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ABSTRACT

Successful prevention of lithium dendrite growth would enable the use of lithium
metal as an anode material in next-generation rechargeable batteries. Mechanically
stiff block copolymer electrolytes have been shown to prolong the life of lithium
metal cells by suppressing lithium dendrite growth. However, impurity particles that
are invariably present in the lithium metal nucleate electrodeposition defects that
eventually lead to short-circuits. In this study, we use X-ray tomography to study
the morphology of electrodeposited lithium in symmetric cells containing a block
copolymer electrolyte. An “electrochemical filtering” treatment was performed on
these cells in order to reduce the concentration of impurity particles near the
electrode-electrolyte interface, and cells were cycled to determine the effects of the
treatment on lifetime. Depending on the treatment details, average charge passed
before failure was improved by 30-400%. For a cell in which the treatment was most
effective, cycle life was increased by more than an order of magnitude and the
measured defect density was negligible. Other treated cells, however, in which the
treated lithium was imperfect, had a higher areal density of defects compared to
control cells. A majority of the defects in treated cells were confined within the
electrodes. In contrast, most of the defects seen in the control cells were
protrusions that invaded the electrolyte phase. The increased lifetime in these
imperfectly treated cells was not due to a reduction in defect density, but rather
due to the differences in defect morphology. These results motivate the

development of deposition defect- and impurity-free lithium metal electrodes.



INTRODUCTION

The theoretical energy density of batteries incorporating a lithium metal
anode is significantly higher than that of current lithium-ion batteries. There are,
however, significant problems that preclude the development of practical
rechargeable batteries with these anodes. A major factor that limits the cycle life of
cells containing metallic lithium is the morphology of electrodeposited lithium.
Protruding lithium structures, often called “dendrites” after the branched
morphology of lithium deposition observed in liquid electrolytes, can span the
electrolyte and cause a short-circuit. Studies of the development of these structures
are important to fundamentally understand the nature of lithium electrodeposition
through different electrolytes. X-ray tomography is a powerful technique for
determining the three-dimensional morphology of electrodeposited lithium through

both liquid** and solid polymer>?° electrolytes.

Many strategies for extending the cycle life of cells containing a lithium metal
electrode have been reported in the literature. They include increasing the
mechanical strength of the electrolyte,'** synthesizing tortuous electrolytes to
distribute ion flux,'* engineering interfacial layers,*>*® and developing single-ion
conducting electrolytes to eliminate salt concentration gradients?’. The lithium
metal anode has also been subjected to different treatments in order to increase

cell performance. 1824

In this paper, we use a nanostructured polystyrene-block-poly(ethylene
oxide) (SEO) block copolymer mixed with lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI). In this class of solid polymer electrolytes, planar, crystalline lithium

deposition is observed over most of the cell area.'® Nonplanar protrusions are only



observed in the vicinity of impurity particles present in commercially available
lithium foils.> As the reported impurities in lithium metal are primarily oxygen and
nitrogen, we hypothesize that the impurities are Li,O, LiOH, and LisN. It is likely that
impurity particles at the electrode-electrolyte interface cause inhomogeneities in
the local current density and promote the nucleation of lithium protrusions. These
particles do not pass through the electrolyte during electrodeposition.® Stable
deposition of planar lithium without protrusions is obtained at low current densities

(less than 0.08 mA cm?) in spite of impurity particles.*®

Based on the work described in the previous paragraph, we hypothesized
that electrodepositing lithium at a low current density (0.04 mA cm™) through an
SEO/LITFSI electrolyte in a lithium symmetric cell would lead to an impurity-free
layer of lithium. We call this process “electrochemical filtering”. We show that the
electrochemically filtered lithium layer is not perfect. Nevertheless, our approach
enables a systematic study of the effect of reducing the concentration of impurity
particles on lithium electrodeposition during cycling. We demonstrate that

electrochemical filtering improves cycle life by more than an order of magnitude.



EXPERIMENTAL SECTION

Anionic synthesis and polymer purification. The polystyrene-block-poly(ethylene
oxide) (PS-PEO, or SEO) diblock copolymer was synthesized via sequential high-
vacuum living anionic polymerization, using sec-butyllithium as the initiator for
styrene polymerization and P4 tert-butylphosphazene base as the promoter for the
polymerization of ethylene oxide.?®*?” SEQO(115-172) was further purified as given in
ref. 1%, where the numbers in the parentheses correspond to the number-averaged
molecular weights of the PS and PEO blocks, Mes and Meeo, respectively. The relevant
properties of the SEO copolymers used in this study are provided in Table 1, where
¢eo refers to the volume fraction of PEO. GPC was conducted on an Agilent 1260
Infinity Series fitted with Water Styragel HR 3 and 4 columns. The polydispersity
index (PDI) was measured using a polystyrene standard. The self-assembled
morphology of the block copolymers is expected to be lamellar based on the PEO

volume fraction.

Table 1: Properties of SEO polymers used in this study: name, molecular weight of the PS
block, molecular weight of the PEO block, volume fraction PEO of the neat polymer, and

polydispersity index.

Name M;s [kg mol?] Meeo Peo PDI
[kg mol!]

SEO(115-172) 115 172 0.59 1.10

SEO(200-222) 200 222 0.51 1.08

Methods for electrolyte preparation and electrochemical cell fabrication closely
mimic those previously reported.® All electrolyte preparation was carried out in an

argon glove box with less than 0.1 parts per million (ppm) H.O and less than 0.1



ppm O,. All lithium cell assembly was carried out in an argon glove box with less
than 2.3 ppm H;0 and less than 0.1 ppm O,.

Li-SEO-Li symmetric cell assembly for cycling and tomographic imaging. — Lithium
metal foil was purchased from FMC Lithium at 99.9% purity. The foil thickness was
150 um. All sample preparation was performed in a glove box filled with Argon gas.
A 7/16-inch diameter metal punch was used to cut a polymer electrolyte disc from a
previously cast electrolyte film. Three layers of lithium metal foil were stacked on
top of a piece of nickel foil, and then pressed until flat and shiny inside pouch
material with a pneumatic press (130 MPa). The lithium electrodes were made by
using a 3/8-inch diameter punch to cut through the three layers of lithium foil and
nickel foil backing. The two, 450 um thick, lithium electrodes were used to sandwich
the polymer electrolyte membrane. Two 0.25 mm thick stainless steel shims were
placed above and beneath the cell to keep the cell flat. Aluminum current collector
tabs were then affixed to the stainless steel shims and the sample was vacuum
sealed in polypropylene-lined aluminum pouch material. Pouched cells were
annealed for 12 hours at 120 °C before beginning conditioning cycles.

Conditioning, treatment, and cycling. Cells were galvanostatically cycled in an
Associated Environmental Systems SD-402 oven using a Maccor Series 4000 Battery
Tester. Cells were allowed to equilibrate at the temperature of interest (90 °C) for at
least an hour before a current was imposed. Cells were occasionally paused during
conditioning or polarization for practical reasons (e.g., while removing a failed cell).
Each cell was subjected to fourteen conditioning cycles at 90 °C. During each cycle,
a current density of 0.02 mA cm was imposed in one direction for 4 hours, followed
by a 45 minute rest period, followed by the imposition of a constant current density

of 0.02 mA cm™ in the opposite direction, followed by another 45 minute rest



period. The thickness of lithium transferred between the electrodes during each half

cycle at 0.02 mA cm™ was 0.4 um.

We report on results obtained from 23 separate cells. All of the cells were
conditioned as described above and then subjected to further experiments as
summarized in Table 2. Three different conditions were used for electrochemical
filtering, labeled Treatments 1, 2, and 3 in Table 2. In the first electrochemical
filtering step, lithium was deposited on to the lower electrode at a current density of
0.04 mA cm™. In the second, a portion of the electrodeposited lithium layer was
deposited back on to the upper electrode at the same current density until the
specified calculated thickness of lithium was reached. The thickness of the
deposited lithium during the first step was varied from 8.5 to 66 pum. The thickness
of the deposited lithium during the second step was varied from 1.7 to 19 um.
Greater volumes of lithium were passed during Treatments 2 and 3 in order to
clearly ascertain the effect of electrochemical filtering by X-ray tomography before
cycling. Four batches of cells were fabricated on four days: one batch each was
used for Treatments 1-3 to minimize variations between cells, while the fourth batch

was split between Treatments 1 and 3.

The efficacy of electrochemical filtering was studied in cycling experiments also
summarized in Table 2. Treatment 1 cells were cycled at 0.12 mA cm??,
corresponding to a cycled lithium layer thickness of 2.3 um. Cells processed using
Treatments 2 and 3 were cycled at 0.175 mA cm™, corresponding to a cycled lithium
layer thickness of 3.4 um. The current density used in Treatments 2 and 3 was
higher to promote faster failure and shorten the experimental timescale. During
each cycle, lithium was deposited on to the upper electrode for 4 hours, followed by

a 45 minute rest period, followed by the imposition of a constant current density in



the opposite direction, followed by another 45 minute rest period. Cells were cycled
until a sudden drop in the voltage required to maintain the target current density
was observed. This was taken as the signature of a short-circuit caused by
nonplanar lithium deposition. Treatment 2 was conducted with a different
electrolyte in order to show that cycling improvements were not limited to a

particular SEO electrolyte.

Table 2. Description of the three electrochemical filtering treatments applied to lithium

symmetric cells in this study.

Treatment Polymer Li deposited | Li deposited Cycling Lithium
on the on the upper current passed
lower electrode density per cycle

electrode [am] [mA cm'z] [um]
[pm]

1 SEO(115- 8.5 1.7 0.12 2.3
172)

2 SEO(200- 39 19 0.175 3.4
222)

3 SEO(115- 66 19 0.175 3.4
172)

X-ray microtomography. The cells were imaged using hard X-ray microtomography
at the Advanced Light Source at Lawrence Berkeley National Laboratory.

Monochromatic hard X-rays with energy 22 keV at beamline 8.3.2 at the Advanced

Light Source at Lawrence Berkeley National Laboratory illuminated the entire

sample, and the X-ray shadow cast by the sample was converted into visible light

using a scintillator. An optical microscope magnified this image and converted it

into a digital image file. The sample was then rotated by a fraction of a degree and

repeatedly imaged until 1,313 images were collected from the sample as it was

rotated through 180°. After a series of data processing steps using the software Xi-



Cam?8, these shadow images were converted to cross-sectional slices that were
then stacked together to render a 3D reconstruction of the cell. Cells were imaged
in their original pouches at 2x, 4x, and/or 5x magnification, corresponding to a pixel
size of approximately 3.25, 1.625, or 1.30 um, respectively. Cross-sectional slices
were stacked and rendered by the software Image) to be inspected for features of
interest. Reconstructed three dimensional (3D) images were analyzed using the
commercially available Avizo software package. Data acquisition and analysis builds

on methods described by Harry et al. ®



RESULTS AND DISCUSSION

* . 5, & .
« s . .

Figure 1. X-ray tomography results of a typical lithium electrode, showing the presence of
impurity particles. (a) Cross-sectional slice through the lithium electrode in a symmetric cell
as-fabricated showing bright, faceted objects that are impurity particles. (b) 3D rendering of

a portion of a lithium electrode as-received with the impurity particles shown in blue.

Fig. 1 shows crystalline impurity particles embedded in lithium metal foil as-
received, revealed by X-ray tomography. Fig. 1a shows an orthogonal cross-section
through the xy plane (parallel to the plane of the lithium foil) of a reconstructed
volume of lithium. The impurity particles are bright, faceted shapes in the darker
gray metallic lithium. Fig. 1b shows two views of a volume within a typical lithium
foil visualized in three dimensions. Here, the impurity particles have been
highlighted in blue, and the metallic lithium is shown in light green. The visible
particles vary in diameter between 2 and 30 um. The number density of impurity
particles greater than 2.6 um in diameter is 1100 per mm?3. The number density of

all impurity particles greater than 7.0 um in diameter is 390 per mm?.
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Figure 2. Strategy of the electrochemical filtering treatment to reduce the concentrations
of impurity particles near the electrode-electrolyte interfaces. (a) Schematic of the
electrochemical filtering treatment. After symmetric cell fabrication, some impurity particles,
shown as white triangles, lie at the electrode-electrolyte interface. Step 1: with a sufficiently
low current density, new planar lithium, highlighted in orange, is deposited on to the bottom
electrode to create a layer free of impurity particles. Step 2: by reversing the direction of
current, planar lithium is plated on to the upper electrode, such that both electrodes now
have a layer of impurity-free lithium at the electrode-electrolyte interface. (b) Current
density and voltage of one electrochemical filtering treatment over time (Treatment 1).
Lithium was deposited on to the lower electrode at 0.04 mA cm? for 43.75 h (8.5 um of Li
calculated) and deposited back on to the upper electrode at the same current density for
8.75 h (1.7 um of Li calculated). The voltage oscillations reflect the precision of the Maccor
cycler. (c) Slice through a reconstructed volume of a symmetric cell after 14 conditioning

cycles. No inhomogeneities were observed at the interfaces. (d) Slices through a



reconstructed volume of the symmetric cell in Fig. 2c after an electrochemical filtering
treatment. This cell received Treatment 2; details of the treatment may be found in Table 2.
Yellow dashed lines indicate the calculated height of filtered lithium after the treatment.
Impurity particles are visibly pushed away from the electrode-electrolyte interface, resulting
in void defects. (e) Slices through a different area of the cell shown in Fig. 2c and 2d. Yellow
dashed lines indicate the calculated height of filtered lithium after the treatment. Some
impurity particles still remain adhered to the polymer electrolyte at the electrode-electrolyte

interface.

Fig. 2 describes the strategy and results of the electrochemical filtering
treatment applied to reduce the concentration of impurity particles near the
electrode-electrolyte interface. We hypothesized that nucleation of defective
deposition could be suppressed if impurity particles were not present in the layers
of lithium cycled. Fig. 2a is a schematic of the electrochemical filtering treatment.
During step 1, lithium is deposited on to the bottom electrode. With a sufficiently
low current density, new planar lithium, highlighted in orange, is deposited on to
the bottom electrode. However, due to the insulating nature of the impurity particle,
electrodeposition immediately above the particle is hindered, leading to a void
defect. Since the impurity particles are uncharged and insulating, we expect to
create a layer free of impurity particles on the bottom electrode. During step 2, the
direction of current is reversed such that a fraction of the planar impurity-free
lithium is plated on to the upper electrode. After executing these 2 steps, both
electrodes have a layer of impurity-free lithium at the electrode-electrolyte
interface. Fig. 2b shows typical voltage versus time data during the electrochemical
filtering treatment (Treatment 1). After a one-hour rest for temperature
equilibration, a current density of 0.04 mA cm was imposed for 43.75 h (a

calculated height of 8.5 um of Li). Then, a current density of -0.04 mA cm~ was



imposed for 8.75 h (a calculated height of 1.7 um of Li). We note that at this
magnitude of current density, lithium deposition is shown to be planar.'® The
voltage versus time data obtained from other treatments is similar to that shown in
Fig. 2b, except for duration of each step. Fig. 2c shows a slice through a
reconstructed cell volume after conditioning cycles but before any treatment was
applied, visualized by X-ray tomography. No inhomogeneities were observed within
the cell. Fig. 2d shows two slices from a reconstructed 3D volume showing a
decreased concentration of impurity particles near the electrode-electrolyte
interface after Treatment 2 was applied. The dashed yellow lines indicate the
calculated height of lithium deposited on each electrode in this cell (19 um). Bright
lines stretching from the impurity particle toward the electrolyte represent voids in
the lithium electrode that are filled with electrolyte which we call void defects -
inhomogeneous deposition where no lithium was deposited on to the electrically
insulating impurity particle.®'° We use the term “defect” to refer to all forms of non-
uniform lithium plating (e.qg., Fig. 2). This is in contrast to our use of the term
“impurity particle” to refer to foreign crystalline objects in the as-received lithium
foil (Fig. 1). Fig. 2e shows two slices from a reconstructed 3D volume showing
impurity particles that remain adhered to the electrode-electrolyte interfaces (top
and bottom) after treatment. The electrochemical filtering treatment results in an
85% reduction in the concentration of impurity particles in the lithium electrode

near the interfaces.
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Figure 3. Galvanostatic cell cycling example and results. (a) Current density and voltage of

the first cycles at 0.12 mA cm™ for a typical cell in Treatment 1. (b) Charge passed before

failure, Cq, for treated cells and their corresponding control cells. Details of the

electrochemical filtering treatment are given in Table 2. The transparent circles indicate

control cells, while the filled-in squares indicate treated cells. Hollow diamonds indicate the

average of cells in the column. Dashed lines connect the averages of control and treated

cells in each group. The asterisk indicates a cell which had not failed at the end of the

experiment (4500 hours).

Fig. 3 shows an example of galvanostatic cell cycling and results. Fig. 3a

shows current density applied and voltage response of a cell during cycling at 0.12

mA cm™. A precipitous drop in voltage was taken as the signal of a short-circuit

caused by an electrolyte-spanning lithium protrusion. Fig. 3b shows the charge

passed before failure, Cq4, calculated from the cycles before failure and the current
density applied, for control and treated cells. Details of the electrochemical filtering
treatment are given in Table 2. Cq4 is greater for treated cells in every case, but the
increase in average lifetime decreases as more lithium is passed during the

treatment step. In the control cells, Cq varies from 50-400 C cm™. In the case of



Treatment 1, C4 values as high as 1650 C cm-2 were recorded. On average,

Treatment 1 results in a fivefold increase in cycle life.
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Figure 4. Defective deposition events in cycled cells. (a) Slices through reconstructed
volumes of failed cells. These slices demonstrate the variety of morphologies of defective
deposition. Every instance of defective deposition is associated with an impurity particle.

Examples of voids, subsurface deposition, and protruding deposition are labeled. (b) Plot of
the defect density per area for control and treated cells, (V+S+p): this is the summed areal

density of void, v, subsurface, s, and protruding deposition, p, per mm?. (c) Plot of the

defect density per area divided by charge passed before failure for control and treated cells,

(V+S+,D)/Cd. (d) Schematic suggesting an explanation for the higher areal density of

defective deposition observed in treated cells. Step 1: with a sufficiently low current density,
new planar lithium, highlighted in orange, can be deposited on to the bottom electrode to
create a layer free of impurity particles. During the course of this deposition, additional
impurity particles are revealed at the upper electrode-electrolyte interface. Step 2: by
reversing the direction of current, planar lithium is plated on to the upper electrode. Each of
the newly exposed impurity particles on the upper electrode creates a void in the planar
deposition of lithium. During cycling, these voids lead to subsurface and protruding

deposition.

Fig. 4a shows examples of a variety of defective deposition events in control
and treated cells. Examples of voids, subsurface deposition, and protruding
deposition are labeled. We define subsurface defects as those restricted to the
region below the electrode-electrolyte interface, and protrusion defects as those
which protrude into the electrolyte. The deposition defect may vary in size from less
than 10 um to greater than 100 um. Subsurface and protrusion defects contain both
trapped electrolyte (bright) and lithium globules (dark). A short-circuit occurs when

a defect spans the electrolyte and contacts the opposite electrode. Fig. 4b plots the

areal defect density for control and treated cells, (v+s+p): this is the summed areal



density of void, v, subsurface, s, and protruding deposition, p, per mm?. Treated
cells have a significantly higher density of defective deposition events. The increase
in defect density is smallest in the batch of cells with the least amount of lithium
passed during filtering (Treatment 1). In principle, the higher defect densities in
treated cells could arise because they were cycled longer. To consider this effect,

Fig. 4c plots the areal defect density for control and treated cells normalized by

charge passed before failure, [v+s+p)/Cd. Fig. 4c shows that treated cells have a

higher normalized areal defect density. The data in Fig. 4b and 4c are surprising
because one expects cells with higher cycle life to exhibit lower areal defect
densities. A reason for the trends presented in Fig. 4b and 4c is proposed in Fig. 4d:
the schematic is similar to Fig. 2a. The creation of an impurity-free layer on the
bottom electrode concentrates impurities on the top electrode. As the thickness of
the impurity-free layer is increased, the concentration of impurity particles on the
top electrode also increases. Despite the increased defect density, treated cells

exhibit a longer cycle life.
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Figure 5. Subsurface and protruding defects in control and treated cells. (a) Slices through

failed cells showing a subsurface deposition defect (left) and a slightly protruding deposition



defect (right). Large protrusions are also observed, as documented in Fig. 4. Volume

renderings of the same defects are shown below each slice. (b) Plot of f, the fraction of

subsurface deposition defects for treated and untreated cells. (c) Schematic of a control
(top) and treated (bottom) cell proceeding through half-cycles. Impurity particles are
represented by white triangles. A layer of impurity-free lithium on the treated cell is
highlighted in orange. The electrolyte is represented with light yellow. Each panel moving
right represents an additional half-cycle of charge passed in the cell. Planar lithium, shown
in blue, and defective lithium, shown in green, is stripped or plated during each half-cycle.
Over the course of two cycles, the defective lithium grows in volume. In the control cell, the
defective lithium protrudes into the electrolyte, while in the treated cell, the defective

lithium is buried under the electrode-electrolyte interface.

The morphology of deposition defects affects cycle life: this is examined in
Fig. 5. Fig. 5a defines subsurface and protruding morphology. Both defects are
nucleated on impurity particles and comprise a collection of globular lithium objects
(dark) encapsulated by electrolyte (bright). On the left side, we show a slice through
a tomogram of a subsurface defect and a volume rendering of the same. In this
case, the globular lithium does not protrude above the electrode-electrolyte
interface. On the right side, we show a slice through a tomogram of a protruding
defect and a volume rendering of the same. In this case, the globular lithium
protrudes slightly above the electrode-electrolyte interface. We show this example
to indicate that X-ray tomography enables distinguishing between subsurface and
protruding defects; examples of defects that penetrate more deeply into the

electrolyte are shown in Fig. 4. We define the fraction of subsurface deposition

defects, f, as



Fig. 5b shows the effect of lithium filtering treatment on f.. It is evident that the

fraction of subsurface deposition is significantly higher in treated cells. The short-

circuiting of cells must be related to the fraction of protruding defects (1—7.). As

the cell is cycled, one expects subsurface defects to transform into protruding

defects and f will decrease. f_ is larger in the treated cells in spite of the fact that

the cycle life of treated cells is higher than that of untreated cells. Moreover, the
difference is more dramatic in cells with larger volumes of lithium passed during the
filtering step. A possible mechanism for this is shown in Fig. 5c. The top row
represents a control cell during cycling, and the bottom row represents a treated
cell. Each panel moving right represents an additional half-cycle of charge passed in
the cell. In the control cell, a multiglobular defect grows at an impurity particle,
while in the treated cell, a multiglobular defect grows within a void defect created
during the lithium filtering treatment. The proposed mechanism is only effective
when the electrolyte is a rigid solid which provides mechanical resistance to the

growth of protrusions.
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Figure 6. Differences in morphology between short-circuit globules in control and treated
cells. (a) A representative short-circuit multiglobular structure from a control cell. In the top
row, a slice through a reconstructed 3D volume. In the middle row, a volume rendering of
the structure shown above. In the bottom row, a slice through the volume rendering of the
structure revealing the internal network of globular lithium surrounded by electrolyte. (b) A
representative short-circuit multiglobular structure from a treated cell. The top, middle, and
bottom images are as described in (a). (c) A slice through the multiglobular structure in (b)
showing labeled sections of multiglobular lithium and surrounding electrolyte. Above the
electrolyte, the globular lithium is labeled in dark blue and the encapsulating electrolyte is
labeled in red. Below the electrolyte, the globular lithium is labeled in light blue and the

encapsulating electrolyte is labeled in yellow. The volumes of the multiglobular structure

above and below the electrode-electrolyte interface are represented by V, and Vg,



respectively. The impurity particle is labeled in green. The subsurface volume fraction, @g, is

VS
VP+VS'

defined @s= (d) Plot of subsurface volume fraction, @, as a function of charge

passed before failure, C4. The transparent circles indicate control cells, while the filled-in
squares indicate treated cells. Blue symbols indicate Treatment 1 cells, gray symbols

indicate Treatment 2 cells, and orange symbols indicate Treatment 3 cells.

Quantitative proof that increased subsurface deposition leads to longer cycle
life lies in the visualization of the multiglobular structures that short-circuited each
cell, shown in Fig. 6. Fig. 6a and 6b compare the morphologies of multiglobular
shorts through control and treated cells. The top image is an orthogonal slice
through the structure, the middle shows a volume rendering, and the bottom shows
a volume rendering with a cutaway to the interior. In the volume renderings, the
multiglobular lithium is shown in dark blue, while the encapsulating electrolyte is
shown in red. The electrolyte is represented by purple, the impurity is shown in
yellow, and the lithium metal is shown as light green. It is evident that the short-
circuit structure in the treated cell has both a larger volume and a larger fraction of
its bulk buried under the electrode-electrolyte interface. Each of these factors could
account for longer cycle life of the treated cell. To visualize the volume of the
structure, voxels were labeled with a material, which is shown color-coded in Fig.
6¢. Fig. 6¢ shows a 2D slice through the labeled multiglobular structure. Above the
electrolyte, the globular lithium is labeled in dark blue and the encapsulating
electrolyte is labeled in red. Below the electrolyte, the globular lithium is labeled in
light blue and the encapsulating electrolyte is labeled in yellow. The volumes of the

multiglobular structure above and below the electrode interface are represented by



V, and Vg, respectively. The impurity particle is labeled in green. It is evident that
the multiglobular structure consists of a network of globular lithium with

interpenetrating electrolyte. We define the volume fraction of the structure that is

subsurface, ¢, as

Ps= Vs
S VR+VS'
12

In Fig. 6d, @ is plotted as a function of Cq4, charge passed before failure. All
Treatment 2 cells where a short-circuit was identified are included in the plot. One
control and one treated cell from Treatments 1 and 3 are also included. Short-
circuiting multiglobular structures in treated cells have a significantly higher
subsurface volume fraction than control cells. This difference is especially

pronounced for cells with a larger amount of charge passed before failure.

We note that a related consequence of increased subsurface volume in the

short-circuiting multiglobular structures of treated cells is that the impurity particle

has been pushed far below the interface. For the structures shown in Fig. 6, the

impurity particle in the control cell lies 10 um below the interface (having begun at

0 um) and the impurity particle in the treated cell lies 40 um below the interface

(having begun between 0 and 19.4 um away). This suggests that creep of lithium

may occur as the impurity is pushed below the interface. Further studies are

required to elucidate the nature of this deformation, which depends on the

nonlinear mechanical properties of metallic lithium.?°-33
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Figure 7. Volume renderings of the electrolyte in three types of cells. The lithium is largely
transparent such that only the electrolyte and deposition defects are visible. (a) Control cells
have relatively few deposition defects, and protrusions short the cell quickly. (b) Treated
cells have more deposition defects, but these defects are more likely to be subsurface -
subsurface deposition does not shorten cell life. Defects are visible as yellow-orange
protrusions below and above the electrolyte. (c) The cell processed using Treatment 1 that
did not fail. Most of the defects are voids nucleated at grain boundaries in the lithium metal,
visible in the volume rendering as darker lines. In this cell, deposition defects are sparse and
the lifetime so far is more than an order of magnitude higher than that of the untreated

cells.

A visual summary of the dominant cell behaviors observed in this study is
shown in Fig. 7. Each image represents a volume rendering of the electrolyte within
a symmetric cell. The metallic lithium above and below the electrolyte has been
made transparent. Specks within the lithium indicate impurity particles - there are
some contrast and resolution differences between each cell due to cell and beam
differences during imaging. Fig. 7a shows a control cell which was cycled at 0.175

mA cm? and failed after the 17* cycle. The electrolyte appears unmarred despite



the failure of the cell. We observed that control cells have a smaller areal density of
defects (Fig. 4), but protrusions short the cell quickly (Fig. 3). The defect that
caused cell failure in the cell shown in Fig. 7a lies outside the visualized region in
the figure. Fig. 7b shows a treated cell which was cycled at 0.175 mA cm™ and failed
after the 74" cycle. Yellow-orange lumps above and below the electrolyte seen in
the edge view of Fig. 7b indicate subsurface features of defects, where the
electrolyte invades the lithium (Fig. 5). These subsurface features are also evident
in the top view of Fig. 7b. Fig. 7c shows a treated cell which was cycled at 0.12 mA
cm which did not fail and was imaged after the 480" cycle. The side view of this
cell is similar to that in Fig. 7a, in spite of the large difference in cycle life (17 versus
480 cycles). The deposition defects in Fig. 7c are only evident in the top view,
where we observe the presence of dark lines. We posit these lines represent shallow
voids that are formed on grain boundaries in the lithium metal. For reasons that are
unclear, the density of globular defects in this cell was very low (0.1 mm2). It is
evident that in the case of this cell, the electrochemical filtering step was the most
effective. This cell’s lifetime was more than an order of magnitude higher than that

of the untreated cells.



CONCLUSION

Impurity particles in lithium metal have been implicated in the nucleation of
multiglobular structures which grow and short-circuit lithium symmetric cells
containing a solid block copolymer electrolyte. An “electrochemical filtering”
treatment was performed on these cells in order to reduce the concentration of
these impurity particles at the electrode-electrolyte interface. A thick layer of
lithium was electrodeposited during the first treatment step and a fraction of this
layer was deposited back on to the opposite electrode in the second treatment step.
The cells were cycled and imaged using X-ray tomography to determine the effect
of this treatment on cell lifetime and lithium deposition morphology. Depending on
the treatment details, average charge passed before failure was improved by 30-
400%. For a cell in which the treatment was most effective, cycle life was increased
by more than an order of magnitude and the measured defect density was

negligible.

While the treatment resulted in a significant reduction in the concentration of
impurity particles at the electrode-electrolyte interfaces, the cycled lithium layers
contained void defects. The treatment that was most effective was the one where
the thickness of the deposited lithium during the first treatment step was the
smallest. In general, treated cells had a higher areal density of defects, but a
majority of these defects were confined within the electrodes. In contrast, most of
the defects seen in the control cells were protrusions that invaded the electrolyte
phase. For all but one cell, increased lifetime due to electrochemical filtering was
not due to a reduction in defect density, but rather due to the differences in defect

morphology. Further improvements in the quality of the cycled lithium layer (e.qg.,



eliminating void defects and adhered impurity particles shown in Fig. 2) may result

in even longer cycle life.



NOMENCLATURE

Symbol
i Current density [mA cm™?]
74 Voltage [V]
C, Charge passed before failure [C cm™]
v Areal density of void defects [mm~]
S Areal density of subsurface defects [mm~]
p Areal density of protrusion defects [mm=]
fs Fraction of defects subsurface, S
P+S
Vi Volume of defect subsurface (below the electrode-electrolyte
interface) [um?3]
V, Volume of defect protruding (above the electrode-electrolyte
interface) [um?]
Ps Volume fraction of the defect that is subsurface, ——
V,+V
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