image
containing an inorganic component in panel D. (F) Areal distribution of the inorganic-rich SEI layer in panel D. (G and H) Schematic of Li
growth/stripping mechanisms during continuous cycles (G) with nonuniform and (H) uniform SEI layers.
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of the SEI layer and dendritic Li deposition after the charge
process (Figures 3C and S11).
Furthermore, a different Li cycling occurred in the

concentrated electrolyte system because the robust dual
inorganic layer was well-maintained even after the stripping
process (Figure 5A−C). The deposited nanosheet showed
shrinkage, forming clusters of approximately 200 nm during
the discharge process, as shown in Figure 5A. In high-
magnification STEM images (Figure 5B,C), the clusters are
composed of many small spheres, similar to the deposited Li at
the initial stage. After the discharge process at a potential
exceeding 1.0 V, an empty space was created where Li was
originally present, and a distinct SEI shell with a similar
nanostructure to the SEI layer formed on the deposited Li
metal during the charge process (Figure 5D). According to the
FFT patterns, inorganic components such as Li2S, Li3N, Li2O,
and LiF were maintained abundantly even after the complete
stripping process of Li (Figure 5E). The robust structural
configuration of the SEI layer that consists of high ionic
conductive inorganic components covered with an Li2O layer
was intact as shown in the areal distribution mapping data
(Figure 5F). Although some structural changes occurred
during the stripping process from the dual-layered structure
to the wrapped structure, the remaining specific shell
confirmed the rigid and compact nature of the inorganic-rich
SEI layer. Homogeneously spread clusters covered by an SEI
shell may act as nucleation sites in the subsequent process
because of the well-maintained Li conductive layer with the
empty space for Li deposition. In the conventional carbonate
electrolyte system, heterogeneous Li cycling such as tip-
growing and crack formation would be repeated since the
formed nonuniform SEI layer could not balance the Li flux
(Figure 5G). Otherwise, a regulated Li flux through the rapidly
formed robust inorganic-rich SEI layer facilitated an evenly
distributed and stable Li cycling. This functional difference in
the SEI layer affected not only the initial Li nucleation but also
the stable and dense Li packing during the continuous cycles
(Figure 5H). The distinct structural advantages of a dual-
layered inorganic-rich SEI clarify the electrolyte engineering to
establish stable Li metal batteries.
In this work, we reveal the exact nanostructure of the SEI

layer on the Li metal anode and its fundamental effect on
stable Li metal batteries by Cryo-TEM and DFT analysis.
Using a proper dose rate of Cryo-TEM can provide the fine
atomic structure of a dual-layered inorganic-rich SEI and
explain the difference with the SEI layer in the conventional
carbonate electrolyte system. Unlike previous studies, we also
reveal that a concentrated electrolyte used in this work can
generate not the fluorine-rich SEI but the unique structure of
the SEI layer. Furthermore, a fundamental understanding of
the formation of high ionic conductive inorganic species from
the LiFSI decomposition process could give insights into future
development of superior SEI layers for Li metal batteries.
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