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Abstract: Li metal batteries (LMBs) containing cross-linked
polymer electrolytes (PEs) are auspicious candidates for next-
generation batteries. However, the wetting behavior of PEs on
uneven Li metal surfaces has been neglected in most studies.
Herein, it is shown that microscale defect sites with curved
edges play an important role in a wettability-dependent
electrodeposition. The wettability and the viscoelastic proper-
ties of PEs are correlated, and the impact of wettability on the
nucleation and diffusion near the Li jPE interface is distin-
guished. It is found that the curvature of the edges is a key
factor for the investigation of wetting phenomena. The
appearance of microscale defects and phase separation are
identified as main causes for erratic nucleation. It is empha-
sized that the implementation of stable and consistent long-
term cycling performance of LMBs using PEs requires a deeper
understanding of the “soft-solid”–solid contact between PEs
and inherently rough Li metal surfaces.

Introduction

Li metal batteries (LMBs) have attracted renewed
attention as one of the promising evolutionary battery
systems that could allow higher energy densities than state-
of-the-art Li ion batteries (LIBs) by taking advantage of the
high specific capacity (3860 mA hg@1) and low standard

potential (@3.040 V vs. standard hydrogen electrode) of the
Li metal electrode.[1–5] In spite of that, Li metal electrodes
have a high chemical reactivity which leads to (spontaneous)
formation of surface layers and nontrivial interphases.[6–8]

During electrodeposition/electrodissolution, such interphases
and surface topographies are further altered and partially
rebuilt, resulting in complex and dynamic surface condi-
tions.[9–12] Li electrodeposition is also accompanied by the
formation of so-called high-surface-area Li (HSAL) which in
turn is being formed as a result of uncontrolled accumulation
of Li deposits.[13,14] Safety concerns regarding such hazardous
HSAL formation and a possible cascade of unwanted
reactions with flammable electrolyte components are pre-
sumed.[15, 16] One approach to develop safe LMBs is the use of
electrolytes which do not tend to decompose or at least show
a high hindrance towards decomposition when in contact with
the Li metal surface.[17] Besides that, these safe electrolytes
should feature a high elastic modulus and uniform adhesion to
accommodate volumetric changes of the Li metal electrodes
during cycling.[5, 18,19] The typical examples are solid electro-
lytes (SEs) primarily based on polymers, glasses, and/or
ceramics.[20–22] Aside from inorganic electrolytes, the ap-
proaches based on polymers, known as solid polymer electro-
lytes (SPEs), have attracted increased interest as they offer
several advantages.[19, 23] Especially their high degree of
flexibility is assumed to withstand the volume change of Li
metal electrodes during the electrodeposition/electrodissolu-
tion process.[24,25] As an important example, the incorporation
of a Li salt into a UV-cross-linked poly(ethylene oxide)
(PEO) matrix hinders the crystallization of PEO at room
temperature and results in an elastic SPE.[26] Further on, it was
reported that PEs after UV-induced cross-linking are self-
standing with good thickness and shape retention which
renders such systems promising candidates to offset morpho-
logical transformations.[27] Cross-linked ternary solid polymer
electrolytes (TSPEs) based on this approach, together with
the plasticizing effect of an ionic liquid (IL), show a next
development stage towards highly amorphous PEs with
improved ionic conductivity.[26, 28]

Aside from electrolyte development, Li j electrolyte in-
terfacial/interphasial properties are the key fundamentals for
LMB research.[8, 34] One essential concept to understand the
Li j electrolyte interfacial/interphasial behaviors is the solid
electrolyte interphase (SEI) model, in which the Li metal
surface is mainly idealized as a flat plain consisting of natural
surface species, for example, Li2CO3 and Li2O.[6,12, 35] How-
ever, it should be stressed that the topographic inhomoge-
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neity of the uneven Li metal surface with microscale defect
sites under practical conditions is a mostly neglected inter-
facial and interphasial property.[7, 14,32, 36, 37] An overview of the
origins of microscale defect sites on Li metal electrodes is
displayed in Figure 1a.

Pristine Li foils exhibit native surface roughness respec-
tively pristine defects at microscale which are mainly
generated during production (Figure 1 a.I).[38] Furthermore,
formation of pits/voids can be observed during cycling
(Figure 1a.II),[33, 39,40] whereas intentionally introduced me-
chanical modifications (e.g. roll-pressing, needle or block
treatment, Figure 1a.III)[14, 30,31, 38] of the Li metal surface can
be used to engineer and to study the Li j electrolyte interface,
as well the interphases. Herein, we use the term “reshaping”
for the mechanical modifications of previously smoothened
(e.g. via the roll-pressing method[38]) Li metal surfaces.

The wetting phenomena of Li metal surfaces by electro-
lytes become crucial when microsized defect sites are present.
While liquid electrolytes mostly show a complete wetting of
rough Li metal surfaces, SEs face an underlying challenge to
achieve homogeneous and intimate solid–solid contacts.[41,42]

The Li j inorganic electrolyte interface reveals certain issues,
and also polymer-based electrolytes show limitations, with
wetting microscale defects on the Li metal surface.[43] In
literature, the effects of such defect sites on the Li electro-
deposition have been reported for liquid and inorganic
electrolytes (Figure 1b).[14, 29–33] In the case of liquid electro-
lytes (Figure 1b.i), due to a much better wetting of the Li
metal surface, microscale defect sites lead to increased active
surface area and decreased effective current density, resulting
in lower overpotentials for electrodeposition.[14, 29–31] More-

over, after electrodissolution, the electrochemically induced
microscale pits tend to be “hot spots” for Li nucleation and
deposition.[29] At the interface between inorganic electrolytes
and Li (Figure 1b.iii), poor wetting in accordance with
polarization and Li nucleation at void edges was observed.[32]

As an example for inorganic electrolytes, Krauskopf
et al. reported current constriction phenomena at
Li6.25Al0.25La3Zr2O12-based SEs near the interface where small
contact spots were present.[33] Detailed studies on the
influence of microscale defects on the wetting behavior of
PEs and its effect on the electrochemical behavior, however,
are rarely reported.

In this work, we shed light on the wetting phenomena
(Figure 1b.ii) of a PEO-based cross-linked SPE (LiTFSI-
PEO, in the following referred to as SPE) and a TSPE
(LiTFSI-PEO-Pyr14TFSI, referred to as TSPE) in combina-
tion with a reshaped Li metal electrode. Microsized defect
sites, referred further to as V-shaped imprints, were artificially
created in order to mimic the wetting of uneven Li metal
surfaces by the PEs. The wettability and related viscoelastic
properties of SPE and TSPE are compared and the impact of
wettability on the electrochemical performance is distinguish-
ed.

Results and Discussion

A roll-pressed Li metal electrode is used as a benchmark
to approach an ideally flat surface.[38] The V-shaped imprints
(reshaping, Figure 1a.III) were created using an in-house
developed tool to decorate the surface of roll-pressed Li

Figure 1. Research scope of this work: a) Microscale defect sites resulting from I. pristine defects during production process, II. pits/voids
formation during Li electrodeposition/electrodissolution, and III. mechanical modification. The Li metal surfaces with V-shaped defects presented
herein are prepared by a so-called “reshaping” process which includes the roll-pressing of the pristine Li metal foils and the intentional reshaping
with model structures. b) The effect of microsized defects on the wetting and electrochemical performances of Li metal electrodes: i. with liquid
electrolytes reported in refs. [14,29–31]; ii. with SPE/TSPE in this work; iii. with an inorganic electrolyte reported in refs. [32,33].
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metal electrodes. An adjustable blade in depth resulted in
a broadening of V-shaped imprints with curved edges. Topo-
graphic investigations carried out by means of 3D laser
scanning microscopy of the reshaped Li metal surface (Fig-
ure 2a) revealed the successful application of V-shaped
defects without affecting the surrounding area on the roll-
pressed electrode nearby. The top-view SEM image of a V-
shaped defect presented in Figure 2b shows smooth, curved
edges of the imprint at the Li metal surface.

Viscoelasticity-Dependent Wettability

The interfacial properties of SPE and TSPE with the Li
metal surface, implying their wetting behavior, strongly
depend on the thermal and viscoelastic properties of such
cross-linked PEs. Figure 2c shows DSC results of heating
scans of SPE and TSPE between @90 88C and 100 88C. The
thermogram of SPE (red curve) displays a glass transition at
@36 88C and a melting peak at 31 88C, presenting the existence
of an amorphous phase at 60 88C. The decreased melting
temperature of the SPE compared to PEO (67 88C, dashed
black curve) can be attributed to the cross-linking process
which facilitates the amorphization of PEO in the presence of
LiTFSI.[27] The presence of the IL (Pyr14TFSI) in the cross-
linked TSPE system changes the observed glass transition to
@56 88C (black curve), without a distinct melting step during
the heating scan. Based on the results, it can be concluded that
TSPE maintains its amorphous behavior over a wide temper-
ature range. As reported in previous studies, cross-linked
PEO-based membranes can be characterized as rubber-like or
“soft-solid” and show elastomeric behavior.[39,44, 45] Mechan-
ical properties are important to further understand the

interplay between PE membranes and Li metal electrodes
in electrochemical cells. In general, the physics underlying
“soft solid”–solid wetting, as in Li jPEs, can be understood by
mechanical deformation processes, governed by the viscoe-
lastic properties of the PE. The viscoelastic behavior of SPE
and TSPE was quantified by oscillatory rheological measure-
ments and the results are presented in Figure 2d and Fig-
ure S1a. The frequency response of the storage modulus (G’)
and loss modulus (G’’), representing elastic and viscous
contributions, respectively, is presented in Figure 2 d. Within
the observed range, G’ and G’’ values of SPE and TSPE show
a frequency-independent behavior, which is typical for
strongly cross-linked gels.[46] As G’ exceeds G’’ for at least
an order of magnitude, SPE and TSPE both remain predom-
inantly elastic over the complete frequency range. The higher
magnitude of G’ values of TSPE compared to SPE is
associated with higher mechanical rigidity and a more solid-
like character of the TSPE membrane.[46] Considering the
higher damping factor (tand) for SPE (Figure S1 a), mechan-
ical stresses are more easily dissipated in the SPE, thus, an
easier adaption to morphological changes, like the presence of
defects on Li metal surfaces, can be anticipated.

From cross-sectional SEM images (Figure 2e,f), it is found
that the SPE is able to “flow” into the V-shaped defect after
24 hours while the TSPE tends to retain its original shape and,
therefore, shows less wetting. This was confirmed by PE
“infiltration” experiments (Figure S1 b,c) into a glass micro-
fiber filter at 60 88C. In other words, the poorer wetting
behavior of the TSPE can be related to its more solid-like
viscoelastic properties, as discussed for the oscillatory rheo-
logical measurements. Figure 2g and 2h show top-view SEM
images of reshaped Li metal electrodes after removal of the
respective electrolyte. The electrodes were stored at 60 88C for

Figure 2. Wetting behaviors of SPE and TSPE on reshaped Li metal electrodes: a) 3D laser scanning microscope image (20 W magnification) and
b) top-view SEM image of the V-shaped Li metal electrode. c) Differential scanning calorimetry (DSC) heating traces of PEO, SPE, and TSPE
membranes with a rate of 10Kmin@1. d) Dynamic moduli G’, G’’ for SPE and TSPE membranes as a function of angular frequency w measured by
oscillatory rheology at 60 88C. Cross-sectional SEM images of the V-shaped Li metal electrode wetted by e) SPE and f) TSPE. Top-view SEM images
of Li metal surfaces after 24 h storage at 60 88C using a g) SPE and h) TSPE membrane. In (f) orange areas denote TSPE residues after
detachment, blue areas denotes an IL-rich phase characterized by EDS (Figure S2 and Table S1).
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24 hours. A homogeneous defect structure can be observed at
the surface of the V-shaped Li metal electrode aged with SPE,
while for TSPE, residues were observed within the V-shaped
defect. Using EDS investigations of the residues present in
the TSPE (Figure S2, Table S1), the presence of an IL phase
at the bottom of the V-shaped defect (Figure 2 h, blue area)
was identified. Meanwhile, membrane-derived species (Fig-
ure 2h, orange area) were found at the wall of the defect.
Such phase separation phenomenon is assumed to be related
to the elastic properties of the TSPE which do not allow the
membrane to deform at small scales thus leading to a “squeez-
ing” effect of the IL at 60 88C.

The strongly varying wetting behavior of SPE and TSPE
is expected to have an influence on the electrochemical
performance of V-shaped Li metal electrodes as well. The
effect of wettability on the electrochemical characteristics of
battery cells are widely discussed for liquid electrolyte
systems with separators.[47] However, our findings reveal that
the difference of wettability in case of cross-linked PEs, which
is rarely discussed in literature, could be also regarded as key
parameter to explain the overpotential evolution during
cycling in Li jPE jLi cells. As shown in Figure S3 a,b, a lower
and relatively stable voltage is observed during electrodepo-
sition/electrodissolution in a symmetrical Li j SPE jLi cell
compared to Li jTSPE jLi using as-received Li metal electro-
des. This stands in contrast to the impedance data obtained by
electrochemical impedance spectroscopy (EIS) presented in
Figure S3 c,d where higher resistance values (i.e. R : Ohmic
series resistance, Rct : charge transfer resistance, and Rpas :
passivation layer resistance) for Li jSPE jLi compared to
Li jTSPE jLi cells are observed. Based on these results,
a higher effective contact area of the electrochemical inter-
face/interphase for the Li j SPE jLi cells is assumed. This
could be further explained by a better wettability on V-shaped
Li metal electrodes by SPE at 60 88C compared to TSPE. As
reported by Inada et al. , a positive correlation between
enhanced wettability and improved cycling stability was also
observed at the interface between Li metal electrodes and
garnet-type SE pellets by preheating at 175 88C (5 88C lower
than the Li metal melting point) before cycling at room
temperature.[48]

Local Wettability Derived Li Nucleation

For a deeper understanding on the impact of the
wettability at the Li jPE interfaces, the Li nucleation behavior
in dependence of locally varied wettability was investigated in
both systems. The influence of the V-shaped morphology on
the inherent correlation between wettability and Li nuclea-
tion was analyzed at the initial stage with an areal electro-
deposition capacity of 0.1 mAh cm@2 and a current density of
0.1 mAcm@2. It needs to be mentioned that the determination
of the nucleation stage based on the voltage spike observed at
the onset of Li electrodeposition was not considered in this
case. Therefore, the nucleation stage is defined herein as the
period before the plateau overpotential occurs (here at
0.1 mAh cm@2).[5, 49–51] The reshaping of the Li surface is
discussed in detail in the Supporting Information (Figures

S4–S8). We employed two different imprint depths (d), which
generate asymmetric “sharp” (high curvature,
& (9 mm)@1) and “smooth” edges (low curvature,
& (14 mm)@1) in shallow imprints (d& 20 mm), as well as
symmetric “smooth” edges (low curvature, & (15 mm)@1) in
deeper imprints (d& 30 mm), as illustrated in Figure 3a.
Additionally, roll-pressed Li was used as a zero-curvature
reference.[38]

On the Li metal surface with the shallow imprint (Fig-
ure 3b,d, SPE and TSPE, respectively), after electrodeposi-
tion at 0.1 mAcm@2, the preferential Li nucleation sites are
located on the sharp edge of the V-shaped Li electrode with
higher curvature, whereas for the deeper imprint (Figure 3c,e,
SPE and TSPE, respectively), Li deposit growth occurs in
a horizontal direction and the Li deposits are accumulated
tending to fill the defect (for higher electrodeposition
capacity see Figure S9).

Figure 3. Effect of V-shaped defects on Li nucleation sites after initial
electrodeposition: a) Height profile of shallow imprint and deep
imprint, the curvatures of the edge are defined as osculating circles.
For more details please see Figure S8. SEM images of Li metal
electrodes after 1 h electrodeposition with 0.1 mAcm@2 : b) with
shallow imprint using SPE ; c) with deep imprint using SPE ; d) with
shallow imprint using TSPE; e) with deep imprint using TSPE.

Angewandte
ChemieResearch Articles

17148 www.angewandte.org T 2020 The Authors. Published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2020, 59, 17145 – 17153

http://www.angewandte.org


The V-shape-induced physical contact and wettability
between the polymer electrolytes and Li metal electrodes can
be used to rationalize the observed nucleation behavior:
1) High curvatures can improve localized contact between

PEs and the Li metal surface where tip-induced nucleation
is favored and charges accumulate along the edged
shape.[43, 49, 52]

2) Low curvatures can improve the overall wettability
between PEs and defect surfaces rather independent of
the elastomeric properties of SPE and TSPE.

3) A competitive Li nucleation behavior between the defect
and the roll-pressed surface in the surrounding is observed
in Figure 3b–e. At the reshaped Li jSPE interface, Li
predominately nucleates in the microscale defects regard-
less of the morphologies of the V-shaped imprint. How-
ever, at the reshaped Li jTSPE interface with high
curvature, significant Li nucleation sites are found on
the roll-pressed surface although the curvature of edges
can tailor competitive trends (Figure 3d).

The 3D surface representation of the roll-pressed region
shown in Figure 2a reveals that defects (at a scale of few
micrometers) are still visible after surface homogenization.[38]

Such defects can act as additional nucleation sites if the
intimate contact (wetting) to the roll-pressed Li is not
ensured. The differences between the wetting behavior of
the SPE and TSPE membranes with Li metal electrodes are
further investigated for “zero-curvature only” roll-pressed Li
metal electrodes where no V-shaped defects were present. On
the roll-pressed Li metal electrodes, inhomogeneous and
larger nuclei in Li jTSPE jLi (0.1 mAcm@2, 1 h) are formed
with sizes ranging from & 0.5 mm up to & 7.0 mm, as shown in
Figure S10a. The Li nuclei size in Li jTSPE jLi was further
investigated with the same deposition areal capacity but at
0.01 mAcm@2 (Figure S10b) and resulted in smaller nuclei
sizes compared to the ones occurring at 0.1 mAcm@2. In
Li jSPE jLi cells at 0.1 mA cm@2, small Li nuclei (& 1 mm) are
distributed homogenously on the Li metal surface (Fig-
ure S10c). These results indicate that the TSPE suffers from
inhomogeneous surface contact resulting in lower effective
contact areas (Aeff) due to relatively poor wettability on
intrinsic surface defects after roll-pressing.

Wettability-Dependent Electrochemical Interfaces

As a next step, the cell voltage (E) response of Li metal
electrodes during electrodeposition was correlated with the
wettability properties of the PEs. We describe this response
based on wettability-dependent electrochemical interfaces in
PE-based LMBs. Following Figure 4a, the response of E to
a moderate constant current density (& 0.1 mA cm@2 for the
observed systems) consists of a potential drop deducing
OhmQs law (hOhm) (Figure S11) and an arc-shaped overpoten-
tial response (harc) before reaching a steady-state potential
(Esteady-state).[53, 54] When a constant current density j is applied,
hOhm evolves immediately at a very short time scale
(! seconds), while harc arises within seconds and minutes,
and Esteady-state is typically reached within minutes or some-

times hours (strongly depending on the observed system).[51]

The translation of the theoretical E(t) response to the

Figure 4. a) Illustration of a representative cell potential E profile,
a potential drop following Ohm’s law (hOhm), and an overpotential as
an arc shape (harc) before it reaches a steady-state potential (harc,ss).
The applied current density should ensure ion depletion-free interfaces
and therefore it should be in the range of the exchange current density
value for the system (here: &0.1 mAcm@2).[28] b) Representative time-
dependent cell voltage E response of Li jSPE jLi and Li jTSPE jLi using
roll-pressed Li metal electrodes with 0.1 mAcm@2 indicating overpoten-
tial contributions. c) An exemplary Nyquist plot and the equivalent
circuit model used for impedance measurements showing different
contributions based on their frequency range. d) Obtained EIS data
and corresponding fitting results of Li jTSPE jLi and Li jSPE jLi cells at
60 88C.
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observed data for Li jPE jLi cells is depicted in Figure 4 b and
displays a similar shape with a roughly three times lower harc

for SPE-based cells (& 26 mV) compared to TSPE-based
cells (& 91 mV). Interestingly, hOhm shows the opposite trend
and is slightly higher for the SPE-based cell (hOhm,SPE

& 13 mV; hOhm,TSPE & 9 mV). Figure 4c presents a typical
Nyquist plot and an equivalent circuit model used for fitting
of the data. The constant phase element (CPE)-modified
Randles circuit comprises the Ohmic resistance R, the
interfacial/interphasial resistance Rint (including Rct and Rpas),
and the Warburg element (ZW). Depending on the frequency
of the voltage perturbation, R is found at the high-frequency
region (@ kHz) of EIS while Rint is obtained at a high to
intermediate frequency range (kHz–Hz). The R and Rint

values can be correlated with hOhm using the equation
hOhm& jA (R + Rint). harc, however, comprises significant in-
fluences by the diffusion properties of the systems (Fig-
ure S11). By analysis of the Warburg impedance (ZW) in EIS
at low frequencies (< 10 Hz), additional information about
mass transport properties can be derived.[55, 56] As illustrated
in Figure 4 d, the low-frequency region (< 10 Hz) reveals
a distinct diffusion contribution with a phase angle of@p/4 (4588
slope) which indicates that solid-state diffusion processes play
a crucial role for understanding the ongoing complex electro-
chemical behaviors at the Li jPE interface.[57, 58] In this work,
we assume the Warburg impedance to follow a semi-infinite
linear diffusion model.[57] It can be expressed by
ZW ¼ s iwð Þ@0:5 ¼ sw@0:5ð1@ iÞ= ffiffiffi

2
p

, where s is the Warburg
coefficient [W s@0.5], w is the frequency, and i is the imaginary
unit.[57] The Warburg coefficient s can be regarded as
a diffusion-associated resistance, and it was reported by
Huang et al. that higher Warburg coefficients were found to
be the main reason for high polarization losses of
YBa2Cu3O7-d jPAN-based electrolyte jLi solid-state batter-
ies.[59]

The results presented in Figure 4d therefore reveal
varying diffusion contributions for Li jTSPE jLi and
Li jSPE jLi cells. The “ideal” (& 4588) Warburg diffusion part
for the Li jSPE jLi cells with a s value of 10 W s@0.5 stands in
contrast to the < 4588 diffusion region of the TSPE-based
system with a higher s of 27 W s@0·5. Even though the
Li jTSPE jLi cell shows lower R + Rint values and similar Rint

values compared to Li jSPE jLi, the higher harc, as observed in
Figure 4b, can be rationalized by the almost three times
higher s. It is emphasized that the intuitive interpretation of
the E(t)@(R + Rint) correlation is not valid for the observed
systems where PEs are employed. The interpretation, based
on liquid electrolyte systems, considers the presence of a fully
wetted interface/interphase and fast Li ion migration/diffu-
sion processes in the bulk electrolyte.[9] This rapid and non-
tortuous Li ion transport through the interphases results in
a negligible contribution of wettability-dependent mass trans-
port to the polarization of the Li electrodeposition/electro-
dissolution processes.[60] However, this understanding of the
Li j liquid electrolyte interface without considering diffusion
processes and the influence of wettability on rough surfaces,
fails to explain the coexistence of the high interfacial/
interphasial resistance and low E, as well as Zw, as observed
within this work for Li jPE interfaces. We therefore suggest

a wettability-dependent electrochemical interface which
takes in consideration the wettability properties of the PEs
and the shape of the Li metal surface as indicated in
Figure S12.

The measured Warburg coefficients of cells with different
Li metal surface topographies listed in Table S2 demonstrate
that for Li j SPE jLi cells no clear relationship of curvature
and s can be found (10–15 W s@0.5). In contrast, s of
Li jTSPE jLi cells with low-curvature V-shaped electrodes
result in a decreased value of 13–18 W s@0.5 compared to 25–
30 W s@0.5 for high-curvature and roll-pressed electrodes. This
observation further supports the pronounced wettability-
dependent nature of TSPE by consideration of the complex
interface, including IL phase separation and the viscoelastic
properties. Additionally, a decreased s value (Figure S13) is
also observed after preheating at 90 88C of Li jTSPE jLi cells,
indicating beneficial diffusion conditions (while Rint is in-
creased, but the overvoltage is reduced).

The corresponding overvoltage curves for symmetric
Li jPE jLi cells with V-shaped Li metal electrodes are
presented in Figure 5a–d. Similar to the conclusions drawn
from the impedance data, the steady-state harc,ss values of
Li jSPE jLi cells (& 20 mV) are stable for each Li surface
topography (Figure 5a) as well as during cycling (Figure 5c).
For Li jTSPE jLi, however, harc,ss varies rather strongly
between 40 and 70 mV (Figure 5b) and is therefore sensitive
to the change of curvature. The lowest harc,ss can be observed
at low-curvature while the values increase for zero-curvature
and especially for high-curvature reshaping. The harc,ss values
during cycling, however, only differ slightly. The low-curva-
ture defects with broader edges are beneficial for the low-
plasticity TSPE combined with separation of IL which can be
seen in Figure S14 as well, where the presence of lower-
curvature defects elongates the cycling stability of
Li jTSPE jLi cells. This might be correlated with established
ionic pathways between the TSPE membranes and IL in the
V-shaped defects. The SPE reveals a more stable wettability-
dependent electrochemical interface which can be correlated
with the viscoelastic properties and homogeneous diffusion
conditions.

The importance of these findings is further illustrated for
LFP jPE jLi full cells. The potential profiles of the cathode
(LFP; WE) and anode (Li; CE) are presented in Figure S15.
The same trend as for the E response discussion can be seen
here as well.

Depending on the type of curvature, the overpotentials of
the reshaped electrodes differ, with being the most beneficial
for low curvature Li samples. Besides the intrinsic differences
of cathode wetting by SPE and TSPE, which results in better
capacity utilization for the TSPE (likely because of the IL
phase[61]), the overpotentials of the Li anode are lower for the
SPE compared to the TSPE. The wettability-dependent
electrochemical interface can be therefore considered as an
important factor for the determination of interfacial proper-
ties of PE-based LMBs.

It is further emphasized that the revealed squeezing effect
of the IL, which contains Li salt, from the TSPE into the
bottom of the V-shaped defect sites could facilitate Li
nucleation and Li growth on the surface inside the defects
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in Li jTSPE jLi cells, if physical contact between the bulk
electrolyte and the IL phase is kept intact (Figure S16). This
could lead to defect wettability where Li deposits can grow
inside the voids and could lead to reduction of vertical Li
growth and, therefore, prevention of penetration of PEs.
Besides TSPEs, gel polymer electrolytes (GPEs) involve
liquids during fabrication as well. The wetting procedure in
GPEs containing aprotic solvents (e.g. propylene carbonate,
ethylene carbonate)[62] might, therefore, not only be repre-
sented by a close distance between the surface of the Li metal
and the electrolyte, but rather be accompanied by a squeezing
effect of the solvent into the defects which would result in
a phase separation and lead to much more complex wetting
behaviors. We would like to stress that such wetting and phase
separation phenomena at microscale and nanoscale should be
verified for GPE-based systems as well and could lead to
advanced electrolyte (as well as for the presented TSPEs)
designs where improved wetting can be tailored by exploiting
such mechanism.

Conclusion

In summary, we revealed that the morphological inhomo-
geneity of Li metal electrodes can have a significant influence
on the electrochemical performance of such electrodes when
cross-linked SPE and TSPE are present. Therefore, the

roughness, not only of SEs, but also of the Li metal surface is
critical.[63] The roughness will be further increased by pit/void
formation during electrodeposition/electrodissolution. Such
increased surface roughness is modelled in this work. The
intentionally reshaped Li metal electrodes with V-shaped
defects on the microscale can be considered as representative
structures of lower surface area deposits (e.g. columnar Li
deposits). We concluded in this work that the wetting
behaviors as well as the mechanical properties of cross-linked
PEO-based electrolytes have to be considered as key
parameters and should not be overlooked when interfacial/
interphasial properties are discussed. The overview of our
conclusions is presented in Figure 5e. It is found that aside
from the interfacial/interphasial resistances, the control of the
“soft solid”–solid contact and the influence of surface
curvatures on it is an often ignored but crucial factor at the
Li jPE interface affecting Li electrodeposition/electrodisso-
lution. Moreover, the diffusion properties at the interface are
found to be dependent not only on the type of PE but also on
the surface curvature. This was strongly pronounced for the
TSPE, which tends to show a complex wetting behavior
including a partial phase separation of the IL. In particular,
the topography of defects deriving from formed pits/voids
during cycling and inhomogeneous Li metal surface gener-
ated during production would lead to multiple behaviors of Li
electrodeposition/electrodissolution, thus increasing difficul-
ties to control the uniformity of Li deposits in solid-state

Figure 5. Correlation of Li surface topographies (zero-curvature/roll-pressed, high-curvature, and low-curvature) and overpotentials harc during
electrodeposition (0.1 mAcm@2, 0.2 mAhcm@2) in a,c) Li jSPE jLi and b,d) Li jTSPE jLi cells recorded in three-electrode configuration. a,b)
Potential vs. time plot of the harc response at the first cycle; c,d) Evolution of steady-state overpotential harc,ss of the Li metal electrodes with cycle
number in c) Li jSPE jLi and e) Li jTSPE jLi cells recorded in three-electrode configuration. e) Illustration of the effect of wetting behaviors on the
electrochemical performance of Li electrodeposition summarizing the wettability, EIS, and E response.
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LMBs. Here we give a thought-provoking impulse that the
wettability of PEs on the inevitably uneven Li metal surface
needs deeper understanding (e.g. at nanoscale and study of
contact mechanics under stacking pressure) and sophisticated
design approaches are required to make PEs compatible and
robust with varying Li surface topographies and enhance the
stable and consistent long-term cycling performance of
LMBs.
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