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Microstructure of Lithium Metal Electrodeposited at the
Steel|Li6PS5Cl Interface in “Anode-Free” Solid-State Batteries

Juri Becker, Till Fuchs,* Till Ortmann, Sascha Kremer, Felix H. Richter, and Jürgen Janek*

Recent research shows that integrating lithium metal anodes can enhance
battery energy density, but the high reactivity of lithium requires handling
under inert conditions to avoid degradation. To overcome this, reservoir-free
cells (RFCs) are explored, where lithium metal is electrodeposited at the
current collector (CC) and solid electrolyte (SE) interface during initial
charging. The electrochemical properties of electrodeposited lithium are
influenced by its morphology and microstructure, which impact lithium
discharge capacity and pore formation. However, little is known about how to
control the microstructure of electrodeposited lithium. This work
experimentally characterizes the lithium microstructure at the steel|Li6PS5Cl
interface using cryogenic ion beam milling, scanning electron microscopy
(SEM), and electron backscatter diffraction (EBSD), focusing on the effects of
electrodeposition current density and lithium layer thickness. The results
show that layer thickness, not current density, primarily governs the lithium
microstructure. This “specimen thickness effect” is qualitatively described
using a Monte Carlo Potts model and indicates that electrodeposited lithium
metal quickly equilibrates at room temperature.

1. Introduction

Solid-state batteries (SSBs) are of primary interest as alterna-
tives to conventional lithium-ion batteries as solid electrolytes
(SEs) may enable the use of lithium metal as negative electrode
material.[1,2] Having a low redox potential of −3.04 V and a high
theoretical specific capacity of 3861 mAh g−1, the implemen-
tation of lithium metal would significantly increase the energy
storage capability of next-generation rechargeable batteries, while
SEs are expected to meet future safety standards.[3–5]
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As lithium is highly reactive, degra-
dation layers form on the surface of
pristine foils when in contact with at-
mospheric constituents or SEs.[6–9] To
minimize the thickness of this degrada-
tion layer, storage under the exclusion
of nitrogen, oxygen, and water is neces-
sary. However, even in argon-filled glove-
boxes with low partial pressures of reac-
tive gases, degradation layers still form.[6]

These layers increase the resistance of
lithium|SE interfaces, and significantly
impact the electrochemical performance.
To reduce this interfacial resistance, ei-
ther high pressures of ≈400 MPa must
be applied during preparation, or me-
chanical cleaning steps must be used to
remove the degradation layers from the
lithium surface beforehand. Both meth-
ods, as well as storage under inert gas, are
costly and impede manufacturing.[8,10]

To circumvent the challenging reac-
tivity of lithium metal foils, avoid costly

storage under an inert atmosphere, and further increase the
theoretical energy density, reservoir-free cells (RFCs, often re-
ferred to as “anode-free”) are increasingly investigated and
developed.[7,11–13] Directly after cell assembly, RFCs consist in
their discharged state only of lithiated positive electrode mate-
rial, SE, and current collectors (CC). Their distinctive feature is
that the CC at the negative electrode is in direct contact with the
SE separator layer. No reservoir of lithium at the negative elec-
trode is added, as the lithium available for cycling is contained in
the lithiated active material in the positive electrode.[14,15] Lithium
metal is electrodeposited on the CC during the first charging step,
with 5 μm of electrodeposited lithium corresponding to roughly
1 mAh cm−2 of capacity. As a result, the reservoir-free electrode
further increases the energy density compared to SSBs with an
additional lithium layer.[11] Sufficiently stable cells require a very
high Coulomb efficiency,[16] and ≈20 μm of lithium need to be
reversibly cycled to meet an areal capacity of 4 mAh cm−2.

The microstructure of electrodeposited lithium is of great in-
terest because it influences the Coulomb efficiency, as shown
by Singh et al. in Li|LLZO|Li cells.[17,18] Under pressure, large-
grained lithium foils exhibit higher stripping capacities and an
increased electrode roughness after contact loss, while smaller-
grained lithium foils have lower stripping capacities and a
smoother electrode surface after contact loss. Moreover, it has
been established that the lithium microstructure significantly im-
pacts both its mechanical and electrochemical properties during
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cycling as an anode material, when using foils.[19–21] However,
the microstructure of lithium foils is not tangible, as it is largely
dependent on industrial manufacturing processes.

No lithium metal is required for the construction of RFCs,
which simplifies the supply chain and storage beforehand. Ad-
ditionally, electrodeposition allows for homogeneous lithium|SE
interface contacts even at low stack pressures, in the range of
10 MPa or less, and enables precise determination of the battery’s
start of service life.[11,22] We like to note that conventional lithium-
ion batteries (LIBs) operate similarly with respect to the lithium
inventory, as also here all lithium is initially stored in the positive
electrode and transferred to the negative (graphite) electrode dur-
ing the first charge step. Thus, balancing the lithium inventory in
“reservoir-free” SSBs and minimizing the loss of lithium in any
SEI is as relevant as in LIBs.[23–25]

The primary challenge with RFCs arises from the morphol-
ogy of the electrodeposited lithium layer, often resulting in non-
uniform lithium structures in the form of islands, dendrites,
or whiskers.[26–30] Recent research indicates that external fac-
tors such as temperature, stack pressure, and current density
can significantly impact the morphology of the electrodeposited
lithium layer.[22,31–34] For example, a higher electrodeposition cur-
rent density leads to an increased nucleation density, leading
to higher coverage of the current collector.[22,31,32] The resulting
microstructure of lithium layers electrodeposited in RFCs is a
largely unexplored parameter although it has a large influence
on the electrochemical and chemo-mechanical properties of the
alkali metal.[18,19,35]

As shown in previous reports, the microstructure of met-
als, including lithium, can be analyzed using electron backscat-
ter diffraction (EBSD) without the influence of the analysis
method itself.[19,36–39] Going beyond the characterization of con-
ventional metal foils, Fuchs and Ortmann et al. reported a well-
reproducible workflow and presented a qualitative microstruc-
ture analysis of electrodeposited lithium by EBSD.[39] They
showed that the microstructure of electrodeposited lithium does
not change over time at room temperature,[39] allowing to anal-
ysis of electrodeposited lithium as a function of different elec-
trodeposition parameters.

To the best of our knowledge, the influence of electrodepo-
sition parameters on the lithium microstructure has not been
studied yet, due to the buried nature of interfaces and the high
reactivity of the metal during sample preparation. The elec-
trodeposition of other metals such as Cu, Ag, or alloys like
Ni0.2Co0.8 at liquid|solid interfaces, shows a correlation between
the used electrodeposition parameters and the resulting mi-
crostructure, which in turn suggests that also the microstruc-
ture of electrodeposited lithium depends on the electrodeposition
parameters.[37,40,41]

Electrodeposition of lithium with controlled microstructure
could be an effective method of modifying the cycling properties
of the lithium electrode. By varying electrodeposition parame-
ters such as current density, temperature, or capacity, microstruc-
tural parameters such as grain size or grain boundary distribu-
tion might be adjusted, potentially adapting the microstructure
to the requirements for further cell operation.

This work aims to better understand the microstructure of
lithium layers electrodeposited at the interface between steel and
Li6PS5Cl as a function of the current density used for electrode-
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Figure 1. Illustration of the model system used and a representative
lithium electrodeposition. A) Voltage profile of lithium electrodeposition
at the steel|Li6PS5Cl interface using a current density of 100 μA cm−2 and
schematic of the used cell setup steel|Li6PS5Cl|Li|steel. B) Impedance data
before and after the electrodeposition of lithium at the steel|Li6PS5Cl in-
terface, as depicted in the schemes. Characteristic frequencies are high-
lighted with filled circles. The time of the measurement is marked in the
voltage profile with enlarged dots.

position and to analyze the microstructural evolution during pro-
longed lithium electrodeposition, i.e., for different lithium layer
thicknesses. The preparation of wide cross-sections allows for the
analysis of many grains and obtain reliable statistics regarding
grain size and grain orientation. In the second step, the experi-
mental results are described with a Monte Carlo Potts model. The
results reveal that the microstructure of electrodeposited lithium
layers is mostly independent of the current density, i.e., electrode-
position kinetics. There is rather a specimen thickness effect, i.e.,
the layer thickness determines the lithium microstructure, offer-
ing to effectively adjust the microstructure of electrodeposited
lithium to match requirements for further cell operation (i.e.,
lithium dissolution) by changing electrodeposition capacities.

2. Results and Discussion

2.1. Electrodeposition of Lithium at the Steel|Li6PS5Cl Interface

To investigate the influence of electrodeposition parameters on
the lithium microstructure, we built steel|Li6PS5Cl|Li|steel cells
to be used as a model system. A characteristic voltage profile for
lithium electrodeposition at the steel|Li6PS5Cl interface with a
current density of 100 μA cm−2 is shown in Figure 1A. First,
the voltage profile passes through a minimum, which represents
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Figure 2. Current density-dependent lithium electrodeposition and microstructural analysis. A) Voltage profiles during lithium electrodeposition with
current densities between 50 μA cm−2 and 500 μA cm−2 as well as the calculated lithium layer thickness. B) Schematic of the used workflow to prepare
cross-sections. C) SEM images of representative steel|Li6PS5Cl cross-sections after electrodeposition of lithium with different current densities, see also
Figures S1–S4 (Supporting Information). D) Overlay of the SEM images and IPF maps, which are given parallel to the y-direction as illustrated in (B).
Grain boundaries (> 10°) are depicted with black lines. Misorientations between 2° and 10° are depicted in grey. The scale bar within the SEM images
represents a length of 50 μm and also applies to the respective image overlayed with its IPF map.

the nucleation overvoltage relative to the following plateau, be-
ing in good agreement with previous studies on the electrode-
position of lithium at CC|SE interfaces.[11,31] Here, lithium nu-
cleation occurs.[11] The voltage then stabilizes at ≈10 mV, which
agrees with the IR drop of the solid electrolyte. At this point,
the previously formed nuclei grow larger, forming the observed
grains.[11] Deviations stem from the resistances occurring at the
two Li|Li6PS5Cl interfaces.

Additionally, exemplary impedance plots in Nyquist repre-
sentation before and after the electrodeposition are shown
in Figure 1B, recorded at the times indicated with two en-
larged points within the voltage curve. The steel electrode
is initially an ion-blocking electrode, which is why a capaci-
tive response before electrodeposition is visible at lower fre-
quencies (<3 MHz). After electrodeposition, the cell has two
lithium electrodes (i.e., two reversible electrodes for lithium
ions), as indicated in the schematics in (B). As a result,
several semicircles are now observed within the impedance
data, which can be attributed to the charge transfer at
the two Li|Li6PS5Cl interfaces, proving successful lithium
electrodeposition.[11]

The resistance contribution of the solid electrolyte has not
changed significantly during nucleation and growth, indicating
that no severe lithium electrodeposition or dendrite formation
has taken place inside the solid electrolyte. However, due to a
similar resistance contribution of thin lithium filaments and
Li6PS5Cl, partial dendrite formation or lithium deposition inside
of the Li6PS5Cl pellet cannot be completely ruled out. Neverthe-
less, the used model system is suited for investigating the elec-
trodeposition of lithium with different current densities, which
is presented in the following section.

2.2. Influence of Current Density on the Lithium Microstructure

Voltage profiles for lithium electrodeposition with 50 μA cm−2,
100 μA cm−2, 250 μA cm−2, and 500 μA cm−2, as well as exemplary
SEM pictures and inverse pole figure (IPF) maps of the prepared
cross-sections of the different layers are shown in Figure 2. Elec-
trodeposition was limited to a capacity of 1 mAh cm−2, theoreti-
cally resulting in a lithium layer thickness dLayer of 5 μm. Please
note that the charge per area is referred to as capacity in accor-
dance with literature.

As in Figure 1A, the voltage profiles show a characteristic min-
imum, which represents the nucleation overvoltage when refer-
enced to the following plateau. Electrodepositing lithium with
current densities of 50 μA cm−2 and 100 μA cm−2 results in a
continuous voltage profile during the electrodeposition process
after nucleation. However, for higher current densities of 250 μA
cm−2 and 500 μA cm−2, discontinuities occur in the voltage pro-
file. These are caused by dendrite formation, as lithium filaments
from the metal anode penetrate the solid electrolyte and (soft)-
short-circuit the cell. This phenomenon is known for lithium
metal anodes–especially at higher current densities–and resem-
bles one of the main challenges for the initial charging step in
RFCs if high areal capacities are applied.[42,43]

Nevertheless, a dense and homogeneous lithium layer is ob-
served for all current densities in the SEM images. The prepared
cross-sections show a layered electrode arrangement, with the
steel foil at the top, which was used as the WE as shown in
Figure 1A. The electrodeposited lithium layer can be seen be-
low. At the bottom, residual SE remains adhered to the elec-
trode during cell disassembly. It is noteworthy that in all cases
a homogeneous lithium layer had grown over almost the entire
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width of the prepared cross-section (over several millimeters).
For the full cross-section, we refer to the Supporting Informa-
tion (Figures S1–S4, Supporting Information). Furthermore, ho-
mogeneous Li|Li6PS5Cl and Li|steel interfaces are visible along
the entire cross-section, revealing continuous physical contact be-
tween the materials.

To exclude the influence of the layer thickness as much as
possible, layers of approximately the same thickness dLayer were
electrodeposited. The thicknesses of the electrodeposited lithium
should theoretically be roughly 5 μm for Q = 1 mAh cm−2. When
compared with the SEM images, lithium layers thicker than 5 μm
are found for all used current densities, as lithium is only elec-
trodeposited on part of the electrode area, as can be seen in opti-
cal images of the SE pellet surface and working electrode surface
of a similar sample in Figure S5 (Supporting Information). In-
terestingly, even for the cells in which a short circuit occurred
during electrodeposition (i.e. j = 250 μA cm−2 and 500 μA cm−2),
a layer thickness larger than 5 μm is visible. In addition to the
deviation between the total and used electrode area, another rea-
son could be that even after the first discontinuity in the voltage
profile, further lithium electrodeposition occurs, as only a “soft
short” has been created. In this case, the resistance of the ex-
isting dendrite is approximately as high as the resistance of the
solid electrolyte, so that current continues to be transported in the
form of lithium ions.[3] This is proven by further discontinuities,
which are caused by further redox reactions at the electrodes (i.e.,
ongoing dendrite formation).

Analysis of the electrodeposited lithium layer via EBSD en-
ables direct visualization of the different grains formed during
electrodeposition. Different grains are colored according to an
inverse pole figure color scheme in the y-direction (growth direc-
tion), i.e., each pixel is colored according to the crystal direction
that runs parallel to the y-direction of the map. Noticeably, most
grain boundaries are oriented perpendicular to the steel|Li6PS5Cl
interface. This is particularly interesting as it represents a major
difference to conventionally prepared Lifoil|Li6PS5Cl interfaces.
The grains of conventional lithium foils are usually oriented
randomly,[39] resulting in the presence of both vertical and par-
allel grain boundaries within the lithium metal attached to the
SE. This has probably a significant influence on the dissolution
of lithium after electrodeposition and the mechanics of the elec-
trode.

For comparison of the different current densities and to in-
clude statistics, the dimensions for all analyzed grains are sum-
marized within a boxplot in Figure 3. At this point, it should be
noted that when analyzing the grains, grains located at the edge
of the cross-section were not considered if they were not visible
over their entire width. Using millimeter-sized cross-sections, 70
grains were analyzed for a current density of 50 μA cm−2, 59 for
100 μA cm−2, 109 for 250 μA cm−2 and 51 for 500 μA cm−2. The
boxplot in blue summarizes the measured grain widths wGrain for
the different current densities. It should be noted that the grain
width wGrain refers to the lateral dimension of the grains along the
cross-section. Due to the slight deviation in layer thicknesses, as
can be seen in Figure 3 in black above, we herein excluded the
vertical dimension of the analyzed grains. Furthermore, we as-
sumed for simplicity that the grains´cross-sections are rectan-
gles, which only leads to negligibly small deviations in width due
to the mostly vertical grain boundaries. Taking the cross-sectional

Figure 3. Summary of the analyzed lithium layers electrodeposited with
different current densities. The average layer thickness is shown in black
circles in the top part of the graph. The width of each lithium grain (wGrains)
as well as the calculated grain density (𝜌Grains) are depicted in the section
beneath. The distribution of grain widths is shown in the boxplot in blue
and summarizes 70 (50 μA cm−2), 59 (100 μA cm−2), 109 (250 μA cm−2),
and 51 (500 μA cm−2) measured grains, respectively. The average width is
represented with a triangle inside each box. Outliers (interquartile range
factor = 1.5) are marked with blue points. The calculated grain density is
depicted in red.

length into account, the grain density, i.e., the number of grains
per millimeter of cross-section, was also calculated. This is shown
in red.

From previous works on RFCs, it is known that an increased
current density increases the nucleation density.[22,31] If the mi-
crostructure of a lithium layer were determined by nucleation
solely, one would expect that a higher current density would also
lead to a smaller grain size and a higher grain density 𝜌Grains.
At this point, we like to note that the published nucleation ex-
periments were carried out with Cu|Li6.25Al0.25La3Zr2O12 and
Cu|LiPON model systems. As a first approximation, however, we
assume that the steel|Li6PS5Cl system used here follows a simi-
lar current density dependence – even though copper and steel
interact differently with lithium metal, as copper, unlike steel,
can dissolve lithium.[44] Due to the method of analysis (i.e., in
a cross-sectional way), the data are referenced to a width instead
of an area here.

When comparing the expected nucleation density and the re-
sulting number of grains for the different current densities,
however, a significant difference between the two quantities
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shows up. Compared to an expected number of nuclei[22] of
around 320 mm−1 for 50 μA cm−2 and 700 nuclei per mm for
500 μA cm−2, we measured a considerably smaller grain density
𝜌Grains of 40 grains per mm for 50 μA cm−2 and 28 grains per mm
for 500 μA cm−2. Notably, these values cannot be directly com-
pared, as not every nucleus results in a separate grain; neighbor-
ing nuclei may merge due to similar orientations to form a single
grain upon contact. However, the difference of an order of magni-
tude strongly hints toward an influence of the subsequent grain
growth after nucleation.

When comparing different current densities, no significant
trend is found. The average grain width, marked with triangles,
remains ≈20 μm for all current densities, with deviations falling
within the range of measurement accuracy or within statistical
variation. The grain density 𝜌Grains, displayed in red, behaves anal-
ogously and shows no clear trend for the used current densities.
Interestingly, both wGrain and 𝜌Grains are highest and lowest for
500 μA cm−2 respectively. The exact opposite would have been ex-
pected under the assumption that the nucleation density is high-
est for 500 μA cm−2.

In summary, the microstructure of electrodeposited lithium
layers seems not to be solely determined by nucleation. Other-
wise, a stronger correlation between the electrodeposition cur-
rent density and the resulting grain size or grain density would
arise. However, it should be noted that due to experimental lim-
itations, the layers were only analyzed after the deposition of 1
mAh cm−2. Thus, grain growth might have already taken place
during deposition. The steel foil substrate appears to have no
significant influence on the lithium microstructure. Compared
to the average grain size of the steel foil, those determined for
lithium are much larger (see Figure S6, Supporting Informa-
tion). This is in good agreement with previous results of elec-
trodeposited alkaline metal layers on different substrates.[39] An
influence of the Li6PS5Cl SE on the nucleation or the microstruc-
ture shortly after the start of electrodeposition cannot be ruled
out and is further discussed based on our simulations in the re-
spective chapter. Possible further effects on the microstructure
include the stack pressure that was applied to the cell during elec-
trodeposition. More likely, however, is relatively fast lateral grain
growth during continuous lithium electrodeposition, i.e., during
vertical layer growth, which is examined in more detail below.

2.3. Influence of Electrodeposition Capacity on the Lithium
Microstructure

First investigations by Fuchs and Ortmann et al. on electrode-
posited alkali metal layers in an operando experiment already sug-
gest that the microstructure is not solely determined by the ini-
tial nucleation of lithium. Instead, lateral grain growth appears
to occur during ongoing electrodeposition.[39] This agrees with
the results summarized in the previous section. Hence, the mi-
crostructural evolution of lithium layers during prolonged elec-
trodeposition is examined in the following.

For this, the capacity Q was increased to 2.5 mAh cm−2, 5 mAh
cm−2, and 10 mAh cm−2 in additional measurements, changing
the theoretical (mean) layer thickness from 5 up to 50 μm, respec-
tively, while keeping the current density constant at 100 μA cm−2.
The voltage profiles during electrodeposition and examples of

the subsequent SEM analysis combined with EBSD are shown
in Figure 4.

As with the first electrodeposition, a continuous profile can be
seen in Figure 4A. For none of the selected capacities a short
circuit occurs, showing that even thick lithium layers can be
electrodeposited free of short-circuits with 100 μA cm−2 at the
steel|Li6PS5Cl interface. The measured layer thickness compared
to the theoretically expected one is shown in Figure 4B. As dis-
cussed before, the actual thickness is slightly higher compared
to the calculated one, due to the incomplete coverage of the steel
electrode size. Interestingly, the largest deviation between the
measured and theoretical values occurs at Q = 10 mAh cm−2.
This may be due to an uneven growth rate of certain areas of
the layer, caused by an inhomogeneous stack pressure distribu-
tion during electrodeposition. The uneven stack pressure distri-
bution could either stem from cell preparation or faster growth
in some areas, leading to poorer contact between the steel stamp
and working electrode in slower-growing regions. Deviations in
thickness align with observations of another thick lithium layer,
where thinning occurs at the edges of the electrode (see Figure
S7, Supporting Information).

Analysis of the electrodeposited lithium within the SEM re-
veals a dense layer in the region of interest, with only small local
differences in layer thickness. For a complete view of the cross-
section, the reader is referred to Figures S2, S8–S10 (Supporting
Information). All layers retain the columnar structure, with al-
most exclusively vertical grain boundaries and grains spanning
the entire layer thickness. Occasionally, as seen in the center of
the IPF map for Q = 10 mAh cm−2 (see Figure 4D), smaller
truncated grains appear between two larger neighboring grains.
These V-shaped grains might result from the preferential growth
of certain grains during prolonged electrodeposition or due to
significant differences in growth rates. Their number is typically
small.[39]

When comparing the individual layers, both the grain height
hGrains and the grain width wGrains differ between layers. For lower
capacities, multiple grains are fully visible in the chosen image
section in Figure 4D. The higher the capacity, the fewer grains are
visible. For a more in-depth analysis, all grains are characterized
both in terms of their grain height hGrains, and their width wGrains.
For a capacity of 1 mAh cm−2, the number of grains amounts
to 59, for 2.5 mAh cm−2 to 54, for 5 mAh cm−2 to 21, and for
10 mAh cm−2 to 16.

To gain a better understanding of possible deformations or
stresses within the electrodeposited lithium grains, they were fur-
ther analyzed for their misorientation. The measure used for this
is the grain reference orientation deviation (GROD) angle, which
indicates the misorientation of a pixel within the grain relative
to the average orientation of the entire grain.[45–49] The result-
ing boxplots, the calculated grain density 𝜌Grains per mm cross-
section, and the measured GROD angles are shown in Figure 5.
As before, please note that partially visible grains located at the
edge of the cross-section were not considered.

The upper boxplot, which shows the grain height, reveals that
almost all grains in the individual layers have a similar height.
The fact that the height of all grains approximately corresponds
to the layer thickness (see Figure 4B), shows that the columnar
structure is preserved for all electrodeposited layer thicknesses
and that almost all grains span the entire layer thickness. For
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Figure 4. Layer thickness-dependent lithium electrodeposition and microstructural analysis. A) Voltage profiles during electrodeposition for four differ-
ent capacities (1 mAh cm−2, 2.5 mAh cm−2, 5 mAh cm−2, and 10 mAh cm−2) using a current density of 100 μA cm−2. Please note that the sample for
Q = 1 mAh cm−2 is the same one as in Figure 2, inserted here for direct comparison. B) Layer thickness determined by SEM, in which the expected
theoretical thickness is depicted as a dotted line. A sketch of the following EBSD analysis is shown below. C) SEM images of representative steel|Li6PS5Cl
cross-sections after electrodeposition of lithium for different capacities, see also Figures S2, S8–S10 (Supporting Information). D) Overlay of the SEM
images and IPF maps, which are given parallel to the y-direction as illustrated in (B). Grain boundaries (> 10°) are depicted with black lines. Misorien-
tations between 2° and 10° are depicted in grey. The scale bar within the SEM images represents a length of 50 μm and also applies to the respective
image overlayed with its IPF map.

Q= 10 mAh cm−2, two outliers are found, which can be attributed
to the truncated grains mentioned above.

There is a strong increase in the grain width with in-
creasing layer thickness. While the average grain width for
Q = 1 mAh cm−2 is 16 μm, this increases to 194 μm for
Q = 10 mAh cm−2. The same applies to the grain density,
for a capacity of Q = 1 mAh cm−2 this is calculated to be
57 grains per mm. At Q = 10 mAh cm−2, the density de-
creases to 5 grains per mm, revealing a strong correlation be-
tween layer thickness and the resulting microstructure. This
effect seems to be evident within individual lithium layers as
well: the grain size appears to decrease in thin regions of an
otherwise thick lithium layer (see Figure S7, Supporting In-
formation). Additionally, the microstructure of the steel foil
does not affect the microstructure of lithium at the investi-
gated layer thicknesses, since the microstructure of lithium
changes significantly while the steel foil is assumed to remain
unchanged.

To investigate the influence of electrodeposition time and re-
sulting microstructure, another lithium layer with a capacity
of 1 mAh cm−2 was electrodeposited at a current density of
10 μA cm−2, requiring 100 h (see Figure S11, Supporting Infor-
mation). This matches the electrodeposition time for the layer
with a capacity of Q = 10 mAh cm−2 electrodeposited with
100 μA cm−2. As shown in Figures S12, S13 (Supporting In-
formation), the resulting microstructure of the layer electrode-
posited with 10 μA cm−2 for a capacity of Q = 1 mAh cm−2 is
almost identical to the other lithium layers with a capacity of Q =
1 mAh cm−2.

This indicates that rather the electrodeposited capacity, and not
the electrodeposition time, influences the microstructure. Addi-
tionally, our hypothesis from the previous section that the current
density does not significantly affect the microstructure is con-
firmed. However, it is important to note that all lithium layers
were analyzed after a certain deposition, storage, and preparation
time. This means that no reliable statement can be made about
the initial structure of the lithium layers. Results of operando ex-
periments by Fuchs and Ortmann et al. indicate that the grains
grow rapidly during electrodeposition, which means that in all
cases we are likely analyzing a lithium layer in its fully annealed,
i.e., equilibrium state.

Furthermore, this explains why no significant change in
the microstructure could be observed in the current density-
dependent experiments, even though different nucleation densi-
ties are expected. The grain growth following nucleation leads to
certain grains preferentially growing both vertically and laterally.
During this grain growth, certain grains are consumed, causing
the mean lateral grain size to increase and grain density to de-
crease. This growth could be caused by a mechanism similar to
grain ripening or “secondary recrystallization”, as suggested by
Fuchs and Ortmann et al. The driving force is the natural ten-
dency to minimize interfacial and grain boundary energies.[50,51]

Here, it should be noted that room temperature (25 °C) corre-
sponds to a homologous temperature of TH = 0.66 for lithium, in-
dicating that room temperature operation of lithium corresponds
in principle to a high-temperature process, likely increasing the
grain boundary velocity. Recrystallization in metals typically oc-
curs at homologous temperatures between 0.4 and 0.6.[52] This
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Figure 5. Summary of the analyzed lithium layers electrodeposited with different layer thicknesses. A) Boxplot of the analyzed lithium layers electrode-
posited with 100 μA cm−2 for different capacities. The measured grain heights are summarized in the boxplot in black on the top graph. The measured
grain widths are summarized in the boxplot in blue underneath. The dimension of interest for the respective boxplot is schematically depicted within
the plot. Outliers (interquartile range factor = 1.5) are marked with blue points in both boxplots. The distribution of both grain heights and widths
summarizes 59 (1 mAh cm−2), 54 (2.5 mAh cm−2), 21 (5 mAh cm−2), and 16 (10 mAh cm−2) measured grains, respectively. The average is represented
with a triangle inside each box. The calculated grain density is shown in red circles in the lower section. B) Overlay of SEM images with GROD maps for
the different layer thicknesses, see also Figures S14–S17 (Supporting Information). The shown scale bars correspond to 50 μm. Angular deviations of
individual pixels referenced to the mean orientation of the grain are shown according to the color scale below. C) Distribution of the measured GROD
angles for all analyzed grains. The data is normalized to the total counts. The drawn arrows highlight the shift toward higher GRODs for lower capacities.

grain growth is potentially further enhanced by the fact that a
high-purity lithium layer is electrodeposited, given that Li6PS5Cl
is a single-ion conductor – leading to the absence of impurities
which would potentially hinder grain boundary motion.[1,4,53,54]

Additionally, a lowering of the local degrees of misorientation
and the associated strain within the grains could be a reason
for the change in microstructure. As can be seen in Figure 5,
the distribution of GROD angles shifts toward smaller values
for higher layer thicknesses. This means that fewer grains show
high GROD angles in their interior. The mean GROD angle
is 1.35° for Q = 1 mAh cm−2, 1.78° for Q = 2.5 mAh cm−2,
1.12° for Q = 5 mAh cm−2, and 0.87° for Q = 10 mAh cm−2.
Only the experiment with Q = 1 mAh cm−2 deviates from the
trend, which could be because no severe (lateral) grain growth
has yet taken place. Also, the GROD maps (see Figure 5B; Figures
S14–S17, Supporting Information) show that there appear to be
more grains with high GROD angles at lower layer thicknesses.
In particular, the layer for Q = 2.5 mAh cm−2 shows multiple
grains with high GROD angles and subgrain structures in their
interior. Such subgrain structures are suspected to favor abnor-

mal grain growth.[45–49] Interestingly, Omori et al. found similar
columnar structures within high-temperature processed copper
alloys.[48] With increasing layer thickness, at Q = 5 mAh cm−2,
such misorientations can only be recognized sporadically, and at
Q= 10 mAh cm−2 there are almost no more grains that show mis-
orientation angles. We herein conclude that the electrodeposited
layers reduce their stress during vertical growth, which could be
another driving force for the lateral growth observed.

The observed grain growth is in agreement with molecular dy-
namics simulations of Choi et al.[55] and could potentially follow
a normal grain growth mechanism described by Thompson,[49]

leading to a columnar grain structure and grain diameters in
the range of 2–4 times the layer thickness, following a lognor-
mal distribution.[49] These assumptions fit well with the lithium
grains analyzed here, as can be seen in the grain width distribu-
tion plot in Figures S18, S19 (Supporting Information). The grain
size distribution for different current densities shows good agree-
ment between the lognormal distribution and the experimental
data, suggesting that normal grain growth has taken place. The
same applies to the thicker lithium layer for Q = 2.5 mAh cm−2,
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Figure 6. Simulation-based results on the microstructural evolution of lithium. A) Simulation-based microstructures of lithium layers of different thick-
nesses with a free surface toward the top (imitating steel foil) and a static interface toward the solid electrolyte at the bottom (imitating Li6PS5Cl). The
two inlets on the right show an enlarged section of the Li|Li6PS5Cl interface. B) Boxplot of grain width wLi versus lithium thickness hLi. Both values are
referenced to the average width of the Li6PS5Cl grains at the Li|Li6PS5Cl interface w̄Sub. The width of one Li6PS5Cl grain (wSub) is highlighted in the upper
inlet as an example. For the boxplot, 5 structures, as shown in (A), were generated and analyzed for each of the different lithium thicknesses.

which also appears to be lognormally distributed. The continued
growth of the grains for Q = 5 mAh cm−2 and 10 mAh cm−2

could either be due to the same mechanism or due to abnor-
mal grain growth, which is described by both Thompson[49] and
Omori et al.[48] Unavoidably, the quality of the statistics is reduced
due to the decreasing number of grains for the thicker layers,
which makes it difficult to draw more reliable conclusions. At this
point, we like to note that the data presented here are the first of
their kind and already require extensive analysis through a time-
consuming workflow for the EBSD experiments on millimeter-
sized cross-sections. More data will be generated in the future,
including the role of other parameters like interface modification
or seed layers.

2.4. Modelling of the Microstructural Evolution

To qualitatively describe the observed layer thickness depen-
dence, a Monte Carlo Potts model is used in the following.
Herein, we aim to model the microstructures for the different
lithium layer thicknesses. To simulate the thickness dependence
of the lithium microstructure after electrodeposition, the actual
electrodeposition kinetics are disregarded. Instead, based on our
previous results, we hypothesize that the lithium layer rapidly
anneals during or after electrodeposition, as electrodeposition is
conducted at a high homologous temperature of TH = 0.66 for
lithium. This hypothesis is supported by operando experiments of
Fuchs and Ortmann et al.[39] Consequently, when observing the
metal layer using SEM, a fully annealed, i.e., equilibrated lithium

layer can be seen, with the microstructure primarily determined
by the layer thickness dlayer. This approach aligns with our exper-
imental findings, which show no significant differences in the
microstructure based on the deposition rate (i.e., applied current
density).

For each thickness, an identical Li6PS5Cl grain microstructure
with the same spatial distribution of orientations ϑi and a free sur-
face imitating the steel electrode is attached to the lithium layer
(see Figure 6; Figure S20, Supporting Information). Random ori-
entation values ϑi are assigned to the lithium Monte Carlo Units
(MCUs). We then anneal the structure via 106 Monte Carlo time
steps, leading to grain growth as shown in Figure S21 (Support-
ing Information). After these 106 steps, the total energy and mean
grain size reaches an equilibrium state (see Figure S22, Support-
ing Information).

The final microstructures for different layer thicknesses are
shown in Figure 6. The layer thicknesses are given in units of
wSub, which is the mean (interface) diameter of the Li6PS5Cl
grains at the Li|Li6PS5Cl interface. The color coding of the grains
reflects their relative orientation ϑi, with low interfacial energies
appearing between lithium and Li6PS5Cl grains of similar colors
(e.g., light blue and blue, or light red and red).

As visible in Figure 6A, the simulation results in columnar
grains with boundaries perpendicular to both the Li|Li6PS5Cl
and the steel|Li interfaces. Additionally, at the Li|Li6PS5Cl inter-
face, smaller truncated grains remain, primarily forming triple
junctions with the larger columnar grains, being in good agree-
ment with our experimental data. The relative orientations ϑi of
these smaller grains match those of the adjacent Li6PS5Cl grains,
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resulting in low interfacial energies. For small layer thicknesses,
the lithium layer’s grain orientation adopts the orientation of the
adjacent SE grains.

In contrast, none of these truncated grains is visible at the
upper interface toward the steel foil, which was modeled as a
free surface. Comparing simulation and experiment, this high-
lights the necessity of introducing an interface interaction at the
Li|Li6PS5Cl boundary to qualitatively reproduce our experimen-
tal results. However, it is important to note that SEI formation
takes place at the Li|Li6PS5Cl interface. Therefore, rather the SEI
will influence the lithium microstructure instead of the Li6PS5Cl
itself. Nevertheless, it seems evident that the lithium microstruc-
ture is influenced by the interaction at the interface towards the
Li6PS5Cl. Our simulations further indicate that these effects are
more pronounced for thinner lithium layers. This is because
the relative contribution of 𝛾 int

i,j to Etot becomes more signifi-
cant, given the increasing ratio between interfacial area and grain
boundary area. This forces the lithium adjacent to the Li6PS5Cl
surface to favor crystal orientations with low interface energies
(epitaxial growth). Conversely, the contribution of 𝛾gb

i,j to Etot be-
comes more significant for thicker grown layers, as the total grain
boundary area increases in the course of electrodeposition, un-
like the interfacial area with the substrate.

The mean width wLi of columnar grains increases with increas-
ing lithium layer thickness, as can be seen both in the generated
structures in Figure 6A as well as in the boxplot in Figure 6B.
Please note that only grains with a minimum width of 15 pixels
were considered for the boxplot. This ensures that the analyzed
grains are not artifacts of the simulation, e.g. grains that only con-
sist of single pixels. Although no electrodeposition kinetics were
considered in the model, the results are in qualitative agreement
with the experiment, suggesting that the layer thickness is deci-
sive for the resulting microstructure and that the observed layers
are equilibrated. The underlying physics for the increasing grain
width of the columnar grains is as follows: grains grow curvature-
driven until their size matches the layer thickness. The driving
force is the reduction of the total grain boundary area, associated
with higher free energy of the layer. Then stagnation of the grain
growth occurs (see Figure S22, Supporting Information) as the
curvature of the grain boundaries approaches zero, eliminating
the driving force for further growth. This leads to a linear relation-
ship between grain width and layer thickness, as demonstrated
by simulations on grain growth by Zöllner and experimental ob-
servations on thin layers.[56–59] As shown in Figure 6, this linear
relationship holds for the columnar grains in our simulation.

The simulations reveal that the experimental results can be
qualitatively reproduced without taking electrodeposition kinet-
ics into account, supporting the hypothesis that deposition rate
(i.e., the current density) has no significant influence on the re-
sulting microstructure. We conclude that the lithium layer an-
neals rapidly during or after electrodeposition in dependence on
the lithium layer thickness. Furthermore, by implementing an
interfacial energy between lithium and Li6PS5Cl, we induced the
formation of truncated grains in the simulation. These truncated
grains only occur at this interface and not on the side of the
steel foil, both in the simulation and in the experiment. Thus,
our hypothesis that the steel foil does not significantly influence
the lithium microstructure is supported, but an influence of the

Li6PS5Cl microstructure on the lithium microstructure is obvi-
ous. However, we would like to point out that the choice of other
current collector materials might lead to a different outcome.

What remains an open question is the stagnating grain growth
in 3D. Here, grain growth should slow down but not stop when
the grain diameter matches the layer thickness due to residual
boundary curvature. Possible explanations include the extremely
slow coarsening of low-curvature grains, making the study’s
timeframe too short to observe changes. Surface grooving and
rough interface topology might also pin grain boundaries, simi-
lar to 2D mechanisms.[60] Additionally, orientation-dependent in-
terface energies could lead to triangular grains that pin columnar
grain boundaries at the SE|lithium interface. Further analysis is
needed to understand the full effects of these factors, which may
reveal additional insights.

2.5. Microstructural Evolution During Lithium Electrodeposition

In the following, the observed microstructural evolution is dis-
cussed. The scheme in Figure 7 serves as a schematic visualiza-
tion of the conclusions drawn from the results presented above.
The voltage profile in Figure 7A sketches lithium electrodeposi-
tion with two different current densities jlow and jhigh. The small
offset between the two curves only serves for better differentia-
tion of the two. Initially, a nucleation overvoltage is visible for
both current densities (point Q0). Comparing (B) and (C), we as-
sume that at higher current density (C) more nuclei are formed
initially at the interface between steel and Li6PS5Cl, as has been
demonstrated previously for RFCs.[22,31]

During continuous electrodeposition (point Q1 > Q0), those
nuclei grow and become grains. Because nuclei can have the
same orientation, some nuclei grow together to form a single
grain. At this point, grain growth occurs mostly in a vertical direc-
tion. A lateral grain growth before complete coverage of the solid
electrolyte surface might be due to current constriction at the
edge of the lithium grains. In addition, mechanical stress could
also favor lateral growth. At this early stage of growth, the higher
nucleation density for jhigh may still result in a higher grain den-
sity compared to the lower current density jlow, as no significant
grain growth has yet happened in both vertical and lateral direc-
tions. As shown schematically, however, we assume that misori-
entations and substructures already form within the grains, es-
pecially at contact points between two neighboring grains. Based
on our simulations, we further assume that during this initial
stage, the microstructure of lithium adopts the microstructure of
the SE.

At higher electrodeposition capacity (point Q2 > Q1), we ob-
serve a harmonization of the microstructure, which means that
– despite different nucleation densities – the same number of
grains with a similar size is now present in both cases. We as-
sume that a curvature-driven normal grain growth together with
the reduction of misorientations inside the grains is the driving
force, being schematically indicated by a reduction of highly mis-
oriented regions in Figures 7B,C.[46–49]

This effect is even more pronounced with longer electrode-
position (point Q3 > Q2). Existing grains further grow, increas-
ing the average grain size and decreasing the grain density, also
decreasing the surface-to-volume ratio of the remaining grains.

Adv. Energy Mater. 2024, 2404975 2404975 (9 of 14) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 7. Schematic representation of the microstructural evolution of electrodeposited lithium. A) Sketch of voltage profiles for two different current
densities jlow and jhigh. The capacity-offset between the two curves serves for better differentiation. B, C) Microstructural evolution during electrodepo-
sition of lithium for (B) jlow and (C) jhigh. Please note that, as indicated by the stopwatches, electrodepositing the same capacity Q with a lower current
density jlow < jhigh takes longer. The color code within the grains highlights misorientation, according to the color scale on the right of the image. Dotted
lines indicate substructures that form within grains.

This leads to very large lateral grain sizes in the range of sev-
eral hundred micrometers and some truncated grains, as visible
in the analyzed layers within this work. Additionally, we found
that the misorientation within grains further decreases for higher
layer thickness, as indicated by a more homogeneous color gra-
dient in Figure 7 at point Q3.

Based on our results and the work of Thompson, and Omori
et al., we assume that the truncated grains are not caused by dif-
ferent growth rates of the grains.[48,49] Instead, we assume that
they are either caused by the fusion of neighboring grains, which
is driven by the reduction of misorientations, or due to an inter-
facial interaction with the solid electrolyte, as indicated by our
simulations. It remains elusive whether these truncated grains
are formed at the beginning or during electrodeposition.

One possible mechanism for the observed grain growth
is a curvature-driven normal grain growth. As postulated by
Thompson,[49] normal grain growth occurs in thin layers with
grain sizes smaller than the layer thickness until the resulting
columnar grains span the whole layer and grain sizes are in the
order of the layer thickness, being referred to as a specimen thick-
ness effect. This is in good agreement with both our experimen-
tal and computational results, indicating a similar grain growth
mechanism. Additionally, as mentioned during the discussion of
Figure 5, room temperature corresponds to a homologous tem-
perature of TH = 0.66 for lithium metal, making grain growth
more likely due to a presumably high grain boundary mobility.

Furthermore, “secondary recrystallization” or abnormal grain
growth could take place. Here a few grains grow preferentially
at the expense of other surrounding grains.[39,49] Abnormal grain
growth has been observed in tantalum, molybdenum, and cop-
per alloys, for example.[46,48,61] In the case of copper alloys, a
cyclic temperature treatment causes the formation of substruc-

tures and high GROD angles.[48] These in turn are suspected
to be the origin of abnormal grain growth, leading to grain
sizes in the millimeter range and, interestingly, also to a colum-
nar structure. As discussed, such misorientations are also visi-
ble within electrodeposited lithium layers, as schematically de-
picted in Figure 7, or using GROD angle measurements (see
Figure 5B; Figures S14–17, Supporting Information), potentially
initiating abnormal grain growth here, too. In the case of abnor-
mal grain growth, a preferential orientation of the abnormally
grown grains is expected.[49] An analysis of the thickest lithium
layer (revisit Figure S10, Supporting Information) shows that the
largest grains have a similar <111> orientation in the y-direction
(blue), potentially caused by abnormal grain growth. For direct vi-
sualization of the orientation distribution, the inverse pole figure
of this layer is shown in Figure S23 (Supporting Information).
The thinner lithium layers are also shown for comparison. How-
ever, the large grain size for Q = 10 mAh cm−2 and thus poorer
statistics on the one hand and the observation of the completely
annealed state on the other hand makes it difficult to draw reli-
able conclusions on preferential growth. A deeper understanding
of the detailed growth mechanisms is to be gathered in future
studies, combining additional operando measurements, comple-
mented by EBSD analysis.

Overall, we demonstrate that the microstructure of electrode-
posited lithium can be controlled by varying the layer thickness.
By decreasing the electrodeposition capacity (i.e., the layer thick-
ness), a smaller grain size with a higher grain density can be
electrodeposited. Assuming faster lithium diffusion along the
grain boundaries, a higher power density can be achieved for
small layer thicknesses. Furthermore, the microstructure differs
significantly from that of commercially available foils, not only
due to the reduced grain size of electrodeposited lithium layers

Adv. Energy Mater. 2024, 2404975 2404975 (10 of 14) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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with practically relevant thicknesses of 20 μm (also resulting in
a higher grain boundary density) but also because of the colum-
nar structure of the layer. Both parameters likely influence the
re-dissolvable amount of the lithium layer during cycling. In ad-
dition to electrochemical properties, mechanical properties are
also determined by the microstructure. Assuming a Hall–Petch
mechanism (i.e., grain boundary strengthening), it can be ex-
pected that thinner lithium layers are harder than thicker lithium
layers, as the grain boundary density is inversely proportional to
the layer thickness.[52] Finally, the model system presented here
enables further investigations of the lithium microstructure and
how it can be influenced. Possible approaches include varying
the temperature during electrodeposition or the use of seed lay-
ers, which could influence nucleation and grain growth.

3. Conclusions

In this study, we experimentally investigated the microstruc-
ture of electrodeposited pure lithium as a function of the
current density and the electrodeposited layer thickness at
steel|Li6PS5Cl interfaces using EBSD. Our experiments show
that the steel|Li6PS5Cl|Li|steel cell setup is a suitable model sys-
tem for RFCs, enabling the electrodeposition of lithium layers
with a thickness of several tens of micrometers.

Varying the current density used for lithium electrodeposi-
tion does not influence the microstructure for the analyzed layer
thicknesses of ≈5 μm of lithium. Despite an assumed higher
nucleation density at higher current densities, the average grain
size and density remain similar. Instead, the microstructure de-
pends on layer thickness. For thicker layers, the lateral grain
size increases, too. Thus, we conclude that – although the cur-
rent density plays an important role in the morphology of elec-
trodeposited lithium layers – its effect on the microstructure is
overshadowed by grain growth during electrodeposition of prac-
tically relevant lithium layer thicknesses. This specimen thick-
ness effect is further supported by our simulations based on a
Monte Carlo Potts model, which qualitatively reproduces our ex-
perimental results without taking electrodeposition kinetics into
account. In accordance with previous work, thinner electrode-
posited lithium layers should therefore show a higher Coulomb
efficiency (i.e., the amount of re-dissolvable lithium is higher) un-
der equal current load, as the transport of lithium along grain
boundaries is assumed to be faster.[18,39,62]

Accordingly, particular attention should be paid to the choice
of lithium layer thickness, as it significantly influences the re-
sulting lithium microstructure and the electrochemical proper-
ties for subsequent investigations. To achieve higher power den-
sities in practice, it might be better to stack several thin single
cells rather than trying to develop thick cells with high areal ca-
pacity. In conclusion, our work provides a deeper understanding
of electrodeposited lithium and its properties. Its microstructure
is related to electrodeposition parameters, offering the perspec-
tive to be modified in future work to increase the amount of re-
dissolvable lithium during cycling experiments.

4. Experimental Section
Cell Preparation: RFC (steel|Li6PS5Cl|Li|steel) preparation was carried

out inside a glovebox (MBraun, Germany) with impurity contents of O2,

N2 and H2O being below 1 ppm. An in-house casing was used for cell
assembly. Steel stamps with a diameter of 10 mm were used to contact
the electrodes. One of the steel pistons was fixed with the help of ni-
trile rubber sealing rings as well as polyether ether ketone cell compo-
nents. A steel foil (AISI 304, Goodfellow, Germany) acting as the work-
ing electrode was placed on the fixed steel punch and 90 mg of Li6PS5Cl
powder (NEI Corporation, USA) was filled in. The other opening of the
cell housing was similarly sealed with a second steel punch to com-
press the SE and the powder was compacted using a uniaxial press at
3 t for 1 min from each side, resulting in a pellet with a thickness of
roughly 1 mm. Lithium foil was freshly prepared by cutting a small piece
of lithium from a lithium rod (99.8%, abcr GmbH) and removing the sur-
face degradation layers by mechanical removal using a ceramic knife. The
fresh piece of lithium was then pressed between a pouch foil to form a
clean lithium foil with a thickness of ≈100 μm using a hand press.[10]

A lithium electrode (d = 9 mm) was punched out and placed on the re-
maining surface (opposite to the steel working electrode) of the Li6PS5Cl
pellet. An additional steel foil was placed between the steel punch and
the lithium electrode. Finally, the cell was sealed and a stack pressure of
15 MPa was applied using an aluminum press frame for electrochemical
characterization.

Electrochemical Characterization: The cells were electrochemically
characterized using a VMP 300 potentiostat (Biologic, France) at room-
temperature (25 °C). Initially, the cells were equilibrated for ≈6 h, and
potentiostatic impedance spectra were recorded in a frequency range
from 7 MHz to 100 MHz at an amplitude of 10 mV at an interval of
30 min. Subsequently, lithium was electrodeposited on the working elec-
trode by galvanostatic electrochemical impedance spectroscopy (GEIS)
using different current densities (50 μA cm−2, 100 μA cm−2, 250 μA
cm−2, and 500 μA cm−2). For thickness-dependent measurements, the
capacity was limited to 1 mAh cm−2, 2.5 mAh cm−2, 5 mAh cm−2, and
10 mAh cm−2 while the current density was kept constant at 100 μA cm−2.
Unless otherwise stated, GEIS measurements were recorded with a fre-
quency range from 7 MHz to 1 Hz at an amplitude of 10% of the direct
current.

Cryogenic Ion Milling: For the preparation of cross-sections an ion
beams milling system (Leica EM TIC 3X, Leica Microsystems GmbH,
Germany) at temperatures below −100 °C was used in combination
with a Leica VCT500 (Leica Microsystems GmbH, Germany) transfer
module. An accelerating voltage of 6 kV, resulting in an Ar+ ion beam
current of ≈2.2 mA was used to cut steel|Li cross-sections. Cross-
sections were imaged using a field-emission scanning electron micro-
scope GeminiSEM 560 system (SEM, Carl Zeiss Microscopy GmbH,
Germany).

Electron Backscatter Diffraction (EBSD): For EBSD measurements, the
sample was transferred into the SEM using an inert-transfer module (Leica
VCT500, Leica Microsystems GmbH, Germany). Microstructural analysis
was conducted at a beam voltage of 10 kV, a beam current of ≈12 nA, a
working distance of 12.5 mm, and a tilt of 70° using an EBSD detector sys-
tem (Symmetry S3) from Oxford Instruments (Oxford Instruments, United
Kingdom).

Data Processing and Analysis: Acquired EBSD data were processed
with the AZtecCrystal software from Oxford Instruments and the imple-
mented Mapsweeper software package. The acquired electron backscat-
ter patterns were indexed using a Hough algorithm with a resolution
of 60 and 11 bands considering the cubic Li (Im3̄m) phase. Dynamical
template matching, refinement sweeps, and repair sweeps were executed
against a master simulation of EBSD patterns of lithium to refine the mea-
sured patterns and remove artifacts such as pseudo-symmetries within
grains. The grain reference orientation deviation (GROD) angle was cal-
culated within AZtec Crystal. For this, the mean grain orientation was
calculated by using every measured pixel of a grain. The angular devia-
tion of the individual pixels were then referenced to the calculated mean
value.

Grain Growth Simulations: The grain growth simulations were car-
ried out using a Monte Carlo Potts Model, frequently used to simulate
curvature-driven grain growth.[56–59,63–69] In the model, the microstructure
of the lithium metal was mapped onto a square lattice. Each lattice site is
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called a Monte Carlo unit (MCU) and is assigned a state that corresponds
to the particular grain orientation of the grain to which the lattice site be-
longs to. This means that grain boundaries were implicitly assigned to the
boundary between two adjacent MCUs i and j with different orientations
(see Figure S20, Supporting Information). The grain boundary energy per

unit length 𝛾
gb
i,j in such models is typically assumed to follow the Read–

Shockley-equation:

𝛾
gb
i,j =

⎧⎪⎨⎪⎩
𝛾

gb
max

𝜃
gb
i,j

𝜃gb∗

(
1 − ln

(
𝜃

gb
i,j

𝜃gb∗

))
if 𝜃

gb
i,j ≤ 𝜃gb∗

𝛾
gb
max if 𝜃

gb
i,j > 𝜃gb∗

(1)

Here, 𝜃gb
i,j represents the crystallographic misorientation angle between

the neighboring lattice sites i and j, while 𝜃gb* denotes the critical mis-
orientation angle that distinguishes small-angle grain boundaries from
large-angle grain boundaries. This means that all grain boundaries with

𝜃i,j ≥ 𝜃* exhibit the maximum grain boundary energy 𝛾gb
max. In the analysis,

this orientation dependence of 𝛾gb
i,j was neglected for the interior of the

lithium and thus only assume large angle grain boundaries (𝛾gb
i,j = 𝛾

gb
max).

This assumption leads to a grain size evolution that closely approximates
ideal grain growth, with the mean grain diameter following a square root
time dependence (see Figure S21, Supporting Information). In such cases,
grain growth was driven only by the local curvature 𝜅 of the grain bound-
ary, i.e., the local grain boundary velocity v toward its center of curvature
was proportional to 𝜅.

To account for the potential influence of the SE, a polycrystalline layer
was attached to one side of the lithium layer. This layer remains static dur-
ing the simulation, with its MCUs defining the (static) boundary condi-
tions on the SE side of the lithium layer (revisit Figure S20, Supporting

Information). In contrast to 𝛾
gb
i,j , it was assumed that the interfacial energy

𝛾 int
i,j between a lithium MCU i and an adjacent SE MCU j follows Equa-

tion 1. Specifically, 𝛾 int
i,j was calculated using the maximum interfacial en-

ergy 𝛾 int
max and an effective misorientation angle 𝜃int

i,j that separates high en-

ergetic relative orientations of the SE MCUs and the lithium MCUs from
low-energetic ones.

In 3D space, 𝜃int
i,j is likely a complex function of the orientations (Euler

angles) of the SE grains and their adjacent lithium grains. However, for a
qualitative understanding of the experimental observations, a simplified
approach similar to that of Zöllner et al. used for the calculation of grain
boundary misorientations was adopted.[67] In this approach, each lithium
and SE MCU was assigned a relative misorientation 𝜗i(𝜗i ∈ ℕ; 𝜗i ≤ 45)
with respect to a reference axis, and 𝜃int

i,j was calculated according
to:

𝜃int
i,j = |||𝜗i − 𝜗j

||| (2)

Given the lack of quantitative information on 𝛾 int
max, it was assumed to

be equal to 𝛾
gb
max.

Due to the significantly smaller grain size of the steel foil compared
to that of the deposited lithium layer (revisit Figure S6, Supporting Infor-
mation), an isotropic interaction was assumed at the steel|Li interface.
For simplicity, the attached steel electrode was modeled as a free surface
with 𝛾 int

i,j = 0 between all lithium MCUs i and adjacent steel MCU j. For

the boundaries perpendicular to the SE surface normal, periodic bound-
ary conditions were applied, meaning that the nearest neighbor of an MCU
at the edge of the lattice was the corresponding MCU on the other edge,
and vice versa (see Figure S20, Supporting Information).

The total energy of the system Etot, excluding contributions from the
interior of the SE and steel layer, was given by summing up the energetic
contributions of all N lithium lattice sites. Here, only interactions of each
lattice side with their 8 nearest neighbors (nn) were considered. Lattice

sites with the same ϑi do not contribute to Etot. Consequently, it was given
as:

Etot =
1
2

N∑
i=1

nn∑
j=1

(
𝛾

gb
max + 𝛾 int

i,j

)(
1 − 𝛿

(
𝜗i, 𝜗j

))
(3)

Here, 𝛿(ϑi, ϑj) is the Kronecker-delta which is equal to one if ϑi = ϑj and
zero if 𝜗i ≠ 𝜗j. Obviously 𝛾 int

i,j = 0 for the lithium MCUs that are not in

contact with the SE boundary units.
To update the orientations of the lithium MCUs, i.e., anneal the lithium,

a Monte Carlo simulation was carried out. The corresponding algorithm
works as follows: an MCU was chosen in a probabilistic way and its ϑi was
changed to one of its 8 nearest neighbor states ϑj. Choosing the orienta-
tion only from neighbor states prevents the nucleation of new grains. A
new ϑi was accepted with a probability P according to:

P =

{
1 if ΔEtot ≤ 0

exp (−ΔEtot∕kbTs) if ΔEtot > 0
(4)

where ΔEtot is the energy difference between the old and the new lattice
state calculated based on Equation 3, kb is the Boltzmann constant, and
Ts the simulation temperature. Ts is a technical parameter and should
not be confused with a real temperature.[68] The proposal by Zöllner was

followed and kbTs was chosen to be equal to 0.66∙𝛾
gb
max. A repetition of N

reorientation attempts defines the time scale of the simulation, equivalent
to one Monte Carlo step (MCS). The simulation was carried out in a par-
allel fashion by dividing the grid into four subunits with non-interacting
MCUs.[70] Consequently, four iterations were needed for N reorientation
attempts, i.e., to perform one MCS. All simulation steps were carried out
using Python.

It is important to note here that, strictly speaking, neither the time scale,
the size scale, nor the energy scale of this model directly corresponds to
the actual physical quantities of the experiments. Various methods have
been proposed in the literature, such as those by Raabe,[71] to translate
the Monte Carlo parameters into real physical units. However, since the
experimental results do not provide quantitative data on the grain growth
kinetics of the lithium layers, such methods cannot be applied here.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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