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Origin of Heterogeneous Stripping of Lithium
in Liquid Electrolytes
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ABSTRACT: Lithium metal batteries suffer from low cycle life. During discharge, parts Simulation
of the lithium are not stripped reversibly and remain isolated from the current collector. /

[l Metrics & More | Q Supporting Information

experiment

This isolated lithium is trapped in the insulating remaining solid-electrolyte interphase

(SEI) shell and contributes to the capacity loss. However, a fundamental understanding )
of why isolated lithium forms and how it can be mitigated is lacking. In this article, we '{l
perform a combined theoretical and experimental study to understand isolated lithium .

formation during stripping. We derive a thermodynamic consistent model of lithium
dissolution and find that the interaction between lithium and SEI leads to locally
preferred stripping and isolated lithium formation. Based on a cryogenic transmission
electron microscopy (cryo TEM) setup, we reveal that these local effects are particularly pronounced at kinks of lithium
whiskers. We find that lithium stripping can be heterogeneous both on a nanoscale and on a larger scale. Cryo TEM
observations confirm our theoretical prediction that isolated lithium occurs less at higher stripping current densities. The
origin of isolated lithium lies in local effects, such as heterogeneous SEI, stress fields, or the geometric shape of the deposits.
We conclude that in order to mitigate isolated lithium, a uniform lithium morphology during plating and a homogeneous SEI
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are indispensable.
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regained much attention in the search for next-

generation high-energy-density batteries."™® Despite
early commercialization attempts until the late 1980s, safety
concerns and low durability hinderrf the successful use of
lithium metal anodes.” Recently, there has been much progress
in monitoring the lithium metal structure during cycling, and
there is the consensus that controlling the metal surface during
cycling is key for successfully deploying lithium metal
anodes.”* "' The low durability originates from the con-
tinuous growth of a solid-electrolyte interphase (SEI)" and the
formation of isolated lithium, which is electronically dis-
connected from the bulk lithium and the current collector."
Both effects lead to capacity loss and are enhanced with
increasingly irregular, nonplanar, and high-surface-area struc-
tures of the lithium anode. Experiments have found that the
nonplanar structure arises from whiskers, growing with no
apparent growth direction during charging."*”"" Lithium
whiskers, often with small diameters, entangle each other to
form mossy lithium.'* The growth process is not limited by
electrolyte transport at battery-typical current densities.'® "
During discharging, portions of lithium remain isolated in the
SEI shell.'">**** This isolated lithium can accumulate at the
electrode, increasing the cell resistance because the ion path
becomes tortuous®**° or floats in the electrolyte'® and
possibly reacts at high voltage®” and elevated temperatures.”® A

L ithium metal anodes paired with liquid electrolytes have
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fundamental understanding of these nano- and microscale
effects would significantly contribute to developing mitigation
strategies for these structural inefficiencies.

Isolated lithium was observed by Yoshimatsu et al. Scanning
electron microscopy (SEM) experiments showed that particle-
like structures remain at the tip of lithium “needles” after
stripping.”” Li et al. revealed by comparing cryogenic
transmission electron microscopy (cryo TEM) to room-
temperature (RT) TEM that RT TEM greatly interacts with
the lithium structures and that the needles observed by RT
TEM are lithium whiskers.”> Cryo TEM is particularly useful
for resolving the atomic scales of lithium whiskers and the
SEL'>'®***°73! The dynamics of the dissolution process of a
single lithium whisker were captured by Steiger et al. with
optical microscopy techniques.” It was observed that during
stripping, a droplet is first disconnected at the tip, and
afterward, the root of the whisker dissolves, while a thin line
connects the droplet to the anode. The thin line is most likely
the hollowed-out SEI shell, but due to optical microscopy, the
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small structures cannot be resolved, and the pictures are
governed by diffraction. Steiger et al. discussed the possibility
that the remaining droplet is an insoluble SEI particle."’
However, optical microscopy cannot investigate this hypoth-
esis, which requires spectroscopic analysis and high-resolution
images of the residual particle.

Recently, experimental findings were supported by theoreti-
cal works which tried to understand phenomena associated
with isolated lithium formation.””** Li et al. observed in cryo
TEM experiments that SEI nanostructure can induce notches
where lithium whiskers are pinched-off and isolated lithium
forms. Li et al. tried to understand this by simulating lithium
dissolution with locally enhanced ionic conductivity. A large
enhancement factor of more than 1000 is needed to simulate
notches. This large enhancement factor is in contradiction to
experimental estimates of ionic conductivities of SEI
compounds, which tend to vary only 1 order of magnitude.*”**
Tewari et al. found that an increasing discharge current density
leads to less isolated lithium formation.”” Tewari et al. tried to
understand this with an atomistic kinetic Monte Carlo model,
where lithium self-diffusion at the solid interface, lithium
dissolution, and ionic diffusion in the electrolyte were
incorporated, while neglecting effects of the SEI or lithium
electromigration in the electrolyte.”” This model reproduces
that an increasing discharge current density leads to less
isolated lithium. However, their simulation lattice of 150 X 100
lattice sites, i.e., atoms, is smaller than the typical whisker
diameter and the observed thickness of dead lithium structures
of approximately 100 nm, e(%uivalent to ~285 atoms with a
lattice constant of 351 pm.lé’ 35 In this model, the formation
of isolated lithium is a purely stochastic process and cannot
predict systematic formation of isolated lithium. Thus, the
model is not complete and further theoretical investigation of
isolated lithium is necessary.

We investigate the lithium stripping process in a combined
experimental and theoretical approach. We focus on the
dissolution dynamics of lithium during the stripping of lithium
metal anodes and the origin of isolated lithium. We aim to
answer the following key questions. (1) Why does isolated
lithium form? (2) How do the electrochemical conditions
influence the formation of isolated lithium? (3) How can we
mitigate the formation of isolated lithium?

On the theoretical side, we developed a generalized phase-
field model for lithium stripping underneath a rigid SEL The
model comprises the interaction of lithium with the SEI and
the influence of geometrical effects on the dissolution rate.
Both contributions are known to influence the reaction
rate.*”*" With this, we study the stripping behavior of a
single lithium whisker. The model, described in detail in the
Methods section, reproduces the literature observations. On
the experimental side, we conducted cryo TEM to investigate
lithium at different stripping stages and electron energy loss
spectroscopy (EELS) to get insights into the chemical species
of the whisker and the covering SEL

RESULTS AND DISCUSSION

In order to understand the heterogeneous stripping of lithium
whiskers, a thorough understanding of the structure and
chemical composition of the whiskers is necessary. Thus, we
first present experimental results of the chemical composition
of the whisker and the covering SEI shell. The composition of
the whisker is under debate, and the results will further be used
to validate assumptions for our model. Second, the model is

applied to predict the dissolution dynamics of a single straight
lithium whisker. The results are compared to the observations
of Steiger et al."” In the cryo TEM setup, the dynamics of the
dissolution process cannot be captured. However, it is a
powerful tool for resolving the structures. Third, we thus show
with cryo TEM the micro- and nanoscale observations of
lithium after different stages of stripping. A particular focus lies
on kinked regions of the whiskers. Here, we compare the
observed structures to model results of a 3D extension of the
presented model. Finally, we extend our model for locally
different SEI compositions and compare the results of our
model to the notches observed by Li et al. and their model.”’

Chemical Composition of the Whisker and the SEI. In
the literature, the chemical composition of lithium whiskers,
particularly of the tip, is still under debate.'>'****'=* Steiger
et al. su%gested that the whisker tip consists of an insoluble
particle."

For copper (Cu) whiskers occurring during electroplating, a
similar phenomenon was experimentally verified."* There, a
dirt particle induced much higher plating current densities at
the tip, which led to whisker growth. However, lithium
whiskers grow from the root, and different ideas for growth
mechanisms have been discussed in the literature,'”'®"*>=%

In order to clarify the chemical composition of the whisker
tip, we perform EELS elemental mapping measurements of the
whisker tip. The whiskers are formed by electrochemically
depositing lithium on a Cu grid. As an electrolyte, we use 1.2
M LiPFq in ethylene carbonate (EC)—ethyl methyl carbonate
(EMC) (3:7 by wt) with S wt % vinylene carbonate (VC)
additive. As shown in Figure 1, we find that the whisker tip has

Figure 1. High-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) image of the whisker
and its tip with the corresponding electron energy loss spectros-
copy (EELS) elemental mapping for a plating current density of
0.1 mA cm ™% Red corresponds to carbon, green to oxygen, blue to
fluorine, and yellow to lithium.

the same chemical composition as the root of the whisker. It
can be seen that the whisker has oxygen (O)- and carbon (C)-
rich molecules and few fluorine (F)-containing molecules. We
associate this with the SEI-forming molecules. The intensity is
higher at the shell where only SEI is imaged. In the core, the
lithium intensity is higher, suggesting that the core is elemental
lithium. The thickness of the shell, where C, O, and F are
higher in intensity, is roughly 20 nm. This matches with our
measurement of the SEI in the cryo TEM images, as shown in
Figure SI-1 in the Supporting Information (SI). The dark spots
in Figure 1 are artifacts caused by ice contamination during
sample transfer and beam damage.*"** Additionally, we see no
strong dependence of the chemical composition of the SEI on
the plating current density, as shown in Figure SI-2. Thus, the
whisker tip is elemental lithium regardless of how the whisker
was formed. There are no striking irregularities in the intensity
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Figure 2. Comparison of simulated and observed whisker dissolution and droplet formation. (A) Snapshots of the simulation of the whisker
dissolution at low current density J = 0.01],. The color represents the local chemical potential at the given time and location on the whisker
surface. (B) Dissolution of a single lithium whisker as recorded in the experiment by Steiger et al."* Reprinted with permission from ref 13.

Copyright 2014 Elsevier.

distribution of the chemical compounds. We conclude that the
SEI is sufficiently homogeneous.

Droplet Formation during Whisker Dissolution. With
our model, we can simulate the galvanostatic dissolution of a
single straight lithium whisker, taking the interaction between
lithium and SEI into account. The SEI adheres to the lithium
and lithium is stripped underneath the SEI. First, the adhesive
bond breaks, influencing the local chemical potential, described
by eq 9, which in turn influences the local reaction rate,
described by eq 7. We apply our model to simulate the
dissolution of a whisker at a low current density and compare
our results with the recorded whisker dissolution dynamics of
Steiger et al.'* This experiment is ideal for our first comparison
because the whisker is straight with no kinks and is
cylindrically symmetric.

As the exchange current density determines the dynamics for
a given geometry and applied current, we state the applied
current density J relative to the exchange current density J;. As
discussed in the Methods section in more detail, the exchange
current density depends on the electrolyte used and the
thickness of the SEI and is estimated to be J, = 10 mA cm™
based on experimental estimations.””*” We define our low
current density scenario by J = 0.01],. In this case, the
simulation results are shown in Figure 2A. Depicted is the
shape of the lithium whisker at different points in time. The
three-dimensional curve describes the surface of the lithium
metal at a given time, and the surface color describes the local
chemical potential of lithium at the surface.

The simulation predicts the nucleation of an instability just
below the tip in the early stripping process, depicted in Figure
2A(b). This point on the whisker surface is special: there, the
surface is concave opposed to everywhere else. The binding to
the SEI is represented by a negative effective interfacial
tension. Usually, convex surfaces dissolve preferentially but
here, with the binding to the SEI, concave surfaces are
preferred. The instability can be understood by the following.
When the dissolution begins, the detachment of the SEI
exposes a fresh surface area of lithium. In general, the exposed
surface is minimized during the dissolution process in order to
minimize the surface energy. If the dissolution is slow, lithium
is stripped at preferential places, leaving most of the lithium
surface attached to the SEL This leads to lithium being
electronically disconnected from the current collector at the tip

10220

of the whisker; see Figure 2A(c). After this, at the tip, the
remaining lithium forms a sphere, while the root of the whisker
dissolves without any subsequent instabilities; see Figure
2A(d,e). The part of the whisker which is still connected to the
current collector has a strictly convex surface and can then
dissolve entirely.

The predicted dissolution behavior agrees nicely with the
experimentally observed stripping of a lithium whisker by
Steiger et al;"? see Figure 2B. It was observed that below the
tip, the whisker is thinned, and the tip gets disconnected from
the root, as shown in Figure 2B(b). Then, the root of the
whisker dissolves completely, as shown in Figure 2B(c—e).

Note that for the experiment by Steiger et al., a stripping
current density of approximately 0.002 mA cm™ was applied,
estimated by dividing the total stripping current by the
substrate area. The time scale of around 500 s, over which the
dissolution of the single whisker was observed, hints that the
local dissolution current density of the whisker deviates from
the reported global 0.002mA cm™2 By approximating the
whisker as a cylindrical object with a length of 10 ym and a
diameter of 200 nm, we estimate the dissolution current
density of the whisker to be on the order of

_ (F'thisker)/(VM't)

whisker T

J=1/A

Awhisker

~ 0.1 mA cm™ = 0.01], (1)
with the Faraday constant F, the whisker volume V., the
molar volume of lithium V), and the average whisker surface
area during dissolution A ... Our estimation deviates from
the reported average current density by 2 orders of magnitude.
With our assumption of J, = 10 mA cm™2, this estimation of the
dissolution current density fits perfectly to our simulations with
J = 0.01J,,

Further, one can observe that in Figure 2B between (a) and
(b) (in 2405s), and between (b) and (c) (45s), a comparable
amount of lithium is stripped in different time intervals. We
interpret this to imply that an onset time exists before the
dissolution of the whisker starts. Our observations, discussed in
the section below, support this interpretation. The underlying
course of the existence of the onset time is not understood. We
suggest that heterogeneous current distribution or heteroge-
neous kinetic barriers due to fluctuating surface properties of
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the individual whiskers can induce the onset time. The latter is
well described in the context of our model. We predict locally
varying dissolution currents depending on the local chemical
potential, which in turn depends on the SEI properties and the
whisker surface properties. Considering multiple whiskers with
varying radii and heterogeneous SEI coverage, our local
dissolution currents can lead to whiskers dissolving one at a
time. We do not have an onset time in our simulation, as we
consider only a single whisker. Thus, we predict the
disconnection of the isolated lithium droplet after just a few
seconds, as shown in Figure 2A(c).

The discussed instability below the tip vanishes for higher
stripping current densities, as depicted in Figure 3. For this
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Figure 3. Snapshots of the simulation of the whisker dissolution at
high current density J = J,. The color represents the local chemical
potential at the given time and location on the whisker surface.

simulation, we choose the stripping current density to be ] = ],
In this scenario, the local variations of interfacial tension
become irrelevant and the local stripping current density
variations are negligible.so_°3 Therefore, the lithium—SEI bond
breaking occurs homogeneously; see Figure 3b,c. During
stripping, the whisker is thinned until it is dissolved, as
depicted in Figure 3d,e. The remaining isolated lithium is
hardly visible; see Figure 3e. This agrees with the experimental
observations of Tewari et al. of less isolated lithium formation
at higher stripping current densities.’”

To validate the simulation results, we perform an additional
experiment at a higher stripping current density of 1 mA cm ™2,
depicted in the SI. Note that this current density is still low
compared to the current limiting density. After discharge, the
whiskers are stripped completely and only a hollowed-out SEI
shell remains; see Figure SI-3. This agrees with our theoretical
predictions.

However, higher stripping current densities are not a
universal approach to improving the lifetime of lithium
batteries. While we found that isolated lithium formation on
the nanoscale can be mitigated using higher discharge current
densities, it can have detrimental effects on bigger length
scales. Especially in cells where mossy lithium is formed during
plating, the high discharge current density can lead to
enhanced pitting of excess lithium. This leads to void
formation during stripping, enhanced mossy lithium formation
in the voids during plating, and rapid cell failure.>* However,
for anode-free cells, there is an indication that a hi%}}er
stripping current density slightly improves the cell lifetime.”>*°
Therefore, we conclude that in order to realize lithium anodes,

it is most important to achieve homogeneous plating
conditions.

Micro- and Nanoscale Observation of the Stripping
Heterogeneity. In order to understand the stripping behavior
of lithium, one has to understand the dynamics at different
length scales simultaneously, which is a very challenging task.
At the centimeter scale, nonuniform distribution of current
density is observed.”” In our cryo TEM setup, we can probe for
heterogeneous stripping ranging from several hundred micro-
meters down to a few nanometers. In order to investigate
irregularities of lithium stripping in the length scale of 100 ym,
we take images of the Cu grid after plating and after stripping.
To investigate smaller length scales, we focus on small,
interesting parts of the lithium whiskers after stripping.

In the case of stripping at a low current density of 0.01 mA
cm™2, we observe nonuniform lithium dissolution on the
microscale, as shown in Figure 4. In the experiment, we

Figure 4. Cryo TEM image of the Cu grid (a) after 100 min plating
at 0.1 mA cm 2 and (b) after 500 min stripping at 0.01 mA cm .
After nonuniform stripping, there are areas with high and low
remaining whisker densities.

stripped away about half of the plated lithium. Opposed to
uniform stripping of the lithium whiskers, we observe areas
where the lithium seems to be almost completely dissolved,
while in other areas, it seems that dissolution has not started at
all. From this, we conclude that larger-scale heterogeneity plays
a critical role in the preferential dissolution of lithium. Local
stress fields or locally different SEI compositions can cause this
heterogeneity and lead to locally different overpotentials and
thus enhance or retard localized stripping.*®

As we want to investigate the lithium whiskers during and
after stripping, we focus on the areas with low remaining
whisker density. There, the dissolution is mostly complete, and
we can investigate if isolated lithium forms. We find that
preferential stripping occurs mostly at kinks. In Figure 5A, we
show a typical image of the observed structure at kinks. It can
be seen that the preferential dissolution at the kinks leads to a
separation point where one part of the whisker is electronically
disconnected from the other part and thus forms isolated
lithium. The connection remains only through an SEI, which
seems to be different compared to the rest of the whisker
covering SEL This can be caused by two effects: first, by
mechanical deformation of the native SEI covering the whisker,
and second, by chemical reactions of exposed lithium with the
electrolyte. In order to understand the cryo TEM image, we
performed EELS elemental mapping to analyze the SEI
composition; see Figure 5B. We can identify an O-rich SEI,
with little amounts of C and a very little amount of F. This
suggests the formation of Li,O nanoparticles at the kink.
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Kink regions have the distinct feature of different surface
curvatures on the inside and the outside of the kink. Following
our line of argument presented above, this geometry effect
should lead to different stripping rates in the kink region at low
We extend the whisker model to three
dimensions to study if our predictions match the experimental
observations. For this, we trace points on the lithium surface
and calculate the surface curvature utilizing differential
geometry as the eigenvalues of the shape operator. Figure
SC shows the amount of stripped lithium in the vicinity of a
kink in the early stages of stripping for a low stripping current
density. It can be seen that stripping occurs preferentially on
the inside of the kink, where the kink surface was initially
concave. The blue color indicates that a large amount of
lithium is stripped away, while the yellow color indicates that
almost no lithium is stripped. In the blue region on the inside
of the kink, the lithium—SEI bond is broken first. With further
stripping, the preferred dissolution at the kink leads to a pinch-
off of the upper whisker part and isolated lithium. After the
pinch-off and the breakdown of the SEI shell, the isolated
lithium part is fragile, can rotate, and can potentially
mechanically disconnect from the root of the whisker. Our
predictions agree with our cryo TEM observations and explain
why kinks are prone to isolated lithium formation. This
explains why mossy lithium is particularly bad and why
stripping behavior is better when the whiskers are straight and
aligned.™

current rates.

Note that our model considers a local chemical potential due
to the lithium—SEI interaction through an adhesive bond.
Additionally, the SEI can put pressure on lithium during
whisker growth when lithium is plated underneath the SEL
Differences in the local stress distribution also cause differences
in the local chemical potential and thus lead to different local
stripping behavior. In kinks, the rotational symmetry of the
geometry is broken. We thus anticipate that local stress fields
can also play a role in the preferred stripping behavior of kinks.
Investigating this effect would require extending our model
with a model for the local stress distribution. This is possible
because of the generality of our framework but is outside the
scope of this work.

Notches. Li et al. found that during stripping notches can
occur, as depicted in Figure 6A—C.** Notches are seemingly
random spots in the whisker where a part of the whisker is
completely pinched off, leaving isolated lithium disconnected
from the current collector. Li et al. suspected that notches
emerge at spots where the covering SEI has a higher ionic
conductivity, possibly through a locally different SEI
composition. We adopt this idea and translate the locally
enhanced ionic conductivity to a locally enhanced exchange
current density with enhancement factor S. The exchange
current density strongly depends on the SEI composition and
thickness.””** We explore what our model predicts by
introducing a 90 nm long spot where the exchange current
density is increased by S = 2. The simulation results are
depicted in Figure 6D. The results look very similar to the
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observation of Li et al. The enhanced exchange current density
is equivalent to the enhanced ionic conductivity, but our model
introduces an additional mechanism to the process. Due to the
locally accelerated dissolution, the bond between lithium and
SEI is broken faster. Thus, the reaction is even more enhanced,
and notches can develop.

In order to understand the influence of heterogeneity of the
SEI on the formation of notches, we conduct a parameter
study to find the minimum factor S, for notches to develop.
We find that S, is larger for higher stripping currents; see
Figure 7. We note that our model predicts trends, not

7

o

w
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SEI enhancement factor S

o

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Current density J / Jy

Figure 7. Phase diagram of the stability of whiskers against notches
as a function of applied current density and the enhancement
factor S of the locally higher conductive SEI. The red dots
represent the minimum enhancement factor S, for notches to
develop before the lithium—SEI bond is broken at the rest of the
whisker. The red area describes where notches are anticipated and
the green area where notches are mitigated.

quantitative values, as the exact value of S_;, depends on many
factors: e.g., the whisker thickness or the surface area of the
ionically higher conductive SEI The value range of S;, & 2—5
for notches to occur seems more realistic than an enhanced
ionic conductivity factor of 1000, as reported in the studies of
Li et al’® We therefore conclude that the lithium—SEI
interaction is important for the occurrence of notches.

We propose the following interpretation of our results. (1)
Our model confirms the idea from Li et al. that a locally
enhanced ionic conductivity of the SEI can lead to notches. (2)
For smaller stripping current densities, notches can more easily
occur and are thus more likely to occur. As discussed above,
local variations play a lesser role at higher stripping current
densities.”*™>* Thus, higher stripping current densities can
mitigate the emergence of notches and thus can lead to less
isolated lithium.

In our experiments, we do not observe notches, which we
attribute to a more homogeneous SEI structure and
composition.

CONCLUSIONS

We investigated the stripping behavior of lithium at low
stripping current densities and the origins of its heterogeneity
by a combined theoretical and experimental approach. On the
theoretical side, we developed a model for lithium whisker
dissolution. Lithium whiskers occur in the early stages of
electroplating and lead to mossy lithium. Our model comprises
the interaction between lithium and SEI which is crucial to

describe the experimentally observed phenomena. We
predicted the occurrence of isolated lithium emerging at
geometrically distinct spots below the tip or at kinks at low
stripping current densities. The dissolution dynamics can
describe the experimental observation by Steiger et al."> and
the formation of a lithium droplet at the whisker tip. The
model also reproduces the notches that can lead to isolated
lithium, reported by Li et al.”> On the experimental side, we
plated lithium on a Cu TEM grid and investigated the
emerging structures with cryo TEM, as this preserves the
native state of the specimen.'®*****%*"% We observed that
kink regions are very prone to isolated lithium formation. With
EELS elemental mapping, we observed the SEI composition
and found that the SEI composition changes, where isolated
lithium is formed. We observe that not only lithium stripping is
nonuniform on a nanoscale of ~100 nm but also on a micro
scale of ~100 ym. We thus conclude that defects play a critcial
role in the dissolution of lithium and that local effects, such as
stress fields or local overpotential, can retard or facilitate
lithium stripping. From our study we can conclude that in
order to prevent nonuniform stripping, morphological
inefficiencies like whiskers or locally different SEI should be
mitigated. Otherwise isolated lithium is anticipated, especially
at low discharge current densities. There, the observed
nanoscale nonuniform stripping phenomena are more
prominent compared to higher stripping current densities.

METHODS

Model. We model the dissolution of a single lithium whisker
without kinks, covered by an SEI layer of uniform thickness, during
galvanostatic stripping as a reaction-limited process. Lithium whiskers
are thought to be formed in a stress relaxation mechanism.'**>%' We
assume that all stresses are relaxed with the start of the stripping and
that the dissolution can be described solely by electrochemical
reactions. Lithium is stripped from underneath the SEI. Here, the
lithium—SEI bond introduces a barrier that has to be overcome before
stripping, which we model as described below. We consider the SEI to
be rigid and perfectly electrolyte-blocking when intact and do not
model the SEI dynamics during the stripping process.

In reality, the SEI is pressed against the shrinking whisker surface
and breaks when it cannot deform further.”> On exposure to the
electrolyte, Odziemkowski and Irish observed that fresh SEI forms on
the time scale of 1 5.°> We compare this time scale with a local current

density of
e mA
l—— ~ 01
(3.51A)°s cm 2)

where 3.51 A is the lattice constant of lithium.*® In our higher current
density scenario (10mA cm™2), the dissolution outpaces the SEI
formation, and we do not anticipate the reformation of a mechanically
stable SEI, as in line with experimental observations of lithium plating
experiments.64 In our low current density scenario (0.1 mA cm™2),
our model predicts highly localized dissolution with high current
densities (~10 mA cm™?); see Figures SI-5 and SI-6. Thus, the SEI
cannot heal during dissolution, and we can neglect the reformation of
SEI in our model.

Further, we do not model the ion transport in the electrolyte. This
is only valid as long as diffusion effects do not play a role, i.e., far
below the limiting current density. The limiting current density of our
setup is approximately®

2¢,FD
Jim = SF ~ 400 mA cm™>
Tl 3)

where ¢y = 1.2 M is the concentration of salt, F = 96485 C mol™ is the
Faraday constant, D ~ 3 X 10%cm® s is the diffusion
constant, t, & 0.7°” is the anion transference number, and L & 25 ym
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is the electrode distance. In our setup, we only use stripping current
densities up to 1 mA cm™2. At these current densities, even at the
whisker length scale of ~1 ym, only negligible concentration gradients
occur. Thus, we can assume the diffusion of lithium in the electrolyte
to be sufficiently fast and a constant concentration of Li* at the
whisker surface.

As the initial geometry, we assume a cylinder-like shape with radius
R = 100 nm and a spherical tip, as described in eq A2 in the SI. This
resembles the structures observed in experiments; see Figure 8. This

(A)

(B)
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g
~
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Figure 8. Comparison of the whisker geometry as assumed in the
model and as seen in experiments. (A) Upper part of the whisker
as described by our model assumptions. The body has a cylinder
shape with a spherical tip that has a slightly bigger radius than the
body. (B) Cryo TEM image of the upper part of a lithium
whisker.””> The tip is rounded, is slightly spherical-like, and
appears to be slightly bigger in radius than the whisker body.
Reprinted in part with permission from ref 23. Copyright 2017
The American Association for the Advancement of Science.

ansatz allows us to use a cylindrical symmetry. We describe the
surface of the whisker by

(& §)—=(r(8), z(&), ¢) (4)

with the surface marker & Here, (r(£), z,(£)) is the initial whisker
surface and the position of the SEI, which we assume to be rigid: i.e.,
it does not change during dissolution. In reality, the SEI shell falls
together due to a negative pressure beneath the SEI surface. This is
not important for our simulation of the whisker dissolution, as this
happens after the lithium—SEI bond is broken.

Unlike canonical phase-field models, where the solid/liquid phases
are captured by a phase parameter and a diffuse edge,”*™"* we assume
a sharp edge and only track the surface of the whisker.’>*" The
dynamics of the whisker dissolution can then be described by the
propagation of the surface points & which move perpendicular to the
surface:

MO W
TR e A0 "
0z(¢) - Vy
P e J(&) ®

Here, i = 0r/0&, 2 = 0z/0&, Vi = 13.02 X 107 m® mol ™ is the molar
volume of lithium, F is the Faraday constant, and J(£) is the electrical
current density, given by the Butler—Volmer expression

](f) — ]O[E_FA(D/ZRT _ ey(é)/RTeFA(D/ZRT] (7)
with J, being the effective exchange current density, the ideal gas
constant R = 8.314 ] mol ™" K™, the room temperature is T = 298.15
K, the potential step is A® = @ — @ relative to the lithium metal,
and u(&) is the chemical potential of lithium at the whisker
surface.””" Note that with the simplified formula for Marcus—Hush—
Chidsey kinetics by Bazant and co-workers,”® eq 7 can be modified to
better describe behavior for high overpotential;*® see eq AS in the SL
The effective exchange current density depends on the electrolyte
used and the thickness of the SEI As this quantity is hard to measure,
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we assume J, = 10 mA cm™>, which is the reported order of magnitude
for the exchange current density.”” To avoid a dependence of our
results on the value of J,, we later give the initial stripping current
density relative to the effective exchange current density. Further, we
neglect the concentration dependence of the exchange current
density,77’78 as for the current densities used in this work, the
concentration differences are negligible. The chemical potential u
determines the nonequilibrium thermodynamics and follows from the
Gibbs free energy

6= [sdz= foar= [old, apmit+ " a )

which is based on the interfacial tension o(d,a), with ' = dr/dz. From
eq 8 we get an expression for the free energy density g which we can
use to calculate the chemical potential via a variational derivative

_ 9GInl _ Vw 8GIr] _ Vu|% _ d %
on or 27r| or dza?

2ar

€)

where n(z) = 7r*/Vy, is the number of lithium atoms per z-interval.

In order to get an expression for the chemical potential y, we
model the Gibbs energy density g. In our model, the change of g is
due to the change of surface tension 6. At the beginning of the
experiment, the lithium surface is parallel to the rigid SEI surface, and
the lithium is bonded to the SEL In order to strip a lithium atom from
underneath the SEI, the work of adhesion has to be done. At the end
of the experiment, the lithium and the SEI are decoupled. We model
this with the function o(d), where d is the distance between lithium
and the SEL The distance dependence mimics the behavior of typical
molecular-binding potentials. In our continuum approach, we further
need to account for the case that lithium can be orthogonal to the
SEI: e.g, when a gap is formed in the lithium whisker. In this
situation, there is no binding between lithium and the SEL. We model
this with the function ¢, = oy;, where o7; = 0.5 ] m™ is the surface free
energy of lithium.” Therefore, we combine both parts with an angle-
dependent function f(), where « is the angle between the SEI and
the normal of the whisker surface

o(d, @) = oj(d)f(a) + a,(1 = f(a)) (10)
with oy(d) = oy; + E5(d) including the surface free energy of lithium
oy; and the work of adhesion E, due to the binding to the SEIL By
6)(0) = —oy;, we assume that the bond strength from lithium to the
SEIL is in the same order of magnitude as the lithium—lithium cohesive
bond. For our continuum approach, we smear out the bond breaking
over the distance a = 3 nm so that 6y(d < —a) = oy;. The function
0y(d) is depicted in Figure 9. The angle dependence is chosen such
that in the perpendicular case 6(d,a = 90°) = 6, = oy;: i.e., fla = 90°)

0.4l Bare Li | |
[
~ 02f [ ]
g 1
~
= 0t |[~—— Bond breakjng —— -
= |
© .02 I
04 :
| Adhesion to SEI
0 4 3 2 1 0
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Figure 9. Change of effective interfacial energy o) as a function of
distance d to the SEI modeled by eq A9 in the SL
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= 0. For numerical stability, we choose f(ar < 45°) = cos 2a and f(a >
45°) = 0. Further details are presented in the SIL

With these definitions, we can evaluate eq 9 and calculate the
chemical potential. The full derivation is presented in the SI with the
final result being eq A1S in the SI. Initially, for d = 0 the adhesion to
the SEI leads to a negative chemical potential of the lithium surface, as
o is negative. This implies that concave surfaces have a higher
chemical potential; see eq A1S and eq 11. The bond breaking leads to
a steadily decreasing value of the chemical potential until d &# —1 nm.
After this the chemical potential rises again until its detached from the
SEL During the bond breaking there will be a point at which o
switches its sign and concave surfaces will have a lower chemical
potential. When the bond is broken, from eq 9, we recover the same
expression for the chemical potential as by inserting the well-known
Young—Laplace equation in the Gibbs—Duhem relation:

1 1
= Vo | — + —
K M Ll[ R, Rz] (11)
We only model the dynamics of the lithium, not of the SEL If,
however, an instability occurs leading to droplet formation, we assume
that the SEI shell breaks, as the elastic deformation can only account
for a few percent of volume change.&’g0 Then, electrolyte can flood
underneath the SEI shell and break the lithium—SEI bond. We
assume this process to occur instantaneously, after the droplet
formation. We assume that lithium is disconnected from the current
collector at the point where the whisker thickness falls below the
threshold r(£) < 0.05R.

When the SEI breaks, the lithium ions do not have to diffuse
through the complicated SEI, and thus the effective exchange current
density becomes larger. This is suggested by experiments where the
exchange current density was measured. Shi et al. used a micro-
electrode setup and cyclic voltammetry with a large sweeping rate of
200 mV s~ and claimed to measure the exchange current density of
lithium metal deposition without SEL*>” In 1 M LiTFSI 1,3-dioxolane/
1,2-dimethoxyethane electrolyte they measured J, = 123 mA cm™
For the same electrolyte, Chen et al. measured J, = 0.41 mA cm™
using lithium—lithium symmetrical cells and a sweeping rate of 0.5
mVs™.* There, the SEI covering the lithium explains the
discrepancy of these values. To the best of our knowledge, there
has been no systematic study on how the SEI thickness influences the
effective exchange current density. Lithium whiskers are typically
covered by a very thin SEI of about 20 nm." Therefore, we assume a
relatively large exchange current density of J, = 10 mA cm™> with the
lithium adhered to the SEI and an exchange current density J, = 100
mA cm™? after the SEI breaks.

Electrochemistry. We assembled a CR2032 coin cell with a Cu
TEM grid on a Cu foil as the working electrode, lithium metal as the
counter electrode and reference electrode, and polyethylene as the
separator in an argon (Ar)-filled glovebox. The diameter of lithium
metal was 1.56 cm, and the diameter of Cu foil was around 1.8 cm. A
polyethylene separator was used to separate the two electrodes. The
electrolyte was 1.2 M LiPF4 in EC—EMC (3:7 by weight) with S wt %
VC. Lithium metal was deposited onto the working electrode by
applying different current densities of 0.1 mA cm™ for 100 min (by
using Arbin BT-2000). After deposition, lithium was stripped by
applying a current density of —0.01 mA cm™ for 500 min.

Transfer to the Cryo-TEM. After cycling, the coin cell was
disassembled in the Ar-filled glovebox. The TEM grid was taken out
of the Cu foil and slightly rinsed with EMC to remove trace
electrolyte. After rinsing, the TEM grid was placed in a sealed bag
filled with Ar. Immediately after taking the sealed bag out from the Ar-
filled glovebox, it was plunged into a bath of liquid nitrogen until the
lithium metal reached a very low temperature (around 100 K). Then,
we quickly took the Cu TEM grid with electrochemically deposited
lithium from the sealed bag and loaded it onto a precooled Gatan
cryoholder (Elsa, Gatan, USA) using a cryotransfer station to ensure
that the entire process occurred under a cryogenic environment. This
preserves the specimen in its native state.

Cryo-TEM Characterization of the Lithium Deposits after
Cycling. A 300kV FEI Titan monochromated (scanning) trans-
mission electron microscope ((S)TEM) equipped with a probe
aberration corrector was used to acquire the TEM, selected area
electron diffraction (SAED), energy dispersive spectroscopy (EDS),
and EELS data. The samples were imaged at low temperature (100 K)
under low-dose conditions (~le A™> s7' for low-magnification
imaging, ~100 e A= s™* for high-resolution TEM imaging) to prevent
beam-induced damage and artifacts. EDS elemental mapping was
collected by scanning the same region multiple times at a dwell time
of 1-10 ps (depending on the image size), and the dose rate was
around 0.363—1.98 e A™> s7' depending on magnification. The
functions of binning and smoothing in Aztec software (Oxford
Instruments) were used to enhance the contrast of EDS data.
Spectroscopy experiments were performed on a Gatan GIF-Quantum
spectrometer. The EELS collection semi angle during the spectros-
copy experiments was ~45 mrad. EELS spectral dispersion was 0.05
eV/channel with vertical binning at 130 in dual EELS mode. The
probe beam current was around 25 pA, and the pixel dwell time was
0.001—-0.5 s. The electron dose applied during acquisition of the
EELS spectra was 0.8—40 eA™2 These electron dose rates are typically
used in a cryogenic environment and do not introduce obvious
damage or artifacts after acquiring images, diffraction patterns, EDS,
and EELS spectra,'®>%2%30:41,60

ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.3¢00329.

Additional details on the mathematical model, derivation
of the analytical expression of the chemical potential,
cryo TEM image of the copper grid after plating and
stripping at 1 mA cm™?, HAADF STEM and EELS
elemental mapping of whisker after plating at 1 mA
cm™?, cryo TEM images of whisker after stripping at 1
mA cm %, cryo TEM images of SEI at different plating
current densities, and additional simulation results with
distribution of local current density during stripping
(PDF)

AUTHOR INFORMATION

Corresponding Author
Birger Horstmann — Institute of Engineering
Thermodynamics, German Aerospace Center (DLR), 89081
Ulm, Germany; Helmholtz Institute Ulm (HIU), 89081
Ulm, Germany; Department of Electrochemistry, University
of Ulm, 89081 Ulm, Germany; ® orcid.org/0000-0002-
1500-0578; Email: birgerhorstmann@dlr.de

Authors

Martin Werres — Institute of Engineering Thermodynamics,
German Aerospace Center (DLR), 89081 Ulm, Germany;
Helmbholtz Institute Ulm (HIU), 89081 Ulm, Germany;

orcid.org/0000-0001-7199-4848

Yaobin Xu — Environmental Molecular Sciences Laboratory,
Pacific Northwest National Laboratory, Richland,
Washington 99354, United States; © orcid.org/0000-0002-
9945-3514

Hao Jia — Energy and Environment Directorate, Pacific
Northwest National Laboratory, Richland, Washington
99354, United States

Chongmin Wang — Environmental Molecular Sciences
Laboratory, Pacific Northwest National Laboratory,
Richland, Washington 99354, United States; © orcid.org/
0000-0003-3327-0958

https://doi.org/10.1021/acsnano.3c00329
ACS Nano 2023, 17, 10218-10228


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00329/suppl_file/nn3c00329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00329/suppl_file/nn3c00329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00329/suppl_file/nn3c00329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00329/suppl_file/nn3c00329_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00329?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00329/suppl_file/nn3c00329_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Birger+Horstmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1500-0578
https://orcid.org/0000-0002-1500-0578
mailto:birger.horstmann@dlr.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Werres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7199-4848
https://orcid.org/0000-0001-7199-4848
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaobin+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9945-3514
https://orcid.org/0000-0002-9945-3514
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao+Jia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chongmin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3327-0958
https://orcid.org/0000-0003-3327-0958
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wu+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Wu Xu — Energy and Environment Directorate, Pacific
Northwest National Laboratory, Richland, Washington
99354, United States; © orcid.org/0000-0002-2685-8684

Arnulf Latz — Institute of Engineering Thermodynamics,
German Aerospace Center (DLR), 89081 Ulm, Germany;
Helmbholtz Institute Ulm (HIU), 89081 Ulm, Germany;
Department of Electrochemistry, University of Ulm, 89081
Ulm, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.3¢00329

Author Contributions

MW.: conceptualization, methodology, software, validation,
formal analysis, data curation, writing-original draft, visual-
ization. Y.X.: conceptualization, validation, investigation, data
curation, writing-review and editing, H.J.: conceptualization,
validation, investigation, data curation, writing-review and
editing. C.W.: conceptualization, resources, writing-review and
editing, supervision, project administration, funding acquis-
ition, W.X.: conceptualization, resources, writing-review and
editing, supervision, project administration, funding acquis-
ition. A.L.: conceptualization, resources, writing-review and
editing, supervision, project administration, funding acquis-
ition. B.H.: conceptualization, methodology, resources, writing-
review and editing, supervision, project administration, funding
acquisition.

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENTS

The work performed at Pacific Northwest National Laboratory
(PNNL) was supported by the Assistant Secretary for Energy
Efficiency and Renewable Energy, Office of Vehicle Tech-
nologies of the U.S. Department of Energy (DOE) und the
Advanced Battery Materials Research (BMR) Program and the
US-Germany Cooperation on Energy Storage with Contract
Nos. DE-LC-000L072 (for C.W.) and DE-AC0S-76RL01830
(for W.X.). The microscopic and spectroscopic character-
izations were conducted in the William R. Wiley Environ-
mental Molecular Sciences Laboratory (EMSL), a national
scientific user facility sponsored by DOE’s Office of Biological
and Environmental Research and located at PNNL. PNNL is
operated by Batelle for the DOE under Contract DE-ACO0S-
76RL01830. M\W., AL, and B.H. gratefully acknowledge
financial support within the Lillint project (03XP0225A). The
support of the bwHPC initiative through the use of the
JUSTUS HPC facility at Ulm University is acknowledged. B.H.
and A.L. acknowledge Dominik Kramer for fruitful discussions.

REFERENCES

(1) Horstmann, B.; Shi, J.; Amine, R.; Werres, M.; He, X.; Jia, H.;
Hausen, F.; Cekic-Laskovic, I.; Wiemers-Meyer, S.; Lopez, J.; Galvez-
Aranda, D.; Baakes, F.; Bresser, D.; Su, C.-C.; Xu, Y.; Xu, W.; Jakes,
P.; Eichel, R.-A.; Figgemeier, E.; Krewer, U,; et al. Strategies towards
enabling lithium metal in batteries: interphases and electrodes. Energy
Environ. Sci. 2021, 14, 5289—-5314.

(2) Liu, J; Bao, Z; Cui, Y.; Dufek, E. J; Goodenough, J. B;
Khalifah, P; Li, Q; Liaw, B. Y,; Liu, P.; Manthiram, A,; Meng, Y. S.;
Subramanian, V. R;; Toney, M. F.; Viswanathan, V. V.; Whittingham,
M. S,; Xiao, J.; Xu, W,; Yang, J.; Yang, X.-Q.; Zhang, J.-G. Pathways
for practical high-energy long-cycling lithium metal batteries. Nature
Energy 2019, 4, 180—186.

(3) Zheng, J.; Kim, M. S.; Tu, Z.; Choudhury, S.; Tang, T.; Archer,
L. A. Regulating electrodeposition morphology of lithium: towards
commercially relevant secondary Li metal batteries. Chem. Soc. Rev.
2020, 49, 2701—2750.

(4) Wang, H.; Yu, Z.; Kong, X,; Kim, S. C; Boyle, D. T.; Qin, J;
Bao, Z.; Cuij, Y. Liquid electrolyte: The nexus of practical lithium
metal batteries. Joule 2022, 6, 588—616.

(5) Lin, D.; Liu, Y,; Cui, Y. Reviving the lithium metal anode for
high-energy batteries. Nat. Nanotechnol. 2017, 12, 194—206.

(6) Hobold, G. M.; Lopez, J.; Guo, R.; Minafra, N.; Banerjee, A.;
Meng, Y. S.; Shao-Horn, Y.; Gallant, B. M. Moving beyond 99.9%
Coulombic efficiency for lithium anodes in liquid electrolytes. Nature
Energy 2021, 6, 951—-960.

(7) Brandt, K. Historical development of secondary lithium batteries.
Solid State Ionics 1994, 69, 173—183.

(8) Li, Z.; Huang, J.; Liaw, B. Y,; Metzler, V.; Zhang, J. A review of
lithium deposition in lithium-ion and lithium metal secondary
batteries. J. Power Sources 2014, 254, 168—182.

(9) Guan, X.; Wang, A; Liu, S;; Li, G; Liang, F,; Yang, Y.-W.; Liu,
X.; Luo, J. Controlling Nucleation in Lithium Metal Anodes. Small
2018, 14, 1801423.

(10) Liu, D.-H.; Bai, Z.; Li, M; Yu, A.; Luo, D.; Liu, W,; Yang, L,;
Lu, J.; Amine, K.; Chen, Z. Developing high safety Li-metal anodes for
future high-energy Li-metal batteries: strategies and perspectives.
Chem. Soc. Rev. 2020, 49, 5407—5445.

(11) He, X,; Bresser, D.; Passerini, S.; Baakes, F.; Krewer, U,; Lopez,
J.; Mallia, C. T.; Shao-Horn, Y.; Cekic-Laskovic, I.; Wiemers-Meyer,
S.; Soto, F. A.; Ponce, V.; Seminario, J. M.; Balbuena, P. B.; Jia, H.;
Xu, W,; Xu, Y,; Wang, C.; Horstmann, B.; Amine, R; et al. The
passivity of lithium electrodes in liquid electrolytes for secondary
batteries. Nature Reviews Materials 2021, 6, 1036—1052.

(12) Fang, C.; Li, J.; Zhang, M.; Zhang, Y.; Yang, F.; Lee, J. Z.; Lee,
M.-H,; Alvarado, J.; Schroeder, M. A,; Yang, Y.; Lu, B.; Williams, N;
Ceja, M; Yang, L.; Cai, M,; Gu, J; Xu, K,; Wang, X,; Meng, Y. S.
Quantifying inactive lithium in lithium metal batteries. Nature 2019,
572, S11-51S.

(13) Steiger, J.; Kramer, D.; Ménig, R. Mechanisms of dendritic
growth investigated by in situ light microscopy during electro-
deposition and dissolution of lithium. ]. Power Sources 2014, 261,
112—-119.

(14) Kushima, A.; So, K. P.; Su, C.; Bai, P.; Kuriyama, N.; Maebashi,
T.; Fujiwara, Y.; Bazant, M. Z,; Li, J. Liquid cell transmission electron
microscopy observation of lithium metal growth and dissolution: Root
growth, dead lithium and lithium flotsams. Nano Energy 2017, 32,
271-279.

(15) He, Y;; Ren, X; Xu, Y.; Engelhard, M. H,; Li, X;; Xiao, J.; Liu,
J.; Zhang, J.-G.; Xu, W.; Wang, C. Origin of lithium whisker formation
and growth under stress. Nat. Nanotechnol. 2019, 14, 1042—1047.

(16) Xu, Y.; Wy, H; Jia, H,; Zhang, J.-G.; Xu, W.; Wang, C. Current
Density Regulated Atomic to Nanoscale Process on Li Deposition and
Solid Electrolyte Interphase Revealed by Cryogenic Transmission
Electron Microscopy. ACS Nano 2020, 14, 8766—8775.

(17) Becherer, J.; Kramer, D.; Ménig, R. The growth mechanism of
lithium dendrites and its coupling to mechanical stress. J. Mater.
Chem. A 2022, 10, 5530—5539.

(18) Bai, P,; Li, J.; Brushett, F. R;; Bazant, M. Z. Transition of
lithium growth mechanisms in liquid electrolytes. Energy Environ. Sci.
2016, 9, 3221-3229.

(19) Bai, P.; Guo, J.; Wang, M.; Kushima, A.; Su, L.; Li, J.; Brushett,
F. R; Bazant, M. Z. Interactions between Lithium Growths and
Nanoporous Ceramic Separators. Joule 2018, 2, 2434—2449.

(20) Rulev, A. A,; Sergeev, A. V.; Yashina, L. V.; Jacob, T; Itkis, D.
M. Electromigration in Lithium Whisker Formation Plays Insignif-
icant Role during Electroplating. ChemElectroChem. 2019, 6, 1324—
1328.

(21) Becherer, J.; Kramer, D.; Ménig, R. Similarities in Lithium
Growth at Vastly Different Rates. ChemElectroChem. 2021, 8, 3882—
3893.

https://doi.org/10.1021/acsnano.3c00329
ACS Nano 2023, 17, 10218-10228


https://orcid.org/0000-0002-2685-8684
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arnulf+Latz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00329?ref=pdf
https://doi.org/10.1039/D1EE00767J
https://doi.org/10.1039/D1EE00767J
https://doi.org/10.1038/s41560-019-0338-x
https://doi.org/10.1038/s41560-019-0338-x
https://doi.org/10.1039/C9CS00883G
https://doi.org/10.1039/C9CS00883G
https://doi.org/10.1016/j.joule.2021.12.018
https://doi.org/10.1016/j.joule.2021.12.018
https://doi.org/10.1038/nnano.2017.16
https://doi.org/10.1038/nnano.2017.16
https://doi.org/10.1038/s41560-021-00910-w
https://doi.org/10.1038/s41560-021-00910-w
https://doi.org/10.1016/0167-2738(94)90408-1
https://doi.org/10.1016/j.jpowsour.2013.12.099
https://doi.org/10.1016/j.jpowsour.2013.12.099
https://doi.org/10.1016/j.jpowsour.2013.12.099
https://doi.org/10.1002/smll.201801423
https://doi.org/10.1039/C9CS00636B
https://doi.org/10.1039/C9CS00636B
https://doi.org/10.1038/s41578-021-00345-5
https://doi.org/10.1038/s41578-021-00345-5
https://doi.org/10.1038/s41578-021-00345-5
https://doi.org/10.1038/s41586-019-1481-z
https://doi.org/10.1016/j.jpowsour.2014.03.029
https://doi.org/10.1016/j.jpowsour.2014.03.029
https://doi.org/10.1016/j.jpowsour.2014.03.029
https://doi.org/10.1016/j.nanoen.2016.12.001
https://doi.org/10.1016/j.nanoen.2016.12.001
https://doi.org/10.1016/j.nanoen.2016.12.001
https://doi.org/10.1038/s41565-019-0558-z
https://doi.org/10.1038/s41565-019-0558-z
https://doi.org/10.1021/acsnano.0c03344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1TA10920K
https://doi.org/10.1039/D1TA10920K
https://doi.org/10.1039/C6EE01674J
https://doi.org/10.1039/C6EE01674J
https://doi.org/10.1016/j.joule.2018.08.018
https://doi.org/10.1016/j.joule.2018.08.018
https://doi.org/10.1002/celc.201801652
https://doi.org/10.1002/celc.201801652
https://doi.org/10.1002/celc.202100870
https://doi.org/10.1002/celc.202100870
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

(22) Yoshimatsu, I; Hirai, T.; ichi Yamaki, J. Lithium Electrode
Morphology during Cycling in Lithium Cells. J. Electrochem. Soc.
1988, 135, 2422-2427.

(23) Li, Y;; Li, Y;; Pei, A; Yan, K; Sun, Y.; Wu, C.-L.; Joubert, L.-
M.; Chin, R;; Koh, A. L.; Yu, Y,; Perrino, J.; Butz, B.; Chy, S.; Cui, Y.
Atomic structure of sensitive battery materials and interfaces revealed
by cryo—electron microscopy. Science 2017, 358, 506—510.

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

(25) Xu, S; Chen, K.-H,; Dasgupta, N. P.; Siegel, J. B;
Stefanopoulou, A. G. Evolution of Dead Lithium Growth in Lithium
Metal Batteries: Experimentally Validated Model of the Apparent
Capacity Loss. J. Electrochem. Soc. 2019, 166, A3456—A3463.

(26) Gunnarsdéttir, A. B.; Amanchukwu, C. V.; Menkin, S.; Grey, C.
P. Noninvasive In Situ NMR Study of “Dead Lithium” Formation and
Lithium Corrosion in Full-Cell Lithium Metal Batteries. J. Am. Chem.
Soc. 2020, 142, 20814—20827.

(27) Liu, F; Xu, R; Wu, Y,; Boyle, D. T.; Yang, A;; Xu, J.; Zhu, Y,;
Ye, Y,; Yu, Z.; Zhang, Z.; Xiao, X.; Huang, W.; Wang, H.; Chen, H,;
Cui, Y. Dynamic spatial progression of isolated lithium during battery
operations. Nature 2021, 600, 659—663.

(28) Chang, W.; Bommier, C.; Fair, T.; Yeung, J.; Patil, S.; Steingart,
D. Understanding Adverse Effects of Temperature Shifts on Li-Ion
Batteries: An Operando Acoustic Study. J. Electrochem. Soc. 2020, 167,
090503.

(29) Xu, Y.; Wy, H; Jia, H.; Engelhard, M. H.; Zhang, ].-G.; Xu, W.;
Wang, C. Sweeping potential regulated structural and chemical
evolution of solid-electrolyte interphase on Cu and Li as revealed by
cryo-TEM. Nano Energy 2020, 76, 105040.

(30) Li, Y; Huang, W,; Li, Y,; Pei, A; Boyle, D. T.,; Cui, Y.
Correlating Structure and Function of Battery Interphases at Atomic
Resolution Using Cryoelectron Microscopy. Joule 2018, 2, 2167—
2177.

(31) Zhang, Z.; Li, Y.; Xu, R.; Zhou, W.; Li, Y.; Oyakhire, S. T.; Wy,
Y.,; Xu, J; Wang, H,; Yu, Z.; Boyle, D. T.; Huang, W.; Ye, Y.; Chen,
H.; Wan, J.; Bao, Z.; Chiu, W.; Cui, Y. Capturing the swelling of solid-
electrolyte interphase in lithium metal batteries. Science 2022, 375,
66—70.

(32) Tewari, D.; Rangarajan, S. P.; Balbuena, P. B.; Barsukov, Y,;
Mukherjee, P. P. Mesoscale Anatomy of Dead Lithium Formation. J.
Phys. Chem. C 2020, 124, 6502—6511.

(33) Lin, D; Liu, Y.; Chen, W.; Zhou, G.; Liu, K.; Dunn, B.; Cui, Y.
Conformal Lithium Fluoride Protection Layer on Three-Dimensional
Lithium by Nonhazardous Gaseous Reagent Freon. Nano Lett. 2017,
17, 3731-3737.

(34) Huang, W.; Boyle, D. T.; Li, Y.; Li, Y.; Pei, A.; Chen, H.; Cuj, Y.
Nanostructural and Electrochemical Evolution of the Solid-Electrolyte
Interphase on CuO Nanowires Revealed by Cryogenic-Electron
Microscopy and Impedance Spectroscopy. ACS Nano 2019, 13, 737—
744.

(35) Nadler, M. R; Kempier, C. P. Crystallographic Data 186.
Lithium. Anal. Chem. 1959, 31, 2109—2109.

(36) Shi, F.; Pei, A.; Boyle, D. T.; Xie, J.; Yu, X;; Zhang, X; Cui, Y.
Lithium metal stripping beneath the solid electrolyte interphase. Proc.
Natl. Acad. Sci. U. S. A. 2018, 115, 8529—8534.

(37) Shi, F.; Pei, A.; Vailionis, A.; Xie, J.; Liu, B.; Zhao, J.; Gong, Y.;
Cui, Y. Strong texturing of lithium metal in batteries. Proc. Natl. Acad.
Sci. U. S. A. 2017, 114, 12138—12143.

(38) Boyle, D. T.; Kong, X; Pei, A;; Rudnicki, P. E.; Shi, F.; Huang,
W.; Bao, Z.; Qin, J; Cui, Y. Transient Voltammetry with
Ultramicroelectrodes Reveals the Electron Transfer Kinetics of
Lithium Metal Anodes. ACS Energy Letters 2020, S, 701—709.

(39) Yuan, K; Starchenko, V.; Lee, S. S.; De Andrade, V.; Gursoy,
D.; Sturchio, N. C.; Fenter, P. Mapping Three-dimensional
Dissolution Rates of Calcite Microcrystals: Effects of Surface
Curvature and Dissolved Metal Ions. ACS Earth and Space Chemistry
2019, 3, 833—843.

(40) Yang, F. Generalized Butler-Volmer relation on a curved
electrode surface under the action of stress. Science China Physics,
Mechanics & Astronomy 2016, 59, 114611.

(41) Zachman, M. J; Tu, Z; Choudhury, S.; Archer, L. A;
Kourkoutis, L. F. Cryo-STEM mapping of solid—liquid interfaces and
dendrites in lithium-metal batteries. Nature 2018, 560, 345—349.

(42) Xy, G.; Li, J,; Wang, C.; Du, X;; Lu, D; Xie, B.; Wang, X,; Lu,
C,; Liu, H; Dong, S; Cui, G.; Chen, L. The Formation/
Decomposition Equilibrium of LiH and its Contribution on Anode
Failure in Practical Lithium Metal Batteries. Angew. Chem. 2021, 133,
7849—78SS.

(43) Shadike, Z.; Lee, H.; Borodin, O.; Cao, X.; Fan, X.; Wang, X;
Lin, R.; Bak, S.-M.; Ghose, S.; Xu, K.; Wang, C.; Liu, J.; Xiao, J.; Yang,
X.-Q.; Hu, E. Identification of LiH and nanocrystalline LiF in the
solid—electrolyte interphase of lithium metal anodes. Nat. Nano-
technol. 2021, 16, 549—554.

(44) van der Meulen, P. A; Lindstrom, H. V. A Study of Whisker
Formation in the Electrodeposition of Copper. J. Electrochem. Soc.
1956, 103, 390.

(45) Yamaki, J.; Tobishima, S.; Hayashi, K; Saito, K.; Nemoto, Y.;
Arakawa, M. A consideration of the morphology of electrochemically
deposited lithium in an organic electrolyte. J. Power Sources 1998, 74,
219-227.

(46) Yang, F. Modeling analysis for the growth of a Li sphere and Li
whisker in a solid-state lithium metal battery. Phys. Chem. Chem. Phys.
2020, 22, 13737—13745.

(47) Rulev, A. A,; Kondratyeva, Y. O.; Yashina, L. V.; Itkis, D. M.
Lithium Planar Deposition vs Whisker Growth: Crucial Role of
Surface Diffusion. J. Phys. Chem. Lett. 2020, 11, 10511—10518.

(48) Zhai, W.; Yuan, B; Fan, Y,; Zhang, Y.; Zhang, X; Ma, Y,; Liu,
W.; Yu, Y. Microstructure of Lithium Dendrites Revealed by Room-
Temperature Electron Microscopy. J. Am. Chem. Soc. 2022, 144,
4124—4132.

(49) Chen, X-R; Yao, Y.-X; Yan, C; Zhang, R; Cheng, X.-B;
Zhang, Q. A Diffusion—Reaction Competition Mechanism to Tailor
Lithium Deposition for Lithium-Metal Batteries. Angew. Chem., Int.
Ed. 2020, 59, 7743—7747.

(50) Horstmann, B.; Gallant, B.; Mitchell, R.; Bessler, W. G.; Shao-
Horn, Y.; Bazant, M. Z. Rate-Dependent Morphology of Li202
Growth in Li—O2 Batteries. J. Phys. Chem. Lett. 2013, 4, 4217—4222.

(51) von Kolzenberg, L.; Werres, M.; Tetzloff, J.; Horstmann, B.
Transition between growth of dense and porous films: theory of dual-
layer SEL Phys. Chem. Chem. Phys. 2022, 24, 18469—18476.

(52) Bazant, M. Z. Thermodynamic stability of driven open systems
and control of phase separation by electro-autocatalysis. Faraday
Discuss. 2017, 199, 423—463.

(53) Fraggedakis, D.; Bazant, M. Z. Tuning the stability of
electrochemical interfaces by electron transfer reactions. J. Chem.
Phys. 2020, 152, 184703.

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

(55) Zheng, J.; Yan, P.; Mei, D.; Engelhard, M. H,; Cartmell, S. S;
Polzin, B. J.; Wang, C.; Zhang, J.-G.; Xu, W. Highly Stable Operation
of Lithium Metal Batteries Enabled by the Formation of a Transient
High-Concentration Electrolyte Layer. Adv. Energy Mater. 2016, 6,
1502151.

(56) Qian, J.; Adams, B. D.; Zheng, J.; Xu, W.; Henderson, W. A;
Wang, J.; Bowden, M. E; Xu, S;; Huy, J.; Zhang, J.-G. Anode-Free
Rechargeable Lithium Metal Batteries. Adv. Funct. Mater. 2016, 26,
7094—7102.

(57) Yari, S.; Bael, M. K. V.; Hardy, A; Safari, M. Non-Uniform
Distribution of Current in Plane of Large-Area Lithium Electrodes.
Batteries & Supercaps 2022, S, No. e202200217.

(58) Hein, S.; Danner, T.; Latz, A. An Electrochemical Model of
Lithium Plating and Stripping in Lithium Ion Batteries. ACS Applied
Energy Materials 2020, 3, 8519—8531.

https://doi.org/10.1021/acsnano.3c00329
ACS Nano 2023, 17, 10218-10228


https://doi.org/10.1149/1.2095351
https://doi.org/10.1149/1.2095351
https://doi.org/10.1126/science.aam6014
https://doi.org/10.1126/science.aam6014
https://doi.org/10.1039/C7TA00371D
https://doi.org/10.1039/C7TA00371D
https://doi.org/10.1149/2.0991914jes
https://doi.org/10.1149/2.0991914jes
https://doi.org/10.1149/2.0991914jes
https://doi.org/10.1021/jacs.0c10258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-021-04168-w
https://doi.org/10.1038/s41586-021-04168-w
https://doi.org/10.1149/1945-7111/ab6c56
https://doi.org/10.1149/1945-7111/ab6c56
https://doi.org/10.1016/j.nanoen.2020.105040
https://doi.org/10.1016/j.nanoen.2020.105040
https://doi.org/10.1016/j.nanoen.2020.105040
https://doi.org/10.1016/j.joule.2018.08.004
https://doi.org/10.1016/j.joule.2018.08.004
https://doi.org/10.1126/science.abi8703
https://doi.org/10.1126/science.abi8703
https://doi.org/10.1021/acs.jpcc.9b11563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b01020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b01020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b08012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b08012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b08012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac60156a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac60156a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1806878115
https://doi.org/10.1073/pnas.1708224114
https://doi.org/10.1021/acsenergylett.0c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.9b00003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.9b00003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.9b00003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11433-016-0198-6
https://doi.org/10.1007/s11433-016-0198-6
https://doi.org/10.1038/s41586-018-0397-3
https://doi.org/10.1038/s41586-018-0397-3
https://doi.org/10.1002/ange.202013812
https://doi.org/10.1002/ange.202013812
https://doi.org/10.1002/ange.202013812
https://doi.org/10.1038/s41565-020-00845-5
https://doi.org/10.1038/s41565-020-00845-5
https://doi.org/10.1149/1.2430360
https://doi.org/10.1149/1.2430360
https://doi.org/10.1016/S0378-7753(98)00067-6
https://doi.org/10.1016/S0378-7753(98)00067-6
https://doi.org/10.1039/D0CP02240C
https://doi.org/10.1039/D0CP02240C
https://doi.org/10.1021/acs.jpclett.0c02674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c13213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c13213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202000375
https://doi.org/10.1002/anie.202000375
https://doi.org/10.1021/jz401973c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz401973c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2CP00188H
https://doi.org/10.1039/D2CP00188H
https://doi.org/10.1039/C7FD00037E
https://doi.org/10.1039/C7FD00037E
https://doi.org/10.1063/5.0006833
https://doi.org/10.1063/5.0006833
https://doi.org/10.1021/acscentsci.6b00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.6b00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.6b00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aenm.201502151
https://doi.org/10.1002/aenm.201502151
https://doi.org/10.1002/aenm.201502151
https://doi.org/10.1002/adfm.201602353
https://doi.org/10.1002/adfm.201602353
https://doi.org/10.1002/batt.202200217
https://doi.org/10.1002/batt.202200217
https://doi.org/10.1021/acsaem.0c01155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c01155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

(59) Fang, C.; Lu, B; Pawar, G.; Zhang, M.; Cheng, D.; Chen, S,;
Ceja, M.; Doux, J.-M.; Musrock, H.; Cai, M,; Liaw, B.; Meng, Y. S.
Pressure-tailored lithium deposition and dissolution in lithium metal
batteries. Nature Energy 2021, 6, 987—994.

(60) Huang, W.; Wang, H; Boyle, D. T.; Li, Y.; Cui, Y. Resolving
Nanoscopic and Mesoscopic Heterogeneity of Fluorinated Species in
Battery Solid-Electrolyte Interphases by Cryogenic Electron Micros-
copy. ACS Energy Letters 2020, S, 1128—113S.

(61) Wang, X,; Zeng, W.; Hong, L.; Xu, W.; Yang, H.; Wang, F,;
Duan, H,; Tang, M.; Jiang, H. Stress-driven lithium dendrite growth
mechanism and dendrite mitigation by electroplating on soft
substrates. Nature Energy 2018, 3, 227-2385.

(62) Yoon, L; Jurng, S.; Abraham, D. P.; Lucht, B. L.; Guduru, P. R.
Measurement of mechanical and fracture properties of solid
electrolyte interphase on lithium metal anodes in lithium ion
batteries. Energy Storage Materials 2020, 25, 296—304.

(63) Odziemkowski, M.; Irish, D. E. An Electrochemical Study of
the Reactivity at the Lithium Electrolyte/Bare Lithium Metal
Interface: I. Purified Electrolytes. J. Electrochem. Soc. 1992, 139, 3063.

(64) Boyle, D. T.; Li, Y.; Pei, A.; Vil4, R. A.; Zhang, Z.; Sayavong, P.;
Kim, M. S.; Huang, W.; Wang, H.; Liu, Y.; Xu, R,; Sinclair, R.; Qin, J;
Bao, Z.; Cui, Y. Resolving Current-Dependent Regimes of Electro-
plating Mechanisms for Fast Charging Lithium Metal Anodes. Nano
Lett. 2022, 22, 8224—8232.

(65) Valoen, L. O.; Reimers, J. N. Transport Properties of LiPF-
Based Li-Ion Battery Electrolytes. J. Electrochem. Soc. 2005, 152, A882.

(66) Ehrl, A; Landesfeind, J.; Wall, W. A; Gasteiger, H. A.
Determination of Transport Parameters in Liquid Binary Lithium Ion
Battery Electrolytes. J. Electrochem. Soc. 2017, 164, A826—A836.

(67) Nyman, A; Behm, M., Lindbergh, G. Electrochemical
characterisation and modelling of the mass transport phenomena in
LiPF6—EC—EMC electrolyte. Electrochim. Acta 2008, 53, 6356—
636S.

(68) Ely, D. R;; Jana, A.; Garcia, R. E. Phase field kinetics of lithium
electrodeposits. J. Power Sources 2014, 272, 581—594.

(69) Zhang, J.; Liu, Y.; Wang, C; Tan, H. An Electrochemical-
Mechanical Phase Field Model for Lithium Dendrite. J. Electrochem.
Soc. 2021, 168, 090522.

(70) Cogswell, D. A. Quantitative phase-field modeling of dendritic
electrodeposition. Phys. Rev. E 2015, 92, 011301.

(71) Hong, Z.; Viswanathan, V. Phase-Field Simulations of Lithium
Dendrite Growth with Open-Source Software. ACS Energy Letters
2018, 3, 1737—1743.

(72) Chen, L.; Zhang, H. W,; Liang, L. Y; Liu, Z; Qi, Y;; Lu, P,;
Chen, J; Chen, L.-Q. Modulation of dendritic patterns during
electrodeposition: A nonlinear phase-field model. ]. Power Sources
2015, 300, 376—38S.

(73) Mu, W.; Liu, X.; Wen, Z.; Liu, L. Numerical simulation of the
factors affecting the growth of lithium dendrites. Journal of Energy
Storage 2019, 26, 100921.

(74) Single, F.; Horstmann, B.; Latz, A. Dynamics and morphology
of solid electrolyte interphase (SEI). Phys. Chem. Chem. Phys. 2016,
18, 17810—17814.

(75) Castelli, G. F.; von Kolzenberg, L.; Horstmann, B.; Latz, A,
Dorfler, W. Efficient Simulation of Chemical-Mechanical Coupling in
Battery Active Particles. Energy Technology 2021, 9, 2000835.

(76) Zeng, Y.; Smith, R. B.; Bai, P.; Bazant, M. Z. Simple formula for
Marcus—Hush—Chidsey kinetics. J. Electroanal. Chem. 2014, 73S, 77—
83.

(77) Latz, A.; Zausch, J. Thermodynamic derivation of a Butler—
Volmer model for intercalation in Li-ion batteries. Electrochim. Acta
2013, 110, 358—362.

(78) Bazant, M. Z. Theory of Chemical Kinetics and Charge
Transfer based on Nonequilibrium Thermodynamics. Acc. Chem. Res.
2013, 46, 1144—1160.

(79) Santos, E.; Schmickler, W. The Crucial Role of Local Excess
Charges in Dendrite Growth on Lithium Electrodes. Angew. Chem.,,
Int. Ed. 2021, 60, 5876—5881.

10228

(80) Kolzenberg, L.; Latz, A; Horstmann, B. Chemo-Mechanical
Model of SEI Growth on Silicon Electrode Particles. Batteries &
Supercaps 2022, S, No. ¢202100216.

https://doi.org/10.1021/acsnano.3c00329
ACS Nano 2023, 17, 10218-10228


https://doi.org/10.1038/s41560-021-00917-3
https://doi.org/10.1038/s41560-021-00917-3
https://doi.org/10.1021/acsenergylett.0c00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-018-0104-5
https://doi.org/10.1038/s41560-018-0104-5
https://doi.org/10.1038/s41560-018-0104-5
https://doi.org/10.1016/j.ensm.2019.10.009
https://doi.org/10.1016/j.ensm.2019.10.009
https://doi.org/10.1016/j.ensm.2019.10.009
https://doi.org/10.1149/1.2069033
https://doi.org/10.1149/1.2069033
https://doi.org/10.1149/1.2069033
https://doi.org/10.1021/acs.nanolett.2c02792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c02792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/1.1872737
https://doi.org/10.1149/1.1872737
https://doi.org/10.1149/2.1131704jes
https://doi.org/10.1149/2.1131704jes
https://doi.org/10.1016/j.electacta.2008.04.023
https://doi.org/10.1016/j.electacta.2008.04.023
https://doi.org/10.1016/j.electacta.2008.04.023
https://doi.org/10.1016/j.jpowsour.2014.08.062
https://doi.org/10.1016/j.jpowsour.2014.08.062
https://doi.org/10.1149/1945-7111/ac22c7
https://doi.org/10.1149/1945-7111/ac22c7
https://doi.org/10.1103/PhysRevE.92.011301
https://doi.org/10.1103/PhysRevE.92.011301
https://doi.org/10.1021/acsenergylett.8b01009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpowsour.2015.09.055
https://doi.org/10.1016/j.jpowsour.2015.09.055
https://doi.org/10.1016/j.est.2019.100921
https://doi.org/10.1016/j.est.2019.100921
https://doi.org/10.1039/C6CP02816K
https://doi.org/10.1039/C6CP02816K
https://doi.org/10.1002/ente.202000835
https://doi.org/10.1002/ente.202000835
https://doi.org/10.1016/j.jelechem.2014.09.038
https://doi.org/10.1016/j.jelechem.2014.09.038
https://doi.org/10.1016/j.electacta.2013.06.043
https://doi.org/10.1016/j.electacta.2013.06.043
https://doi.org/10.1021/ar300145c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300145c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202017124
https://doi.org/10.1002/anie.202017124
https://doi.org/10.1002/batt.202100216
https://doi.org/10.1002/batt.202100216
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

