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Replacing the conventional graphite anode in rechargeable batteries with lithium metal results in a significant increase in energy
density. However, growth of electronically conductive structures, like dendrites, from lithium anodes causes premature battery failure
by short circuit. Mechanically rigid electrolytes are thought to promote smooth lithium deposition by increasing the energy required
for lithium reduction at regions of high local strain, like a dendrite tip. The study reported herein used X-ray microtomography,
Focused Ion Beam (FIB) milling, and Scanning Electron Microscopy (SEM) imaging to investigate the electrochemical stripping
and deposition behavior of lithium in symmetric lithium – polymer cells using a rigid polystyrene-b-poly(ethylene oxide) membrane
as the electrolyte. In situ experiments show the formation of globular lithium structures that grow to puncture the polymer electrolyte
membrane. They form on faceted impurity particles that are initially located at the lithium/electrolyte interface. While the impurities
are uniformly distributed throughout the lithium foil in initial images, their relative concentration near the electrolyte changes as
lithium is stripped from one electrode and deposited on the other. Notably, the deposited lithium is devoid of faceted impurities. This
electrolytic refining of lithium could be used to prepare anodic lithium foils for batteries with improved cycle life.
© The Author(s) 2015. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0321514jes] All rights reserved.
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Lithium metal is a highly desirable anode material for applications
requiring a high energy density battery due to its electropositivity and
low atomic mass. Simply replacing the traditional graphite anode with
lithium metal in a conventional lithium ion battery results in a signif-
icant increase in specific energy. Next generation battery chemistries,
like lithium-sulfur and lithium-air, presume the use of a lithium metal
anode to achieve theoretical specific energies of 2458 Wh/kg and 5217
Wh/kg respectively.1–3 The theoretical specific energies of the sulfur
and air battery chemistries fall to 572 and 939 Wh/kg if a traditional
graphite anode is substituted for lithium metal. Given its importance
in high energy density battery chemistries, there is strong motivation
to understand the redox behavior of lithium metal.

Notably, lithium metal tends to form dendrites as lithium ions
deposit on the lithium metal foil during battery charging.4–8 Lithium
dendrites propagate through the electrolyte layer, and when they reach
the cathode, the battery fails by short-circuit.9,10 This failure can be
catastrophic if it occurs in the presence of a flammable electrolyte.
Consequently, the use of lithium metal anodes with traditional liq-
uid electrolytes is generally considered unsafe.11 Furthermore, liquid
electrolytes form a mechanically unstable solid electrolyte interface
(SEI) layer with lithium metal. This exacerbates lithium dendrite
growth, resulting in premature battery failure.12–14 Polymer elec-
trolytes, like poly(ethylene oxide), form a more stable SEI layer
when cycled against lithium metal.15,16 Additionally, high molecu-
lar weight poly(ethylene oxide) is nonflammable unlike traditional
carbonate-based liquid electrolytes. Therefore, polymer electrolytes
are a promising candidate for enabling the safe use of the lithium
metal anode.

Despite its improved stability toward lithium metal, dendrites still
grow through poly(ethylene oxide) electrolyte membranes causing
battery failure by short-circuit.17–20 Recent experiments have shown
that the stability of the lithium metal anode is enhanced when a
composite comprising co-continuous, nanoscale domains of rubbery
poly(ethylene oxide) that conduct lithium ions and glassy polystyrene
domains that provide mechanical rigidity is used as the electrolyte.21,22
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These composites are conveniently obtained by self-assembly of
polystyrene-b-poly(ethylene oxide) (SEO) block copolymers. The-
oretical work by Monroe and Newman indicates that a stiff electrolyte
results in smoother deposition of lithium because there is an energetic
penalty associated with a reduction event in a region of high local
strain.23 Thus, there is growing interest in understanding lithium de-
position and dendrite growth through high-modulus electrolytes.24–28

The goal of the present study is to expand our qualitative under-
standing of lithium deposition and stripping against rigid SEO block
copolymer electrolytes.

Experimental

A 240–260 kg/mol polystyrene-b-poly(ethylene oxide) copoly-
mer was synthesized via anionic polymerization as described
previously.29,30 This polymer self-assembles into a lamellar morphol-
ogy with a domain spacing of 241 nm. The polydispersity index is 1.26
and the volume fraction of ethylene oxide is 0.50 without salt. Lithium
metal foil was purchased from FMC Lithium at 99.9% purity. The foil
thickness was 150 μm. All sample preparation was performed in a
glove box filled with Argon gas. The oxygen and water levels were
controlled and remained below 5 ppm.

Electrolyte preparation.— Freeze-dried polymer electrolyte was
mixed with lithium bis(trifluoromethane)sulfonamide salt (LiTFSI) at
a concentration of 0.085 Li+ to ethylene oxide moieties and dissolved
together in anhydrous N-Methyl-2-pyrrolidone (NMP). The polymer
and salt solution was cast onto nickel foil and smoothed using a
doctor blade. After allowing the membrane to dry on the casting plate
at 60◦C overnight, tweezers were used to peel the polymer electrolyte
membrane from the nickel foil. The free standing film was allowed
to dry further under vacuum at 90◦C overnight. The thickness of the
polymer electrolyte membrane was measured using a micrometer and
was 30 μm thick.

Sample preparation for ex situ, post mortem X-ray tomography.—
Symmetric lithium – polymer electrolyte – lithium samples for
post mortem X-ray tomography imaging were assembled using the
following technique. A 1/2 inch diameter metal punch was used to cut
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Figure 1. Cross-section slices through reconstructed X-ray tomograms of lithium metal, polymer electrolyte, lithium metal symmetric cells. a Before the passage of
current, the polymer electrolyte film is an unbroken membrane separating the two lithium metal electrodes. b After cycling, lithium-filled multi-globular structures
form in the polymer electrolyte. c When lithium is passed in one direction, from the top to the bottom electrode, structures containing a single lithium-filled globule
form. Additionally, ripples form as lithium is deposited unevenly on the bottom electrode.

a disc from the polymer electrolyte membrane. A 7/16 inch diameter
metal punch was used to cut two lithium metal electrodes from a roll
of lithium metal foil. The polymer electrolyte disc was sandwiched
between the two lithium metal electrodes. Nickel tabs were placed on
the two electrodes and the samples were vacuum sealed in aluminum
pouch material lined with polypropylene and nylon. The sealed sam-
ples were removed from the glove box and annealed at 120◦C in an
oven overnight. After cycling, the sample was brought back into the
glove box for disassembly. The pouch material was removed and a
1/8 inch diameter punch was used to cut out only the central portion
of the samples. These 1/8 inch diameter portions of the samples were
vacuum sealed in pouch material and removed from the glove box for
imaging. This procedure was used to make samples A, B, C and D.

Sample preparation for in situ, stop-motion X-ray microtomog-
raphy imaging.— A 1/2 inch diameter metal punch was used to cut
a polymer electrolyte disc from the previously cast electrolyte film.
Three layers of lithium metal foil were stacked on top of a piece
of nickel foil. The lithium electrodes were made by using a 7/16
inch punch to cut through the three layers of lithium and nickel foil
backing. The thick lithium metal electrodes are necessary to prevent
artifacts from the highly X-ray absorbing nickel foil from obscuring
features near the lithium/electrolyte interface. The lithium was backed
with nickel foil because most other metals, including aluminum, are
known to react with lithium metal. The two, 450 μm thick lithium
electrodes were used to sandwich the polymer electrolyte membrane.
A 0.57 mm thick stainless steel shim was placed beneath the cell and
a 0.35 mm thick shim was placed above the cell to keep it flat. Alu-
minum current collector tabs were then affixed to the stainless steel
shims and the sample was vacuum sealed in pouch material. This
procedure was used to make sample E.

The aluminum current collectors were relatively X-ray transparent,
so the 22 keV X-ray beam was able to transmit through the current col-
lectors and pouch material to reveal features at the lithium/electrolyte
interface. The bottom stainless steel shim was thicker than the top
shim so that the lithium/electrolyte interfaces are raised above the
plane where the pouch material was sealed. This feature was needed
to obtain clear reconstructed volumes as the sealing material through
which the X-ray beam travels is minimized. An aluminum grid was
placed on top of the pouch to help aid in identifying the positions
where lithium globules were growing into the electrolyte. Once these

positions were identified, they were marked and a higher magnification
lens with a smaller field of view was used to image these positions.

The cell described above was used for in situ X-ray tomography
experiments wherein charge was passed during imaging. In this study
however, we focus on the growth of lithium globules through block
copolymer electrolytes, a process that occurs on the time-scale of days.
Due to limited access to the X-ray tomography beamline, we present
results from stop-motion experiments wherein cells were cycled prior
to beamtime, imaged, and returned to the cycling apparatus.

Cycling procedure for post mortem samples.— The sample shown
in Figure 1a was imaged shortly after assembly and was never cycled.
The sample shown in Figures 1b, 2a, and 2c was cycled on a VMP3
potentiostat test system in a 90◦C oven using the following routine.
First a 0.175 mA/cm2 of current was passed through the cell for four
hours followed by a 45 minute rest. Next a −0.175 mA/cm2 current
was passed through the cell for four hours followed by a 45 minute
rest. This routine was repeated until the sample failed by short-circuit.
The sample shown in Figures 2b and 2d was cycled using the above
routine 15 times, then charge was passed in only one direction for 47
hours when it failed by short-circuit.

Cycling procedure for in situ sample.— The sample for in situ
imaging was initially cycled 17 times using the previously described
cycling routine. After these preliminary cycles, the sample was im-
aged using X-ray microtomography. Charge was then passed in a
single direction at a current density of 0.175 mA/cm2 for 4.5 hours.
The sample was then removed from the oven and brought to the beam-
line for imaging. This was repeated until reconstructed volumes were
collected at fourteen time points. At this point, charge was allowed
to pass in the same direction for 31 hours before imaging. Since the
sample still had not failed by short-circuit, charge was allowed to
pass through the sample for another 114 hours when it finally failed.
The sample was then brought back to the beamline for final imaging.
Reconstructed volumes were collected at sixteen total time points.

The in situ experiment that we focus on in this paper was carried out
over a period of 16 months. There were several months over which
the sample was at rest at room temperature in the laboratory. The
measured voltage across the sample varied by as much as 0.05 V
after prolonged rest periods, or when the cycling equipment was
changed, or the sample was repaired (for instance when the tabs broke
in the middle of our study and the sample was repouched). We do not
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Figure 2. a-d X-ray tomograms showing globular structures short-circuiting
the cell. a A side-view image of a structure grown after passing ionic current
in both directions as shown in part e. b Slices of a structure grown by passing
ionic current in one direction as shown in part f. c A top-view of the same
structure shown in part a. d A top view of the same structure shown in part b.
e The charging routine used to form the multi-globular morphology shown in
parts a and c. f The charging routine used to form the globular morphology
shown in parts b and d.

know what caused this; typical uncertainties in measured voltage of
different cycling equipment available in our laboratory is 0.02 V.

X-ray microtomography imaging parameters and procedure.— At
the beamline, the stop-motion samples were imaged using an X-ray
energy of 22 keV. Lenses with magnifications corresponding to image
pixel sizes of 3.2 μm and 1.3 μm were used to image the sample.
The lower magnification lens provided a larger field of view. Once
the lithium globules began to grow, the higher magnification lens was
used to image smaller regions of the sample. A table showing the beam
current, beam energy, exposure time, and other scanning parameters
for each image in the stop-motion sequence is given in Supplementary
Table I. The ex situ samples were imaged at 20 keV using an exposure
time of 350 ms. Under these conditions, the sample was exposed to
approximately 43 kGy of radiation per scan (1 Gy = 1 J/kg).31 No
change in voltage response, cycling behavior, or microstructure was
observed in irradiated samples even after repeated scans. However,
radiation damage from X-ray microtomography imaging has been

reported in hydrated polymer electrolytes used for fuel cell experi-
ments and in bone fracture toughness experiments.31–33 The damage
is thought to stem from the release of free radicals via the radiolysis
of water that induce degradation in the polymer. Because our samples
are dry, they are likely more stable to radiation.

SEM and FIB.— After cycling and X-ray imaging, the samples
were brought back into the glove box for disassembly. The pouch
material was removed and the samples were submerged in a 10:1 so-
lution of anhydrous benzene and anhydrous tetrahydrofuran heated
at 40◦C and stirred at 300 rpm for 10 hours to dissolve the polymer
electrolyte. At this point, tweezers were used to gently pull the two
electrodes apart. Much of the polymer electrolyte remained stuck to
the lithium electrodes. The samples were removed from the solution
and allowed to dry under vacuum in an antechamber for a few min-
utes. They were then transferred to the SEM in a dessicator. The
samples were exposed to air for less than 20 seconds upon transfer-
ring them from the desiccator to the SEM vacuum chamber. They
were imaged using 10 keV electrons and a beam current of 10 μA.
A 20000 pA gallium ion beam was used to mill a trench through a
lithium globule. After milling out a large enough area to see the glob-
ule cross-section, a 3000 pA gallium ion beam was used to polish the
cross-section.

Results and Discussion

This paper is based on five cells that we label A, B, C, D and E. The
experiments performed on these cells are summarized in Table I. We
begin by describing the results of ex situ cycling. Our main objective is
to study the growth of lithium globules in cells that were polarized by
the application of dc current passed primarily in one direction (cells D
and E). For simplicity, we refer to these as polarized cells. The digital
cross section slices through reconstructed X-ray volumes of cells A, B,
and D shown in Figure 1 are representative examples of cross sections
through uncycled, cycled, and polarized cells. The uncycled cell is
devoid of any noteworthy features (Figure 1a). Structures comprising
several agglomerated globules of lithium appear in cycled cells (Figure
1b). We refer to these structures as multi-globular structures. The dark
regions of the globular structure are lithium globules surrounded by
a sac that we tentatively call the “electrolyte sac.” The reason for
this term will be clarified shortly. Samples that have failed by short-
circuit typically contain one globular structure like the one shown in
Figure 1b that spans the electrolyte (and several others that do not
span the electrolyte). All globular structures have an impurity particle
at the base. The formation of a globule on one electrode does not
appear to stimulate the growth of a globule from the opposite electrode
in a position directly across the electrolyte. The occurrence of two
globules growing toward each other from both electrodes is rare. The
morphology of globular structures described above are consistent with
previous publications.24,25 In Figure 1c we show an X-ray tomography
digital slice through a polarized cell (cell D). Here we see one globule
with an electrolyte sac and an impurity at the base. The thickness
of the lithium layer transported across the electrolyte is 40 μm for
cell D. While this results in undulatory lithium/electrolyte interfaces,
the macroscopic distance between the lithium electrodes is more or
less constant at all points except those in the vicinity of the globular
structure. The characteristic length scale of the undulations is about
300–400 μm, and the lithium/electrolyte interface is convex on the

Table I. Summary of samples used in this study.

Cell name Sample architecture Cycling history Imaging history Figure

Cell A Ex situ Uncycled X-ray microtomography 1a
Cell B Ex situ Cycled X-ray microtomography 1b, 2b, 2d
Cell C Ex situ Cycled SEM, FIB 5
Cell D Ex situ Polarized X-ray microtomography 1c, 2a, 2c
Cell E In situ Polarized X-ray microtomography, SEM, FIB 3, 4, 6, 7, 8, 9
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Figure 3. a A sequence of X-ray microtomography images showing the same location in cell E as a lithium globule grew and eventually punctures the polymer
electrolyte membrane. The total amount of lithium transported through the electrolyte before failure by short-circuit corresponds to a 167 μm layer of lithium
metal. b The cycling profile for cell E. The first image was taken after 17 preliminary cycles. At this time, a lithium globule had not yet begun to form in the
position shown above. Times where the polarization was paused for imaging are denoted with an arrow. The three images shown in part a correspond to the black
arrows. Pauses are not shown for simplicity. The sample failed by short-circuit after about 9 days of active polarization.

deposition side and concave on the stripping side. Notably, in both
cycled and polarized cells (Figures 1b and 1c) a large portion of
the electrolyte layer thickness is identical to that in the uncycled cell
(Figure 1a). In cycled cells, 0.2% of the lithium/electrolyte interface is
occupied by multi-globular structures, while in polarized cells 0.5% of
the interface is occupied by the structures. These values were obtained
by examining xy slices through the lithium/electrolyte interfaces (e.g.
Figures 2c and 2d).

In the literature, structures that short cells with lithium metal elec-
trodes are assumed to be dendritic.11,34 In many studies, images of
dendritic structures have been presented.19,35 The structures obtained
in our study bear no resemblance to classical dendritic structures which
have sharp tips and are highly branched.36 In contrast, the globular
structures obtained in our study are blunt and not branched. We there-
fore do not use the term dendrite to describe the globular structures
observed in this study.

Figure 2 shows a close-up image of the globular structures formed
in cycled (Figures 2a and 2c) and polarized (Figures 2b and 2d) cells.
Figures 2a and 2b show cross sectional, digital slices through the yz
plane. Figures 2c and 2d show cross sectional digital slices through the
xy plane at z-values indicated by the dashed line in Figures 2a and 2b.
The cycling profiles used to grow these structures are shown in Figs. 2e
and 2f. The structure shown in Figs. 2a and 2c comprises many small
lithium globules surrounded by electrolyte sacs that amass to form
one large structure that punctures the polymer electrolyte membrane.
The structure shown in Figures 2b and 2d consists of one large lithium
globule encased in an electrolyte sac. The bright sac surrounds most
of the egg-shaped globule. However, there are regions of the sac that
appear broken, allowing for the passage of electronic current through
the globule.

The sequence of tomograms shown in Figure 3 show the results of
an in situ experiment on cell E. These tomograms were obtained
from the same location as lithium is stripped from the top elec-
trode and deposited on the bottom electrode. In the initial image,
a small impurity particle is seen at the lower lithium/electrolyte in-
terface (Figure 3a). As lithium is deposited on the bottom electrode,
the polymer electrolyte membrane moves upward. However, a dis-

turbance occurs in the vicinity of the impurity particle and a glob-
ular structure like that shown in Figures 2b and 2d begins to form.
Eventually, the structure grows large enough to puncture the elec-
trolyte membrane. In this case, this occurs after a 167 μm layer of
lithium is transported through the polymer electrolyte membrane. A
sequence of sixteen reconstructed volumes was collected from this
sample, but only three are shown for simplicity. The amounts of charge
passed through cell E before the tomograms in Figures 3a, 3b, and 3c
were obtained are 0, 55, and 124 C/cm2; we do not count coulombs
passed during the preliminary cycling. Note that multiple globules
were observed growing in this sample, however this is the only globule
that appeared to puncture the electrolyte, causing the sample to fail by
short-circuit.

After cell E had shorted, it was disassembled for high-resolution
imaging using scanning electron microscopy (SEM). Immersing the
Cell in a 10:1 benzene to THF mixture separated the top electrode
from the polymer and bottom electrode. An image of the surface
of the polymer stuck to the bottom electrode, taken at a 52◦ angle
from normal, is shown in Figure 4a. This image shows a portion
of the globule that protrudes into the space originally occupied by
the top electrode. When the two electrodes were pulled apart, the
globular structures remained lodged in the electrode where lithium
was deposited. The position where the globule broke away from the
top electrode is visible in the SEM micrographs (Figure 4a). A focused
ion beam (FIB) was used to mill a trench through the globule shown
in 4a. The SEM image shown in 4b is of the same globule shown
in Figure 4a after FIB milling. The cross-section of the globule is
revealed and matches that of the cross-sectional image taken using
X-ray microtomography shown in Figure 4c. In Figure 4b, the large
dome-like structure in the middle of the image is the lithium globule
while the polymer electrolyte dominates the remainder of the image.
Most of the globule is hidden within the bottom lithium electrode and
is too deep to expose via FIB milling.

Figure 5a shows an SEM image of the cross-section of a globule
in cell C (a cycled ex situ cell) milled using the FIB. Figure 5b
shows a magnified view of the interior of a structure that contains
multiple globules. The results of elemental mapping on the micrograph
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Figure 4. a An SEM image of the lithium globule shown in Figure 3 taken after disassembling the sample. This image is taken at a 52◦ angle. b A focused ion
beam was used to mill into the globule revealing its cross-section. This scanning electron micrograph shows the same globule as shown in part a after milling.
c The cross-section X-ray micrograph of the same globule. Only the upper tip of the globule was studied using SEM.

Figure 5. a An SEM image taken at a 52◦ angle of the cross-section of a multi-globular structure in cell C after milling with a FIB. b A blown up image of the
region where energy dispersive spectroscopy was used to map the elements. c A map of the elements detected using energy dispersive spectroscopy. The absence
of signal is interpreted to be lithium metal. The interior of the structure consists of lithium metal regions and regions containing elements from the electrolyte.
These elements appear as the bright, X-ray absorbing electrolyte sacs surrounding lithium globules in X-ray microtomography images.

shown in Figure 5b are shown in Figure 5c. It should be noted that
the sample could be imaged with the SEM and analyzed with EDS
after FIB milling without removing the sample from the vacuum
chamber. Figure 5c is dominated by two regions: a colored region that
contains elements found in the electrolyte and a white region where
no signal is detected which we assume represents lithium metal. The
EDS system used for these experiments was not capable of resolving
lithium because of the low energy of the Li Kα X-rays. It is evident
that the electrolyte is trapped within the interior of the multi-globular
structure obtained during cycling. The extent to which the electrolyte
trapped within this structure is degraded is not clear. The length-scales
seen in Figure 5b and 5c are consistent with the length-scales of the
globules and sacs seen in the X-ray tomograms (Figures 1b, 2a, 2c).
We have thus established that the lithium globules in multi-globular
structures are surrounded by electrolyte sacs.

The brightness of the features seen in the X-ray tomograms corre-
sponds to the amount of X-rays absorbed by the elements contained
in that feature. Since the electrolyte contains elements that are heavier
than lithium, one would expect for the sacs surrounding the lithium
globules to absorb more X-rays. This is consistent with the results
shown in Figure 5.

Having focused thus far on the globular structures, we turn our
attention to the impurity particles. Other structures, in addition to

the lithium globules, formed on top of impurity particles that were
initially located at the lithium/electrolyte interface. In Figure 6, we
show examples of such structures seen in cell E at the end of the
experiment (charge passed = 124 C/cm2). A different globule from

Figure 6. Morphology of defects in the deposited lithium electrode. Faceted
impurity particles are located at the base of all defects. a A lithium globule.
b A void with a globule on the top. c A void.
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Figure 7. Reconstructed X-ray tomography slices. a Unperturbed lithium metal. Bright impurity particles are embedded in the lithium foil. b Electrochemically
reduced lithium electrode devoid of visible impurity particles. The feature on the right is a grain boundary. Slice obtained 50 μm from the lithium/electrolyte
interface. c Electrochemically oxidized lithium electrode showing a high concentration of impurity particles. Slice obtained 10 μm from the lithium/electrolyte
interface.

the one discussed previously is shown in Figure 6a. A faceted impurity
particle is located at the base of the globule. Figure 6b shows a large
void formed on top of the impurity particle. At the top of the void we
see the beginnings of a lithium globule and another phase that appears
to be degraded electrolyte. Note that after preliminary cycling, charge
was passed in only one direction, so this void was formed by the lack
of lithium deposition on the impurity particle rather than preferential
stripping. Figure 6c shows a different void formed on top of a faceted
impurity particle. In this case, there is no evidence of a globular lithium
structure forming on the void. To the left of the void we see a thin
polymer streak. We show below that this occurs at grain boundaries.
The prevalence of voids and globules that form on impurity particles
is approximately equal (55% globules and 45% voids in cell E).

As lithium is stripped from the top electrode and deposited on
the bottom electrode, the relative concentration of impurity particles
changes. This is illustrated in Figure 7 where three slices through
cell E (charge passed = 124 C/cm2) are presented. Figure 7a shows
a slice through an unperturbed region of lithium foil. We obtained
this slice from the stripped electrode at a location 150 μm away from
the lithium/electrolyte interface. The slice in Figure 7a shows a rela-
tively low concentration of faceted impurity particles. The particles are
octahedral in shape and are generally about 20 μm from tip to tip.
These particles are circled for clarity. Figure 7b shows a slice through
the deposited lithium layer (50 μm from lithium/electrolyte interface).
We see no evidence of impurity particles in this slice. The feature on
the right of the image is polymer trapped in a grain boundary. There
were many slices of this size that were devoid of any features. Figure 7c
shows a slice 10 μm above the lithium/electrolyte interface on the
stripped electrode. Here we see a high concentration of faceted im-
purity particles. The approximate concentration of impurity parti-
cles in unperturbed lithium foil is 880 particles/mm3. After electro-
chemical stripping, the impurity concentration increases sharply to
2400 particles/mm3 at the lithium/electrolyte interface. Notably, there
are no impurities present in the layer of deposited lithium metal.
Therefore, it is evident that the impurity particles are left behind as
lithium is stripped from the electrode.

The SEM images shown in Figures 8a and 8b show the surface
morphology of the two electrodes from in situ, polarized cell E. The
regions shown here faced each other in the cell prior to disassembly.
Figure 8a shows the bottom electrode, where lithium was deposited,
after disassembly. This electrode is partially blanketed with the poly-
mer electrolyte in spite of the fact that the cell was soaked in a sol-
vent that dissolves the block copolymer electrolyte. The entire region
shown in Figure 8a is blanketed with polymer, but there were other
regions that were not blanketed. The tips of two globules are observed

pushing through the electrolyte film. Convex ripples are observed
on this electrode. Figure 8b shows the top lithium electrode where
lithium was stripped. Two indentations are seen in the top electrode
corresponding to the positions where the tips of the lithium globules
pressed up into the electrode. Concave ripples are seen on the sur-
face of the stripped electrode. The stripped electrode appears to be an
impression of the deposited electrode.

Figures 8c and 8d show higher magnification images of the de-
posited and stripped electrodes of cell E. Figure 8c shows a region of
the deposited electrode that was not blanketed by polymer electrolyte.
The tip of a small globule can be seen in the center of the image.
Grain boundary grooving is observed on this electrode indicating that

Figure 8. a An SEM image of the electrochemically reduced electrode cov-
ered with polymer electrolyte. The surface shows convex rippling. Two lithium
globules are seen pushing through the polymer electrolyte. b An SEM image of
the electrochemically oxidized electrode shows the corresponding impressions
of the lithium globules as they pushed through the electrolyte. c Higher mag-
nification SEM images of the deposited lithium without an electrolyte cover
shows grooving at the lithium grain boundaries. d Impurity particles and grain
boundary protrusions are visible on the higher magnification SEM image of
the stripped lithium surface. All images are taken at a 52◦ angle.
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Figure 9. Energy dispersive spectroscopy was used to identify the elements in
an impurity particle stuck to the polymer electrolyte. The spectra for location
1 shows a large peak in intensity at an energy that corresponds to the oxygen
K-edge. Location 2 shows peaks corresponding to the K-edges of carbon,
oxygen, fluorine, and sulfur.

lithium reduction at grain boundaries is slower than that on the crys-
tal faces. Figure 8d shows the surface of the stripped electrode. The
grain boundaries protrude from this electrode surface, indicating that
lithium is more readily oxidized from the crystal faces. The locations
of the grain boundaries on the two electrodes are not correlated. The
stripped electrode is littered with faceted impurity particles. Regions
of the deposited electrode that were not blanketed by polymer showed
no evidence of faceted impurities. Regions of the deposited electrode
that were blanketed by polymer showed a few faceted particles. It is
likely that these particles stuck to the polymer as the two electrodes
were separated.

Figure 9 shows energy dispersive spectroscopy (EDS) data from
an impurity particle that was stuck to the polymer electrolyte in cell
E. Spectra were collected for two locations within the sample. The
first location is on top of the faceted impurity particle. This location
shows a large intensity peak at 0.53 keV, associated with the oxygen
K-edge. No other elements are detected in this region. The second
location is on the polymer electrolyte film. The spectra collected at this
location shows intensity peaks at energies that correspond to carbon,
oxygen, fluorine, and sulfur. These elements are all components of
the polymer electrolyte. The beam energy for these measurements
was 15 keV. Generally, signal is obtained from elements in the top
few micrometers of the region examined using EDS. Light elements
like hydrogen, helium, and lithium are undetectable. Based on the
spectra collected at location 1, the identity of the impurity particle

is likely either lithium oxide (Li2O) or lithium hydroxide (LiOH).
Lithium oxide assumes an antifluorite crystal structure that tends to
exhibit octahedral cleavage planes, consistent with the faceted shape
of the impurity particles seen in this study. Further work is needed to
systematically characterize the impurity particles.

One hypothesis for the irregular deposition of lithium at these
impurity particles is that the insulating nature of the particles prevents
the reduction of lithium metal directly on top of the impurity due to
the lack of access to electrons. Mechanisms by which this may result
in the formation of globules and voids are presented schematically in
Figure 10. We assume the presence of a stabilizing solid electrolyte
interface (SEI) layer between lithium metal and our electrolyte. The
SEI layer is too thin for detection by X-ray microtomography. We
posit that the SEI is interrupted at the edges of the impurity particle.
This could lead to preferential lithium deposition at the corner of
the impurity particle as shown in Figure 10a due to an increase in
local conductivity or concentration of electric field lines. On the other
hand, a void may be generated on top of the impurity as shown in
Figure 10b. The corresponding tomograms through the voids (Figures
6b and 6c) show a bright phase at the top of the void. We propose that
this is degraded polymer electrolyte with excess salt. Presumably, the
polymer electrolyte on top of these particles could be more susceptible
to side-reactions. As the lithium/electrolyte interface surrounding the
impurity particle moves upward and the impurity particle remains
adhered to the electrode at its original location, the degraded polymer
separates from the surface of the impurity leaving a void.

Since the block copolymer electrolyte acts like a filter for the
lithium metal, one could take advantage of this phenomenon to pro-
duce a clean layer of deposited lithium that is free of impurities.
Using such a layer in a battery is likely to improve cycle life as we
have demonstrated a relationship between the globules that short the
cell and the impurities.

Conclusions

We have used X-ray microtomography and SEM imaging to
study lithium deposition and stripping in symmetric lithium-polymer-
lithium cells wherein a rigid polystyrene-b-poly(ethylene oxide) block
copolymer serves as the electrolyte. This enabled identification of
lithium structures that caused cell shorting. When charge is passed
in one direction, these structures consist of a single lithium globule
encased in an electrolyte sac. When charge is passed in both direc-
tions, simulating the charge and discharge cycling experienced by full
batteries, they consist of many small globules connected together as

Figure 10. A schematic showing a proposed mechanism for a the nucleation and growth of a lithium globule, and b the formation of voids.
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an agglomerate. In both cases, an impurity particle lies at the base
of the structure. It is generally assumed that failure of lithium metal
electrodes is due to the formation of dendrites, a highly-branched
structure with pointed tips. The globular structures identified in this
study are qualitatively different from dendrites; they are unbranched
and rounded. Our work suggests that the growth of branched structures
is thwarted by rigid electrolytes.

Stop-motion X-ray tomography was used to track the evolution of
globules obtained when charge is passed in one direction. The impurity
particles are rich in oxygen and electronically insulating. We hypoth-
esize that ionic current is localized at the edge of the particles due to
disruption of the SEI layer, resulting in the nucleation and growth of
lithium globules. We also observed void formation on top of the par-
ticles, consistent with the fact that they are electronically insulating.
When lithium is stripped from an electrode, the impurity particles are
left behind, resulting in a high concentration of impurities in the ox-
idized electrode, particularly in the vicinity of the lithium/electrolyte
interface. Conversely, the deposited lithium is devoid of visible impu-
rities. Electrolytic refining of lithium metal using a block copolymer
electrolyte could be used to prepare clean lithium foils for lithium
metal batteries with improved cycle life.
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