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Abstract 
Limited understanding of the lithium (Li) nucleation and growth mechanism has hampered the 
implementation of Li metal batteries. Herein, we unravel the evolution of the morphology and inner 
structure of Li deposits using focused ion beam scanning electron microscopy (FIB/SEM). Ball-shaped 
Li deposits are found widespread and stacking up at a low current density. When the current density 
exceeds the diffusion-limiting current, bush-shaped deposition appears that consists of Li-balls, Li-
whiskers and bulky Li. Cryogenic transmission electron microscopy (cryo-TEM) further reveals that 
Li-balls are primarily amorphous while the Li-whiskers are highly crystalline. Additionally, the solid 
electrolyte interface (SEI) layers of the Li-balls and whiskers show a difference in structure and 
composition, which is correlated to the underlying deposition mechanism. The revealed Li nucleation 
and growth mechanism and the correlation with the nanostructure and chemistry of the SEI provide 
insights towards the practical use of rechargeable Li metal batteries.  
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Lithium (Li) metal anodes are regarded as the “holy grail” for next-generation Li batteries because they 
can largely improve the energy density of Li batteries by replacing conventional graphite anodes.1-3 
However, the successful implementation of Li metal anodes in rechargeable Li batteries is hindered by 
the low Coulombic efficiency (CE) and dendritic (fibre-, whisker- or needle-shaped) Li 
electrodeposition that induces safety issues. The low CE originates from the irreversible formation of a 
solid electrolyte interface (SEI) layer4-5 and “dead” Li (electrically isolated Li), while Li dendrites stem 
from the non-uniform charge distribution at the Li/electrolyte interface. To address these issues, various 
approaches have been explored, including structured electrode design6-8, surface engineering of Li and 
separator9-10, and electrolyte modification11-15. Although remarkable progress has been achieved in 
stabilizing Li electrodeposition, an in-depth and comprehensive understanding of the underlying 
mechanism of Li nucleation and growth is still underdeveloped but is crucial for the practical use of Li 
metal batteries.16  

Therefore, intensive efforts, both experimentally and theoretically, have been devoted to understanding 
the Li electrodeposition behavior. For instance, in situ optical microscopy17-20, which provides a real-
time and non-destructive observation of the growth of Li at the sub-µm resolution, has been employed 
to correlate the morphological evolution to the voltage variations during Li plating/stripping. Operando 
transmission electron microscopy (TEM) and transmission X-ray microscopy (TXM)21 enable the 
visualization of the dynamic evolution of Li electrodeposition at the nm-scale, which is particularly 
inspiring to clarify the elusive nucleation stage that determines the following Li growth. Furthermore, 
TEM conducted at cryogenic conditions (cryo-TEM)22 has been demonstrated to be able to minimize 
beam damage and to resolve the structure and chemistry of Li deposits and the SEI layer thereon at the 
nanometer scale. Meanwhile, classical nucleation theory23-24 and several mathematical models25-26 based 
on the thermodynamics and kinetics of Li deposition have also been developed to describe the 
electrochemical nucleation of Li and the following growth. Among these theoretical models, a space-
charge theory suggests that a large electric field near the electrode surface induced by anion depletion 
leads to the formation of dendritic Li electrodeposits.27-28  

Based on previous studies, the morphology of Li electrodeposits can be concluded as a function of the 
operating conditions (i.e. current, temperature and stack pressure) and is immensely influenced by the 
local chemistry and nanostructure of the electrode/electrolyte interface. Two typical morphologies, 
namely ball-shaped and whisker-shaped Li electrodeposits have been widely reported. Generally, in 
carbonate electrolytes that are commonly used in Li-ion batteries, the Li electrodeposit mostly appears 
to be whisker-shaped29, while that in ether-based electrolytes particularly those with LiNO3

30 or 
fluorine-containing additives14, 31 forms a spherical or granular shape. Moreover, the SEI layer, which 
originates from the side reactions between the electrolyte and Li, also plays a decisive role in the 
formation of Li electrodeposits.32 It has been reported that a compact and LiF-rich SEI layer obtained 
by using fluorine-enriched electrolytes or additives could facilitate uniform Li-ion migration and thus 
suppress dendritic deposition.14, 33 This can be clarified by a recently proposed diffusion-reaction 
competition mechanism34 which states that a fast diffusion rate of Li-ions through the SEI induces a 
spherical Li deposition while a slow one results in a dendritic form.  

These pioneering investigations and proposed theories have advanced our understanding of the Li 
electrodeposition process. Nevertheless, the fundamental mechanism of Li nucleation and growth 
remains elusive and how an SEI layer shapes the Li deposits during the electrodeposition process is still 
unclear. In particular, several primary questions need to be addressed, including 1) How do Li deposits 
evolve towards the two typical morphologies, i.e. Li balls and whiskers?; 2) What is the relationship 
between Li balls and whiskers?; 3) How are Li deposits shaped by the SEI layer? 
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To address these questions, in this work, we performed multi-scale morphological and structural 
characterization of Li deposits and the SEI layer using focused ion beam scanning electron microscopy 
(FIB/SEM) and cryo-TEM. The Li deposits are found to be ball-shaped where the local charge density 
is low, while Li whiskers appear where a high flux of Li-ions and electrons exists. The Li-whiskers are 
highly crystalline and are concluded to have evolved from amorphous and ball-shaped deposits. 
Moreover, we discovered that the nanostructures and compositions of the SEI layer on Li balls and 
whiskers are different, and the differences have been correlated with the morphological evolution of Li 
deposition. These results provide a fundamental understanding of the electrochemical behaviors of Li 
deposition and SEI growth, which is of vital importance for the development of stable Li metal anodes. 

 

Morphology and structure transition at varying deposition rates  

 
Figure 1. Li morphology transformation with increasing deposition current. (A-D) SEM images showing 
morphological features of Li deposition on Li substrates at current densities of 0.2, 1.0, 5.0, 10.0 mA cm-2 for a 
fixed capacity of 1.0 mAh cm-2; (E-H) Corresponding magnified images of the red squared regions in (A-D), 
respectively; Some small Li balls that may act as deposition embryos at 0.2 mA cm-2 are marked by orange arrows 
in (E); Blue and orange arrows in (B, F) highlight the columnar and granular deposits at 1.0 mA cm-2, respectively. 

Figure 1 shows Li electrodeposits formed at various current densities ranging from 0.2 mA cm-2 to 10.0 
mA cm-2 at a fixed deposition capacity of 1.0 mAh cm-2 (cell configuration: Figure S1, Li deposition 
voltage profiles: Figure S2). At 0.2 mA cm-2, ball-shaped roughly 500 nm large Li electrodeposits as 
shown in Figure 1A and 1E, can be found spreading across the Li electrode (Figure S3). Additionally, 
smaller balls (< 300 nm) can be observed as highlighted by orange arrows in Figure 1E. These smaller 
Li-balls are likely the newly generated Li electrodeposits and are expected to grow or expand if 
electrodeposition continues. The widely distributed thin deposition and the ball-shaped morphology 
indicate a high homogeneity of the local current density at the Li/electrolyte interface during 
electrochemical deposition. When the current density is increased to 1.0 mA cm-2, the Li electrodeposits 
(Figures 1B, 1F and S4) become increasingly less uniform and two different morphologies co-exist, 
namely granular- and columnar shapes, indicated by orange and blue arrows, respectively. Compared 
to the deposits shown in Figure 1A, the less spherical and bigger Li deposits (µm-scale), as shown in 

https://www.zeiss.com/microscopy/int/products/fib-sem-instruments.html
https://www.zeiss.com/microscopy/int/products/fib-sem-instruments.html
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Figure 1B, indicate a bigger average size of deposits at 1.0  mA cm-2, and thus a decreased total amount 
of nuclei after a deposition capacity of 1.0 mA cm-2

. 

A further increased current density of 5.0 mA cm-2 gives rise to bush-shaped Li deposits consisting of 
ball-shaped and dendritic structures as shown in Figures 1C, 1G and Figure S5. Note that the ball-
shaped particles can also be observed on the bush branches instead of spreading across the surface of 
the Li substrate as for the deposition generated at 0.2 mA cm-2. Similarly, Li electrodeposits generated 
at 10.0 mA cm-2 are also bush-shaped but tend to have fewer balls covering the intertwined whiskers 
(Figures 1D and S6).  

It is evident that the Li electrodeposits formed at 0.2 and 1.0 mA cm-2 appear to be dense and spread 
out over the whole electrode while porous bush-shaped deposits were obtained at and above 5.0 mA 
cm-2. This result can be rationalized by the space-charge theory. Assuming negligible convection in the 
symmetric Li||Li cell during electrochemical cycling, the diffusion-limiting current (Jlim), which is used 
to define a current at which the Li+ concentration near the cathode electrode decreases to zero, is 
calculated to around 2.1 mA cm-2 (see Figure S1 related text in supporting information). This 
mechanism can explain the observed morphologies in Figure 1 that a current density below Jlim (2.1 mA 
cm-2) induces a relatively flat deposition while exceeding Jlim brings in a dendritic deposition.  

A meso-scale computational model of the electrode-electrolyte interface35-37 using the smoothed particle 
hydrodynamics (SPH) method also supports the experimental findings. As seen in Figure S7, lower 
current density leads to a more even distribution of Li-ions on the surface. When the current density is 
increased, mass transport limitations reduce the Li-ions available at the interface. The concentration of 
Li-ions near the top of the dendrite structures is higher than that at the base, leading to favorable 
conditions for vertical growth instead of lateral spreading at high current densities. The SPH simulations 
provide detailed insights into how electrodeposition evolves at different electrodeposition rates (Figure 
S7), and supports the observations obtained from SEM probing.  

FIB/SEM enables us to further reveal the internal morphology and structure of the Li electrodeposits 
that has been rarely reported. Figure 2 shows the cross-sectional views of two representative 
morphologies, namely ball-shaped and bush-shaped electrodeposits that are generated at current 
densities of 0.2 and 5.0 mA cm-2, respectively. In Figures 2A and 2B, ball-shaped Li particles are found 
stacked up and covered with white shells. These shells could be attributed to SEI layers that arise from 
the side electro-/chemical reactions between Li and the electrolyte38.  
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Figure 2. The internal structure of the granular and bush-shaped Li deposition obtained by FIB/SEM. (A) 
A cross-sectional view and (B) the magnified view of the ball-shaped deposition formed at a current density of 
0.2 mA cm-2; (C) the diameter distribution of the Li-balls obtained from the cross-sectional area in (B) after FIB 
cutting; (D) A cross-sectional view and (E) the magnified view of the bush-shaped deposition formed at a current 
density of 5.0 mA cm-2; The white dots marked with orange arrows in (E) could be attributed to the removed 
electrodeposition chips that fall off during FIB-cutting; The dashed green and blue lines highlight the columnar 
and granular deposits in the Li-bush, respectively; (F) Diameter distribution of the ball-shaped deposits obtained 
from the cross-sectional area in (D) after FIB cutting. 

The bush-shaped Li electrodeposits generated at 5.0 mA cm-2 feature a different structure. Micrometer-
sized bulky electrodeposits were found within the Li-bush (Figures 2D and S8). These bulky deposits 
can be classified into two shapes, namely columnar and granular, and are analogous to the deposits 
obtained at 1.0 mA cm-2 regarding morphology and size (µm-scale). Besides, nm-sized Li-balls exist in 
between these two bulky structures as well as at the surface of a Li-bush. From the diameter distribution 
(Figures 2C and 2F) of particles in the cross-sectional view, one can conclude that the average diameter 
of the ball-shaped deposits from the Li-bush is smaller than that of the Li-balls formed at 0.2 mA cm-2. 
This result agrees well with the classic nucleation theory and further demonstrates the inverse 
relationship29 between nucleation size and deposition overpotential. The Li-bushes generated at 10.0 
mA cm-2 are shown in Figures S6 and S9 and they possess a similar structure to that obtained at 5.0 mA 
cm-2. Therefore, combined with the SEM results from Figures 1G and 1H, we conclude that at 5.0 and 
10.0 mA cm-2 the electrodeposits possess mixed morphologies, including Li-balls, μm-sized Li-granules 
and columns, as well as the typical Li-whiskers.  
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Structural and chemistry evolution at a high current density  

 
Figure 3. The structure and chemical compounds of Li deposits at 5.0 mA cm-2. (A-E) SEM images 
illustrating Li deposits of different sizes and structures that were obtained at a deposition capacity of 1.0 mAh cm-

2. These Li deposits were categorized as different stages of the morphological evolution based on their sizes and 
structures: (A) Initial spherical nuclei, (B) A cluster of Li-nuclei forming a hemisphere, (C) A “mossy” Li dendrite, 
i.e., an irregularly shaped Li deposit with its surface covered dominantly by Li-balls without Li-branches, (D) A 
small Li-bush consisting of intertwined Li-whiskers and Li-balls at the kinks and tips of Li-whiskers; (E) A large 
bush-shaped deposit (>100 μm) mainly consisting of Li-whiskers with few Li-balls; For clarity, enlarged images 
of (D) and (E) are included in Figure S12F and S12H, respectively. (F) SEM and (G) cryo-TEM images of Li-
whiskers with spherical deposits at the tips and kinks of the whiskers as well as small Li-spheres and protrusions 
on the Li-whiskers (inset); (H-K) Cryo-TEM characterization of Li deposits of two typical morphologies: Li-
whisker and Li-ball; (H) & (J): micrographs and (I) & (K): SAED patterns and their aperture area (insets) of the 
Li-whisker and the Li-ball in (I) and (K), respectively; (L) HRTEM image of a protrusion adhering to a Li-whisker 
and the FFT pattern as an inset (scale bar: 1/(0.11 nm)); (M) FFT results from the orange boxed area in (L); (N) 
Schematic of a crystalline Li-whisker with amorphous protrusions and Li-balls on the tip and kink area of the Li-
whisker rich in crystalline defects.  

To further understand the underlying mechanism of Li nucleation and growth especially at a high 
current density, the morphological and structural evolution of Li electrodeposits generated at 5.0 mA 
cm-2 (> Jlim = 2.1 mA cm-2) were further elaborated. Li electrodeposition of five capacities (from 0.05 
to 1.0 mAh cm-2) was performed and the SEM images are displayed in Fig. S10. It clearly shows that 
Li deposits of different sizes/morphologies co-exist at every deposition capacity and deposits of 
comparable sizes exhibit a similar morphology. Therefore, deposits of various sizes from a single 
deposition capacity can represent the morphological evolution process of Li electrodeposition. In 
Figures 3A-E and S11-12, Li electrodeposits obtained from 1.0 mAh cm-2 that were categorized as 
different stages of the morphological evolution based on their sizes and structures are displayed. At the 
initial Li nucleation stage, single or clusters of spherical Li nuclei (diameter 200-600 nm) are found 
(Figure 3A), which are similar to the ball-shaped Li deposits formed at 0.2 mA cm-2. As a starting point 
for subsequent growth, the spherical nuclei could aggregate to hemispheres made of Li-balls and Li-
columns (Figures 3B and S11), and subsequently form a sapling-shaped deposit with Li-balls covering 
the surface (Figure 3C). Meanwhile, mature bush-shaped Li deposits (Figure 3D) can be observed with 
Li-whiskers and Li-balls appearing on the surface, as an enlarged image shows in Figure S12. Moreover, 
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“giant” deposits that are much bigger than that in Figure 3D are also evident. They are dominated by 
Li-whiskers at the surface with few Li-balls visible on the surface (Figures 3E and S12). 

The distinctly different morphologies allow for the straightforward identification of the Li-balls and Li-
whisker as the initial and grown stages of Li deposits, respectively. This agrees well with results from 
an in situ observation of the dynamic evolution of Li-whiskers.39-40 Micrographs of the Li deposits 
characterized by SEM (Figure 3F) and TEM (Figures 3G and S13) both show that ball-shaped Li 
deposits appear mostly at the tips/kinks of the Li-whiskers rich in crystalline defects. It has been 
suggested that at the kinks and tips, the Li nuclei are preferentially spherical.41 On the other hand, 
smaller protrusions on the Li-whiskers can be found, as indicated by the arrows in the inset of Figure 
3G. These Li protrusions may act as the subsequent active spots where ball-shaped Li electrodeposit 
would occur. The growth of Li protrusions could be associated with the heterogeneity of the SEI on Li-
whiskers, which will be discussed in the last part of this work. 

Cryo-TEM based selected area electron diffraction (SAED) data in Figures 3H and 3I show that the 
whisker-shape Li electrodeposits are dominated by single crystalline Li phases. No signals related to 
the SEI are evident in Figure 3I due to the extremely low SEI content compared to Li. However, the 
SAED pattern corresponding to the surface of a Li-whisker in Figure S14 reveals the presence of 
polycrystalline Li2CO3, Li2O and LiF, apart from single crystalline Li. These Li-salts constitute the 
inorganic content of the SEI layer grown on Li-whiskers. In comparison, the Li-balls are concluded to 
be dominantly, though not completely, amorphous, given the disproportion of signals from the SEI and 
metallic Li (Figures 3J-K). Specifically, in the SAED pattern, strong signals of polycrystalline LiF and 
Li2O are evident, but originate from the thin SEI shell of the Li-ball; In contrast, with much more 
volume/mass of Li being probed, only faint and barely perceptible electron diffraction spots of Li (200) 
are recognized. Besides, small protrusions were also found adhering to the Li-whiskers (Figures 3G and 
3L). Similar to Li-balls, these protrusions are found to be amorphous with LiF-rich SEI layers, as seen 
from the fast Fourier transform (FFT) results in Figure 3M, and hence are concluded as the embryos of 
Li-balls. In brief, electrodeposits in their primordial stage (protrusions and Li-balls) are amorphous, but 
become crystalline as the balls evolve to Li-whiskers (Figure 3N), while their corresponding SEI layers 
are also distinct with disparity profiles that will be discussed in the next section. 

 

SEI of Li-balls and Li-whiskers  

The distinct morphologies of Li-balls and Li-whiskers allow us to identify the discrepancies of the SEI 
layer on their primordial stage (Li-balls) and the SEI layer on the grown stage (Li-whiskers), which are 
hereafter referred to as SEI-I and SEI-II, respectively. The HRTEM and FFT results in Figures 4A and 
4B show that the SEI-I layer (on Li-balls, ~10 nm thick) is mainly crystalline (Figure S14) with the 
major contribution from polycrystalline LiF, which is consistent with the SAED results (Figure 3K). 
Besides, weak signals of polycrystalline Li2O can also be recognized in the SAED pattern, but are not 
visible in the HRTEM/FFT. This can be ascribed to the low content of Li2O in the SEI layer, particularly 
in the much smaller imaging region of HRTEM (in Figure 4A) compared with that of SAED (Figure 
3K). In contrast, the HRTEM/FFT results in Figures 4C and 4D and the SAED pattern (Figure S14) 
demonstrate that the SEI-II layer (on Li-whiskers) consists of two layers (~20 nm thick), including an 
inner predominantly inorganic layer consisting mostly of Li2O, Li2CO3 and LiF crystallites and an outer 
amorphous and organic stratum.  
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Figure 4. Cryo-TEM characterization and schematic of the SEI layer. (A, C) HRTEM images of the SEI 
layers on a Li-ball and a Li-whisker, respectively; The insert in (A), which is enlarged in Figure S15, displays the 
crystalline structure of the SEI layer on the Li-ball; An overview in Figure S16 shows the location of (C). (B, D) 
FFT patterns of the corresponding HRTEM images in (A, C); (E) Schematic illustrations of the SEI layer 
structures of Li-balls and Li-whiskers (not to scale).  

The dominance of LiF in the initially formed SEI-I layer can be attributed to the decomposition of LiPF6 
on the surface of the Li-balls.42 Meanwhile, the organic solvents would be further reduced upon contact 
with Li, forming amorphous and organic compounds consisting of mainly lithium ethylene dicarbonate 
(LEDC). Thus, it is believed that LiF and LEDC constitute the primary components of the SEI-I layer. 
Similar to the evolution of SEI on graphite anode in Li-ion batteries,42 the chemically unstable LEDC 
could decompose into a complex mixture of organic and inorganic compounds (e.g. Li2CO3, Li2O and 
polycarbonate) with the progressing Li deposition, which eventually leads to a thicker SEI-II layer. The 
detailed structures of SEI-I and SEI-II are illustrated in Figure 4E. 

  

Correlation between the SEI layer and the Li growth mechanism  

Based on the aforementioned results, we propose a mechanism of Li nucleation and growth during 
electrodeposition in carbonate-based electrolytes, as shown in Figure 5. Due to the existence of surface 
cracks, pits, and subsurface impurities on practical Li electrodes, Li-ions and electrons would 
preferentially gather at the interface of these sites and form Li nuclei as a result of a high local electron 
density at these inhomogeneous sites from the onset of deposition. This is supported by the site-favored 
electrodeposits found at the surface cracks and subsurface impurities revealed by SEM and synchrotron 
X-ray tomography (Figures S17 and S18), as well as supported by simulation results (Figure S19).  
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Figure 5. Schematics illustrating the proposed Li nucleation and growth mechanism. (A) A schematic of a 
new nucleus forming on Li-balls where the SEI-I layer is heterogeneous in terms of structure and chemistry. (B) 
Two favored preferential deposition sites on Li-whiskers: tips with newly formed SEI layer and kinks where 
defects are rich. (C) Illustration of the evolution of Li deposition at low and high currents. 

After the initial nucleation, the subsequent growth determines the morphology of deposits. When 
electrodeposition is performed at a low current density, the overpotential of Li nucleation is low and 
electrodeposition is kinetics controlled. Therefore, the initial nuclei tend to be spherical due to low 
surface energy and amorphous due to the insufficient driving force to overcome the activation energy 
for Li crystallization. The SEI layer of these Li nuclei is thin and LiF-dominated (i.e. SEI-I), which has 
a low Li+ diffusion barrier43, thus facilitating fast and uniform Li-ion diffusion. As a result, the Li nuclei 
grow radially beneath the SEI-I layer. Upon continuous expansion, the radial stress and surface tension 
induced by the expansion of Li-balls would cause the breakage of the SEI-I layer in which structural 
and chemical heterogeneities are pronounced as, for example, LiF and organic Li salts44 co-exist in 
some areas (Figure 5A). The breakage would facilitate Li-ion and electron transport and serves as an 
active site for the formation of new Li nuclei. Therefore, Li-balls could appear next to each other across 
the electrode surface due to the relatively homogenous Li-ion distribution at a low deposition rate and 
stack up as deposition proceeds (Figure 5C).  
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When the current density exceeds the rate of Li-ion diffusion, in other words, the Li deposition is 
diffusion-limited, the initially formed Li deposits tend to be whisker-shaped driven by a high 
overpotential25. With the Li-whisker growing, the accumulating mechanical strain of metallic Li 
beneath the SEI layer and crystallographic defects formed during Li electro-crystallization could result 
in kinks on the Li-whisker (Figures S20-21), where the energy barrier for Li-ion nucleation is low. 
Charge transport is facilitated at these kinks owing to the deformed/cracked SEI layer. As a result, new 
Li nuclei form at the kinks, which are rather ball-shaped than whisker-like, due to the significantly 
decreased local current density as a result of the increase of real surface area (Figure 5B). Another 
active site for Li nucleation is the tip of Li-whiskers where newly formed SEI layers are still thin, and 
thus induce a relatively fast Li+ migration through SEI and the forming of nuclei. In the following stage, 
Li-whiskers grow both in length and diameter, forming Li-whiskers with increased aspect ratios (i.e., 
growth is preferentially axial) or bulky Li (preferential radial-growth); In the meantime, as observed in 
previous reports39-40, 45, some Li balls may evolve towards Li-whiskers along specific Li-facets (e.g., 
(110) and (200) in Figures S20 -21) driven by a high overpotential. Eventually, bush-shaped deposits 
form, consisting of Li-whiskers, sub-µm-sized Li-balls and µm-sized bulky Li, among which the bulky 
and whisker-shaped ones serve as the bush trunk and branches, respectively (Figure 5C).  

Although whisker-like Li deposits are more commonly reported, our results suggest the co-existence of 
spherical and whisker-like Li deposits during Li electrodeposition in carbonate-based electrolytes. This 
is consistent with the observations in previous studies46-48 using carbonate-based electrolytes. At a high 
deposition rate, amorphous ball-like deposits grow towards highly crystalline Li-whiskers, which agrees 
well with the observed crystallinity transition of Li deposition from glassy to crystalline49. Meanwhile, 
it has been demonstrated that amorphous Li exhibits a higher plating/stripping Coulombic efficiency 
than that of crystalline Li.49 In light of this, an improved cycling stability of Li metal anodes can be 
anticipated through controlling the morphologies of Li deposition and facilitating spherical and 
amorphous Li deposition using approaches like electrolyte optimization and surface engineering, etc.  

In addition, we for the first time, to the best of our knowledge, uncovered the differences in chemistry 
and nanostructure of the SEI on Li-balls and whiskers using cryo-TEM. Given the electric insulating 
nature of SEI, the high heterogeneity of the SEI is attributed to the root cause that enables new 
nucleation on the insulating SEI, as potential breakage of the heterogeneous SEI (e.g., as a result of the 
expansion of Li-balls) could open up pathways for electron transfer to the Li/electrolyte interface at the 
breakage areas and thus lead to the reduction of Li-ions and nucleation at the interface. 

Compared to two dimensional (2D) or surface imaging techniques (e.g. standard SEM/TEM/TXM), 
FIB/SEM enables us to reveal the rarely reported inner structures of Li deposits that consist of the 
different Li morphologies (e.g., ball- and whisker-like), enabling three-dimensional depiction of Li 
deposits of different evolution stages. Furthermore, this allows us to reveal the morphological evolution 
process of Li electrodeposition, providing new fundamental understanding towards Li deposition. 
Compared to efforts devoted to Li deposition, the electro-dissolution process of Li remains relatively 
less explored. Therefore, further study on the electro-dissolution process of Li is also required to get a 
panoramic view of the plating-stripping mechanism of Li metal anode. 

 

In summary, this work investigates Li nucleation and growth, the solid/electrolyte interface, and their 
correlation during Li electrodeposition in a carbonate-based liquid electrolyte using FIB/SEM and cryo-
TEM. The morphological evolution of Li deposits is determined by the varying distribution of Li-ions 
near the electrode-electrolyte interface at different current densities, as computational modeling 
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corroborates. With the increase of current density, electrodeposited Li transforms from Li-balls to 
granule- or column-like deposits and finally to bush-like objects. Study of the interior structures of Li 
deposits reveals that Li-balls stack up and spread across the electrode surface at a low deposition rate 
of 0.2 mA cm-2, while at higher current densities exceeding the diffusion-limiting current, bush-shaped 
deposits form with sub-µm-sized Li-whiskers/balls as branches and µm-sized bulky Li as the trunk. 
Meanwhile, Li-balls are concluded to be the origin of the Li-whiskers. The ball-shaped deposits are 
dominated by amorphous Li, while the Li-whiskers are highly crystalline. Moreover, the Li-balls are 
covered with a thin and LiF-dominated SEI layer, which is heterogeneous and may induce the formation 
of new Li nuclei. In comparison, thick and organic-enriched SEI appears on the dendritic Li and hinders 
charge transport across the SEI layer. As a result, new Li nuclei preferentially form at defect-rich 
regions (e.g. kinks) and the tips of the Li whisker. The proposed Li nucleation and growth mechanism 
as well as its relationship with the SEI growth provides fundamental insights into the electrochemical 
Li deposition behaviors.
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Experimental Methods  
1. Materials 

Li metal chips were purchased from MTI Corp. USA. The electrolyte of 1 M LiPF6 with a mixture of 
ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (1:1, v/v) and anhydrous dimethyl carbonate 
(DMC) were received from Sigma-Aldrich. A Swagelok derived cell consisting of a polyamide-imide 
housing is described in our previous report50.  

 

2. Battery assembly and electrodeposition 

The Li chips (0.45 mm thick) were punched into disks with a diameter of 2.0 or 3.0 mm and used for cell 
assembly without further treatments. The Swagelok-type cell was employed to build symmetrical Li||Li 
cells in an argon-filled MBraun glovebox using two Li chips with a diameter of 3 mm and 2 mm as the 
working and counter electrode, respectively. To observe the evolution of Li electrodeposition, no separator 
but a distance of around 1.3 mm between the two Li disks was used without any external stack pressure, 
thus avoiding mechanical compression and flattening of Li deposition that usually happens in coin cells. 
After assembly, cells were subjected to galvanostatic charging at different current densities with the bottom 
Li (3 mm) acting as the cathode for Li deposition. Galvanostatic charging of the cells was conducted using 
a Neware BTS4000 battery cycler.  

 

3. FIB/SEM and Cryo-TEM characterization 

Sample preparation: After electrodeposition at various current rates, the cells were disassembled in an 
argon-filled MBraun glovebox (O2 and H2O < 5 ppm), where the working electrodes were removed from 
the cell. Before drying under vacuum, the electrode samples were rinsed by anhydrous DMC to remove 
residual electrolyte. After this, the whole electrode or the electrodeposits were mounted on a sample holder 
or transferred onto TEM grids. The TEM grids with Li electrodeposits were sealed in 1 mL plastic 
Eppendorf tubes inside an Ar-filled glovebox before cryo-TEM characterization. To avoid degradation, 
sealed samples were transported and protected by argon gas using a sealed container for the FIB/SEM and 
cryo-TEM measurements.  

FIB/SEM imaging: The morphological and structural characteristics of the as-grown Li deposits on the 
electrode were investigated using a focused ion beam scanning electron microscope (FIB/SEM, Zeiss 
Crossbeam 340) at room temperature. SEM images were taken primarily at 2 kV. FIB cutting and milling 
were performed with a gallium ion beam voltage of 30 kV. The current used for FIB cutting was 7, 15, or 
30 nA depending on the cutting area. While for fine milling, the current applied was 0.3 or 0.7 nA, thus 
minimizing potential ion beam damage. The diameter analysis of ball-shaped deposits from the cross-
sectional views was conducted using ImageJ/Weka segmentation51.  

Cryo-TEM imaging: The Eppendorf tubes containing TEM grids with Li deposits were plunged into a dewar 
containing liquid nitrogen (LN2), and were then rapidly crushed with a cutter plier while immersed in LN2 
in order to avoid the exposure of the TEM grids to the ambient air. The grids were then either transferred 
directly to a JEOL JEM-2100 transmission electron microscope (JEOL GmbH, Eching, Germany) using a 
cryo-transfer holder (Gatan 914, Gatan, Munich, Germany) or stored in LN2. During the insertion of cryo-
transfer holder into the TEM column, the sample was protected by a built-in shutter on the holder. 
Throughout the sample preparation and transfer, the Li deposits were protected by Ar gas or LN2 without 
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exposure to the ambient air. Imaging was carried out at temperatures around 90 K and the TEM was 
operated at an acceleration voltage of 200 kV. Cryo-TEM micrographs were recorded at several 
magnifications with a bottom-mounted 4k × 4k CMOS camera (TemCam-F416, TVIPS, Gauting, Germany) 
and the total electron dose in each micrograph was kept below 20 e–/Å2. Image processing was done with 
the ImageJ software.  

 

4. Simulations 
Smoothed particle hydrodynamics (SPH), which is a particle-based Lagrangian method, was used to 
simulate reactive transport near the electrode-electrolyte interface.52 SPH is a continuum-based method and 
solves equations for the mass transport and surface reactions of Li-ions near the interface. Based on previous 
works35-37, 53, this model has included verification of the numerical model and validation with literature data. 
A detailed description of the model is provided in the supporting information. 
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Supporting Movie S2: Beam damage to an amorphous deposit under cryo-TEM (electron dosage: 
500 e Å-2 per image; frame rate: 7 frames per second) (AVI)  
Supporting Movie S3: Beam damage to a Li-whisker and protrusions under cryo-TEM (electron 
dosage: 500 e Å-2 per frame; frame rate: 7 frames per second) (AVI) 
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