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ABSTRACT: The stripping reaction of lithium (Li) will greatly
impact the cyclability and safety of Li-metal batteries. However, Li
pits’ nucleation and growth, the origin of uneven stripping, are still
poorly understood. In this study, we analyze the nucleation
mechanism of Li pits and their morphology evolution with a large
population and electrode area (>0.45 cm2). We elucidate the
dependence of the pit size and density on the current density and
overpotential, which are aligned with classical nucleation theory.
With a confocal laser scanning microscope, we reveal the
preferential stripping on certain crystal grains and a new stripping mode between pure pitting and stripping without pitting.
Descriptors like circularity and the aspect ratio (R) of the pit radius to depth are used to quantify the evolution of Li pits in three
dimensions. As the pits grow, growth predominates along the through-planedirection, surpassing the expanding rate in the in-plane
direction. After analyzing more than 1000 pits at each condition, we validate that the overpotential is inversely related to the pit
radius and exponentially related to the rate of nucleation. With this established nucleation−overpotential relationship, we can better
understand and predict the evolution of the surface area and roughness of Li electrodes under different stripping conditions. The
knowledge and methodology developed in this work will significantly benefit Li-metal batteries’ charging/discharging profile design
and the assessment of large-scale Li-metal foils.
KEYWORDS: nucleation of pitting, classical nucleation theory, lithium stripping, lithium-metal battery,
confocal laser scanning microscopy (CLSM), evolution of pits

■ INTRODUCTION
With electric vehicles (EVs) starting to see mainstream use, the
demand for high-energy-density batteries is higher than ever.1,2

Compared to the current graphite anode, the lithium (Li)-
metal battery is a promising candidate for next-generation EV
batteries due to its high theoretical capacity (3860 mAh g−1)
and low chemical potential.3 Despite these advantages, Li-
metal anodes suffer from poor reversibility during the
deposition/stripping processes.4 Such uncontrollable deposi-
tion and stripping processes on Li-metal anodes prevent their
industrial deployment.5 Li stripping is an electrochemical
process of the anodic dissolution of Li+. High-rate Li
dissolution usually causes pitting, which exposes fresh metallic
Li to the organic electrolyte, forming a solid−electrolyte
interphase (SEI) and influencing Li deposition in subsequent
cycles.6 Unlike the extensively studied Li deposition process,
the number of studies for Li stripping is relatively small.7,8

These studies focused on the morphology of Li after cycles and
electrode polarization in the two-electrode system9,10 and paid
less attention to the early-stage stripping at the initial cycle.
Nonuniform stripping will alter the surface roughness and lead
to dendritic Li deposition, negatively impacting subsequent
deposition/stripping cycles.8,9,11−13 Hence, it is critical to

understand the mechanism of Li stripping and develop new
strategies to facilitate uniform stripping.
In most of the morphology studies of Li deposition/

stripping, optical microscopy (OM),6,14,15 scanning electron
microscopy (SEM),7,16,17 and transmission electron micros-
copy13,18,19 are widely used. Pei et al. used OM to study the
nucleation and growth of electrodeposited Li on the copper
(Cu) current collector.20 Wood et al. utilized OM to observe
Li morphology evolution during the cycling process,
demonstrating that dendrites preferentially formed within the
stripping pits.14 However, these tools are limited to only in-
plane or two-dimensional projection views on Li electrodes.
Researchers recently started using tools such as focused-ion-
beam (FIB)-SEM and three-dimensional (3D) microscopy to
obtain a cross-sectional area and 3D reconstruction. Shi et al.
visualized nanovoid formation between the SEI and stripped Li
with FIB-SEM.7 However, 3D reconstruction methods with
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ion milling/sputtering are intrinsically destructive and time-
consuming to remove layers of sample.21 Sanchez et al. used
operando OM to study the morphology evolution of the pit
and found anisotropic pit expansion in both the in-plane and
through-plane directions.6,15 White-light interferometry and
confocal laser scanning microscopy (CLSM) are typical
noncontact optical methods for 3D reconstruction of the
surface morphology.22 These white-light and laser-facilitated
3D microscopies have great potential to perform high-
throughput screening of Li electrodes with a noncontact mode.
Besides characterization tools, the nucleation behavior of

metal pitting is challenging to study due to its stochastic
behavior.23 Even under the same experimental conditions, the
pits’ size, shape, and distribution on the same batch of
electrodes may vary. Statistical analysis of larger groups of
samples and pits is crucial for extracting meaningful insights
from the experimental data and assessing the reliability of the
results. Although valuable knowledge has been provided in
previous Li pitting studies, only a limited area of interest
(typically micro/nanoscale) and a small number of pits (<20−
50) were examined.9,15,16,24 It is well-known that Li stripping
depends on multiple factors, like the crystallographic
orientation,24,25 electrolyte,24 SEI,26,27 surface finishing,28 and
electrochemical conditions.16,29 Nonuniformities on the sur-
face, like grain boundaries and slip lines, will further accelerate
the local dissolution of Li.7 Besides the sampling size and
homogeneity of Li electrodes, it is essential to mitigate human
interference during sample preparation and data selection.30

Automating the image processing to denoise and enhance
images allows for more complex operations to be applicable
with minimal artificial effects.31 Hence, it is essential to
develop automatic processing on a well-controlled Li-metal
anode with a large enough data density to understand Li
pitting comprehensively.
This study focuses on understanding the stripping behavior

of a smoothed Li-metal anode. A homemade Li-metal anode
(150 μm) is prepared and aged 24 h in 1 M LiPF6 in ethylene
carbonate and diethyl carbonate [1:1 (v/v)], i.e., LP40

electrolyte, due to its wide application in Li-ion batteries.32

First, we examine the Li pit size distribution under various
currents (>1000 pits/condition). Second, we explore the pit
evolution in both the in-plane and through-plane directions
with CLSM, quantifying the contribution between pitting and
stripping without pitting under different currents. We classify
the stripping process into three modes: stripping with pitting,
stripping without pitting, and a mixed type by precise
overpotential measurements using a three-electrode method.
The circularity and aspect ratio (R) of the pit radius/depth are
used as descriptors to assess the morphology evolution of pits
(>400 counts) in both the in-plane and through-plane
directions. Last, we correlate the pit size and rate of nucleation
with the overpotential and monitor the surface area and
roughness evolution under various stripping conditions.
Statistical analysis of Li pitting (e.g., pit size, shape, density,
and growth rate) provides a comprehensive understanding of
the nucleation mechanism.

■ DISCUSSION
Fundamentals of Nucleation. While the deposition and

stripping processes of Li are reversible thermodynamic
processes, they are quite distinct. The electrodeposition
process is usually limited by the diffusion of Li+ in the
electrolyte, while the vacancy diffusion in metallic Li and Li+
conducting through the SEI governs the stripping process.7,20

Figure 1a shows the typical galvanostatic curve of Li stripping
on Li metal with a SEI. Usually, there are two overpotentials
during stripping: (1) the nucleation overpotential (ηn),
representing the voltage spike magnitude at the onset of
pitting, and (2) the plateau overpotential (ηp), indicating the
equilibrium voltage of Li stripping after pitting. In the early
stage stripping, the Li electrode’s potential increases to above 0
V vs Li/Li+ to ηn, which drives the nucleation of small voids
(i.e., pit nuclei). After the formation of pit nuclei, the
overpotential gradually drops to ηp, which is smaller than
that of ηn. Removing a Li atom from an existing void is more
favorable, and expanding existing pit nuclei has a lower energy

Figure 1. Fundamentals of Li pit nucleation. (a) Schematic of typical voltage profiles of galvanostatic Li stripping. The overpotential is divided into
a nucleation overpotential (ηn) and plateau growth overpotential (ηp). (b) Schematic plot of the dependence of the critical nuclei radius rc (light
blue) and rate of nucleation J (dark blue) on the Li stripping overpotential, where the N denotes a constant. (c) Schematic illustration showing that
stripping is driven by overpotentials.
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barrier.33 In this stage, the nuclei keep growing to form large
size pits. According to classical nucleation theory (CNT), the
total Gibbs free energy change for the nucleation is the sum of
the surface energy change and volume energy change,34 in eq
1:

G G G A V Gnucl bulk surf V= + = + (1)

where A is the surface area change, γ is the interfacial energy, V
is the volume change, and ΔGV is the free-energy difference
per volume.
CNT has been successfully applied to the electrodeposition

of metal and gas evolution in electrochemical reactions.35−37

However, its applicability to Li pitting nucleation remains
unexplored. The electrochemical curves of nucleation during
the Li deposition and stripping process look very similar. The
morphology of the Li nuclei tends to form spherical shapes in
deposition processes to minimize the surface energy change.34

If the stripping process follows a similar process, pits will form
nuclei with a hemisphere shape (volume decreasing 2πr3/3).
The total surface area change is the difference between a
hemisphere and a flat circle (πr2). It has been demonstrated
that the critical nuclei size is proportional to the inverse of the
overpotential (1/η) for the nucleation of Li on a Cu
substrate.20 In CNT, the critical radius (rc) refers to the
radius after which the addition of new atoms to the nuclei will
reduce the overall free energy. Thus, nuclei with larger radii
grow and nuclei with smaller radii shrink. . This concept is

particularly relevant in the study of phase transitions, such as
forming crystals from a liquid or gas or the reverse procedure.
rc is given in eq 2:

r
G ne

Vc
V

a= =
(2)

In this equation, n is the number of electrons, e is the
elementary charge of the electron, η is the overpotential for
nucleation, and Va is the atomic volume of Li. This equation
indicates that the increasing overpotential facilitates the
nucleation of pitting by decreasing the critical radius.
Figure 1b illustrates the relationship among the critical

nuclei radius (rc), rate of nucleation (J = dN/dt, where N is the
nuclei density), and overpotential (η). The critical nuclei
radius demonstrates an inverse proportionality to the over-
potential, indicating that larger overpotentials result in smaller
nuclei. From the Arrhenius rate expression for nucleation, the
overpotential has an exponential relationship with the rate of
nucleation.38,39 At low overpotentials, the critical radius
approaches infinity, and the nuclei density is close to zero,
suggesting an absence of pitting, as shown in Figure S1 (0.1
mA cm−2). As the overpotential increases, the critical radius
decreases significantly, tending toward zero at high over-
potentials, corresponding to a substantial increase in the nuclei
density. It is important to clarify that rc represents the size of
the initial nuclei, not the size of the pits observed at the
microscale. However, the final size of these pits is proportional

Figure 2. Pit size on a Li-metal anode with various stripping current densities (mA cm−2): (a) 0.5; (b) 1; (c) 2; (d) 3; (e) 4; (f) 5. The stripping
capacity is fixed at 0.2 mAh cm−2. The bottom row is the pit radius distribution, where the bin size is 1 μm. Each condition is repeated over six
times, and 1000−10000 pits are counted. The images are collected from the samples with overpotentials falling in the middle range. The total area
of the top row is 10 mm2, and the total area of the middle row is 0.4 mm2.
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to the initial size of the nuclei under the fixed stripping
capacity. The rate of nucleation has an exponential relationship
with the overpotential. Figure 1c shows a schematic of the
pitting evolution on the Li surface as the overpotential (η)
increases. Based on CNT, higher overpotentials promote
nucleation, increasing the number of nuclei and decreasing the
critical radius of the nuclei.
Here, we prepare the lab-made Li-metal anode (150 μm)

out of commercial Li foils to lower the surface roughness, as
shown in Figures S1−S3. To validate the overpotential effect
for the Li pit radius, we use various current densities of 0.5−5
mA cm−2 to tune the overpotential under different charging
rates with a fixed capacity of 0.2 mAh cm−2 in a LP40
electrolyte. The lowest current density is chosen as 0.5 mA
cm−2 to observe a sufficient quantity of pits. As at low current
densities, pits are fewer and more randomly dispersed. The
area capacity is determined to avoid the merging of individual
pits. Each current density is repeated more than six times, as
depicted in the scattered plots in Figure S1a. Figure S1b shows
the characteristic voltage profiles for Li stripping. The ex-situ
OM images are used to image the stripped Li, which is located
within an argon-filled glovebox (O2 and H2O level <0.1 ppm),
as exhibited in Figure S4, so there is no exposure to ambient air
during the sample preparation and transfer. The morphology
of stripped Li metal collected by OM is shown in Figure 2. At a
low current density of 0.5 mA cm−2 (Figure 2a), pits are

distributed heterogeneously across the surface, where
nucleation has occurred preferentially at certain sites on the
surface, while other regions are vacant. Because a low current
density corresponds to a low nucleation overpotential, the
driving force for the nucleation reaction is comparatively low,
with the pits preferentially nucleating at low-energy barrier
sites.15 The distribution of the pit sizes is asymmetric because
pits nucleated near each other tend to merge during the growth
phase.6 With increasing current density at a fixed stripping
capacity from 1 to 2 mA cm−2, the nucleation density increases
while the pit radius decreases, as seen in Figure 2c,d. When the
current density increases to 4−5 mA cm−2 (Figure 2e,f), the
radius keeps decreasing with increasing nuclei density, and pits
start to overlap. Above 5 mA cm−2, the overlapping will be
more severe and it will be challenging to segregate individual
pits for the subsequent imaging processing.
For pit size and density measurements, 3 × 3 grids of 5×

magnification images are taken, covering an area of 0.45 cm2

(about half of the Li electrode area). Preprocessing and
analysis of the OM images are automated using MATLAB. The
images are collected from the samples with overpotentials
falling in the middle range. Images are further denoised using
elementary image processing methods, and the dark regions
corresponding to pits are segmented and analyzed. The circle-
equivalent diameter is used to quantify the pit sizes because
highly asymmetric pits are also present on sample surfaces.

Figure 3. Critical current and overpotential for pitting nucleation. The morphology of stripped Li. The stripped capacity is 0.2 mAh cm−2 under
current values of (a) 0.1, (b) 0.2, (c) 0.5, (d) 1, (e) 2, (f) 3, (g) 4, and (h) 5 mA cm−2. The dimension of each image is 1 × 1.6 mm. (i) Volume
ratio of pits during the stripping under various current densities. The total stripped volume of Li is calculated based on the theoretical capacity. (j)
Stripping nucleation overpotential measured by a two-electrode coin cell and a three-electrode Swagelok cell. Region I: stripping without a pitting
region. Region II: mixed region. Region III: pitting region. (k) Scheme of the transition of stripping with increasing overpotential. Scale bar: 200
μm.
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(Details are given in Figures S5 and S6 and Supplementary
Notes S3 and S4). This allows for an enormous volume of data
to be produced for a larger sample (e.g., centimeter-scale). We
first explore the pit number effect in Figure S7 (50 vs 1000 vs
5000 pits), finding that the histograms become smoother and
more continuous as the number of pits increases from 50 to
1000. The histogram distribution is very similar for 1000 vs
5000 pits. The pit size distribution histogram is exhibited in
the bottom row of Figure 2. A size filter is applied for pits with
radii of <5 μm because it is hard to differentiate small pits from
dirt or scratches. Another filter is applied for pits with radii of
>50 μm, which comes from the overlapping of multiple pits.
When the current density is 0.5 mA cm−2, the median pit
radius is 12.64 μm. As the current density rises to 1 and 2 mA
cm−2, the median pit radii decrease to 11.22 and 10.221 μm,
respectively. The increased overpotential at higher current
densities results in more nuclei, yet it also limits pit growth,
reducing the median pit size. As the current density reaches 3,
4, and 5 mA cm−2, the median pit radius gradually decreases to

8.38, 8.07, and 6.80 μm, respectively. The increased over-
potential at higher current densities results in more nuclei,
reducing the median pit radius. The correlation between the
nucleation radius and overpotential aligns well with CNT,
where an increasing driving force results in a lower critical
radius for nucleation.

Critical Current and Overpotential for Pitting. Besides
the size distribution from the in-plane view, we further study
the 3D morphology of Li pits using a CLSM instrument (VK-
X3100, Keyence). Compared to the OM white-light
interferometer, CLSM offers enhanced differentiation between
the substrate and stripping pits, providing high-accuracy depth
information on pits with steep angles.40 In Figure 3a,b, under
the low current density of 0.1 mA cm−2, some grains are lower
than the average height with no presence of pits, indicating the
preferential stripping behavior on certain crystal orientations.
Such behavior is analogous to the anisotropic corrosion of
other metals, where different crystal planes exhibit varying
degrees of reactivity to corrosion.41,42 A computational study

Figure 4. Evolution of pits via the in-plane and through-plane directions. (a) Circularity and depth of pits that are stripped under various current
densities. The stripped capacity is fixed at 0.2 mAh cm−2, and over 300 pits are counted. (b) OM images of selected pits and their circularity. (c)
Evolution of the ratio between the pit radius and depth of the stripped pits under various current densities and capacities. Over 300 pits are
counted. (d) Cross sections of typical pits. The aspect ratio R = pit radius/depth shows the expansion rate along the in-plane and through-plane
directions.
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predicts that (100) Li planes possess the lowest vacancy
solubility and highest intervacancy interactions, leading to
nondirectional pitting upon exposure to the electrolyte.25 Since
mechanical rolling will generate (100) out-of-plane texture,
grains with (100) orientations will be preferentially stripped,
leaving a height contrast across the surface. This height
contrast (<10 μm) is overlooked in the previous studies
because it is hard to capture by OM or SEM. As shown in
Figure 3c,d, when the current density increases to 0.2−0.5 mA
cm−2, pits start to be observed and tend to form at areas such
as the grain boundary and slip lines due to elevated ionic
conductivity.7 The preferential stripping of certain grains still
exists with pitting behavior. In Figure 3e−h, stripping is
dominated by randomly dispersed pits when the current
density is ≥1 mA cm−2. As discussed in the previous section,
there is a rise in the nuclei density corresponding to an
increase in the current density and overpotential, accompanied
by a decrease in the pit radius and depth.
To quantify the contribution between pitting and stripping

without pitting, we first measure the cumulative volume of pits
during different current density stripping, as shown in Figure
3i. Given that the total volume stripped (capacity) remains
constant, we further extract the stripped volume ratio between
the pitting and stripping without pitting. The volume of pitting
is measured and calculated by CLSM, and the rest of the
volume comes from the stripping without pitting, based on the
theoretical volume value. Under a critical current density of 0.2
mA cm−2, pitting contributes a tiny portion to the total

stripping volume (<5.6 vol %), indicating that stripping
without pitting is the dominant mode. At 0.5 mA cm−2,
about 56.7% of the volume is stripped by pitting, indicating
that stripping with/without pitting coexists. Beyond 1 mA
cm−2, pitting dominates stripping (>86.8 vol %). The three-
electrode setup can accurately measure the nucleation of
stripping by adding the half-cycled Li4Ti5O12 (LTO) reference
electrode.43 Figure 3j compares the two-electrode and three-
electrode setups. Both methods show a higher overpotential
under a larger current density. Under a critical current density
of 0.2 mA, the onset overpotential for pitting nucleation is
determined at ∼100 mV vs Li/Li+. This overpotential is
consistent with the onset potential of pitting in carbonate and
ether electrolytes reported in the previous literature.7 This
overpotential drifts to 0.2 V in a two-electrode setup due to
polarization. Interestingly, the overpotential trend in Figure 3j
mirrors the pitting trend in Figure 3i, validating that the
overpotential drives the Li-pitting process.
Based on the morphological observation of pitting and

stripping without pitting and careful study of the over-
potential−current relationship, we categorize the three
stripping modes in Figure 3k. For mode I (<0.2 mA cm−2 or
overpotential <100 mV), under low current density/over-
potential, there is no pitting due to the low driving force. In
this mode, stripping prefers certain grains without pitting,
analogous to anisotropic corrosion. In mode II (0.2−1 mA
cm−2 or overpotential between 100 and 200 mV), the
overpotential is high enough (surpassed 0.1 V) to trigger SEI

Figure 5. Li pitting nucleation mechanism. (a) Correlation between the pit radius and the inverse of the overpotential under different stripping
current densities. The hollow circle denotes the median value of the pit radius. More than 1000 pits are counted, which are generated under the
fixed stripping capacity of 0.2 mAh cm−2. (b) Correlation between the rate of nucleation J and overpotential. Under each condition, J is analyzed
from over nine coin cells. The overpotentials are normalized from the three-electrode cell results. (c) Normalized surface area of a Li-metal
electrode under current densities (0.5, 1, 2, 3, 4, and 5 mA cm−2) and stripped capacities (0.2, 0.5, 1, and 2 mAh cm−2). The normalized surface
area is calculated from the actual surface area divided by the geometric surface area. (d) Evolution of the arithmetical mean height (Sa) under
different current densities and capacities. Sa is calculated by averaging the absolute values of the surface height deviations from the average plane.
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layer breakdown and pitting initiation, and a mixed stripping
mode coexists. The stochastic behavior of pitting is more
pronounced at its initial stage, as shown in the error bar in
Figure 3j. For mode III (>1 mA cm−2 or overpotential of >200
mV), at elevated overpotential, the kinetics is the dominant
factor, and pitting is the only mode for stripping. This is the
first time that the transition between mode I and mode III has
been captured and quantified.
Evolution of Pits via the In-Plane and Through-Plane

Directions. Besides pit size analysis, the pits’ shape and depth
evolution are less known and cannot be predicted based on any
existing nucleation theory. Previous studies observed the
anisotropic expansion of individual pits, indicating that the pit
expansion is anisotropic in both the in-plane and through-
plane directions.6 Circularity is used as a measure to quantify
the shapes of different pits. It can serve as a crucial parameter
describing the symmetry and regularity of the nucleation
process. The circularity (C) is calculated based on the equation
C A

P
4

2= , where A represents the area of the pit and P is its
perimeter. In the case of a perfectly circular shape, C attains a
value of 1. In Figure 4a, we summarize the circularity of pits
under current densities at 1−5 mA cm−2 with a fixed capacity
of 0.2 mAh cm−2. At low current densities like 1 mA cm−2, the
circularity of pits is broadly distributed compared to that under
higher current densities (5 mA cm−2). This phenomenon is
analogous to pitting corrosion for other metals.44,45 Under a
low reaction rate (i.e., current density), the pits’ growth is near-
equilibrium, and crystallographic effects control the reaction
rate,46 forming pits with various geometric shapes depending
on the degree of anisotropy between the different orienta-
tions.47 In contrast, hemispherical pits with circular electro-
polished interiors or polished pits form at high reaction rates.
Figure S9 and Supplementary Note S5 show the image
processing procedure, with over 300 pits chosen for each
current density. Examples of typical non-circular pits are shown
in Figures 4b and S10.
Besides the current density, the capacity will influence the

pit morphology during pit nuclei growth. Figures S11 and S12
depict the effect of the capacity on pitting-based stripping. As
the capacity increases from 0.5 to 2 mAh cm−2, the pits expand
in both the in-plane and through-plane directions. To quantify
the competition among different planes, we calculated the
aspect ratio of the average pit radius to the maximum pit
depth, as summarized in Figure 4c. For hemispherical pits,
their aspect ratio is near 1, indicating the isotropic growth of
the pit. Under a current density of 5 mA cm−2 with an areal
capacity of 0.2 mAh cm−2, the aspect ratio is as large as 6,
indicating that the pits are shallow. As the capacity increases to
2 mAh cm−2, the aspect ratio approaches 1. All other
conditions (1−5 mA cm−2) follow a similar trend. The pit
gradually grows to a hemisphere-like shape. This phenomenon
is consistent with surface energy minimization.34 The
schematic representation of the stripping evolution is
summarized in Figure 4d. The newly formed pit possesses a
wide and shallow shape, gradually evolving into a hemisphere
with increasing stripping capacity as R keeps decreasing.
Nucleation Mechanism and Growth of Li Pits. Based

on our observation of Figure 2, both higher current densities
and overpotentials lead to a large pit size and density. Random
regions in the central area of each electrode are chosen for
analysis with over 1000 pits. To examine the applicability of
CNT to the nucleation of Li pits, we plotted the pit radius

inverse overpotential in Figure 5a. A good linear fitting appears
under large overpotentials, i.e., current densities from 2 to 5
mA cm−2. For smaller overpotentials at 0.5−1 mA cm−2, the
median pit radius does not lie on the linear fitting because not
all of the capacity is stripped by pitting. According to CNT,
larger overpotentials will easily overcome the nucleation barrier
and cause a faster formation rate. Such fast reaction kinetics of
pitting can easily override the other effects (e.g., grain
orientations and boundaries). The rate of nucleation per unit
area is calculated and is given in Figure 5b. The nucleation
time is determined by the intersection of the tangent line of the
nucleation and growth process, and the details are shown in
Figure S14. The rate of nucleation shows an exponential
relationship with the overpotential, ranging from 3 to 55 mm−2

s−1, because there is a sharp transition between 500 and 550
mV vs Li/Li+. The pit radius and rate of nucleation trend
comply well with CNT. The rate of nucleation of Li stripping
is much slower than that of Li deposition on Li25 or Cu.20

During the Li-stripping process, the surface area of the
electrode continuously changes, consuming more electrolyte to
form the SEI and impacting the following cycle deposition of
Li. This variation in the surface area will also affect the local
current density and impedance during battery cycling. Hence,
it is important to evaluate the true surface area of Li after
stripping. As discussed in Figures 2 and 3 previously, small
currents typically generate a lower density of large pits, while
large current density leads to a high density of small pits. It is
not apparent how these current and capacity conditions impact
the surface area of the electrode. Here, we use the normalized
surface area, which is calculated from the actual surface area
divided by the geometric surface area, as a more reliable
descriptor for the surface area change. In Figure 5c, we
summarize and normalize the surface area of the Li-metal
anode from the true surface area extracted by CLSM. Under all
conditions, the normalized surface area evolves with increased
stripping capacity. Besides, it can be seen that the normalized
surface area reaches the maximum at 3 mA cm−2. The total
surface area is minimized because the low current densities
introduce a low nuclei density. Under the high current
conditions (≥5 mA cm−2), the surface area is decreased due to
the overlapping of pits.
Besides the surface area of the electrode, the arithmetical

mean height (Sa) is another essential factor in forming a
uniform electrical field and diffusion. Roughness typically refers
to deviations in the direction of the normal vector of the
surface from its ideal form, which is not necessarily aligned
with the change in the surface area. Figure 5d depicts the Sa
evolution of the Li surface under various stripping currents. Sa
evolves with the increased stripping capacity for all current
densities, indicating that the surface area changes significantly,
reaching a maximum roughness under 1 mA cm−2. Under-
standing the nucleation mechanism and growth of Li pits will
guide the cycling profile for uniform Li stripping and follow
cycle plating.12

■ CONCLUSION
This work systematically studies the early-stage nucleation and
growth of Li pits under various current and overpotential
conditions. Compared to the current, the overpotential shows
a high correlation with both the pit size and the rate of
nucleation, indicating that the overpotential is the driving force
behind pit nucleation. Large overpotentials will lead to a small
pit size and a high pit density. When the overpotential is below
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the critical value of ∼100 mV, the Li atoms are uniformly
stripped on preferential crystal grains without pitting. When
the overpotential is between 100 and 200 mV, the pitting
process initiates with uniform stripping. At large overpotential
(≥200 mV vs Li/Li+) conditions, Li pitting is the dominant
stripping mode. Besides the pit size and density, the
overpotential also impacts the pit shape. Li pits appear in a
circle shape in the in-plane view, under larger overpotentials.
As the stripping capacity increases, through-plane direction
growth predominates, surpassing the expansion rate in the in-
plane direction. We quantify the 3D evolution of Li pits with
the circularity and aspect ratio between the radius and depth
(R). We also find that the pit radius is proportional to the
inverse of the overpotential, and the overpotential has an
exponential relationship with the rate of nucleation. Such
knowledge of Li-pitting nucleation provides a great foundation
to predict the morphological evolution of the Li-metal anode.
We found that the size, density, and overlaid conditions of pits
will determine the surface area and roughness of the stripped
Li electrode, which will greatly benefit the design of the
charging/discharging profile. The developed methodology can
be further applied to the quality control of large-scale
manufacturing of Li-metal foils.

■ EXPERIMENTAL SECTION
Thickness Reduction of Foils. The Li foils (Alf 750 μm) are

thinned using a TMAXCN roller. Li is cut from the original Li foil and
sealed in pouches inside the argon atmosphere in the glovebox. The
pouches are then removed from the glovebox and rolled sequentially
to the desired thicknesses. Li foils of 150 μm thickness are used to
evaluate the effect of microstructural features.
Preparation of Cells. 2032-type coin cells are assembled using

lithium (Li) and copper (Cu) electrodes as working and counter
electrodes. Because Li quickly degrades upon contact with oxygen, all
assembly and imaging are conducted inside the argon atmosphere
Vigor glovebox. Lab-made 150 μm Li foils are used. Ethylene
carbonate/diethyl carbonate [1:1 (v/v)] with 1 M lithium
hexafluorophosphate (LiPF6; LP40, Sigma-Aldrich) is used as the
electrolyte for all experiments. The cells are pressed using a MSK-110
hydraulic crimping machine under a pressure of 1000 psi. The
assembled cells are aged for 24 h to ensure uniform and consistent
SEI layer formation. For the disassembly of cells, the MSK-110
hydraulic crimping machine is used with the disassembly apparatus to
open the cells and remove the stripped Li foils. The foils are then
immediately rinsed with diethyl carbonate to prevent the precipitation
of Li salt on the surface, which potentially obscures other features
during imaging.
Electrochemical Measurement. A LANDT battery test system

3200A is used to strip the Li anodes in the assembled cells. To test the
effect of overpotentials, the cells are cycled with 0.1, 0.2, 0.3, 0.5, 1, 2,
3, 4, and 5 mA cm−2 current density under a constant capacity of 0.2
mAh m−2. This capacity is chosen from preliminary data because a
higher capacity results in the merging of pits and a low capacity makes
it difficult to distinguish the pits with OM. Our experiments evaluate
the stripping overpotential using both two-electrode (coin cell) and
three-electrode (Swagelok cell) configurations to accurately measure
the true stripping overpotential. In the two-electrode system, the
measured overpotential is a combined value of both the stripping and
deposition overpotentials, which cannot be distinguished separately.
However, the three-electrode system can accurately determine the
overpotential for stripping and deposition separately due to the
additional reference electrode. For the three-electrode system, the
working electrode is Li foil, the counter electrode is Cu foil, and the
reference electrode is half-charged LTO.7

Imaging and Analysis. The anodes are imaged using a
ME580TA-PZ-2L-18M3 optical microscope inside the glovebox. To
count pits for size and density measurements, 3 × 3 grids of 5×

magnification images are taken to cover a large electrode surface area.
For shape evaluation, 10× magnification images are used for better
resolution. MATLAB is used to isolate individual pits from OM
images to measure their sizes and shapes. This allows for a large
volume of data to be produced at a large sample size. The proposed
pipeline for processing the acquired OM images follows: Apply a
Gaussian filter and red-channel thresholding blend and dim unwanted
features on the images such as scratches. Black and white thresholding
is then used to highlight the wanted features. These regions can then
be segmented, and their shapes and sizes can be individually
evaluated. Because the pits are not perfectly circular and, in some
cases, polygonal, their diameters can be measured with the equivalent
circle diameter, while their shapes can be compared with the
circularity ratio parameter. For the CLSM test, Li foil is sealed
between a glass slide and a cover slide with Kapton tape, as shown in
Figure S8. The samples can remain unaffected in ambient air for over
4 hours. The 3D morphology of Li pits is measured by VK-X3100
(Keyence). The images are taken with 20× and 50× lenses and
stitched together as 3 cm × 3 cm. Analysis is done by the VK-X 3000
Multifile Analyzer software by Keyence.
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