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ABSTRACT: Li metal anodes are among the most promising options for
next-generation batteries, exhibiting the highest theoretical capacity.
However, irregular Li electrodeposition, which raises safety concerns, is a
major obstacle in practical applications. Therefore, a fundamental
understanding of the beginning phases of Li plating, such as nucleation
and early growth, which have a decisive influence on the dendritic growth
of Li, is essential. In this study, we investigated the early stage of Li plating
at the single-particle level and its correlation with the solid-electrolyte
interphase (SEI) using in situ liquid phase transmission electron
microscopy (TEM) and cryogenic TEM. We observed contrasting
nucleation dynamics and particle growth patterns in two electrolytes (1
M LiPF6 in ethylene carbonate/diethyl carbonate and 1 M LiTFSI in 1,3-
dioxolane/dimethoxy ethane), which originate from different chemical
and physical properties of the SEIs. Based on our findings, we propose a mechanism of nucleation and initial growth of Li
dictated by the SEI.

Lithium is the most promising alternative anode material
for conventional graphite anodes due to its extremely
high theoretical capacity (3,860 mAh/g) and low

negative reduction potential (−3.04 V vs standard hydrogen
electrode).1−3 However, the uncontrolled morphological
evolution of Li, such as the formation of whiskers, globules,
and moss, is a major hurdle for the commercialization of Li metal
batteries (LMBs).4−6 When Li grows into dendrites, it leads to
short-circuit and, more seriously, heat generation and thermal
runaway, threatening its safety.7 The dynamics of Li plating is
primarily regulated by a solid-electrolyte interphase (SEI). SEI is
unavoidably formed on the Li surface owing to the high
reactivity of Li with organic electrolytes.8−10 Low ionic
conductivity, nonuniform thickness, or structural inhomoge-
neity of the SEI is known to induce dendritic growth of Li.11,12

Therefore, chemical and physical characteristics of the SEI are
key components that determine the kinetic pathway of Li
growth.

As electrochemical Li growth is a kinetically driven process,
the irregular nature of Li evolution is likely to initiate from the
beginning phase of Li electrodeposition. After the formation of
the SEI on the electrode in the early stages of Li deposition, it
can be predicted that the SEI regulates the transport of Li-ion
species and electrochemical reduction of Li at the interface of
the electrode and SEI.13,14 However, understanding the
properties of the SEI and its role in the electrodeposition of Li

is not trivial because the SEI is a product of the complex
chemical and electrochemical reactions of the electrolyte. A
common electrolyte is prepared by mixing several components,
including solvents, salts, and various additives. In addition, there
is a wide range of choices for each chemical category and their
combinations.15−17 Due to this complexity, the SEI inherently
possesses heterogeneity with respect to the compositional
domains and their distribution within the SEI when it is formed
on the surface of the electrode.18,19 Furthermore, such
heterogeneous SEI structures vary depending on the combina-
tion of chemicals used for preparing the electrolyte
mixture.17,20−23

Recently, many studies have attempted to investigate the
nucleation stage of Li using post-mortem analysis, modeling, and
simulation.12,13,24,25 For example, in a post-mortem analysis
using scanning electron microscopy, it was found that the
nucleation density and nuclei size, based on classical nucleation
theory, are determined by the current density.13,24 Other
studies, based on modeling and simulation, have shown that the
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current density and properties of the SEI, such as mechanical
strength and ionic conductivity, affect the heterogeneity of Li
nucleation.12,25 However, understanding the underlying mech-
anism for Li electrodeposition still requires a clear picture of the
complex SEI structures and direct interpolation between these
SEI structures and their roles in Li nucleation kinetics. If liquid
phase transmission electron microscopy (TEM) and cryogenic-
TEM (cryo-TEM) are combined and successfully applied to
study Li growth, it will enable direct visualization of Li growth in
a realistic liquid electrolyte and elucidation of the nanoscale
structures of sensitive Li and SEI, along with their
representations in Li growth.26−29

In this study, we investigated single-particle nucleation events,
their subsequent early stage growth, and the associated SEI
structures occurring in Li plating by in situ liquid phase TEM
combined with cryo-TEM. Our study revealed that the chemical
composition, uniformity, and mechanical properties of SEI
collectively determine the dynamics of nucleation and initial
growth in different electrolyte systems. In 1 M LiPF6 in ethylene

carbonate/diethyl carbonate (EC/DEC, 1:1 vol %), Li grows
slowly with high nucleation density, which is attributed to the
low Li+ diffusivity and poor stability of the SEI. In contrast, in 1
M LiTFSI in 1,3-dioxolane/dimethoxy ethane (DOL/DME, 1:1
vol %), Li grows rapidly, often in a stepwise manner, with sparse
nucleation events originating from the high Li+ conductivity and
flexibility of the SEI. This study provides a clear picture of the
initial Li electrodeposition process, which is heavily affected by
the SEI in LMB systems.

We explored the initial stage of Li plating in EC/DEC and
DOL/DME, representative systems of carbonate and ether-
based electrolytes, respectively, by in situ biasing liquid phase
TEM. The liquid-phase microcell for Li growth was established
with a top chip on which the Pt electrodes are patterned and a
bottom chip, as shown in the schematic in Figure 1a
(Experimental Methods). A cyclic voltammogram obtained
from the microcell showed a large cathodic current for Li
reduction and two anodic peaks for delithiation, which was
consistent with that of a Li|Pt half-cell, revealing the reliability of

Figure 1. (a) Schematic illustration of in situ liquid cell microchip and Li formation in two electrolytes within a microcell. (b) Cyclic
voltammetry (scan rate 20 mV/s) in 1 M LiPF6 in ethylene carbonate/diethyl carbonate (EC/DEC) electrolyte. (c) The voltage profile of
galvanostatic plating with 0.5 mA/cm2 and (d) the time-series transmission electron microscopy (TEM) snapshots during Li plating in EC/
DEC. (e) The voltage profile of galvanostatic plating with 0.5 mA/cm2 and (f) the time-series TEM snapshots during Li plating in 1M LiTFSI in
1,3-dioxolane/dimethoxy ethane (DOL/DME). (i) corresponds to a pristine state before plating and (ii−vii) correspond to the six points in the
voltage profile. The insets in panels d and f are magnified images of Li nucleation. The red and green arrows in panels d and f, respectively,
indicate newly formed nuclei at the time point, and the blue arrows in panel d indicate the defects on the electrode.
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electrochemical reaction in the microcell (Figure 1b).30,31 The
galvanostatic method (current density 0.5 mA/cm2) was
employed for electrodeposition of Li. It simulates an actual
charging process in the battery system and eliminates current
density dependency.32−34 Upon applying a cathodic current to
the working electrode (WE), the voltage instantly reached a
nucleation overpotential of −4.1 V (vs Pt pseudoreference), as
shown in the voltage profile for galvanostatic plating in EC/DEC
(Figure 1c). TEM images were acquired after every 30 s with
electron beam blanking between consecutive frames to minimize
unwanted beam effects on the electrolyte (Figures 1d and S1).
Before the first 3 min, there was no noticeable change in the Pt
electrode in the field of view, except for a slightly darkening
contrast in the electrode region, indicating the formation of an
SEI covering the electrode owing to continuous electro-
reduction of the electrolyte. Following the first nucleation
observed at 3 min (Figure 1d-iii), the formation of new nuclei
continued along the electrode surface and covered the entire
electrode surface at 10.5 min, as indicated by the red arrows in
Figure 1d. In parallel with the continuous nucleation of Li,
preformed Li electrodeposits grew into slightly faceted shapes.
Notably, nucleation occurred randomly on the surface of the
electrode, even though the electrode surface was not flat and had
noticeable flaws (marked with blue arrows). This implies that
surface defects have no priority for Li nucleation and that there is

another important factor for the nucleation of Li, which will be
discussed later.

The galvanostatic voltage profile and TEM images of Li
plating in DOL/DME are presented in Figures 1e,f and S2,
respectively. Despite the same current density applied, the
overpotential for Li nucleation, which was −3.2 V (vs Pt
pseudoreference), was lower than that in EC/DEC electrolyte.
The first nucleation of Li was observed at 4 min, which was
slightly later than that in EC/DEC. There were noticeable
differences in the Li plating, in contrast to EC/DEC. The size of
Li, when it was first observed, was much larger than that in EC/
DEC. Additional nucleation events were sparse, and only one
nucleation event was observed in the field of view of the TEM
snapshots (Figure 1f), in contrast to the continuous and dense Li
nucleation observed in EC/DEC. Instead of abundant
nucleation, the Li particle formed in DOL/DME rapidly
expanded at 7 min and another Li particle suddenly entered
the field of view at 8.5 min (labeled as rapid growth 1 and 2,
respectively, in Figure 1f-iv,v). Owing to the low overpotential in
DOL/DME, the Pt electrode underwent an Li−Pt alloying
reaction33,34 along with Li metal electrodeposition on the
surface of the electrode. The Li−Pt alloying on the electrode was
confirmed by a roughened electrode surface, volume expansion,
and contrast change of the electrode, as shown in Figures 1f and
S3. After Li−Pt alloying, Li was electrodeposited as an island

Figure 2. (a) Number of nucleation sites in both systems. (b) Changes in individual Li particle area. The particles are plotted until they exit the
frame. All profiles are compared between EC/DEC andDOL/DMEwithin a uniform field of view. (c) The contour trajectories during plating in
EC/DEC (left, corresponding to the red bold line in panel b and the particle marked as red star in Figure 1d) and DOL/DME (right). (d) The
profile for the total reacted area of all lithium particles. (e) The change in difference between total Li area in EC/DEC andDOL/DME. (f and g)
TEM images and (h and i) the histogram for Li particle size after 15 min at 0.5 mA/cm2 in (f and h) EC/DEC and (g and i) DOL/DME. The
scale of x-axis in the histograms and the scale bar in the TEM images are different.
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with an extended interface with the electrode, which is visible
along the boundary of the electrode from 11.5 min.

We conducted a quantitative comparison of the in situ liquid
phase TEM observations from the two electrolyte systems. A
number of nuclei were gradually generated in EC/DEC, whereas
only a single event of nucleation was observed in DOL/DME,
within the uniform field of view (except the particle nucleated
outside the field of view), as shown in Figure 2a. The average size
of the Li particles on their first appearance in EC/DEC,
measured from 19 Li nuclei, was 0.015 μm2, which was much
smaller than that (0.078 μm2) in DOL/DME. The growth rate
of the individual particles in DOL/DME was larger,
approximately 15−40 times higher than that in EC/DEC
(Figure 2b). The trend in change in growth rate was also
different. Li particles in EC/DEC grew linearly at a slow growth
rate (Figure S4). In contrast, the particles in DOL/DME grew in
a unique way. The size of Li increased explosively after a short
period when the growth was seemingly paused and then
approached a retarded growth stage, as confirmed by the particle
contours during growth (Figure 2c). The rapid expansion in
DOL/DME can explain the sudden appearance of additional Li
particles in the field of view at 8.5 min (Figure 1f). An interesting
difference was also found in the total projected area of all Li
particles within the frame (Figure 2d). The areas in the two
electrolytes were comparable up to 8 min, after which the area in
DOL/DME greatly exceeded that in EC/DEC, and the gap
further widened, as clearly shown in the plot of the area
difference (Figure 2e). This indicates that the amount of Li
electrodeposited in DOL/DME was greater than that in EC/
DEC. Considering the additional consumption of Li in the
alloying reaction, the difference in the amount of electro-
deposited Li was much larger. This further implies that there are
severe irreversible side reactions, such as electrolyte decom-
position during the initial Li formation process in EC/DEC.
This result is in accordance with the well-known low Coulombic

efficiency problem in LMBs operated with EC/DEC electrolyte
due to the high reactivity of carbonate-based solvents with
Li.4,27,35 Further difference between two electrolytes is also
found in the coverage of the electrode tracked with capacity, as
discussed in Supplementary Note 1 (Figure S5). The size of Li
particles after 15 min (at 0.125 mA h/cm2) in the two
electrolytes was measured. Whereas the average size in EC/DEC
was 0.15 μm2 (Figure 2f,h), in DOL/DME it was 2.71 μm2,
approximately 18.1 times larger, with a broader size distribution
(Figure 2g,i). Owing to the large volume of Li formed in DOL/
DME, the adjacent Li particles can be deformed. Moreover,
secondary particles nucleated on the primary particles, which
was presumably attributed to the cracking of the SEI.

As already mentioned, the nucleation overpotential differs
depending on the electrolyte, which may affect the initial
electrodeposition pattern of Li. This was validated by multiple
experiments demonstrating that the nucleation overpotential in
EC/DEC was significantly larger than that in DOL/DME
(Figure 3a). The nucleation overpotential (Figure S6) in the
coin cell (Li|Cu half-cell) also confirmed a similar tendency. The
overpotential difference measured in the liquid microcell and
coin cell was possibly due to the distinct geometry of the liquid
microcell (Supplementary Notes 2 and 3 and Figure S7). This
large overpotential gap is mainly attributed to the different
kinetic properties of the SEI. We evaluated the kinetic properties
of the SEIs in the two electrolytes using electrochemical
impedance spectroscopy (Figure 3b). The results showed that
the resistance to Li-ion transport through the SEI in EC/DEC
(192 Ω) was larger than that in DOL/DME (151 Ω), which
accounted for the high overpotential in EC/DEC. To investigate
the SEI structures uniformly formed in each electrolyte at the
same current density as in the liquid phase TEM experiment, we
performed cryo-TEM and electron energy loss spectroscopy
(EELS) analyses. A thick SEI layer of 20−30 nm was observed in
EC/DEC, confirmed by the apparent dark contrast on the

Figure 3. (a) The box plot for nucleation overpotential during galvanostatic experiment at 0.5 mA/cm2 in EC/DEC and DOL/DME
electrolytes. (b) Electrochemical impedance spectroscopy Nyquist plots after SEI formation in EC/DEC and DOL/DME electrolytes.
Cryogenic-TEM (Cryo-TEM) images of Li metal and SEI layer deposited in (c) EC/DEC and (d) DOL/DME. High-resolution TEM images of
SEI region from (e) EC/DEC and (f) DOL/DME. The fast Fourier transform patterns of Li2CO3, LiF, and Li2O are shown in insets. Schemes of
SEI structure formed in (g) EC/DEC and (h) DOL/DME.
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surface of the Li metal (Figure 3c) and the Li K-edge in EELS
(Figure S8a). The high-resolution TEM (HR-TEM) image and
fast Fourier transform (FFT) patterns of the SEI in EC/DEC
(Figure 3e) show that multiple ionic species including Li2CO3,
LiF, and Li2O were heterogeneously distributed in the
amorphous organic matrix. The EELS line scan for SEI (Figure
S8b) shows that carbon is mainly present in the outer layer,
while oxygen has the highest proportion in the inner layer above
the Li metal, which corresponds to the bright contrast area of the
high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) image. However, a thin SEI layer
of 10−20 nm was formed in DOL/DME, as confirmed by the
contrast (Figure 3d) in the TEM image and Li K-edge in EELS
(Figure S8c). The HR-TEM image and FFT pattern indicate
that multilayered Li2O covered the outer region of the SEI,
where it interfaced with the electrolyte (Figure 3f). Moreover,
beneath the multilayered Li2O, there was an amorphous organic
matrix in which Li2O crystalline grains were distributed. The
EELS line scan for the SEI in DOL/DME indicated that oxygen
and carbon had similar trends in distribution throughout the SEI
(Figure S8d), implying that there was no distinct localization of
organic-rich and inorganic-rich regions in the SEI. Based on
these results, we clarified the SEI structure in EC/DEC and
DOL/DME, as illustrated in Figure 3g,h. For EC/DEC, the SEI
was formed as a double layer. The outer layer close to the
electrolyte had an organic-rich matrix in which the Li2CO3 and
LiF crystalline phases were irregularly positioned. The inner
layer near the Li metal contained more inorganic components
with Li2O and Li2CO3 crystalline phases. The ionic species that
are randomly distributed with nanoscale domains within the
organic-rich surface limit the continuous path for Li diffusion,
inducing nonuniform and slow Li+ transport. In DOL/DME, the
outermost layer uniformly consisted of dense multilayered Li2O

grains, thereby improving the Li-ion conductivity, and the inner
layer was composed of an amorphous organic matrix with
embedded Li2O nanocrystallites. Owing to the difference in SEI
structures, each SEI has disparate resistance, which causes an
overpotential gap that affects the Li nucleation and growth
behavior. In addition, as EC/DEC is vulnerable to electrolyte
decomposition owing to its high reactivity with Li metal and the
low cathodic stability of carbonate-based solvents,27,35,36 kinetic
competition between the electrodeposition of pure Li metal and
side reactions of electrolytes increases the overpotential in EC/
DEC.

Based on the in situ and cryo-TEM observations of the early
stage Li plating and SEI structures, the mechanisms for Li
nucleation in EC/DEC and DOL/DME are shown in Figure 4a.
Upon applying current to the cell, the SEI film was instantly
deposited on the WE prior to Li nucleation. In EC/DEC,
uneven Li+ flux through the inhomogeneous SEI lead to the
accumulation of Li atoms at specific sites under the SEI, causing
local stress on the SEI. The stressed SEI is likely to be broken
owing to its fragility.4,26 The crack formed on the SEI and locally
exposed electrode surface further promotes the concentration of
Li+ flux, by which the nucleation of Li particles appears outside
the predeposited SEI film. It was also observed that Li nucleation
did not preferentially occur at the electrode defect sites,
indicating that the inhomogeneity of the SEI determined the
spots where Li nucleation events occur (Figure 1d). As the
nucleation process induces stress on the surrounding SEI, a
series of nucleation events can occur through the brittle SEI over
the electrode, resulting in continuous and dense nucleation.
However, in the case of DOL/DME, the SEI covered by uniform
multilayered Li2O grains with high ionic conductivity facilitated
relatively homogeneous and fast Li reduction under the SEI. As
the SEI matrix includes flexible alkoxide and poly DOL,4,37,38

Figure 4. Schematic illustrations of the mechanisms of (a) Li nucleation and (b) growth during the early stage of Li plating in EC/DEC and
DOL/DME.
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crack formation on the SEI is likely rare, leading to sparse
nucleation of Li particles. Moreover, the reduced Li with a large
interface area can grow to form a Li island or instantly react with
Pt to form a Li−Pt alloy.

The mechanisms for the growth of single Li particles in the
two electrolytes are presented in Figure 4b. In EC/DEC, limited
Li+ penetration through the double-layered SEI caused
individual Li particles to grow slowly. During the expansion of
the Li particles, cracks continually form on the SEI because of
the fragile nature, and the surface of the Li metal was exposed,
which was immediately passivated with the extended formation
of a new SEI. In addition, the high reactivity of organic
components and Li2CO3 at the outer layer21 prompted the
consumption of incoming Li+ by a side reaction with the
electrolyte, which slowed down the growth of Li particles. In
DOL/DME, owing to the facile transportation of Li+ through
the SEI, the Li particles grew faster than those in EC/DEC. The
flexibility of the SEI also contributed to the fast growth of Li
particles by accommodating a large amount of Li reduction.
Meanwhile, we observed a unique growth process, including
retarded and explosive growth regimes in DOL/DME, which
was different from the gradual growth in EC/DEC. As the Li
particles grow, the flexible SEI stretches and becomes thin. The
thinned SEI allows electrons to penetrate and reduce ionic
conductivity. Upon reaching the elastic limit of the SEI, the
growth of Li can be paused. The growth rate of Li can increase
after the formation of a stable SEI during this retardation stage.
Alternatively, cracks can form on the SEI at its elastic limit,
leading to secondary nucleation over a primary Li particle.

To summarize, the initial Li electrodeposition process in the
two electrolytes was investigated using in situ liquid phase TEM
and cryo-TEM analysis. We revealed that the nucleation and
early growth of each Li particle were determined by the chemical
structure and mechanical properties of the SEI from each
electrolyte. While slow and gradual Li growth with high
nucleation density is induced in EC/DEC due to low Li+

diffusivity and poor stability of the SEI, Li grows rapidly with
infrequent nucleation in DOL/DME, owing to the high Li+

conductivity and flexibility of the SEI. Based on these results, we
proposed the mechanism of early stage Li deposition in the two
representative electrolytes, highlighting the pivotal role of the
SEI in regulating the Li plating dynamics from the very early
stage. This study provides important insights for controlling the
Li morphology in LMBs by enriching the fundamental
understanding of initial growth and can be expanded to further
study of the following stage, which can bridge the initial growth
and final morphology of Li.
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