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Evolution of Protrusions on Lithium Metal Anodes
Stabilized by a Solid Block Copolymer Electrolyte
Studied Using Time-Resolved X-ray Tomography
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*Materials Sciences Division and SAdvanced Light Source, Lawrence Berkeley National Laboratory,
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ABSTRACT: Growing demand for rechargeable batteries with higher energy densities has motivated
research focused on enabling the lithium metal anode. A prominent failure mechanism in such batteries
is short circuiting due to the uncontrolled propagation of lithium protrusions that often have a dendritic
morphology. In this paper, the electrodeposition of metallic lithium through a rigid polystyrene-b-
poly(ethylene oxide) (PS-b-PEO or SEO) block copolymer electrolyte was studied using hard X-ray
microtomography. In this system, the protrusions were approximately ellipsoidal globules: we take
advantage of this simple geometry to quantify their growth as a function of polarization time and
electrolyte salt concentration. The growth of 47 different globules was tracked with time to obtain
average velocities of globule growth into the electrolyte. The globule diameter was a linear function of
globule height in the electrolyte with a slope of about 6, independent of time and electrolyte salt

concentration.

INTRODUCTION

Integrating lithium metal anodes could double the
maximum achievable specific capacity of
rechargeable batteries and accelerate the
transition to renewable energy.* However,
despite considerable effort, the decades-long
push to enable lithium metal anodes has yet to
produce safe batteries with sufficiently high
lifetimes.>* Liquid electrolytes used in
conventional rechargeable batteries suffer from
low coulombic efficiency and are unstable against
lithium metal anodes.>’ Also, cell failure in lithium
metal batteries often occurs catastrophically, with
short circuiting lithium protrusions (commonly
called “dendrites”)®!? spanning the electrolyte
and potentially initiating thermal runaway and
cell ignition.*3®* The uneven plating of lithium
metal at the electrode-electrolyte interface during
charging allows these protrusions to nucleate and
grow.?’"1? Solid electrolytes with sufficient
mechanical strength offer an opportunity to

suppress this protrusion growth through the
electrolyte with improved stability against lithium
metal. Monroe and Newman laid the theoretical
underpinnings of the mechanical suppression of
lithium metal protrusions, predicting that a shear
modulus twice that of lithium metal would force
planar lithium plating and stop protrusion
growth.?°-22 Barai et al. contributed to this theory
by identifying current density distribution as an
additional operation parameter to promote stable
lithium deposition.*2* However, solid electrolytes
that meet all of the design requirements of
rechargeable batteries with lithium metal anodes
have not yet been developed.

Solid block copolymer electrolytes, comprising
covalently bound rigid non-conducting and
flexible conducting polymer blocks, offer
independent control over mechanical strength
and electrochemical performance.?®> One
extensively studied system is polystyrene-block--
poly(ethylene oxide),'®2¢-37 also referred to as PS-



b-PEO or SEQ. Microphase separation results in
the formation of rigid, non-conducting
polystyrene-rich (PS) domains and soft
poly(ethylene oxide)-rich (PEO) domains. The
solvation of lithium
bis(triffluoromethanesulfonyl)imide lithium salt
(LiTFSI) in the PEO-rich3® domains enables lithium
ion transport,3*-*! while having little to no effect
on shear modulus.*? The purpose of this study
was to observe the evolution of lithium protrusion
growth in SEO/LITFSI mixtures.

Lithium protrusions come in a variety of
morphologies, depending on the shear modulus
of the electrolyte and the applied current
density.?32443-%5 |n liquid electrolytes, lithium
protrusions take on complex shapes that are
often referred to as mossy or dendritic;
quantifying the evolution of such structures under
an applied current is necessarily complex. In
contrast, protrusions formed in SEO electrolytes
are, to a good approximation, ellipsoidal globules.
The evolution of these protrusions under an
applied current can be quantified by monitoring
changes in both the height and the width of the
globules. This presents an opportunity for
fundamental studies on the nature of nonplanar
electrodeposition of lithium.

Direct visualization of lithium metal protrusion
growth has been achieved by both microscopy?¢->°
and tomography.>>? Qur study is part of a series
wherein hard X-ray microtomography is used to
visualize the growth of protrusions on lithium
metal anodes in contact with SEO
electrolytes.'®32-3% |n this paper, we extended our
work to cover a wide range of salt concentrations;
the ratio of lithium to ethylene oxide monomers,
r, varies from 0.04 to 0.18. Lithium-SEO-lithium
symmetric cells were polarized unidirectionally
and tomograms were obtained at selected time
intervals (every 50 h) during polarization. Cells
were polarized until they failed due to short
circuiting; all cell lifetimes exceeded 200 h. At an
applied current density of 0.175 mA cm?, the
mean thickness of the electrodeposited lithium
layer on the anode was in the vicinity of 200 pm
at cell failure. Our experiments enabled tracking
of the growth of 47 different lithium globules. We
present the first comprehensive quantification of
the size distribution of lithium globules, and how
globules of different sizes grow during
electrodeposition.

EXPERIMENTAL SECTION

Materials. The polystyrene-b-poly(ethylene
oxide) (SEQ) diblock copolymer used in this study
was synthesized via anionic polymerization in
accordance with a previous work.?®> The
characteristics of the SEO sample used are shown
in Table 1.

Table 1. Characteristics of the polymer
electrolytes used in this study.

Mes Meeo o
Name [kg mol" | [kg mol- | PDI r=o6¢
'] ']
0.04
0.085
SEO(235- 1.0
222) 235 222 5 0.12
0.15
0.18

The polydispersity index of this polymer was
measured in anhydrous N-methyl-2-pyrrolidone
(NMP; Sigma Aldrich) with respect to a PS
standard. We define electrolyte salt concentration
r as the molar ratio of Li* ions to ethylene oxide
groups in PEO. Previous studies have confirmed
the presence of a lamellar microstructure in SEO
electrolytes in the composition range covered in
this study.3537494253 | ithium metal foil (99.9%
purity; FMC Lithium) and nickel foil were used for
the electrode material in constructed lithium-SEO-
lithium symmetric cells. To avoid contamination,
all electrolyte preparation and lithium cell
assembly was carried out inside an argon-filled
glovebox with H,O and O; levels less than 1 ppm.

Electrolyte Preparation. SEO samples were
dissolved in anhydrous NMP and mixed with
LiTFSI in ratios to give electrolyte salt
concentrations in accordance with Table 1 (r =
0.04, 0.085, 0.12, 0.15, and 0.18) at 70 °C for 2
hours. To create a 50 um-thick electrolyte film
upon solvent evaporation, the mixture was drop-
casted on a nickel foil-covered solvent caster held
under vacuum and left to dry at 60 °C for 12 h.
The electrolyte membranes were then peeled
from the nickel foil and transferred using an
argon-filled desiccator to the antechamber of
another glovebox, where they were dried further
at 90 °C under active vacuum for over 48 h to
ensure complete evaporation of the solvent. The
dried membranes were then transferred from the
antechamber into the glovebox for cell assembly.

Lithium-SEO-Lithium Symmetric Cell
Assembly. A 7/16 in. diameter circular punch
was used on the dried SEO membranes to create
electrolyte disks for lithium-SEO-lithium
symmetric cells. Electrode material consisted of
five sheets of 150 um-thick lithium metal foil



stacked on top of a piece of nickel foil and
pressed with a pneumatic press at 130 MPa until
the lithium metal was shiny. Two 750 um-thick
lithium electrodes per cell were obtained using a
3/8 in. diameter punch from the electrode
material. The SEO electrolyte was flanked by an
electrode on either side. Then, the lithium-SEO-
lithium stack was sandwiched by two 0.25 mm-
thick stainless steel shims to keep the cell flat. An
aluminum current collector tab was attached to
each of the stainless steel shims and the cell was
vacuum sealed in polypropylene-lined aluminum
pouch material (Showa-Denko). The cell
architecture is shown in Figure S1. One lithium-
SEO-lithium symmetric cell per salt concentration
was constructed.

Conditioning and Polarization. Cells were
first annealed for 4 h at 110 °C followed by 12 h
at 120 °C. Cell conditioning and galvanostatic
polarization was run at 90 °C in an Associated
Environmental Systems SD-402 oven with a
Maccor Series 4000 Battery Tester.
Preconditioning was achieved with 15
galvanostatic cycles of alternating current
direction at a current density of i = 0.02 mA cm™
as described by Maslyn et al.** Following
preconditioning, galvanostatic polarization was
performed using an applied unidirectional
constant current density at i = 0.175 mA cm=. At
this current density, the expected planar
deposition rate of lithium was 0.85 um h.
Polarization was paused at t = 10, 60, 110, 160,

RESULTS AND DISCUSSION

Figure 1 shows the typical profile of a lithium-
SEO-lithium cell potential, ®, in response to an
applied unidirectional constant current density, i,
as a function of polarization time, t. The
corresponding expected height for planar lithium
deposition at this current density according to
Faraday'’s first law of electrolysis, Hexp, and the
charge density passed, q, are indicated as
secondary x-axes. For all the cells, galvanostatic
polarization was paused at increasing time steps
over the course of the experiment (t = 10, 60,
110, 160, 210, and 260 h) for imaging using hard
X-ray microtomography. Imaging att =10 h
enabled the identification of most globule
nucleation sites, and subsequent 50 h time
intervals tracked the evolution of globule size and
shape, as well as some instances of globules that
nucleated during the later stages of
electrodeposition. All of the cells approached a
steady-state potential during the different 50 h
time intervals, up until a short circuit caused cell
failure, at which point the potential dropped to
zero (see Figure 1). Galvanostatic polarization at

210, and 260 h for X-ray microtomography
imaging. After each time step and before
resuming polarization, cells were allowed to
equilibrate at 90 °C for 12 h.

X-ray Microtomography. Hard X-ray
microtomography experiments were conducted at
Beamline 8.3.2 at the Lawrence Berkeley National
Laboratory Advanced Light Source.
Monochromatic hard X-rays of energy 22 keV
directed at the sample generated X-ray shadows
which were converted to visible light using a
scintillator before magnification with an optical
microscope and conversion to a digital image file.
A schematic diagram of this experimental setup is
shown in Figure S2. 1313 images were captured
at even angle spacing over 180° of sample
rotation. These images were reconstructed using
Xi-cam software’* and a Python script to reveal
the 3D interior of the cell. X-ray microtomography
scans before preconditioning (t = 0 h) and 10 h of
polarization were magnified with a 2X lens
corresponding to a size of 3.25 um per pixel and
field of view of 8.3 mm x 4 mm. All other scans
were magnified with a 4X lens corresponding to a
size of 1.62 um per pixel and a field of view of 4.1
mm x 3.5 mm. Cross-sectional slices were
stacked and inspected for key features such as
globules and impurity particles using Image]j
software. SEO electrolyte thicknesses were
measured before polarization at 10 different
locations within each cell to confirm consistent 50
pm-thicknesses for all cells.

current density i = 0.175 mA cm? was
significantly above the current density threshold
previously shown to initiate lithium metal
protrusion nucleation in a similar SEO
electrolyte,® jmreshors = 0.04 mA cm2. Current was
applied unidirectionally to avoid the formation of
multi-globular protrusion structures, which have
been shown to grow during cycling (bidirectional
current);3? quantifying the growth of multi-
globular structures would require complicated
multi-dimensional tracking. We will soon show
that even in the case of isolated globules, three
different dimensions must be tracked to quantify
globule growth.
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Figure 1. Typical example of unidirectional
polarization of a lithium-SEO-lithium symmetric cell
(r = 0.12) at a constant current density i = 0.175 mA
cm™ and potential response, @, as a function of
polarization time, t. Secondary y-axes show
corresponding expected height for planar lithium
deposition, Hexp, and charge density passed, q. The
cell was imaged after 10 h, subsequent 50 h
intervals during which polarization was paused, and
cell failure. Failure via short circuit occurred at t =
219 h.

A cross-section of the X-ray tomogram of a
preconditioned (t = 0 h) lithium-SEO-lithium
symmetric cell is presented in Figure 2. Prior to
polarization, the cell was preconditioned using
the technique described in the experimental
section. Brighter pixels correspond to higher
electron density components because they
absorb more of the incident X-rays.3? On the
tomograms, thick stacks of darker lithium metal
flank either side of the brighter SEO electrolyte.
White faceted shapes correspond to impurity
particles embedded inside the lithium metal foil.
Impurity particles are an intrinsic feature of
lithium metal foil with a likely chemical identity of
lithium oxide (Li>O) or lithium hydroxide (LiOH).3?
Previous studies'®3?3> have shown that most of
the lithium protrusions nucleate from impurity
particles like the one shown in Figure 2.
Importantly, there is no evidence of the

i[mA cm]

nucleation of lithium protrusions after
preconditioning and prior to polarization (att = 0
h) for any of the cells studied.

100 pm

Lithium

- SEQ Flectrolyte =

Lithium
Impurity
particle

Figure 2. Cross-sectional X-ray microtomography
scan in the xz-plane of an unpolarized lithium-SEO-
lithium symmetric cell (r = 0.085) after
preconditioning (t = 0 h). The cell is composed of an
SEO electrolyte (bright middle layer) sandwiched
between two stacks of lithium metal (dark stripes).
Faceted bright objects correspond to crystalline
impurities embedded inside the lithium metal.
Images are similar for cells of all salt concentrations.

Figure 3 shows tomograms of a single globular
protrusion defect inside one lithium-SEO-lithium
symmetric cell (r = 0.085). From nucleation (left)
to cell failure (right), Figure 3 illustrates the
progression in size and shape of a single short-
circuiting globular protrusion over the course of
the polarization experiment. Figures 3a to 3f are
orthogonal cross-sectional slices of the globule in
the xz-plane, and Figures 3g to 3l are slices at the
bottom SEO-lithium interface in the xy-plane.
Figures of different orientations at the same
location and polarization time are organized in
vertical columns. For Figures 3a to 3f, the cross-
sectional images, lithium metal was plated at the
bottom electrode during polarization and this new
lithium layer shifted the bottom SEO-lithium
interface up. For better visualization, we use the
stationary impurity particle at the bottom of the
globular protrusion as a reference point and have
aligned the tomographic slices accordingly. Figure
3a shows nucleation of the globular protrusion
from a face of the impurity particle at t = 10 h,
with the majority of globule volume within the
SEO electrolyte. Figures 3b to 3f show an increase
in globule height, H, the distance from the top
face of the impurity particle to the highest point
of the globule, over the course of the polarization
experiment. The globule is enclosed within a
bright structure that we call the “electrolyte sac,”
which is composed of the electrolyte’s elements.3?
We observe that most of the globule is growing
inside the lithium electrode, i.e., it
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Figure 3. Time stop imaging of a single lithium protrusion inside a lithium-SEO-lithium symmetric cell (r =
0.085) over the course of a galvanostatic polarization experiment. Left to right tracking of typical dynamics of
a single globule as t and g increase. All images are on the same scale. (a-f) Orthogonal cross-sections through
the globule in the xz-plane, with lithium plating on the bottom electrode. (a) Globule nucleation from an
impurity particle at the SEO-lithium interface. (b-e) Evolution of the globule at increasing polarization time. (f)
Full globule penetration of the electrolyte causing failure via short circuit. (g-1) Top view slices in the xy-plane
of the bottom SEO-lithium interface at the globule location; columns of images correspond to the same globule

at identical t, varying only in orientation.

grows underneath the bottom SEO-lithium
interface. However, as the polarization time
increases we can clearly see that the globule
protrudes into the electrolyte (see Figure 3e). The
globule spans the electrolyte in Figure 3f, which
causes a short circuit and results in cell failure. It
is worth noting that the lithium globule
penetrates completely through the electrolyte,
from the bottom to the top lithium electrode
(same gray value). Figures 3g to 3l exhibit a clear
increase in globule interfacial area A as
polarization increases. These circular cross-
sections of the globule at the electrode-
electrolyte interface suggest isotropic growth in
the xy-plane. This validates the approximation of
globules as ellipsoids, with similar growth from
the perspective of both the xz-plane and yz-
plane.

We observed the growth of 118 protrusions in
cells containing different electrolytes, and tracked
47 in a manner similar to that depicted in Figure
3. All observed lithium protrusion morphologies
were globular. Figure 4a shows the areal density
of lithium protrusions, P, which was determined

by counting the number of globular defects in a
cell and normalizing this number by the electrode
area as a function of t. The data series represent
one cell each at lithium salt concentrations r =
0.04, 0.085, 0.12, 0.15, and 0.18. Error bars of P
= 0.2 mm? were added to each data series,
accounting for globules on the edges of a scan
which did not appear in subsequent images due
to the experimental difficulty in imaging the exact
same part of the cell. As in Figure 1, Hexp and q,
corresponding to a given time, t, are indicated as
secondary x-axes. While the majority of globule
nucleation seems to occur within the first 60 h for
all salt concentrations, it is important to note that
nucleation at t > 60 h was observed in all cells. P
does not appear to be a systematic function of r.
We posit that P is related to the random
occurrence of nucleating impurity particles in the
electrode located close to the bottom SEO-lithium
interface. The largest increase in P between t =
60 h to 210 h occurs for r = 0.15, with P
increasing from 0.96 to 1.48 mm™, or by 54%.
During that time, the smallest increase occurs for
r=0.12, with P increasing from 2.07 to 2.29 mm-~



2, or 11%. Low salt concentration cells with r <
0.12 failed at around 200 h; t = 214, 219, and
219 h for r = 0.04, 0.085, and 0.12, respectively.
In contrast, high salt concentration cells with r =
0.15 stayed alive until t = 260 h, the last time
step in the experiment. In these cells, a sharp
increase in P was observed over a short time
between t = 210 and 260 h, from 1.48 to 2.15
mm<2 (45%) for r = 0.15 and from 1.55 to 2.29
mm= (48%) for r = 0.18. Figure 4b normalizes
defect density P as a function of t by subtracting
the initially measured defect density, Pson. At t <
210 h, P-Pson reaches 0.52 mm=, or a 54%
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increase in defect density for the r = 0.15 cell. P-
Pson for all other salt concentrations increases to
0.22 mm™ over the first 210 h. As in Figure 4a, we
witness a sharp increase in the defect density for
the r = 0.15 cells between t = 210 and 260 h. As
t increases and lithium is deposited on the
bottom electrode, there appears to be no
possibility of impurity particles in the bottom
electrode near the SEO-lithium interface
nucleating globules unless they were previously
stuck to the interface. We hypothesize that
impurity particles stuck to the SEO-lithium
interface can remain
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Figure 4. (a) Areal density of lithium protrusions, P, as a function of t, H., and q. Data collected from 5 cells at
varying lithium salt concentrations, from r = 0.04 to r = 0.18. (b) P - Pss, the areal density of lithium
protrusions normalized by subtracting by the initial P value at 60 h, as a function of t, H., and q. For all cells, P
stays relatively constant with t up to t = 210 h. The cells with a salt concentration of r = 0.12 fail soon after
this time. In contrast, the cells with a salt concentration of r = 0.15 witness a sharp increase in P with t
following t = 210 h and did not fail over the course of the experiment.

dormant until favorable interfacial kinetics allow
for nucleation. While most globular defects
nucleate from impurity particles at the SEO-
lithium interface, Figure 5 presents the evolution
in time of a defect formed with no evidence of an
impurity particle inside a high salt concentration
cell (r = 0.18). The cross-sectional tomograms in
the xz-plane shown here are representative of a
phenomenon seen only in cells with r = 0.15 and
0.18. We do not see any noticeable features near
the bottom SEO-lithium interface at t = 160 h in
the region of the cell displayed in Figure 5a.
Figure 5b, imaged 50 h later at t = 210 h,

emphasizes the growth of a depression in the
bottom electrode which is filled by the SEO
electrolyte - we refer to this feature as a
membrane valley. Following the appearance of
this unusual depression, Figure 5c¢ presents the
formation of a globule encased within an
electrolyte sac 50 h later at t = 260 h. There is
clearly a resistance to lithium plating at the
membrane valley location. This may be due to
salt agglomeration at the SEO-lithium interface or
an increase in the interfacial resistance. However,
this ionically insulating nature was lost before
Figure 5c was acquired. Between t = 210 and 260



h, the valley was filled with a lithium globule that
returned the electrolyte thickness to its original
value. The rapid increase in P seen between t =
210 and 260 h at high salt concentrations is
partly due to the formation of globules within
electrolyte valleys.

Figure 6a is a cross-sectional tomogram slice
through a globule in the xz-plane, and outlines
the relevant dimensions associated with
quantifying globular morphology. The globule
total height, H, is the distance from the top face
of the impurity particle to the highest point of the
globule, which is normally inside the SEO
membrane. H. is measured from the bottom

T
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Figure 5. Orthogonal cross-sections in the xz-plane
of a portion of a high salt concentration cell (r =
0.18) as t increases from (a) to (c). (a) No noticeable
membrane features t = 160 h, (b) the same region
of interest at t = 210 h with emergence of a
membrane valley, and (c) the formation of a globule
at t = 260 h. This phenomenon was only observed in
cells with r = 0.15.
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Figure 6. (a) Cross-section in the xz-plane through a globule (r = 0.12 cell). Dimensions used to quantify
globule total height, H, its components He. and H,, and interfacial area, A. H is measured from the top face of
the impurity particle to the highest point of the globule, generally within the electrolyte. H.describes the
distance between the bottom SEO-lithium interface and the highest point of the globule. H; is the distance
from the bottom SEO-lithium interface to the lowest point of the globule, or the top face of the impurity
particle. The inset shows a top view slice in the xy-plane of the bottom SEO-lithium interface at the globule
location to show A. (b) Diagram of H., expected height from Faraday’s law of electrolysis Hexp, and H;i - Hexp in
the xz-plane through a typical globule. The diagram depicts reference points for the globule height
dimensions: the bottom SEO-lithium interface for H., and the expected plating height of lithium within the

globule for H; - Hexp.

SEO-lithium interface at the globule location to
the highest point of the globule. It is a metric for

the globule growth into the electrolyte. H; is
defined as the distance from the bottom SEO-



lithium interface at the globule location to the
lowest point of the globule, which is located at
the top face of the impurity particle and within
the lithium metal electrode. H; is a metric for
globule growth within the electrode. The total
height of the globule, H, is calculated by H = H, +
H.. We define A to be the area of the globule
measured at the bottom SEO-lithium interface
(see Figure 6a inset).

H is related to the lithium deposition rate during
polarization. As charge is passed through the cell,
lithium metal plates on the bottom electrode and
shifts the bottom SEO-lithium interface, along
with the highest globule point, upward.
Meanwhile, the impurity particle position is fixed
within the electrode, and thus H increases with
polarization time. It is important to note that
impurity particles only serve as nucleation sites
for globules, and there is no correlation between
impurity particle size and globule growth rate.
The time dependence of H., which reflects the
growth of the globule towards the opposite
electrode, is governed by electrolyte deformation,
the local salt concentration gradient, and the
local electric field. The local interelectrode
distance near the tip of the protrusion decreases
with increasing H. and the local current density is
expected to grow, affecting not only electrolyte
ion migration and the salt concentration gradient
across electrodes, but stresses within the
electrolyte as well.>® As the globule grows, it
deforms the rigid electrolyte, and the stresses
that are generated by this distortion provide
resistance to growth. Our observation of
increasing H. indicates that the resistance due to
electrolyte deformation is smaller in magnitude
than the electrochemical driving forces of
increased local current density and salt
concentration gradient.

Figure 6b is a schematic of a lithium globule
that clarifies the definitions of the parameters
depicted in Figure 6a. To understand globule
growth within the electrode, it is important to
compare H, to the expected height for planar
lithium deposition at this current density, Hex,. We
therefore also show H.,, in Figure 6b. We refer to
the difference H, - Hey, as the excess globule
growth within the electrode.

Figure 7 tracks globule total height, H, for each
individual globule, n, over the course of the
experiment (at increasing t), separated by
subplots of increasing salt concentration, r. The
order of n is unrelated to globule positioning
within the cells and is ordered for reasons which
will soon be apparent. The different time steps
are represented with markers of different colors in
Figure 7. The cells with a salt concentration of r =
0.12 failed shortly after 210 h of polarization,
while the cells with a salt concentration of r =
0.15 stayed alive for the entirety of the
experiment, with the final time step at t = 260 h.
We observe two distinct populations of globules in
Figure 7a (r = 0.04): the left side of the plot (n =
4) has a minimum increase in H of -2.1 um, a
maximum increase of 19.5 um, and an average
increase of 3.7 um over single 50 h time steps;
the right side of the plot (n = 5) has a minimum
increase in H of 30.8 um, a maximum increase of
60.4 um, and an average increase of 51.3 um
over single 50 h time steps. This distinction is
also apparent in Figures 7b to 7e. As a result,
slow and fast growing globules are distinguished
by slow and fast increases in H over the course of
the experiment using orange and green shaded
backgrounds, respectively, on each of the plots.
Any globule with an increase in H of less than 20
pm over any 50 h time step is designated a slow
growing globule, and all other globules are
classified as fast growing. Slow growing globules
are more prevalent at lower salt concentrations r
= 0.04 and r = 0.085; however, the globules we
observed were predominantly fast growing
globules. We observe more consistent increases
in H with increasing time for fast growing
globules; therefore, the rest of the discussion will
focus on this population. A comprehensive
analysis of both slow and fast growing globules is
outside of the scope of this paper.

Figure 8 shows the distribution of excess growth
within the electrode, H; - Hex, (Figure 8a), and
growth into the electrolyte, H. (Figure 8b). These
distributions were created using R® statistical
software and highlight ranges and outliers as well
as
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Figure 7. Five subplots (a-e), one at each value of r, track the distribution of H from t = 60 h to cell failure. (a)
r=0.04, (b) r=0.085, (c) r=0.12, (d) r = 0.15, (e) and r = 0.18 subplots. There is a clear distinction between
slow-growing globules, with little change in H over t, and fast-growing globules which change in H consistently
with t. Orange and green backgrounds distinguish slow and fast growing globules, respectively. H increases
consistently with t for fast growing globules.
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Figure 8. (a) Distribution of excess globule growth within the electrolyte, H; - Heyp, relative to the reference
frame of expected height of planar lithium deposition, grouped by r at varying t. (b) Distribution of H,, the
distance from the bottom SEO-lithium interface at the globule location to the highest point of the globule,
grouped by r at varying t. Boxplots show the median with a bold line, first and third quartiles with the colored



box bounds, and range with extended lines. Outliers are shown with black dots. Distributions show H. values

that increase with t but have no dependence on r.
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Figure 9. Lithium plating velocities within the electrode and electrolyte, v; and v., respectively, as a function
of r, measured over time ranges t; to t,. We define v; = [Hi(tz) - Hi(t:)1/[tz- t:] and ve = [He(t:) - He(t1) /[t - t1].
(a) Lithium plating velocity within the electrode, v;, calculated from H;, compared to (b) lithium plating velocity
into the electrolyte, v., calculated from H.. Values are averages and error bars represent the standard
deviation. ve, = 0.85 um h? is the expected lithium plating velocity calculated using Faraday'’s first law of
electrolysis and is plotted with a dashed line in (a) for comparison with v..

first, second (median), and third quartile values of
H; - Hexp and He as a function of r for all time
steps. The different time steps are represented
with identical colors to those in Figure 7. Boxplots
show the median with a bold line, first and third
quartiles with the colored box bounds, and range
with extended black lines. Outliers are shown with
black dots and the plots exclude shorting
protrusions, which were rarely seen in tomograms
and had similar H; - Hexp and much larger H.
values in comparison to typical globules. It is
important to note that there are as many as 15
and as few as three data points for a single
boxplot. While this may appear limited, we are
not aware of any other study where the growth of
defects on lithium metal anodes is quantified.
Equation 1 describes the excess globule growth
relative to the expected plating height of lithium,
Hi - Hexp:

Hi_Hexp:Hi_Vexp‘t_tnuc)’ [1]

where Vey, = 0.85 um h? is the expected lithium
plating velocity calculated from Faraday’s first law
of electrolysis at the applied current density. Our
determination of globule geometry is at fixed
time points and most of the globules that we
have studied nucleated before the t = 60 h scan.
We estimate the time at which globules
nucleated, t.., using Equation 2:
_ Vexpt_Hi,O
tnuc_ Vv ’ [2]

exp

where H,, is H; of the first measurable appearance
of the globule in X-ray microtomography scans.
The first scan at t = 10 h was conducted at a
lower magnification of 2X (3.25 um voxel side
length) to identify subregions within the cell that
contained globules. Our analysis of globule
growth begins with t = 60 h scans where we used
a higher magnification of 4X (1.62 um voxel side
length) on the chosen subregions. Equations 1
and 2 enforce the condition that H; - Hexp = 0 um
at t = 60 h; a greater proportion (76%) of the
globules nucleated before t = 60 h. H; - Hexo
increases with t for all salt concentrations. We
observe the greatest H; - Heyp at salt
concentration r = 0.085 for all time steps, as it
increases from a median of 26.6 um att =110 h
to 88.5 um at t = 210 h. The lowest H; - Hexp
occurs at salt concentration r = 0.04 for all time
steps, as it increases from a median of 0.3 um at
t=110hto 21.4 um att = 210 h. Figure 8b plots
the distribution of He as a function of r at all time
steps. At r = 0.04, the median value of H.
increases from 5.6 to 8.9 um between t = 60 h
and failure (t = 214 h). Similar increases are seen
at r=0.085 and r = 0.12. The increase in median
H. with time is within experimental error at r =
0.15. A somewhat slower increase in median H. is
observed from 4.8 to 6.2 um for r = 0.18 between
t = 60 and 260 h, respectively.

Discussions of lithium protrusion growth in the
literature mainly focus on growth within the



electrolyte. The difference in scales in Figures 8a
and 8b is noteworthy in this context. The growth
of protrusions within the electrode is shown on a
scale from 0 to 150 pum, while that in the
electrolyte is shown on a scale from 0 to 15 pm;
most of the protrusion growth takes place within
the electrode. Despite the large range in excess
plating in the electrode in Figure 8a, the SEO
electrolyte appears to possess sufficient
mechanical strength to arrest globule growth
within the electrolyte at around 10 to 15 um in all
cells in Figure 8b.

We decided to further investigate the
phenomenon of consistently increasing H; - Hexp
with t shown in Figure 8a. By dividing H into its
components H; and H., we were able to look for
differences in the deposition rate of lithium metal
within the electrode and within the electrolyte,
respectively. We refer to these deposition rates as
lithium plating velocities and define v; as the
velocity within the electrode and v. as the
velocity within the electrolyte. Equations 3 and 4
explain how these plating velocities were
calculated from AH; or AH. and At at two adjacent
time steps, t; and t;:

H(t,)—H,(1,)

= 3
v, = , [3]

He(lZ)_He(tl>
t,—1, '

v, =

[4]

These plating velocities are plotted in Figure 9
as a function of r at adjacent time steps of
increasing polarization time. The values shown
are averages and the error bars represent the
standard deviation. Figure 9a shows a
nonmonotonic dependence of rate v; on r, with an
increase of v; with rup to a maximum atr =
0.085. This maximum lithium plating velocity
increases to 1.38 um h! between t = 60 and 110
h, 1.60 um h* between t = 110 and 160 h, and
1.89 um h! between t = 160 and 210 h. As r
increases past 0.085, v; decreases to a minimum
of 0.81 um h! between t = 60 and 110 hatr =
0.18. At all salt concentrations, v; increases with t,
with the fastest globule growth within the
electrode occurring in the time range 160 to 210
h, the time closest to failure by short circuit. Over
the time ranges studied, v; is greater than the
expected planar deposition velocity at this
applied current density, Vex, = 0.85 um h, which
is calculated using Faraday'’s first law of
electrolysis. This is noteworthy because we are
elevating the plating velocity within the electrode
to a higher-than-expected level at the globule
location. This observation and the dependence of
vion r and t calls for further investigation into the
relationship between local current density and the

mechanical properties of the electrolyte. Figure
9b shows v. as a function of r and t. Although
these lithium plating velocities changed
throughout the course of the experiment, v. is not
discernable within error bars and possesses no
apparent r dependence. Importantly, the y-axis
scale in Figure 9b is much smaller than that in
Figure 9a, indicating much slower growth into the
electrolyte than within the electrode. Figure 9
suggests that the electrolyte has the requisite
mechanical strength to partially resist globule
growth through the electrolyte and limit v..2%-22

The above discussion is focused on tomograms
of growing globules. It is, perhaps, important to
also examine regions of the lithium electrode
away from the globules and beneath the globules
for comparison. Figure 10a shows an isolated
impurity particle far away from globules at t = 60
h. The same impurity particle at t = 160 and 260
h is shown in Figures 10b and 10c. The top tip of
the particle was used as a reference to align the
three tomograms. The double sided arrow in
Figure 10a at t = 60 h represents the initially
measured distance between the bottom SEO-
lithium interface and top tip of the impurity
particle, H;son. Additional lithium deposition att =
160 and 260 h in Figures 10b and 10c,
respectively, results in an upwards shift in the
bottom SEO-lithium interface. The expected
location of the electrode-electrolyte interface
based on Faraday’s first law of electrolysis is
indicated by the double sided arrows labeled Hexp
- Hison. The difference between the actual and
expected electrode-electrolyte interface location
increases with time, as demonstrated by the
widening of the gap between the two adjacent
dashed lines in Figures 10b and 10c. One may
view this difference as a measure of plating
uncertainty. This uncertainty is comparable to the
curvature introduced in the electrolyte layer due
to plating. Figure 10d shows a cross-sectional
tomogram of a large, fast growing globule at the
latest time step, t = 260 h. An impurity particle
circled in red is located 77 um beneath the
globule impurity circled in yellow. This convenient
impurity placement provides an opportunity to
compare how this distance changes at different
values of t. Figure 10e compares the evolution of
H; for the three impurity particles circled in
Figures 10a through 10d. All H; values are with
respect to the initially measured distance at t =
60 h, Hieon. At early times (t = 110 h), plating
above all three impurity particles is similar to the
expected increase in electrode-electrolyte
interface height based on Faraday'’s first law of
electrolysis, which is denoted by the black dashed
line in Figure 10e. As t increases, the discrepancy
between actual and expected deposition
increases. The yellow and red data series



perfectly overlap in Figure 10d, indicating that the
yellow and red impurities remain equidistant
throughout the polarization experiment. This
implies that there is no yielding of lithium metal
beneath this globule. Figure 10 shows that the
local rate of lithium deposition varies from the
expected value based on Faraday’s first law of
electrolysis both near and far away from globules.
The reason for this variation and the complexities
that arise due to it, such as the introduction of
curvature at the electrode-electrolyte interface,
are outside the scope of the present study.
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Figure 10. (a-c) Cross-sectional tomograms in the
xz-plane of the same isolated impurity particle, far
from regions of globular growth at t = 60 h, 160 h,
and 260 h in the r = 0.18 cell. (a) Initial distance
between the bottom SEO-lithium interface and the
top face of the isolated impurity particle indicated
using H;son and the dotted turquoise line across (a),
(b), and (c). (b) Expected planar deposition at t =
160 h with respect to the initial location of the
impurity particle at t = 60 h using Hex, - Hison. There
is a small gap between the actual and expected
deposition with respect to this reference indicated
with the top two dotted lines. (c) This gap between
the actual and expected deposition increases at the
latest time step, t = 260 h. (d) Cross-sectional
tomogram of a large globule with excess electrode
growth with an impurity particle close beneath it. (e)
Plot of H; - Hs0n with t to track lithium deposited for
the isolated impurity particle (a-c, blue), globule
impurity (d, yellow), and impurity beneath the
globule (d, red), taking into account the initial
location of the impurity within the electrode at first
measurement (60 h). The discrepancy between the
actual deposited lithium and expected planar
deposition for all impurities is small at early t and is
exacerbated as t increases.

We conclude this section by discussing the
widening of globules with t. Figure 11 shows a
distribution of globule interfacial area, A, on a
logarithmic scale as a function of r at increasing t.
We observe an exponential increase in A with t for
all cells. At low salt concentrations (r < 0.085),
the globule area at early times is larger than that
at high salt concentrations (r = 0.12). However,
by the end of the experiment (failure or t = 260
h), we observe similar areas for most of the cells,
the exception
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Figure 11. Globule interfacial area, A, distribution plotted on a logarithmic scale and grouped by r at varying
t. Boxplots show the median with a bold line, first and third quartiles with the colored box bounds, and range



with extended lines. Outliers are shown with black dots. There is an exponential increase in A with t for all r,
with the most pronounced growth at r = 0.18 and least dynamic at r = 0.15.
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Figure 12. Five subplots, one at each salt concentration, r, to track the correlation between d and H. from t =
60 h to cell failure for fast growing globules. (a) r = 0.04, (b) r = 0.085, (c) r=0.12, (d) r=0.15, (e) and r =
0.18 subplots. A linear regression was performed on all data points across all t for each subplot. d increases
linearly with H.. r = 0.085 and r = 0.15 have the weakest correlation and may be a result of fewer data points.
More correlated subplots r = 0.04, 0.085, and 0.18 have similar slopes of 5.6, 5.3, and 7.3, respectively, and
indicate little to no dependence of the d to H. ratio on r or t.

being r = 0.15, which shows a smaller area.
Sharp increases in globule area with time are
observed at r = 0.12 and 0.18.

Figure 12 displays globule diameter, d=2vVA/lmr
, as a function of globule height within the
electrolyte, H., for all t and r studied using a
subplot for each salt concentration. One linear
trendline is fit to each subplot of data. Despite
the fact that A (or equivalently d) increases
substantially with t in Figure 11, the relationship
between d and H. is presented in Figure 12
without regard to t. For salt concentrations where
we were able to track a large number of globules,
r=0.04, 0.12, and 0.18, the slopes of the d
versus H. linear fits are 5.6 £ 0.9, 5.3 = 0.5, and
7.3 £ 1.2, respectively. These data sets exhibit
the strongest correlations with the statistical
coefficient of determination, R?, greater than 0.5.
For the salt concentrations where only a few
globules were observed, r = 0.085 and 0.15, the
slopes of the d versus H. linear fits are 3.3 = 1.3,

2.0 = 1.8, respectively. The intercepts in Figure 12
vary from 1.7 to 21.1 um. The linearity of d
versus H. for globule growth through an SEO
electrolyte was shown by Ho et al.,> who only
examined two failed cells at a fixed salt
concentration (r = 0.085). The slope and
intercept reported by Ho et al. was 2.39 = 0.12
and 22.4 £ 2.6 um, respectively. The implication
of the data in Figure 12 is that globule growth in
block copolymer electrolytes is fundamentally
different from dendritic growth in conventional
liquid electrolytes. Dendrites are thin, filamentous
structures that branch as they grow from the
anode towards the cathode. While we are not
aware of any systematic attempt to quantify
dendrite geometry in detail, there appears to be
little change in the diameter of the filaments as
dendrites grow. In contrast, globules growing
through block copolymer electrolytes flatten
substantially as they grow;** the average slope of
the d versus H. fits for the three cells with a large
number of growing globules is 6.1 + 1.1. We



attribute this qualitative difference to the fact
that the SEO electrolytes exert a stress on the
growing protrusions; liquids are incapable of
exerting a stress on growing protrusions.

CONCLUSIONS

We prepared lithium-SEO-lithium symmetric cells at
varying salt concentrations and imaged them using hard X-ray
microtomography at time intervals of 50 h of unidirectional
polarization in order to track the evolution of globular defects
on the lithium metal electrode. The initial density of globules
is independent of salt concentration; variations are a result of
the random distribution of impurity particles near the surface
of the lithium metal electrodes from which globules nucleate.

We showed the existence of slow and fast growing globules
in cells of all salt concentrations. We focused on fast growing
globules, as they are more relevant to cell failure. We define
three important geometric parameters: the height of the
globule in the electrode H;, the height of the globule in the
electrolyte H,, and the nominal globule diameter, d. All three
parameters increase as a function of polarization time, but H; is
about 10 times larger than H,; most of the globule lies within
the electrode. While we find a wide range of globule sizes in
each cell, the globule diameter is a linear function of globule
height in the electrolyte with a slope of about 6, independent
of time and electrolyte salt concentration.

The analysis of lithium globule defects formed during
polarization presented in this study represents a step toward
understanding the factors that impact the lithium metal
“dendrite” problem. If we can accurately quantify the
dynamics of globule growth and identify the factors that
govern it in SEO electrolytes, then we can develop robust
models for predicting the nature of electrodeposition on
lithium metal anodes. Such models will enable the rational
design of polymers and even other condensed phase materials
for rechargeable lithium metal batteries.
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ABBREVIATIONS

@, potential (V)

A, globule area at the electrode-electrolyte interface
(um?)

d, globule diameter (um)

i, applied current density (mA cm?)

H, globule total height (um)

H., globule height into the electrolyte (um)

Hexp, €xpected planar lithium deposition using
Faraday’s first law of electrolysis (um)

Hi, globule height into the electrode (um)

Hion, globule height into the electrode after 60 h of
polarization time (um)

Li, lithium

Li,O, lithium oxide

LiOH, lithium hydroxide

LiTFSI, lithium bis(trifluoromethanesulfonyl) imide
n, tracked globule number

NMP, N-methylpyrrolidone

P, areal density of defects (mm™)

Pson, areal density of defects after 60 h of
polarization time (mm-)

PEO, poly(ethylene oxide)

PS, polystyrene

g, charge density passed (C cm?)

r, salt concentration

R?, statistical coefficient of determination

SEO, polystyrene-b-poly(ethylene oxide)

t, polarization time (h)

thue, €stimated time of globule nucleation (h)

Ve, lithium plating velocity into the electrolyte (um h-
1

)

Vexp, €Xpected lithium plating velocity using
Faraday’s first law of electrolysis (um h?)

v;, lithium plating velocity into the electrode (um h?)
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