IEAPPLIED
ENERGY MATERIALS

Open Access

This article is licensed under CC-BY-NC-ND 4.0 @ ® © &

www.acsaem.org

Evolution of the Electrochemically Active Interface between a
Li-Metal Anode and a Single-Crystal LLZO under Mechanical Loads

Diana Avadanii,* Steffen Ganschow, Stefan Miick, Markus Stypa, Dominik Kramer,

Christoph Kirchlechner, and Reiner Monig*

Cite This: https://doi.org/10.1021/acsaem.6c00908 I:I Read Online

ACCESS | Ll Metrics & More | Article Recommendations | @ supporting Information

ABSTRACT: Batteries with solid electrolytes promise increased
energy density and improved safety by pairing a high-capacity anode
with a non-flammable, solid-state electrolyte (Ligx(LasZr; (Ta,O,,
LLZO). The bottleneck in the development of solid-state batteries
remains the anode-electrolyte interface (Li|LLZO) interface, a domi-
nant source of degradation and capacity loss due to the development
of voids, and impurity segregation during discharge. This study pre-
sents direct, in situ, and quantitative observations of the electrochem-
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ically active area during anodic Li-metal stripping at initial current densities between 0.007 and 3.8 mA/cm? and loads up to ~7 MPa.
The transparency of the single-crystal LLZO and the reflectivity of the Li-metal under visible-light microscopy enable these experi-
ments. The void morphology and size vary with the initial current density: for the same charge, low rates lead to fewer, but larger voids
compared to higher rates. Very slow stripping rates lead to angular and faceted voids. Stripping at high current densities generates a
greater density of voids, and thus, an accelerated loss of the electrochemically active area. Applying a compressive load delays void
growth, but can only mitigate loss of contact at the lowest rate. This study presents experimental evidence demonstrating the impact
of current density and load on Li electrochemical stripping and provides information for interface engineering, numerical simulations,

and charge-discharge protocols for solid-state batteries.
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Bl INTRODUCTION

Solid-state batteries (SSBs) have been a focus for research and
development in the past decades in both academia and industry
due to their improved theoretical energy and power density,
and safety compared to the widely used battery technologies
with a liquid electrolyte." Replacing the graphite anode with a
pure lithium (Li) or a Li-rich alloy enables higher energy densi-
ties in SSBs compared to conventional lithium-ion batteries. For
example, for the same cathode material, replacing the graphite
anode and liquid electrolyte with a Li-metal anode and
sulphide-based solid-state electrolyte (SE) increases the specific
energy of a cell from 264 to 393 Wh/kg, and the volumetric
energy density from 635 to 1143 Wh/ L.> Research efforts to
engineer solid-state batteries with a metal anode that are reliable
over many charge-discharge cycles have focused on improving
the ionic conductivity of the solid electrolyte,>* the microstruc-
ture and diffusivity within the metal anode,> the adhesion
between the metal and the solid-electrolyte,”* and the battery
architecture (e.g. interlayers,* "' 3D electrolyte framework'*™'*).
These research efforts spanning Li-metal and Na-metal
solid-state Dbatteries, recently summarized in comprehensive
reviews,"'> aim to provide an engineering solution to the key
outstanding challenge for solid-state batteries with an alkali
metal—loss of contact at the metal-electrolyte interface—Ileading
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to increased cell resistance, heterogenous current flux, and initia-
tion of fracture in the solid electrolyte due to electrodeposition
(i.e., “dendrites”).!

In a solid-state battery with a metal electrode, interface pro-
cesses underpin degradation at the anode. Ionic transport
through the solid-state electrolyte requires electrochemical
stripping (discharge) and deposition (charge) of Li (or sodium,
Na).” During Li stripping, irreversible interface damage leads to
increased cell impedance, followed by the propagation of Li-
filled cracks in the solid-electrolyte (“dendrites”) during deposi-
tion, and short circuit." A wide array of studies attribute this
interface damage to loss of contact resulting from void forma-
tion,'®'” whereas a smaller subset propose the segregation of
secondary phases.'®? Studies document an increase in cell
voltage (nominally attributed to contact loss) even in cells
cycled under stack pressures (>5 MPa)*'~*° significantly higher
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than the stress corresponding to the dominance of creep contri-
butions to strain in bulk Li at room temperature (~0.2-1.5
MPa).*%*” At the electrochemically active interface (ie.,
Li|SE), at the instant of stripping, practically every stripped
metal atom generates a vacancy.'”® If the local current density
inserts vacancies faster than they can annihilate or diffuse into
the bulk anode, the accumulation of vacancies leads to void
growth at the interface, and thus local dewetting.'”***' Some
theoretical models predict that nano-scale voids formed due
to vacancy accumulation would shrink during ideal (or “layer-
by-layer”) Li stripping, and propose instead that micro-scale
voids are a result of impurities at the interface.'”** The same
authors propose a model for contact loss that relies on precipi-
tation of solutes from the Li electrode.'®°

Loss of contact at interfaces within solid-state batteries is by
default a challenging phenomenon to study using direct
methods, or deconvolute from cell-level measurements.'
Operando/in situ direct observations of interfaces within
SSBs rely on cell reconstructions using X-ray techniques,”>*>*’
or observing interfaces in cross section using microscopy tech-
niques (visible light,>*** scanning electron microscopy, SEM,
and focused ion beam microscopy, FIB,** transmission elec-
tron microscopy, TEM,**** atomic force microscopy,
AFM?*). Operando indirect assessment of interfaces in SBBs,
such as electrochemical impedance spectroscopy (EIS), moni-
tors changes in the voltage of a cell with an applied alternating
current, and calculate the impedances of the cell at various fre-
quencies.>® These studies rely on complex models for data
analysis and interpretation in order to deconvolute the contri-
bution of different transport processes (bulk, grain boundary,
interface) or the geometric asymmetries of electrodes, and
have limited sensitivity to early stages of void nucleation when
the changes in resistance can be under the detection thresh-
old.'®'73% Recently, operando electrochemical dilatometry
has been applied to measure changes in electrode height dur-
ing anodic stripping and to approximate the corresponding
void volume.*!

In this study, we leverage an optically transparent Li-ion con-
ductor (a single-crystal LLZO) to directly track the electro-
chemically active area during anodic stripping of Li metal. To
achieve this, we assemble cells with optically accessible

electrodes and a separator soaked with liquid electrolyte to mit-
igate dendrite propagation from the counter electrode, resulting
in the obstruction of the field of view and solid electrolyte dam-
age as previously documented in LLZO single crystals.””* Our
experimental design overcomes previous challenges arising from
variations in assembly protocols** and optically inaccessible
interfaces. We observe Li stripping on the same Li|LLZO inter-
face across a current-jump test of two orders of magnitude, and
interrogate the impact of an applied load by tracking the same
interface with a varying load of 0 at the edges, and a maximum
of ~7 MPa towards the centre. We demonstrate that the initial
current density has a significant impact on void morphology
and density at the electrochemically active interface, and thus,
on the rate of degradation with increasing charge. We further
show that an applied compressive load only delays the loss of
contact, but generally does not prevent it. Our direct observa-
tions of electrode interfaces spanning a few mm? bridge obser-
vations of void growth at nano- and microscales®”***' to
observations at the cell level**** and inform numerical simula-
tions of void growth and loss of the electrochemically active
area under realistic battery operating conditions.

H EXPERIMENTAL SECTION
Materials

In our experiments, we use a single-crystal Lig La,Zr, ;Ta, O,
(LLZO) sample crystallized using the Czochralski technique. Similar
samples have been used in previous studies.”” >***~* We cut the crys-
tal inside an Ar-filled glovebox (MBraun, <0.1 ppm O,, <0.1 ppm
H,0) using a diamond saw, and further polish it on all sides using
grinding paper with decreasing roughnesses (P320, P2500, and
P7000). We reuse the electrolyte single crystal (samples A—D in
Table 1) for multiple cells, and we re-polish (P7000), and clean the
samples with cyclohexane, dimethyl carbonate, and an oxygen plasma
device (Diener) over 30 minutes before each cell assembly. The oxy-
gen plasma device is attached to the Ar-filled glovebox.

Cell Assembly and In Situ Electrochemical Measurements

We directly image the electrochemically active area through a sapphire
cell window, and the transparent LLZO single-crystal electrolyte. We
use the same cell setup in two different configurations: (a) without

an applied load on the stripping anode, and (b) with an applied load,

Table 1. Details of Experiments and Corresponding Supplementary Videos and Figures

LLZO LLZO size cell A,
sample [mm] [mm%]
A 250702 28 X3 X 1.1 2 2.65
B 250703 3xX23x%x09 2 2.6
3, 17
3 ~ L1
S 2.85
C 250725 4.12 X217 X 1.3 2 43
D 250807 44X 41Xx 1.6 2 3.7
3 3.6
4 3.4S
N 5.7

I
[nA]
-26.5
-100
-03
-30
-2.85
-03
-37
-36
-17
—200

Jo P P video/figure
[mA/cm?] [MPa] [MPa
-1 22 0 SV1, S2
—3.84 3.4 0 SV2, S3
-0.017 3.6 0 SV3, S4
~—27 36 0 SV4, S5
—0.1 3.6 0 SVs, S6
~0.007 3 47 SV6, 9, S10
-1 2 6.5 SV7, S11, S12
—0.1 2 74 SV8, S13
-0.5 2 7.6 SV9, S14, S15
=35 2 5.7 SV10, S16

“We report the size of the solid electrolytes (labeled A, B, C, D), the cell number assembled with that specific LLZO crystal, the area of the electrode
under observation, A | ,, the applied galvanostatic current, I, the resulting current density according to the area measured in OCV after sample assem-
bly, j,, the load, P, on the cell, and the maximum perpendicular load, P, ., on the electrode under direct observation (Figure 1). As detailed in the
Experimental details section, the same LLZO sample has been used for multiple cells. In this Table, we report only experiments included in the data
analysis. Some additional experiments are only reported in Supplementary Materials due to noise in the measurement and contamination during sam-

ple preparation.
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a) no load on stripping electrode, P, =0

) index the electrochemically active area in each frame

b) with load on stripping electrode, P,= 0—R max

—_

electrochemically active interface
O edges of imprint of ball contact

o

active area
active area,

d) plot change in electrochemically active area vs charge

under no load (a) under varying load (b)

1h = inside ball imprint
low — = = outside ball imprint
(@b] NN
~~~~-
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Figure 1. Schematic of the experimental setup in this study using a transparent single-crystal LLZO and perpendicular electrodes, resulting in a
Li|Liquid|LLZOLLi cell. We track the electrochemically active area under (a) no load, including no cell-clamping load and (b) applied load, P, using
a spring-loaded Ni ball. This experimental setup is also presented in Figure S8. (c) We use the pixel indexing workflow detailed in Figure S1 to index
bright pixels, which we assign to the electrochemically active area. For samples under a point load, we find the area under the load by mirroring images
after cell disassembly, as detailed in Supplementary Materials for each cell. (d) We track the evolution of the electrochemically active area with respect
to the first frame under no load, as in diagram (a) and the evolution of the area inside and outside the point load in diagram (b) under a range of

initial current densities (CD).

P, on the stripping anode (Figure 1). We make the LiLLLZO inter-
face by melting Li metal (Alfa Aesar, 99.9%) on a hot plate and allow-
ing it to cool to room temperature. We expect that this sample
preparation routine results in a Li-metal electrode with relatively coarse
grain sizes (100-200 pm).*"*” For the counter electrode, we press
freshly rolled Li metal on a Ni foil, and separate it from the SE by using
a Whatman separator soaked with a liquid electrolyte (1 M LiPF in
PC). We place the cell in between two plates connected by screws with
loaded springs (Gutekunst) of known elastic spring constant of
1.398 X We measure the spring length after cell assembly and
approximate the applied load, P, reported in Table 1. For the configu-
ration in Figure la, we connect the electrode we observe via a Ni plate.
For the configuration in Figure 1b, we use a Ni ball (3 mm diameter,
Goodfellow) on a loaded spring of know elastic constant (1.398 %,
Gutekunst). We measure the spring length after cell assembly, and
the diameter of the imprint of the ball on the Li-metal electrode after
disassembly in order to estimate the maximum applied load, P,
on the stripping anode (e.g. Figure S9). This maximum load is only
present in the centre of the point contact, as depicted in Figure 1.
Variations in electrolyte thickness and spring loading with each cell
assembly result in a range of maximum applied loads of 4.7—7.6 MPa
as reported in Table 1. Upon cell disassembly, we mirror the image
of the electrode interface in contact with the Ni sphere and overlap it
with the first frame collected during OCV, in order to approximate
the outline of the area under the sphere contact (Figures S9, S11,
S13, S14, S16). This setup results in an inhomogeneous pressure distri-
bution on the stripping electrode, with a maximum applied load
directly under the ball contact, and none at the edges (Figure S8).
We use a potentiostat (CompactStat.e, Ivium Technologies B.V.)
connected to the cell assembly under the light microscope to collect
measurements under galvanostatic conditions (Table 1) and use the
extended voltage range of the potentiostat (—10 to 10 V). We use
Matlab to plot our data and synchronize the light microscopy observa-
tions with the electrochemical measurements. We use the Ivium poten-
tiostat to perform benchmark characterisations of our unique cell
setup. We use potentiostatic electrochemical impedance spectroscopy

(PEIS) and apply a 10 mV sinusoidal perturbation around the OCV
potential of each cell, after 20 minutes of OCV recording after cell
assembly. The frequency ranged from 1 MHz to 1 Hz, with a recording
of 11 points per decade (Figure S18).

Image Analysis

In order to track the electrochemically active area, we use a micro-
scope with a parallel-light beam (Nikon Eclipse LV-UDM) in the
bright field setting, and an objective with a large field of view and
working distance (Nikon, Plan Fluor, WD 17.2). The microscope is
placed on a tabletop vibration isolation platform (Minus K
Technology). For these measurements, we use a custom made elec-
trochemical cell with a sapphire window. We collect images using
the NIS-Elements AR software simultaneously with electrochemical
measurements, and use the NIS-Elements AR software to construct
in situ videos for each cell. We image the electrodes before and after
each cell assembly in the glovebox using a USB-connected light cam-
era with a ring LED light. We use this light camera within the glove-
box to document and report cell assembly, disassembly, and track the
same electrode area from in situ light microscopy to electron micros-
copy imaging.

We analyze images collected in reflected light using a Matlab script
to track dark pixels in each frame. We present the schematic of our
analysis in Supplementary Materials, Figure S1. Our analysis uses a
dynamic threshold and an iterative process for finding the best index-
ing for each set of frames. We chose as a region of interest (ROI) the
visible edges of the electrode. Within this ROI, we use the enhanced
red channel for each frame to generate logical masks for pixels that are
at the dark tail end of the intensity distribution, become darker from
frame to frame, and are darker than the mean in their local neighbor-
hood. For experiments under a load, some dark pixels become
brighter from frame to frame. In the final count, we subtract these
brightening pixels. These logical masks are combined using the bool-
ean operator OR to generate the final binary mask for each frame. We
present the histogram for the first and the last frame, and the indexing
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of dark pixels in key frames in each experiment in Supplementary
Materials. We present synchronized optical and electrochemical mea-
surements, as well as their corresponding dark pixel indexing for each
frame, in the Supplementary Videos. Similar binarization approaches
using the red channel of visible-light images have also been used by
Kazyak et al*® and Zhang et al.* for Li electrodes during stripping
in solid and liquid electrolytes, respectively.***’

SEM Imaging

For a subset of our electrodes, we inspect the voids at the end of the
measurement using a scanning electron microscope (SEM, Merlin,
Carl Zeiss AG). These observations are possible only for electrodes
that developed a high density of voids as these lift off easily from
the LLZO upon cell disassembly, as previously noted in other stud-
es.!”313% We lift out these electrodes using a stainless steel needle
in the electrode corner to minimize deformation, as displayed in
Figure S4, place them on carbon pads, and transfer them into the
SEM using an air-free transfer system (EM VCT 100, Leica). We
orient and image the electrodes in the SEM chamber in a similar
position to their orientation before cell disassembly and start imaging
using a wide field of view, which matches the field of view in light
microscopy. This imaging protocol is documented in Figures S4,
SS, S10, S14, and S15. We use the wide field of view to determine
the electrode areas with no or little deformation for closer inspection
(Figures S2, S4, SSa, S10a,b, S11, S12ab, S14, S15b). We image the
Li-metal interface using a standard Everhart-Thornley detector, a
working distance of 6 mm and 12 mm, and acceleration voltages
of 3, 10, and 20 kV for the incoming beam. We also use an
Energy-Dispersive X-ray Spectroscopy (EDS) detector to investigate
the interface of the peeled off electrode.

HIM Imaging

Additionally, for some of our samples, we use a helium-ion microscope
(Orion Nanofab, Carl Zeiss AG, Germany) to image the lifted elec-
trode. This technique has high sensitivity to light elements and enables
us to image very thin Li structures that are challenging to observe with
commonly used techniques such as SEM. For imaging, we used a
helium gas pressure of 2.6 X 107 mbar and an accelerating voltage
of 25 kV. The samples were transferred between our glovebox and
the helium-ion microscope under argon using an air-free transfer sys-
tem (EM VCT 100, Leica).

B RESULTS AND DISCUSSION

In this study, we introduce a novel setup for directly tracking
the electrochemically active area during the stripping of a Li-
metal electrode. Figure 1 depicts our method to leverage an
optically transparent single-crystal LLZO electrolyte and
directly observe Li stripping under reflected light. Using an
LLZO Li-ion conductor ensures that no secondary interphase
is present at the LiJSE interface, as pristine Li metal and
LLZO do not react.>™ In this setup, the electrode under
observation has by design a smaller surface area compared to
the perpendicular counter electrode located behind the liquid
electrolyte. Thus, the area of the observed electrode determines
the current density at the interface under investigation.
Furthermore, using a single-crystal SE increases the homogene-
ity of ionic transport due to the absence of grains and grain
boundaries. Still, in our experiments, sources of Li|LLZO inter-
face heterogeneity exist as a consequence of (1) impurities,
(2) LLZO roughness, (3) Li-metal microstructure, (4) varia-
tions in adhesion (i.e., voids present after cell assembly). The
surface of garnet solid electrolytes with various dopants has
been successfully cleaned using chemical etching,** heating to
500 °C in an O, atmosphere,”* or Ar atmosphere.”® We use

mechanical polishing and an oxygen plasma cleaner attached
to the glovebox to remove surface contaminants that decrease
wetting and hence, increase cell resistance (e.g. Li,CO,,
LiOH>***%%) from the LLZO surface (see Experimental
Section). These steps are performed before each cell assembly.
We use freshly rolled Li metal to fabricate electrodes with
70-150 pm thicknesses, which we press and melt onto LLZO
single crystals. Consequently, all of the electrodes develop an
oxide layer (passivation layer containing Li,O,Li,CO,, LiOH,
Li3N),34’A'9’53”56‘57 which is ubiquitous for Li-metal, even under
ultra-high vacuum conditions.

During stripping, dark patches appear on the observation
plane—the interface between the Li metal and the LLZO
(Figure 1la). In this study, our working interpretation is that
these dark patches correspond to the loss of electrochemical
contact and we use an image-analysis routine to index the dark
pixels in each frame, thereby tracking the electrochemically
active area (see Figures S1 and 1c). The first frame of each
measurement corresponds to open-circuit voltage (OCV) con-
ditions and in this frame, we interpret the contrasting dark
areas as pre-existing imperfections of the interface, such as
impurities, scratches, and pre-existing voids after interface for-
mation. Therefore, the dark pixels indexed in the first frame
correspond to the starting interface fraction that is electro-
chemically inactive in each experiment. As the effective applied
current density increases during stripping, we use the electrode
area measured in OCV, A, after cell assembly to calculate the
initially applied current density, j, (Table 1). In subsequent
frames, we directly track the electrochemically active area
under galvanostatic conditions, and compare this area with
the first frame. Therefore, our indexing of dark pixels serves
as a proxy for the loss in the electrochemically active area,
and is agnostic to the contribution of underpinning mecha-
nisms (void formation or impurity segregation). This approach
is consistent with previous numerical and experimental studies
demonstrating that both impurities and voids can block the Li
flux to the interface."*>*® Note that this approach implies that
the effective current density increases during Li stripping.
Hence, we use j, to distinguish between cells. We aim to cir-
cumvent cell-to-cell variations in applied load by using a spher-
ical contact, such that for the same electrode the load varies from
0 to P, .. as drawn in Figure 1b. Similarly, we use a current-
density jump test to appraise changes on the same electrode.
Further details can be found in the Experimental Section and
Supplementary Materials. In the following sections, we
appraise the impact of the initially applied current density, j,,
and load, P, on the electrochemically active area during galva-
nostatic Li stripping.

Impact of Initial Current Density

We test the influence of the initially applied current density, j,,
on Li-ion stripping on the same interface. Figure 2 presents a
current-density jump test from j, = 0.017 mA/cm?® over &
63 hours to j, = 2.7 mA/cm? over & 10 minutes on the same
electrode (Table 1). Figure 2a presents optical images of the
electrochemically active interface after cell assembly in OCV
(frame 1, stripping I) and at the end of Li stripping at j, =
0.017 mA/cm? (frame 1, stripping II) before changing the rate.
During this stripping at relatively low current densities, the
electrode develops overlapping dark circular patches around
the edges, which reach diameters of 10-20 pm. The middle
of the electrode contains fewer dark patches compared to the
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Figure 2. (a) In situ optical imaging of the same electrode undergoing Li-ion stripping at initial current densities of (I) j, = 0.017 mA/cm?, and (II)
jo = 2.7 mA/cm?, respectively (Table 1). The optical imaging setup corresponds to the schematic in Figure 1a, and the perpendicular separator with
liquid electrolyte and the Li-metal counter electrode are marked at the top of each frame. (b—d) Post-mortem SEM investigation after electrode peel
off. Full imaging details are presented in Figures S4 and SS. (b) Voids formed during striping (I) have larger diameters > 10 pm and show coales-
cence. The second generation of voids corresponding to stripping (II) appears as regions with roughness with diameters <S pim, between the larger
voids developed during stripping (I). (c) Some large voids present facets, indicated by the black dashed lines. (d) Zoomed-in image of a larger void

surrounded by smaller voids.

edges of the electrode. We interpret these dark patches as the
imprint of voids, which develop during stripping at the Li|LLZO
interface, and lead to the loss of contact at the interface and,
thus, decrease light reflectivity in our light microscopy setup.
We index the dark pixels appearing throughout the experiment
and estimate the electrochemically active area in each frame, and
thus calculate the current density corresponding to stripping II
as j, = 2.7 mA/cm? At these significantly higher current densities,
many more, much smaller patches appear simultaneously. Unlike
the previously formed dark patches at the electrode margin, these
new smaller patches seem more homogenously distributed on the
interface (frames 61, 109, stripping II). We interpret these smaller
dark patches as the imprint of much smaller voids generated
across all of the remaining electrochemically active area, leading
to loss of contact on the majority of the electrode interface (frame
307, stripping II). The high-degree of contact loss enables the
post-mortem liftout of the electrode with minimal deformation,
and subsequent inspection of the electrode side that was in direct
contact with the LLZO. Figure 2b—d present SEM images of this
Li electrode and demonstrate two distinct populations of voids:
(i) with relatively smooth interior, with both circular and slightly
faceted shapes, and diameters of 10-20 pm corresponding to
the void population generated during stripping I (j, = 0.017
mA/cm?, 0.018 mAh), and (ii) with rough edges, more angular
morphology, and much smaller diameters <5 pm, generated dur-
ing stripping II (j, = 2.7 mA/cm?, 0.00S mAh).

The magnitude of the initial current density has a signifi-
cant impact on interface degradation during Li-metal strip-
ping under no applied load. Figure 3a displays the evolution
of the electrochemically active area in electrodes stripped at
varying initial current densities (j, = 0.017-3.8 mA/cm?

Table 1, Figure S7). For the same amount of stripped charge,
electrodes undergoing stripping under lower initial current
densities lose less of their contact area (i.e., electrochemically
active interface), compared to electrodes undergoing stripping
at higher initial current densities. In Figure 3b, higher current
densities lead to an increased voltage, in line with increasing
ohmic resistance. In our setup, the cell voltage is impacted
by (1) fresh Li deposition on the counter electrode, (2) loss
of the electrochemically active area on the observed electrode,
(3) solid-electrolyte interphase (SEI) formation on the elec-
trode in contact with liquid electrolyte, (4) overall ohmic cell
resistance. While we can not deconvolute the impact of these
factors on the voltage, the synchronized electrochemical and
optical measurements reveal that after an initial increase in
voltage with decreasing electrochemically active area, the volt-
age becomes less dependent on the ongoing interface degra-
dation (see Supplementary Videos). Note that the data
presented in Figure 3b correspond to the cell setup depicted
in Figure la, in which the electrode under reflected light is
under no applied load, and the counter electrode is clamped
behind the liquid electrolyte. In this cell configuration, there
is none or little mechanical load on either electrode. Thus,
the electrical contact between the Ni wiring and the Li metal
is under none or little mechanical load, and could underpin
some of the scatter in voltage curves in Figure 3b.
However, the galvanostatic conditions ensure a constant cur-
rent through the electrodes and electrolytes. Recent studies
document a non-linear increase of cell resistance during Li-
metal stripping, which they attribute to the interplay of bulk
and surface diffusion of Li atoms.*’*? Zaman et al.’’ use
three electrode measurements in a symmetrical Li|LLZO|Li
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Figure 3. (a) Evolution of the electrochemically active area, A, normalized by the electrochemically active area in OCV, A, for Li-metal electrodes
under galvanostatic stripping at different initial current densities, j,, and no load on the observed interface (setup in Figure 1a). For comparison, we
plot data reported by Kazyak et al. at 4 mA/cm” using triangle symbols.*® We present frames corresponding to a stripped charge of 0.002 and 0.01
mAh in Figure 4. (b) Recorded cell voltage corresponding to each experiment in panel a. Note the different y-axis values, and the logarithmic color

scale corresponding to j, for each experiment.

Fo

=0 j,=0.017 mA/cm? jo="0.1 mA/cm?

Frame #1, OCV

Frame at 0.002 mAh

Frame at 0.01 mAh

Jo=1mA/cm?

Figure 4. Selected frames corresponding to the first frame (OCV) in the first row and to a stripped charge of 0.002 and 0.01 mAh in Figure 3 for
each experiment. The frames are unprocessed and reported on the same scale bar. The liquid electrolyte and the counter electrode are on the top of

each frame, similar to the convention used in Figure Ic.

cell to deconvolute the different contributions to the flat volt-
age profile recorded for the overall cell. The authors demon-
strate that the stripping voltage increases sharply with
capacity until about 1.2 mAh/cm? after which there is a
slowing down in the voltage increase with capacity.®” Schall
et al’' also use a symmetrical Li|LLZO|Li cell to demon-
strate that the change of cell resistance with increasing void
volume follows a function with a sharp inflection, almost

similar to a step function, rather than a linear dependency
(see their Figure 4).*' In cells using a single-crystal LLZO
and parallel electrodes, previous studies have also docu-
mented fluctuating voltage values up to 10 V,***>* which
we attribute to the lower ionic conductivity of the single-
crystal (0.25 mS/cm) compared to an LLZO pellet (0.63
mS/cm) and the higher sensitivity of the measurement to
the surface finish and applied load, as measured by
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Reisecker et al. 3® We suggest that the large voltages at high

current densities are a direct consequence of the large cell
resistance and imposed galvanostatic conditions. Thus, the
potential required for electrolyte decomposition (4 V against
Li metal)*®®® might not be available at the interface.

We present the electrochemically active area of electrodes hav-
ing undergone the same amount of Li-ion stripping under differ-
ent initial current densities in Figure 4. At a stripped charge of
0.002 mAh (insert in Figure 3a), electrodes stripped under low
initial current densities (j, = 0.017 and 0.1 mA/cm?) present a
low density of voids at the edge closer to the counter electrode
(see schematic and annotation in Figures 1 and 2). By contrast,
electrodes stripped under high initial current densities (j, = 1
and 3.8 mA/cm?) present smaller voids distributed over a much
larger area of the electrode. With progressive stripping, at a charge
of 0.01 mAb, the electrode stripped at the lowest initial current
density (j, = 0.017 mA/cm?) develops voids only close to elec-
trode edges, with distinct radii of ~ 10-20 pm. However, at this
same charge, the electrode stripped at j, = 0.1 mA/cm?* develops
distinct voids in the center of the sample, along with voids on the
edge of the sample closest to the counter electrode. The elec-
trodes stripped at high initial current densities (j, = 1 and 3.8
mA/cm?) keep developing small voids that agglomerate and form
large areas of degradation of the electrode interface.

Void Development without External Load

Our observations highlight that void morphology and distribu-
tion depend on the initial current density for solid-state inter-
faces. During stripping at the ideal Li|[LLZO interface, a
vacancy and an electron are generated in the metal anode, while
a Li ion moves into an available lattice site in the LLZO.'”°!
These vacancies rely on Li self diftusivity to either annihilate at
grain boundaries, dislocations, or diffuse (creep) into the bulk
metal. Void formation is underpinned by the coalescence of
vacancies in supersaturated regions, and preferentially occurs
around pre-existing defects such as dislocation structures, grain
boundaries, or vacancy clusters (nanovoids). A larger driving
force increases the vacancy concentration (for these experiments,
jo) and provides the required energy to overcome the penalty for
heterogeneous nucleation around more defects, leading to a
higher number of void nuclei within the volume. Conversely, a
lower driving force enables heterogeneous nucleation with fewer
nuclei, and favors significant growth as more vacancies are
inserted. This balance between driving forces and void nucleation
leads to the different void sizes with initial current density, as well
as heterogeneous void distribution on the same electrode. We
suggest that small current densities lead to void development at
the electrode margins due to the lower energy penalty for delam-
ination compared to the middle of the electrode-SE contact. Our
experiments indicate that void nucleation and growth during
stripping are compatible with frameworks for classical nucleation
theory, as void radius decreases with increasing initial current
density, similar to Lu et al.** and Zhang et al.*’

In metals, the concentration of vacancies in thermal equilib-
rium, c,, is directly related to temperature, T, and hydrostatic
mechanical stresses, o, via the relationship,

mexp<_ E“’Q) (1)

RT

where E is the activation energy associated with vacancy forma-
tion, Q is the atomic volume, and R is the gas constant.®>®* In
other words, for Li-metal under electrochemical stripping,
higher current densities lead to elevated vacancy concentrations
at the interface, and hence, greater tensile (positive) stresses.
These increased stresses—the larger driving forces—enable
void growth around pre-existing defects with high energy penal-
ties. These tensile stresses provide the required stress for lateral
void growth and dewetting of the LLZO. This leads to a void
population distributed across the entire electrode interface for
a large current density, including less favorable sites, such as
the center of the interface. In our electrodes, the stress distribu-
tion at the interface is most likely non-uniform, hence the low
currents (i.e., low stresses) enable void growth only at the most
favorable sites, near the electrode perimeter.

Our results are compatible with similar observations in other
solid-state systems and liquid electrolytes. Using cross-sectional
observations of Li|argyrodite interfaces, Lu et al. also propose
that void size is inversely proportional to the applied current
density.** Additionally, observations of “pit formation” in Li-
metal anodes paired with liquid electrolytes by Zhang et al.
demonstrate that the radius of pits formed during stripping at
a fixed capacity (0.2 mAh/cm?) under a wide range of current
densities (0.5-5 mA/cm?) is inversely proportional to the over-
potential and the applied current density.*” However, unlike lig-
uid systems in which the electrolyte fills the newly formed pits,
void formation in solid systems directly leads to the decrease of
the electrochemically active area.

Our in situ observations confirm that interface degradation at
the early stages of stripping depends also on the initial current
density, which can lead to discrepancies when using indirect
techniques. Note that our experiments are galvanostatic and
the effective current density increases proportionally with the
decrease in the electrochemically active area. In our analysis,
we refer only to the initial applied current density, j,. For exam-
ple, Kazyak et al.*® use parallel electrodes that were aligned
along the surface of LLZO to microscopically observe the strip-
ping electrode away from the interface and estimate an apparent
area, which we plot in our Figure 3a (see their Figure 10 in
Kazyak et al.)*® The authors use pulses of 4 mA/cm?* and mea-
sure via EIS the capacitance in between each pulse, and remark
that while the apparent electrode area decreases linearly with
stripped charge, the capacitance decrease is non-linear.*® The
authors attributed this unexpected discrepancy to either inaccu-
rate electrode area measurements, or chemical heterogeneities.
In Figures 3 and S7 we confirm that for stripping under high
current densities (>3 mA/cm?) the electrochemically active
area decreases non-linearly with stripped charge, similar to the
capacitance decrease measured by Kazyak et al,*® and the
decrease is closer to a hyperbola for high current densities.
Schall et al.*' coupled measurements of changes in anode height
with cell resistance for experiments at low initial current densi-
ties (0.1 and 0.2 mA/cm?). Similar to our direct observations,
this approach revealed void growth in early stages of stripping,
which were undetectable by EIS techniques.'”*"*¢ The authors
report voids with diameters > 10 pm, similar to our observa-
tions for Li-metal stripping under j, = 0.1 mA/cm?>"*°
These observations confirm that previous studies predicting
void-free stripping for current densities up to 0.1 and 0.5 mA
h/cm? (e.g, Krauskopf et al.)'” have overestimated interface

stability.
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Impact of an Applied Compressive Load

We use a Ni sphere loaded with a spring of known elastic con-
stant to apply a load on the stripping electrode, as displayed in
Figure 1b. In this setup, the load on the stripping electrode var-
ies from O at the edges to P, . locally under the sphere as
reported in Table 1 (Figure S8). We use mirrored images after
cell disassembly to find the imprint of the Ni ball on the elec-
trode and mark it with a circle on the in situ light microscope
images (Figure 1c). We track the dark pixels corresponding to
this area separately, and report the evolution of the electro-
chemically active area under a load varying from 0 up to
P .o (Figure 1d). We chose a spatially varying load on

purpose, in order to compare void morphology and evolution
on the same stripping electrode, and minimize the impact of
other variables such as differences in surface roughness
(Figure S17) or preparation between cells. We also chose to
align the spherical contact with electrode areas with elevated
void density observed in the experiments without any load:
the perimeter of the electrode for low current densities, and
towards the middle of the electrode for high current densities.
We track the electrochemically active area under and outside
the Ni ball imprint on the electrode (see Supplementary
Materials).

Voids developed under a local load are smaller compared to
voids on a different area of the same electrode. Figure 5

jo=0.007 mA/cm? B .,=4.7 MPa
in situ optical
icroscopy

SEM images

staetilt =0°

0.003 mAh

0.025 mAh

L !

j,=1mA/cm>  R,,=65MPa

)
=

ocv

0.01 mAh

0.013 mAh

HIM images
__stage tilt = 54°

Figure S. In situ imaging of electrodes stripped at low (panel a) and high (panel f) current densities, followed by electrode lift off and SEM (panels b,
c) and HIM (panels d—j) imaging. Further details of cell disassembly and electrode imaging can be found in Figures $9—S12 and Table 1. The imaging
setup corresponds to the schematic in Figure 1b and the area under the load is marked by the red circle. The liquid electrolyte and counter electrode
are at the top of the frames, similar to the convention in Figure lc. Note that the electrode in panels b—e is overprinted by oxide impurities as detailed
in Figures S9 and S10. Images captured with a tilted stage emphasize the 3D roughness of voids in panels d—e, and g—j. Note that panels h and i are on
the same length scale. The voltage curves corresponding to the charge annotated for each frame are presented in Figure 6c.
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presents experiments at low (0.007 mA/cm?, 0.025 mAh) and
high (1 mA/cm?, 0.017 mAh) current densities, with maximum
loads of 4.7 and 6.5 MPa on the electrodes. In Figure Sa, the
electrode stripped under low current densities develops angular,
faceted voids. While some facets can also be observed in voids
presented in Figure 2¢ (j, = 0.017 mA/cm? 0.018 mAh), the
voids in Figures Sb—e consistently present facets and a 3D
development of voids with diameters of approximately
15-20 pm and an apparently flat aspect ratio. This faceting indi-
cates that these voids developed within the Li grain interior,
similar to voids with facets observed by Lang et al.*' and Gao
et al.** The development of facets is underpinned by energy
minimization during the inhomogeneous and anisotropic Li
adatom diffusion on different crystallographic planes of the elas-
tically anisotropic bee Li metal.®>** Note that for this electrode,
lift off and SEM and HIM imaging was enabled by a second
stripping at high current densities, resulting in impurity accu-
mulation at the interface (Figures S9, S10). Figure 5f—j present
images of the interface degradation during stripping at high cur-
rent densities (1 mA/cm?, 0.017 mAh), and postmortem inves-
tigations of the area under a local load (P, = 6.5 MPa) and
at the electrode edges (P, = 0). The area directly under the
load presents roughness at much smaller length scales, and
the imprint of the LLZO scratches are still observable on the
metal electrode in Figure Sg (Figure S17). We present similar
SEM images with marks on the Li electrode from the LLZO
roughness for the area under a load for an electrode with j, =
0.5 mA/cm” (0.023 mAh) in Figure S15. The roughness in
Figure Sh indicates void development on length scales <4 pm
for the area under a load. By contrast, Figure Si displays the area
at the edge of the electrode with roughness on length scales
>4 pm. As voids have expanded laterally, very thin (almost elec-
tron transparent) Li develops as void walls, and a second order
roughness is imaged on the interior of the voids (Figure Sj).
The very thin bright Li between voids in Figure 5j would be dif-
ficult to image with SEM because Li is almost transparent for
electrons. The He ions used in HIM yield low energy electrons
even on light elements such as Li and allow for the observation
of very thin layers.

Loads up to 7.6 MPa on the stripping electrode mitigate
interface damage with increasing charge, and do not
completely suppress void formation. Figure 6 displays the evo-
lution of the electrochemically active area in electrodes
stripped at various initial current densities under a varying load
across the same interface (Table 1). Similar to results under no
load in Figure 3, for the same amount of stripped charge, elec-
trodes undergoing stripping under lower initial current densi-
ties lose less contact with the LLZO compared to electrodes
stripped at higher current densities. Using a load on the strip-
ping electrode impacts the evolution of the electrochemically
active interface (Figure 1b). Comparing Figure 6ab we note
that overall, for the same amount of charge, the areas under
a varying load (i.e., within the red circle in Figure 7) preserve
more contact compared to areas under no or very little load
outside the edges of spherical contact. In other words, with
increasing stripped charge, more dark pixels are added to the
area outside the spherical load, compared to the dark pixel
counts in the area directly under the load (marked with red cir-
cles in Figures S, 7, 8). Furthermore, we observe that during
these experiments, certain dark pixels brighten with increasing
charge (see Supplementary Videos), leading to a decrease in
the dark pixel count compared to the previous frame
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Figure 6. Evolution of the electrochemically active area, A, normalized
by the electrochemically active area in OCV for Li-metal electrodes
under galvanostatic stripping at different current densities and an
applied load up to P, = 4.7-7.6 MPa on the observed interface
(Figure 1b). (a) Decrease in A compared to the first frame in OCV
for the area of the electrode outside direct contact with the Ni sphere
(Figure lc, area outside the blue circle). (b) Decrease in A compared
to the first frame in OCV for the area of the electrode directly under
the Ni sphere (Figure 1c, area inside the blue circle). Note that panels
a and b are on the same scales. (c) Recorded cell voltage for each
experiment in panels a and b. Note the logarithmic color scale corre-
sponding to j, for each experiment.

(Figure S1). This change of previously dark pixels into brighter
ones results in an inflection in tracking the electrochemically
active area with charge. We interpret the brightening of previ-
ously dark pixels as recovery of the interface contact beneath
and around the area under a compressive load. In Figure 6c,
higher current densities lead to an increased voltage, in line
with increasing ohmic resistance and decrease of the area of
the electrochemically active interface. Similar voltage curves
increasing more abruptly for cells stripped under higher cur-
rent densities have also been reported in previous stud-
fes.21/25,38,505965 Note that the voltage curves in Figure 6¢
corresponding to electrodes under a point load present less
scatter compared to the ones in Figure 3b, due to the mechan-
ical force between the Ni wiring and the Li electrode. Thus, we
attribute the scatter in voltage curves in Figure 3b to the lack
of a compressive force on the stripping electrode.

Under an applied load (<7.6 MPa), the magnitude of the ini-
tial current density dominates interface degradation at charges
up to 0.005 mAh, after which the applied load has a significant
impact on interface recovery. Similar to Figure 4, we present in
Figure 7 the electrochemically active area of electrodes having
undergone the same amount of Li-ion stripping under different
initial current densities and an applied load. At a charge of 0.00S
mAh (first row, Figure 7) electrodes stripped under low initial
current densities (j, = 0.007-0.1 mA/cm?) present a lower
density of larger voids, mainly around the electrode edges,
whereas electrodes stripped under high initial current densities
(jo = 0.5-1 mA/cm?), present an increased density of smaller
voids at the electrode edges and middle. At a stripped charge
of 0.01 mAh, the applied load enables distinguishable interface
recovery during in situ monitoring (i.e., pixels that were dark
in earlier frames become brighter) only in the cell with the
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j,=0.007 mA/cm?

R max= 4.7 MPa

Jo=0.1 mA/cm?
R max= 7.4 MPa

Frame at 0.01 mAh Frame at 0.005 mAh

Frame at 0.013 mAh

Jj,=0.5 mA/cm?
R .6 MPa

Jo=1mA/cm?
5 MPa

Figure 7. Selected frames corresponding to 0.005, 0.01, and 0.013 mAh of stripped charge in the first, second, and third row, respectively. The frames
are unprocessed and reported on the same scale bar. The frames captured during in OCV can be found in Figure Sa for the electrode in the first
column, and in Figures S13, S14, and S11 for the electrodes in the second, third, and fourth column, respectively. The magenta arrow points toward
pixels that become brighter in subsequent frames. The area under the a point load up to P, (Figure 2b) is marked by a red circle. The electrode
area outside the red circle is under no load. The counter electrode and the liquid electrolyte are at the top of each frame, similar to the convention

presented in Figure lc.

highest P, of 7.6 MPa. In Figure 7 the magenta arrow marks
the dark pixels that brighten with increasing charge from 0.005
to 0.01 mAh. Additionally, Figure 8 demonstrates that the
inflections observed in Figure 6a,b correspond to brightening
pixels with increasing charge, which we interpret as interface
recovery due to the applied load. Figure 8a presents an example
of interface recovery after a rest period of 12 hrs of OCV, in
which we observe brightening of pixels corresponding to the
Li directly under load (Figure S14). Figure 8b,c present pixel
brightening with increasing charge for electrodes stripped at
high current densities (j, =1-3.5 mA/cm?) under loads of up
to 6.5 MPa.

Interface Evolution under a Load

We demonstrate that loads up to 7.6 MPa delay the onset of
voids during electrochemical stripping in Li-metal on LLZO,
but do not entirely mitigate void formation. The vacancy injec-
tion rate due to stripping at the interface is independent of the
applied load. However, the vacancy concentration is lower in
areas under compression (eq 1, Figure S8). Despite the com-
pressive loads up to 7.6 MPa, we observe voids for all experi-
ments, except the slowest rate (0.007 mA/cm?, 0.025 mAh,
Figures S, 7, S9), where voids are not present in the region of
maximum compressive load, P, . Note that voids do appear
in areas equidistant from the counter electrode in Figure Sb,c.
Voids require the presence of tensile stresses. Our observation
of voids indicates that the number of vacancies injected into
the interface at rates higher than 0.007 mA/cm? cannot be com-
pensated by Li atoms during creep, i.e., metal diffusion driven
by a stress gradient. This gradient relates to the difference in

mechanical stresses between the outer lithium surface (com-
pressive) and the electrochemical interface (tensile).

Even under a load up to 7.6 MPa, high initial current densi-
ties lead to a faster loss of the electrochemically active area. For
a simple approximation, the ratio between the area of a circle
and the volume of a hemisphere with the same radius, r, is
inversely proportional to the radius (;3<-~1). Therefore, for
the same total volume, smaller radii result in a greater surface
area. Our observations demonstrate that for the same charge,
high current densities enable the generation of more Li surface
with much higher diffusivities, and thus the dominance of ada-
tom diffusion on the void surface, compared to lower current
densities in which bulk and grain boundary diffusion still play
a significant role.*’ In other words, for the same amount of
stripped charge, the higher surface-to-volume ratio generated
at high current densities increases the contribution of adatom
diffusion, which is much faster compared to bulk and grain
boundary diffusion (surface > grain boundary > bulk diffu-
sion).!7°®¢7 These observations, provide direct evidence for
previously suggested models emphasizing the role of surface
adatom diffusion in Li|SE interface degradation.'”** With
increasing charge, the significant interface degradation pre-
sented in Figures 4 and 6 leads to current constriction effects
in cells, and locally elevated current densities.'”>®

We attribute the observable interface recovery to Li-metal
creep during both OCV (Figure 8a) and ongoing stripping
(Figures 7, 8b,c). We observe significant recovery towards the
end of stripping at high current densities (Figure 8b,c). At these
high current densities, the electrochemically active interface
does not decrease as fast towards the end of the stripping,
and for the areas under a load the interface recovers during
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a)j,=0.5 mA/cm? R ,..=7.6 MPa
0.023 mAh

OCV for 12 hrs

b)j. =1 mA/cm?
0.013 mAh

R max= 6.5 MPa

0.016 mAh

Qj,=3.5mA/cm? R .x=5.7 MPa

Figure 8. Selected frames displaying the impact of a load on the elec-
trochemically active area. (a) Pixels become brighter (ie., interface
recovery) after a period of OCV. (b, c) Pixels become brighter with
progressive stripping under high current densities. The area under load
is marked by a red circle. The SEM investigation of the sample with j,
= 0.5 mA/cm? after electrode lift off can be found in Figure S15. All
images are reported on the same scale bar. The counter electrode
and the liquid electrolyte are at the top of each frame, similar to the
convention presented in Figure lc.

stripping (Figure 6b). This recovery suggests that a more spa-
tially homogenous insertion of vacancies (and generation of
tensile stresses) over the electrode interface under high current
densities is at least partially compensated by the yield and tran-
sient creep of the Li under the load. The limited interface recov-
ery and void growth hint towards the impact of the small-scale
mechanics and possible size effects in the mechanical strength-
ening of Li counteracting yield and creep at the inter-
face.””*%%6 While strain can easily be accommodated on the
macroscale length of our electrodes, size-effects will play an
increasingly greater role due the thinning of Li between growing
voids. At room temperature, Li metal has a homologous tem-
perature of 0.65, and displays mechanical behavior consistent
with power-law creep with an exponent of approximately 6.5
and a rate-limiting mechanism controlled by lattice diffusion
(dislocation climb), as well as a size effect in strain accommoda-
tion controlled by the aspect ratio of the deforming area.*”¢%¢

According to compression creep experiments performed by
Haslam et al,, a Li-metal foils with aspect ratios greater or equal
to 0.07 would reach steady-state deformation after approxi-
mately 30 minutes of loading at 5 MPa, and that samples with
these aspect ratios easily accommodate large creep rates
(Figure S8).%® In our cells, the Li-metal undergoing deforma-
tion under the Ni ball has aspect ratios between 0.1 and 0.2.
These aspect ratios imply that for the electrodes in our study,
only the areas under the load for the electrodes with j, =
0.007-0.5 mA/cm?* (Table 1) reached steady-state Li deforma-
tion prior to void formation, and during 12 hours OCV
(Figure 8a). Our direct observations confirm that an applied
load alone does not entirely mitigate voids at the interface, as
previously discussed by Zaman et al.>’

Our results directly inform numerical studies calculating the
boundaries of regimes of stripping without void formation.
Models of Li self-diffusion indicate that under an equilibrium
current density, the vacancy insertion balances vacancy diffusion
and annihilation and thus, no voids (i.e., new surfaces) form."”
Using this vacancy concentration balance, Krauskopf et al.'”
estimate this equilibrium current density in the range of 0.05—
0.2 mA h/cm? at room temperature, under no stack load.'”
Lu et al.>* use DFT to predict stable stripping at current densi-
ties up to 6 mA/cm? for 1 mA h/cm? and no stack pressure (see
their Figure 2°%), which we do not observe, suggesting that
experimental inhomogeneities (e.g. interface impurities, Li
metal microstructure) are not captured by the aforementioned
studies. Agier et al.** couple power-law creep of Li metal with
electrochemical stripping and predict that no void would
develop diameters exceeding 10 pum and that loads up to
1.5 MPa would stabilise void growth, which we do not observe
(Figures S). Recent phase-field based predictions by Barai
et al.* of void formation at 0.1 mA h/cm” and no stack load
indicates void growth with diameters greater than 8 pm after
~ S hours. Their predictions, including those of void formation
during stripping under a stack load up to 8 MPa, match well
with our experimental observations (Figures 4, 7, 8). For this
simulation, the authors assumed pristine Li surfaces with a dif-
fusivity 2000 times greater than bulk diffusivity.”” The agree-
ment between our experiments and their simulations suggests
that the large discrepancies between surface and bulk diffusivity
in Li contribute to void growth even under a load. Recent
numerical simulations exploring the interplay between different
types of surface Li diffusion and overpotential in the loss of the
electrochemically active area match qualitatively with our obser-
vations in Figures 3 and 6.”° Furthermore, our observation of
void facets for current densities <0.02 mA h/cm? have not been
predicted by numerical studies and further emphasize the role
of heterogeneities in surface energy and diffusivity in void
growth.

Microstructural and Chemical Factors Impacting the
Interface

Our experimental design minimizes the impact of microstruc-
tural and chemical factors impacting the evolution of the elec-
trochemically active area. We assume that the LLZO remains
a constant in our experiments, despite small differences in sur-
face roughness or residual contaminants after sample prepara-
tion. Similarly, our Li-metal electrodes are prepared using the
same rolling and cooling routine, and we expect consistent
microstructures amongst the observed electrodes (large grain
sizes in the 100200 pm range).*"*’ Thus, our observations
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are only sensitive to the applied current density, load, and vari-
ations in the passivation layer or contaminants in the Li elec-
trodes. Operando direct imaging using X-rays in Li|LLZO|Li
reveals void formation at small current densities (<0.02 mA
h/cm?) in hot spots correlated with microstructure of the
LLZO pellet.”” While electrolyte porosity, and presence of grain
boundaries might influence void formation, we demonstrate
that the initially applied current density has a significant impact
on interface degradation and generation of hot spots for inter-
face detachment. Note that very few of the voids we present fol-
low the roughness on the surface of the electrolyte. For
example, while some of the voids in the panels in Figure 2a
and c follow residual scratches on the LLZO, the voids develop-
ing in Figure 7 (third column) do not follow the deeper
scratches introduced with a diamond pen on the LLZO
(Figure S15). Lewis et al.* also present heterogeneous decrease
in the electrochemically active area using X-ray techniques on
Li|LSPS|Li cells, and note that void formation is independent
of surface roughness, similar to our observations in LLZO.2®
However, Lee and Sakamoto® use LLZO pellets with different
surface roughnesses to demonstrate that a flatter SE enhances
the stripping capacity of the Li metal anode.®® We demonstrate
that variations in surface roughness of the LLZO have a minor
impact on void development. We suggest that for Li metal
against LLZO, inhomogeneities in electrode application and in
interface formation (different loads and temperatures), which
influence Li metal wetting, as well as variations in electrode
thickness, chemical purity, and the passivation layer play a sig-
nificant role in generating hot spots for interface degradation.
For example, in our experiments at slow rates, the edges of
the electrodes (locally thinner) represent hotpots for contact
loss.

Both impurity segregation and void growth are simulta-
neously occurring and lead to loss of contact and increased cell
voltage. In our experiments, these impurities appear brown and
black under light microscopy upon cell disassembly and also
leave residue on the LLZO after electrode lift off (Figures S9—
S14). Note that not all cells present detectable residual impuri-
ties upon cell disassembly as documented via light microscopy
in Supplementary Materials. EDS measurements (Figures S10,
S12, S15) on peeled off electrodes indicate an O, C, and N
enrichment correlated with these impurities on some of the
electrodes. Noteworthy, in one experiment, the impurity segre-
gation at the interface was detected only after a current-jump
test (Figure S9). We suggest that our Li-metal electrodes
become enriched in C- and N-based impurities during melting
of the electrode on the LLZO due to the trace amounts present
in the glovebox. We mitigate against this contamination by run-
ning frequent glovebox regeneration protocols, as well as melt-
ing larger amounts of Li in the glovebox with the aim to trap
residual N and C products. Becker et al.*® also report a dark film
left on the solid-electrolyte after cell disassembly, which they
attribute to Na-rich impurities.®® Vema et al*® document
oxide-rich impurities depositing during stripping of at
Li|LLZO and propose a model for contact loss solely due to
impurity segregation.18’20’32

Bl CONCLUSIONS

Our experimental strategy focuses on minimizing variability
(e.g, electrolyte microstructure, interface formation, anode
composition) and observing electrochemical stripping on a

simplified system relevant for SSBs with oxide electrolytes.
We document the development of high degrees of inhomogene-
ity on the same interface, which we expect to be enhanced
within cells with high technology-readiness level. The initial
current density impacts both void morphology and void density
at the electrochemically active interface. Very small current den-
sities (<0.02 mA h/cm?) lead to fewer, but larger voids, often
with facets corresponding to crystallographic planes within the
Li grains. Large current densities (>0.5 mA h/cm?) lead to a
greater number of voids of smaller sizes. Thus, for the same vol-
ume of removed Lj, faster rates lead to a disproportionally faster
loss in the electrochemically active area. These dynamics are
still present when a load up to 7.6 MPa is applied on the strip-
ping electrode. Applying a load mitigates and delays interface
decoupling due to void formation. The external load generates
a flux of lithium metal atoms to the interface, which is strained
under tension due to vacancy injection. The resulting balance
determines whether an external stack pressure can prevent void
formation. Our observations further indicate that macroscale
compressive loads cannot counteract the nanoscale stress fields
that form during electrochemical stripping. Segregation of
impurities at the interface also leads to further unrecoverable
loss of the electrochemically active interface. We present a sim-
plified system for investigating electrochemical stripping, which
could be used as a benchmark in future numerical studies inves-
tigating interface degradation across a wide range of current
densities, low stack pressures, and impacted by current constric-
tion. Future improvements on our system include additional
developments to apply a fixed or an oscillating load, as well as
cells assembled with alloy anodes (e.g., Mg-Li alloys), interface
coatings, and thinned and light-transparent LLZO pellets. Our
results imply that future interface optimization of SSBs should
be directed toward balancing surface (inside voids) and bulk
diffusivities in the metal anode, as well as accommodating the
local strains caused by vacancy injection at the interface.
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