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Broader context

Visualizing diverse lithium growth and stripping
behaviors in anode-free solid-state batteries with
operando X-ray tomography

Stephanie Elizabeth Sandoval,i*® Douglas Lars Nelson,® Hari Sridhara,”

Talia A. Thomas,? John A. Lewis,” Kelsey Anne Cavallaro,® Pavel Shevchenko,®
Neil P. Dasgupta, 2 % Francois L. E. Usseglio-Viretta,” Donal P. Finegan 2 " and
Matthew T. McDowell () 2P

Anode-free solid-state batteries (SSBs), which eliminate the need for lithium metal use during cell assem-
bly, have the potential to enable high energy densities and simplified manufacturing. However, the factors
that control lithium growth/stripping at the anode current collector are not well understood. Here, we use
operando X-ray microcomputed tomography to comprehensively image and quantify lithium deposition
and stripping under various conditions in three different Li|LigPSsCllcurrent collector cells, revealing
diverse behavior that depends on interface morphology, cell resistance, and solid-state electrolyte (SSE)
microstructure. A cell with high resistance exhibits extensive lithium filament growth across the entire
current collector interface, with filaments that grow around pre-existing pores in the SSE rather than
lithium filling these pores. Lithium filament formation is partially reversible, with the cracks shrinking as
lithium metal is stripped. Uniform lithium deposition is achievable at low current densities in low-resis-
tance cells, whereas higher current densities in these cells cause an increase in interfacial roughness,
which is correlated with subsequent filamentary growth at the edges of the cell. These results provide
insight into filamentary vs. planar lithium growth and highlight that the evolution of lithium is sensitively
dependent on SSE microstructure and electrochemical processes.

Anode-free solid-state batteries could enable high energy density, but short circuiting induced by lithium filament growth can limit performance. Here, oper-
ando X-ray microcomputed tomography is used to directly investigate and visualize lithium deposition and stripping in anode-free solid-state batteries. The

insights gained from these experiments provide new understanding of fundamental interfacial phenomena and could guide the engineering of solid-state

battery materials.

Introduction

Solid-state batteries (SSBs) hold promise as an improved

“George W. Woodruff School of Mechanical Engineering, Georgia Institute of
Technology, Atlanta, GA, 30332, USA. E-mail: mattmcdowell@gatech.edu
bSchool of Materials Science and Engineering, Georgia Institute of Technology,
Atlanta, GA, 30332, USA

‘Advanced Photon Source, Argonne National Laboratory, Lemont, IL 60439, USA
4Department of Mechanical Engineering, University of Michigan, Ann Arbor,
Michigan 48109, USA

‘Department of Materials Science and Engineering, University of Michigan, Ann
Arbor, Michigan 48109, USA

INational Renewable Energy Laboratory, 15013 Denver W. Parkway, Golden, CO,
80401, USA

tCurrent address: Institute of Inorganic and Analytical Chemistry, University of
Miinster, 48149 Miinster, Germany.

© 2025 The Author(s). Published by the Royal Society of Chemistry

energy storage technology, since they potentially offer higher
energy densities, improved safety, and enhanced stability com-
pared to lithium-ion batteries.’” Solid-state electrolytes (SSEs)
could enable the use of lithium metal anodes; however,
lithium anode implementation in SSBs has been hindered by
the reactive nature of lithium and its complex evolution
during cycling.®"" Anode-free battery architectures, in which
lithium is deposited in situ on a current collector during the
first charge, are of particular interest, as they eliminate the
need for reactive lithium metal foil use during manufacturing
and also enable high energy density.'*'® However, the
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morphological evolution of lithium is even more challenging
to control in anode-free SSBs than in lithium-excess SSBs."*™**
This is because nucleation and growth must occur on a foreign
current collector, and the lack of excess lithium inventory
beyond that contained in the cathode requires extremely high
coulombic efficiency (CE) for long-term cycling."’

The mechanisms governing lithium metal behavior in SSBs
have been intensively investigated in recent years, resulting in
an improved understanding of the differences between SSBs
and liquid-electrolyte batteries. Lithium stripping at relatively
high rates can lead to void formation at the interface in SSBs,
reducing the extent of interfacial contact.?>”>*> Void formation
has been observed in lithium-excess SSBs as well as anode-free
SSBs.'*1*26 The loss of interfacial contact increases the
effective current density at the remaining contact points,'*?*?
promoting non-uniform lithium deposition in subsequent
charging cycles and eventually leading to lithium filament
growth and short circuiting.'®™*

Filamentary growth of lithium through the SSE is a critical
challenge limiting the performance of SSBs. Various mecha-
nisms have been proposed to govern filamentary growth and
penetration of lithium, including initiation at surface defects,
crack propagation, and effects arising from electronic
conductivity.>*”7° In general, understanding the details of
how lithium evolves during deposition and stripping is necess-
ary to prevent unwanted filamentary growth and is crucial to
enable more reliable SSBs.

A variety of advanced characterization techniques, such as
operando optical microscopy,®*® ex situ cryogenic/plasma
focused-ion beam (FIB) scanning electron microscopy
(SEM),>***%%  and  transmission electron  microscopy
(TEM)**7® have been useful for investigating the behavior of
lithium metal in SSBs, often using lithium symmetric cells.
Many of these techniques, however, are limited to probing
localized interfacial regions. In contrast, operando X-ray com-
puted tomography (CT) allows for imaging of material evol-
ution within an entire cell during charge/discharge.*® Several
prior studies have used operando X-ray CT to capture the for-
mation of voids and the growth of lithium filaments within
SSBs.?>23194 Two studies recently tracked the evolution of
filament-driven cracks in lithium symmetric cells with sulfide
SSEs, showing that some cracks initiate and propagate across
the electrolyte first, followed by lithium deposition into the
tips of these cracks.*>** Similarly, operando X-ray CT has cap-
tured the initiation of filaments via spallation cracking at the
lithium|SSE interface, with subsequent propagation of a crack
via wedge-opening.** While these studies have been useful for
enhancing our understanding of the growth of lithium in
SSBs, most studies investigating lithium growth mechanisms
have focused on single filamentary growth events or localized
regions, and sometimes with impractical associated electro-
chemistry (such as high voltages in operando cells). Since other
experiments have suggested that the evolution of lithium can
vary depending on the electrochemical conditions,**?** the SSE
162945 and the nature of engineered
there is a need to further understand lithium

microstructure,
interfaces,*®™*8
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dynamics under various possible growth and stripping scen-
arios in realistic cell environments.

Here, we use operando X-ray microcomputed tomography
(nCT) to track and quantify the morphology of lithium metal
at the current collector|SSE interface under varied deposition
and stripping conditions in anode-free solid-state cells with
lithium counter electrodes. By examining cells with different
electrochemical conditions and SSE microstructures, this
study aims to go beyond prior isolated observations to shed
light on the diverse behavior of lithium that is present in
SSBs. We visualize lithium evolution across 2 mm-diameter
interfaces in three different cells: (A) a cell with high resis-
tance that features extensive filamentary growth across the
interface, (B) a cell featuring relatively uniform deposition
and stripping, and (C) a cell featuring uniform deposition at
lower current densities that transitions to filamentary growth
at higher current densities. Quantifying the lithium mor-
phology evolution in these cells provides important insights.
Assorted filament morphologies were observed in the first
cell, with branching growth of filaments as well as filaments
that grew around (rather than within) pre-existing pores in
the SSE. Filament-induced cracks containing lithium shrunk
upon stripping of lithium under the applied stack pressure,
but ~20% of the crack volume remained after one cycle. In
cells with lower resistance, a transition from uniform
planar growth of lithium to filamentary growth at higher
current densities was found to be accompanied by an
average roughening of the interfacial morphology, and loca-
lized filaments were primarily found near the edges of elec-
trodes at these higher current densities. The quantified evol-
ution of lithium morphology in various SSB cells herein pro-
vides new understanding of the factors governing lithium
metal anodes in SSBs, and our work highlights the need to
consider diverse electro-chemo-mechanical scenarios to
understand behavior.

Results and discussion

Operando X-ray pCT imaging was used to examine the growth
behavior of lithium in three different cells, denoted cases A, B,
and C. These solid-state cells were fabricated using a 10 pm
thick Cu foil working electrode modified with a thin Ag or Au
layer, a lithium metal counter electrode, and a LigPS5Cl (LPSC)
SSE. LPSC powders with two different particle sizes were used:
coarse-grained LPSC (typically 10-100 pm particle size; case A)
and fine-grained LPSC (typically 1-5 pm particle size; cases B
and C). These different LPSC particle sizes are associated with
different electrochemical behavior, as detailed subsequently.
The cells all featured thin (~100 nm) Ag or Au films deposited
onto the current collectors; these films have been shown to
enhance the uniformity of lithium deposition and stripping
through a mechanism in which the Ag or Au layer alloys and
dealloys each cycle, providing for more uniform nucleation
and growth of lithium to improve CE and performance.'>"’
These interlayers both promoted reliable behavior of the oper-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ando cells, and the differences of the behavior of the Au vs. Ag
for the purpose of this study are considered negligible, as both
alloy materials have previously been shown to support simi-
larly favorable lithium growth behavior despite undergoing
slightly different morphological transformations.'* Cells with
a diameter of 2 mm were constructed in custom-built tomogra-
phy cell casings specifically designed for X-ray pCT imaging
(Fig. 1a).">™ These cells are able to apply a stack pressure of
~10 MPa while maintaining an airtight seal.

Operando imaging during galvanostatic cycling of the half
cells was carried out by collecting tomographic scans every
15 min. In each tomographic scan, the cell was rotated 180°
and 1200 projection images were collected at discrete angular
intervals, for a total scan time of ~5 min. Three-dimensional
(3D) datasets were reconstructed from the tomographic scans
with voxel sizes of 1.8 pm, 1.7 pm, and 1.4 pm for cases A, B,
and C, respectively. Full experimental details are contained in
the SI.

0.8
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Electrochemical behavior

First, we discuss the electrochemical behavior of all three
cells, and in subsequent sections we connect the electro-
chemistry to microstructural evolution. Fig. 1b shows the gal-
vanostatic electrochemical curves for the three cells during
the operando experiments. For all three cases, lithium was
first deposited on the working electrode using a current
density of 0.5 mA cm™> to reach an areal capacity of 3 mAh
cm™2. The cell voltages during this deposition process are
different for each cell, with case A showing higher overpoten-
tial than the other two cases. Shortly after the onset of depo-
sition, each galvanostatic curve exhibits characteristic fea-
tures consistent with interlayer alloying, in agreement with
previous work.’>'” In case A, the typical alloying plateaus
associated with Au are not observed above 0 V; instead, an
alloying plateau appears below 0 V, likely due to the higher
resistance in this cell.
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Fig. 1 (a) Schematic of the custom-built tomography cell and cell stack. (b) Voltage curves during galvanostatic deposition/stripping of lithium in
three different anode-free cells with lithium counter electrodes (cases A, B, and C) using interlayer-coated Cu current collectors. All three cells were
cycled using an initial current density of 0.5 mA cm~2 and an areal capacity of 3 mAh cm™2 for the first lithium deposition, followed by different treat-
ments (see text). (c—e) Reconstructed image slices of the full cell stacks with magnified interfaces below each stack image. These image slices are
from after the initial 3 mAh cm™2 was deposited at the current collector. (c) Case A (Au-coated current collector); (d) case B (Ag-coated current col-
lector); (e) case C (Au-coated current collector).
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After deposition, lithium was then stripped in case A using
a current density of 0.5 mA cm™2, with a dealloying feature
observed at ~0.85 V after lithium removal. Although 3 mAh
em™> of lithium was deposited, only 2.4 mAh cm™> was
stripped in case A, resulting in a first-cycle CE of 79.9%. A rela-
tively large voltage of about —0.45 V was present during the
initial deposition, with the magnitude of the cell voltage
decreasing with continued deposition. LPSC with larger par-
ticle size was used here compared to cases B and C, which
resulted in greater porosity and microstructural heterogeneity
in the SSE pellet (see Fig. S1), which likely contributed to the
relatively high cell voltage and increased noise in the data.
This increased porosity also likely affects the initial uniformity
at the current collector|SSE interface, impacting lithium
growth dynamics. Despite the unfavorable electrochemical be-
havior, this cell did not experience a short circuit.

For the cell labeled case B, lithium was deposited, stripped,
and re-deposited at 0.5 mA cm ™2 current density. The absence
of a nucleation overpotential at the beginning of lithium depo-
sition is due to the presence of the thin Ag layer used in this
cell, which does not feature a distinct plateau since it forms a
solid solution with lithium."” Throughout the experiment, the
cell exhibited a flat voltage profile with relatively low voltage
(0.1 V), suggesting stable deposition and stripping. The first-
cycle CE was 92.9%. After the three half-cycles, higher current
densities were applied during the second deposition to inten-
tionally cause filamentary growth of lithium. The current
density was first increased to 1.5 mA cm > for a capacity of
0.75 mAh ecm™ and then to 3.0 mA cm™> for a capacity of
0.81 mAh cm™>. The cell showed a rapid decrease in the mag-
nitude of the voltage at this highest current density and then
short circuited. The observed decrease in voltage is likely
attributed to a reduced distance between the counter electrode
and lithium growing as filaments prior to short-circuiting.*
We note that our previous study included data from a single
tomographic scan from this same cell,"> while the current
work analyzes the dynamic evolution of this cell over time
(many more tomographic scans).

In case C, lithium was first deposited using a current
density of 0.5 mA cm™> for 3 mAh ¢cm™?, with the voltage
profile being very similar to that in case B, highlighting the
reproducibility and stability of these cells. In this cell, a clear
alloying plateau was observed above 0 V at the onset of depo-
sition, indicating the alloying of lithium with the Au interlayer
prior to lithium deposition. After the first deposition process,
the current density was sequentially increased to 0.75 mA
em™2, 1.0 mA cm™2, and 2.0 mA cm ™2 At a current density of
2.0 mA cm™?, the voltage profile sloped towards zero until
short circuiting after depositing a total areal capacity of
6.37 mAh cm™2, similar to case B.

Fig. 1c-e show reconstructed image slices taken from the
tomographic scans at the end of the first deposition (i.e., after
3 mAh cm™? of lithium had been deposited) for cases A, B, and
C, respectively. The images show the whole cell stack, with the
current collectors visible at the top and bottom, the SSE in the
middle, and the lithium counter electrode below it. Contrast in
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the tomographic image slices arises from the differences in
X-ray attenuation coefficients of the materials.*” The lithium
metal counter electrode is darker than the LPSC and steel rods
because of the low atomic number of lithium.

Case A (Fig. 1c) shows that the lithium has grown into the
SSE as filaments, as indicated by the arrows in the magnified
view. In contrast, case B (Fig. 1d) shows an electrodeposited
lithium layer with relatively uniform thickness at the working
electrode at the top of the image, with no observable lithium
within the SSE, which is compact and dense. Case C (Fig. 1e)
also featured a uniform lithium layer grown at the working
electrode surface without obvious filamentary growth, despite
the current collector not being flat (this arose from the intrin-
sic difficulty of assembling small-diameter tomography cells).
Similar to case B, the pelletized SSE in case C is compact with
little porosity, likely enabling uniform contact at the current
collector|SSE interface despite the non-planar nature of the
working electrode. With these results in mind, the different
lithium growth and stripping behaviors within these three
cells are further explored in the following sections.

Case A: filamentary growth

Case A shows the evolution of lithium in a half cell with a Au-
coated Cu current collector and coarse-grained LPSC SSE with
higher resistance compared to cases B and C (Fig. 1b).
Operando imaging was carried out as lithium was deposited
and stripped at a current density of 0.5 mA cm™> (Video S1),
with the cell showing much higher polarization than the other
two cases (Fig. 1b shows electrochemistry). Image segmenta-
tion of a subvolume of the SSE near the working electrode
current collector was employed to classify various phases
(LPSC, lithium, and voids/porosity) based on the grayscale
intensity and location of voxels (see SI for methods; Fig. S1
shows the region containing the subvolume). Fig. 2a shows a
three-dimensional rendering of the subvolume that shows the
segmented porosity within the pristine SSE prior to deposition.
The light gray porosity is distributed throughout the subvo-
lume, with some pores existing at the borders of larger LPSC
particles. The initial pore volume was measured to be 80 x 10*
pm? in this subvolume (0.55% of the total volume).

The deposition of lithium in the case A cell primarily
involved growth of filaments throughout the SSE rather than at
the solid-solid interface. Video S1 shows the evolution of fila-
mentary lithium in case A, showing that lithium filaments
grew during deposition and receded upon stripping across the
entire subvolume. After depositing 3 mAh em™ of lithium,
extensive cracks within the subvolume had formed to accom-
modate the filamentary lithium, as shown by the dark gray seg-
mented crack features in Fig. 2b. The original pore volume is
also included in light gray within the rendering in Fig. 2b.
Most of the newly formed filamentary cracks in Fig. 2b appear
to be planar with seemingly random distribution throughout
the subvolume.

Fig. 2c presents a series of reconstructed image slices track-
ing the growth of lithium within a plane extending from near
the current collector interface into the SSE (green outline in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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b) After Lithium Growth
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Fig. 2 Filament-driven crack growth during deposition in case A. (a and b) 3D rendering of the analyzed subvolume near the working electrode
current collector (a) before any lithium deposition and (b) after 3.0 mAh cm™2 of deposition. The top surface of the 3D rendering is the current col-
lector|SSE interface, and the lithium counter electrode is located well below the reconstructed volume. (c—e) Reconstructed image slices taken from
tomographic scans during deposition for case A from three different locations. The location of each image slice within the subvolume is shown in (a)
with the green, red, and orange outlines indicating the locations of c, d, and e, respectively. The current collector|SSE interface is at the top of these

images.

Fig. 2a). Prior to deposition (i), relatively large SSE particles are
visible with a particularly large particle outlined in blue traver-
sing the width of the image. As lithium filaments grew into
the SSE toward the counter electrode below the image frame,
new cracks formed within this large particle, as denoted by the
white arrows in (ii). Continued deposition extended the cracks
within this large particle, with cracks beginning to grow below
the particle as well, growing through another LPSC particle in
frame (iii) (see arrow). The thin branched tip continued to
grow down towards the counter electrode, and by the end of
deposition (iv), several branched crack networks had fully tra-

© 2025 The Author(s). Published by the Royal Society of Chemistry

versed this image frame, although they had not reached the
counter electrode to short circuit the cell.

While the spatial distribution of lithium metal within these
cracks was not able to be accurately analyzed due to overlap of
the grayscale intensity distribution of lithium and pores (see
subsequent discussion), we note that the branching dendritic
structure of the cracks in Fig. 2c(iii and iv) may suggest that
lithium was present near the crack tips, since the branching
could be driven by lithium growth in different directions.
Furthermore, the cracks were observed to initially widen and
then stabilize over one or two image frames, indicating that

EES Batteries, 2025, 1,1809-1821 | 1813
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the already-formed cracks did not further widen while they
continue to grow toward the counter electrode.

Fig. 2d shows the fracture process in another plane within
this subvolume (red outline in Fig. 2a). In the pristine state
(Fig. 2d(i)), an empty crack was present within the large SSE
particle (blue outline, white arrow). This is the same large par-
ticle as observed in Fig. 2c. During lithium deposition (Fig. 2d
(ii)), new cracks formed above and within the large particle as
lithium grew from the working electrode. Interestingly, this
new crack (green arrow in Fig. 2d(ii)) formed next to the pre-
existing crack, closing the upper part of the pre-existing crack
as lithium growth expanded the new adjacent -crack.
Continued lithium deposition resulted in additional growth of
filament-induced cracks in Fig. 2d(iii), and by frame (iv), the
original crack was almost fully closed (red arrow), indicating
that it was not filled with lithium. These observations show
that lithium does not necessarily fill pre-existing porosity
within the SSE and can instead form new cracks that cause
pre-existing pores to close. This does not preclude the growth
of lithium into pre-existing porosity, but it does highlight the
presence of complex growth behavior. Furthermore, we note
that the large filament-induced crack continued growing in
width in frames (ii)-(iv) even as it also extended toward the
counter electrode.

Fig. 2e captures the evolution of lithium filaments in an
image slice that is in a different plane within the subvolume
(orange outline in Fig. 2a). Video S2 shows the lithium growth
and stripping behavior at this plane, in which similar growth
dynamics were observed as the previous case. As lithium grew
in Fig. 2e, a large lithium filament (white arrow in Fig. 2e(ii))
extended from the working electrode above the image frame
down towards the large LPSC particle (outlined in blue in
Fig. 2e(i)). When the filament reached the large particle
(Fig. 2e(iii)), the single crack branched into new cracks (green
arrow) and began growing around a pre-existing pore (red
arrow). By the end of deposition, a network of new cracks was
observed within the large LPSC particle which forced the orig-
inal pore to close (Fig. 2e(iv), red arrow). These observations
show that lithium likely fills this large crack and the branching
cracks as they grow rather than filling the initial empty pore
volume in the SSE.

After 3.0 mAh cm ™2 of lithium growth in this cell, the cell
had not yet short-circuited, and the current was reversed to
cause lithium stripping. The images snapshots in Fig. 3a and
b track the stripping of the lithium within regions previously
presented in Fig. 2c and e, respectively. In Fig. 3a(i and ii), the
tips of the filaments furthest away from the current collector
were observed to undergo stripping first, and they shrunk as
lithium was removed. This reversible filamentary plating and
stripping behavior is consistent with previous observations
from operando optical microscopy.’® The stripping process
visibly moved up along the cracks toward the current collector
as time proceeded, with the cracks shrinking in volume (this is
quantified subsequently). Some lithium-filled cracks became
thinner over time without fully closing (Fig. 3a(iii)-(v)). The
same behavior was observed for the lithium-filled cracks in
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Fig. 3b, as shown in Video S2. The lithium stripping process in
Fig. 3b left behind an array of damage and crack remnants,
including new cracks that formed during shrinkage of the
lithium-filled cracks presumably due to adhesion between
lithium and the LPSC crack wall (see green arrows in Fig. 3b(ii
and iii)).

Fig. S2 shows the segmented 3D subvolume after stripping,
with both the original porosity and new cracks introduced by
filamentary growth and stripping visible. This can be com-
pared to the same subvolume after deposition in Fig. 2b.
Furthermore, Video S3 dynamically tracks crack growth and
shrinkage within the entire subvolume, distinguishing
between pre-existing cracks and cracks induced by lithium
growth.

To further analyze the evolution of cracks in case A, the
total pore and crack volume over time was quantified within a
larger subvolume that encompasses the subvolume in Fig. 2a,
b and extends down to the lithium counter electrode (see
Fig. S1). Fig. 3c is a plot of the total pore and crack volume as
a function of time, along with the electrochemical curve for
case A above the plot. This volume includes porosity in the
initial pellet as well as the additional crack volume induced by
lithium growth and stripping within the SSE. The measured
volume remains relatively constant over the first 2 h of depo-
sition (corresponding to ~1 mAh cm™> of deposited lithium),
and the voltage profile is also constant. After this, the volume
begins to steadily increase until the end of deposition, along
with decreasing polarization of the cell. The initial period of
constant volume is likely because lithium is growing at the
current collector|SSE interface, but it is too thin to clearly be
resolved with X-ray pCT due to the high contrast at the inter-
face between the current collector and SSE. Indeed, Video S1
shows evidence for some lithium formation at the interface
before crack growth, with a thin darker layer growing at the
interface. Over the remaining 4 h of deposition, the pore +
crack volume within the subvolume increased from 266 x 10*
pm® to 461 x 10* pmy;, representing 195 x 10* ym® or a 73%
increase of new crack volume. Assuming uniform distribution
of lithium growth across the entire electrode area, deposition
of this amount of lithium (2.0 mAh ¢cm™?) would theoretically
correspond to 398 x 10* pm® of new lithium within this subvo-
lume. Thus, the measured cracks formed in this subvolume
can accommodate 49% of the total deposited lithium. The
remaining lithium may be depositing (i) into the extensive pre-
existing porosity in this subvolume, (ii) into cracks too small to
be resolved, (iii) at the current collector interface, and/or (iv)
non-uniformly outside of this subvolume.

After 6 h of deposition, the current was reversed and the
lithium was stripped from the working electrode. As seen in
Fig. 3a and b, lithium was removed from the cracks to cause
them to shrink, and the total pore + crack volume was
observed to linearly decrease with time during stripping
(Fig. 3c). After about 2.25 h of stripping, the pore + crack
volume reached a plateau despite continued stripping from
the working electrode, suggesting that all accessible lithium
was removed from the cracks and the lithium at the interface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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or other pore regions was stripped during the remaining time.
The total pore + crack volume at the end of the experiment was
greater than the original pore + crack volume in the pristine
SSE despite shrinking of the cracks during lithium stripping.
Since this cell only exhibited 80% CE, this increase in crack
volume from the start to the end could be due to inactive
lithium within the cracks that cannot be accessed due to loss
of electrical contact to the working electrode current collector.
New cracks that formed during the stripping of lithium-filled
cracks due to the adhesion between lithium and SSE crack wall
(see Fig. 3b) may also contribute to the higher crack volume
after stripping. Overall, these data show that while lithium is
stripped from the lithium-filled cracks, there is a fundamental
irreversibility in which some of the damage remains at the end
of the full cycle (Fig. S2).

We also investigated the possibility of grayscale pixel inten-
sity-based segmentation of lithium metal from unfilled void
space within SSE cracks, as has been reported in other
works.*>**°%%1 Grayscale intensities were extracted from line
scans of pores/cracks with known lithium content (e.g., empty
pores in the pristine SSE vs. filled cracks after lithium growth)
at different stages of the filament growth process (Fig. S3). The
grayscale intensity histograms of the empty pores and the
lithium-filled cracks exhibit two different approximate normal
distributions (Fig. S4), but the distributions overlap. The wider
intensity distribution of the empty pores is because these were
generally smaller, and contrast bleeding at the edge of the
cracks may contribute. Although there are distinct average
grayscale intensity values for lithium-filled cracks and empty
pores, the significant overlap of the histograms in this case

© 2025 The Author(s). Published by the Royal Society of Chemistry

prevented accurate automated segmentation of empty pores vs.
filled cracks within the SSE.

To provide information on reproducibility of similar cells,
two similar anode-free half cells with the same coarse-grained
LPSC were imaged before and after lithium deposition at a
current density of 0.5 mA cm > and compared to case A
(Fig. S5). Among the three coarse-grained cells, each exhibited
variations in cell voltage during deposition, and differences of
the SSE porosity were also observed. These observations high-
light the challenges of controlling packing density in SSEs
with larger and more variable particle sizes, which likely con-
tributes to the variability in electrochemical behavior. Despite
these differences, however, filamentary lithium growth across
the entire electrode interface was observed in all three cells
instead of the deposition of a flat lithium layer, indicating
reproducibility of the morphology evolution amongst our
experiments when using this type of SSE.

Case B: uniform growth

As previously introduced, the cell in case B exhibits relatively
uniform lithium growth at the current collector interface, and
the fine-grained SSE in case B was denser than case A with
little observed porosity (Fig. 1d). Fig. 4 shows a portion of a
reconstructed image slice from case B at different times
during cycling. This image set shows the Ag-coated current col-
lector|SSE interface at the same position over the course of the
experiment, and Video S4 shows the entire cell cross section
and its evolution across 40 tomographic scans throughout the
experiment. Prior to lithium deposition at the working elec-
trode current collector (Fig. 4a), uniform interfacial contact
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was observed between the current collector and the SSE. After
the first lithium deposition step (Fig. 4b), a lithium layer
measuring an average thickness of 14.2 pm + 2.4 pm was
present, resulting in two distinct interfaces (SSE|lithium and
lithium|current collector). This thickness value, measured over
a ~1.5 mm diameter region, is close to the theoretically
expected thickness of 14.5 ym for 3.0 mAh cm™ of deposited
lithium.

At the end of the first stripping step (Fig. 4c), lithium was
removed from the interface, resulting in reestablishment of
contact between the current collector and SSE. However, some
wrinkling and possible damage are observed at the interface as
compared to the pristine interface (Fig. 4a). With a 92.9% first-
cycle CE, there is likely some inactive lithium left at the inter-
face that contributes to the interfacial wrinkles. The observed
wrinkle-like contrast could also be due to particulate Ag-alloy
interlayer material present at the end of stripping."*>*

After the second lithium deposition step (i.e., the third half-
cycle), lithium was again visible at the interface with an
average thickness of 15.0 pm + 2.6 pm (Fig. 4d), as measured
over the wider interface area. Since ~0.2 mAh cm™ (~1 pm) of
lithium remained from the previous half-cycle, this increase in
average thickness may be due to the residual lithium at the
interface. After three half-cycles, the current density was
tripled to 1.5 mA cm™ to purposely induce filamentary
growth. After depositing an additional 0.80 mAh cm™>, the
lithium layer continued to grow, with the average thickness
increasing to 17.4 pm + 2.8 pm. The current density was then
increased to 3.0 mA cm ™2, which caused short circuiting (see
galvanostatic curve in Fig. 1b) due to a filament growing
through the SSE outside of the image frame in Fig. 4. The
lithium layer grew to an average thickness of 21.3 pm + 3.3 pm
by the time the short circuit occurred.

The images in Fig. 4 show that within a single visualized
slice of the interface, the lithium retained relatively uniform
thickness during the multiple electrochemical growth and

1816 | EES Batteries, 2025, 1,1809-1821

, at which point the cell short-circuited.

stripping processes. To further quantify lithium thickness evol-
ution across a much greater area of the interface, image seg-
mentation was carried out. The electrodeposited lithium
volume at the working electrode and the lithium volume at the
counter electrode were both segmented and tracked over time.
We segmented ~75% of the total electrode area at the center
of the cell (a diameter of ~1.5 mm), since segmentation of the
cell edges is less accurate due to varying voxel intensity near
the edges of the PEEK and metal rods. We note that this ana-
lysis was used to extract the average thickness values quoted
previously. The high grayscale pixel intensity of the stainless-
steel rod and Cu current collector makes it difficult to accu-
rately separate the low-intensity lithium from the rod when it
is thin at the early stages of deposition; thus, we analyzed the
electrodeposited layer after a sufficiently thick (~10 pm thick)
lithium layer was deposited. Despite this limitation, this ana-
lysis provides useful information about material dynamics
within the cell.

The galvanostatic curve for case B is shown in Fig. 5a, along
with the evolution of average lithium thickness of the working
electrode and the average thickness change of the counter elec-
trode (Fig. 5b). The evolution of the average thickness followed
an expected linear trend over the first three half-cycles at
0.5 mA cm™? current density. As expected, the counter elec-
trode thickness decreased during the first half-cycle, increased
during the second, and once again decreased in the third half-
cycle. The Ag-coated Cu working electrode thickness exhibited
the opposite behavior, although the segmentation was only
performed when the lithium at the working electrode was
thick enough. The standard deviation of these measured
average thicknesses (Fig. 5¢) remained fairly constant for both
electrodes over the first three half-cycles, indicating that the
lithium thickness was relatively uniform across the cell during
these processes.

As lithium was plated and stripped, there were differences
in the measured thicknesses of lithium at the working and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Segmentation analysis of lithium evolution for case B. (a) Electrochemical curve, (b) average thickness over time for the working electrode
(right axis) and average thickness change for the counter electrode (left axis), and (c) the standard deviation of the average thickness for the working
and counter electrodes. (d and e) Thickness maps showing the lithium thickness across the segmented area of the interface for the counter elec-

trode (d) and working electrode (e) at (i) the end of the third half-cycle,

-2 2

(i) after holding at 1.5 mA cm™, and (iii) after holding at 3.0 mA cm™.

Thickness maps were generated by summing the entire lithium thickness at each position across the interface at both electrodes.

counter electrodes. After the first half-cycle, the average thick-
ness of the lithium at the counter electrode decreased by
~11 pm, while the deposited layer at the working electrode was
~14 um thick (Fig. 5b). The difference of average thickness
change between the two electrodes likely arises because the
lithium at the edges of the cell was not able to be reliably
tracked in this analysis (only ~75% of the electrode area was
segmented). The smaller thickness change at the counter elec-
trode compared to the working electrode suggests that excess
lithium was preferentially deposited and stripped at the edges
of the counter electrode outside of the area of analysis.

By the end of the third half-cycle, a uniform lithium layer
was redeposited (Fig. 4d) and the current density was then
increased to intentionally induce filament growth. Fig. 5b
shows that the average thickness changed more rapidly at
these higher current densities. Notably, the standard deviation
of the thickness increased at the higher current densities
before short circuiting (Fig. 5¢), especially for the working elec-
trode. This increase of standard deviation suggests that there
is greater thickness nonuniformity over the working electrode
at the higher current densities. Such thickness nonuniformity
is associated with greater variation of current density across
the interface, which would increase the probability of filament
initiation at a defect or flaw.

Fig. 5d and e contains maps showing the spatial variation
of lithium thickness at the counter electrode (Fig. 5d) and
working electrode (Fig. 5e) near the end of the experiment.
These maps show the lithium thickness represented by color

© 2025 The Author(s). Published by the Royal Society of Chemistry

intensity at each position across the interface at three different
times as lithium is deposited at the working electrode. The
maps are shown at the end of the third half-cycle (i), as well as
after holding at current densities of 1.5 mA cm™> (ii) and
3.0 mA cm™ (iii). Interfacial nonuniformities and defects are
apparent, especially at the counter electrode (Fig. 5d). The
counter electrode has linear divots across the interface, which
were likely introduced during assembly, as well as particulate-
shaped indentations in the metal due to stray LPSC particles.
These defects were present in the pristine state and were not
formed during the electrochemical experiment (Fig. S6).
Despite these defects, lithium was stripped and deposited rela-
tively uniformly at the counter electrode. The deposited
lithium layer at the working electrode has fewer visible defects
present and appears to be more uniform (Fig. 5e).

Subtle variations of lithium thickness are evident across the
working electrode interface (Fig. 5e). After the third half-cycle
(Fig. 5e(i)), the deposited lithium at the working electrode was
relatively uniform in thickness, with regions of thinner
lithium visible around the edges. After deposition at higher
current densities (Fig. 5e(ii and iii)), the lithium thickness
increased across the electrode surface but with greater thick-
ness in the middle of the cell. The variation of thickness could
be due to nonuniform stack pressure across the cell or slight
misalignment of cell fixtures. Interestingly, at the higher
current densities, lithium was deposited on the planar layer
without filament growth within this central region covering
75% of the interfacial area, while fracture and filament
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Fig. 6 Lithium filament growth in case C. (a) Tomographic images after (i) 3.0 mAh cm™2 of deposition at 0.5 mA cm™2, (i) after an additional

0.75 mAh cm™2 of deposition at 0.75 mA cm™2, (iii) after an additional 1.0 mAh cm™2 deposition at 1.0 mA cm

~2 and (iv) after additional deposition at

2.0 mA cm~2. New filaments within the SSE in each image frame are highlighted in yellow. (b) Three-dimensional rendering of the segmented SSE
after cell failure. The lithium filament network (gray) is evident within the SSE volume (purple).

initiation was observed at the edges of the cell (Fig. S7 and
Video S4). Such edge effects may be caused by a different
chemo-mechanical environment or SSE density due to the
influence of the cell walls and current collector edges.

To summarize the behavior of the cell in case B, the oper-
ando X-ray pCT results showed that lithium deposited and
stripped as a relatively uniform layer at low current densities,
which is important for achieving high CE and long cycle life of
anode-free SSBs. The compact nature and relatively small par-
ticle size of the LPSC SSE used here may have enabled good
initial contact at the solid-solid interface and low interfacial
resistance at the Ag-coated Cu current collector interface, pro-
moting uniform growth. The segmentation analysis showed an
average roughening of the working electrode surface during
the filament initiation process before short circuiting,
suggesting that variation in local current density is related to
an increased probability for filament initiation.

Case C: filament growth after initial planar deposition

For comparison to cases A and B, case C involved tracking
lithium growth at increasing current densities without strip-
ping. For case C, a uniform lithium layer was first deposited
without imaging in a half-cell on an Au-coated current collec-
tor using fine-grained LPSC with similar resistance and SSE
porosity to case B (Fig. S8). This cell exhibited relatively low
cell voltage (Fig. 1b), and a lithium layer of relatively uniform
thickness was first formed at the current collector|SSE inter-
face after 3.0 mAh cm™ of electrodeposition at 0.5 mA cm™>
(Fig. 6a). After this process, the current density was incremen-
tally increased to induce short circuiting while operando
imaging was carried out, as shown in Video S5. Increasing the
current density to 0.75 mA cm™> and then to 1.0 mA cm >
caused thicker lithium growth at the interface while a lithium
filament also nucleated and grew across the cell. The filament
contacted the counter electrode and short circuited the cell
after the current density was increased to and held at 2.0 mA
cm™?; the voltage also decreased during filament growth. The
filament progression across the cell is captured in the image
slices in Fig. 6.

1818 | EES Batteries, 2025, 1,1809-1821

Fig. 6b shows a three-dimensional rendering of the SSE and
the filamentary cracks captured within the cell. The crack grew
in a branching fashion, with lithium presumably filling most
of the various branches. The cracks are located primarily near
the edges of the cell, as also seen for case B. Additional cracks
around the edges of the cell are significantly smaller and are
not the source of cell failure, as they have not transitioned to
form filaments that traverse the cell.

Case C tracks the growth evolution of a single filament
from an anode-free current collector at heightened current
densities, which is a typical form of failure in SSBs.**** The
behavior observed in case C is in contrast to case A, where the
filamentary growth was much more widespread across the elec-
trode area. The lower resistance, smaller particle size, and
higher packing density of the SSE pellets in cases B and C
likely contributed to the improved electrochemical behavior
and markedly different lithium morphology evolution than in
case A. However, it is difficult to delineate the specific contri-
butions that give rise to the differences. Overall, these findings
vividly demonstrate the need for realistic cell formats and
electrochemical operation (i.e., low polarization) in operando
experiments.

Conclusions

In this work, operando X-ray pCT and image segmentation have
been used to uncover diverse lithium growth dynamics at the
microscale in three different anode-free SSB cells. In one cell
with high resistance, we observed extensive crack formation
across the entire SSE|electrode interface with complex lithium
growth behavior, with some lithium-filled cracks growing
around and closing existing empty pores, rather than lithium
growing directly in the pores. Quantification of the crack
volume showed accumulated mechanical damage after the end
of a full cycle, indicating that trapped lithium was present. In
a different cell with lower resistance, we showed that lithium
can deposit and strip uniformly across the current collector|
SSE interface. Image segmentation revealed average roughen-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ing of the lithium at the working electrode at elevated current
densities shortly before filament-induced short circuiting.
Finally, a cell was investigated that featured low cell resistance
but with higher currents causing the growth of a single fila-
ment across the cell to form a short circuit.

While several studies have examined lithium filament
growth in SSBs, our investigation of diverse fracture and fila-
ment growth behavior on alloy-coated current collectors in
anode-free cells adds new knowledge of these systems. We
explicitly show that filament-driven crack growth is fundamen-
tally different at high and low polarization in different cells at
the same current density, with high polarization being associ-
ated with extensive filament growth across the entire solid-
solid interface, unlike that typically observed in low-resistance
cells. Furthermore, our data strongly suggest that in many
cases, cracks can be filled with lithium as they grow, as indi-
cated by the observed expansion of cracks closing neighbor-
ing porosity, the widening of cracks with time, and the
shrinkage of the cracks during removal of lithium. The
growth of lithium filaments within the SSE was also found to
be partially reversible, but with lithium removal not healing
all the mechanical damage.

More work is needed to understand the role of applied
stack pressure and global stress state on the overall reversibil-
ity of crack growth and shrinkage, as well as efforts to model
the complex chemo-mechanical environment that causes fila-
ments and cracks to form in SSEs. Additionally, further investi-
gation into the effects of particle orientation and packing
density during the processing of the SSE separator is essential
to improve reproducibility and ensure optimal conditions for
lithium growth. While our findings are likely applicable to
other sulfide-based SSEs, the role of the solid-solid interface
and its impact on lithium morphology is critical across all SSE
systems. In future work, it would be interesting to explore how
the solid-solid interface and SSE porosity influence lithium
growth when using oxide and halide SSE materials, as differ-
ences in ionic conductivity or interfacial stability may impact
lithium evolution. Overall, our findings provide critical
insights into the factors governing lithium growth in anode
free SSBs, and in particular they emphasize the variety of fila-
ment growth/shrinkage processes possible, which must be
carefully considered for SSB engineering.
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