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SUMMARY

Lithium (Li)-metal is considered as promising anode material for
high-energy-density rechargeable batteries, although its applica-
tion is hampered by inhomogeneous Li deposition and dendritic Li
morphologies that could eventually result in contact losses of bulk
and deposited Li as well as cell short circuits. Based on theoretical
investigations, recent works on polymer electrolytes particularly
focus on the design of single-ion conducting electrolytes and
improvement of bulk Li* transport properties, including enhanced
Li* transference numbers, ionic conductivity, and mechanical stabil-
ity, thereby affording safer and potentially “dendrite-free” cycling
of Li-metal batteries. In the present work, it is revealed that the
spatial microstructures, localized chemistry, and corresponding dis-
tributions of properties within the electrolyte are also decisive for
achieving superior cell performances. Thus, targeted modification
of the electrolyte microstructures should be considered as further
critical design parameters for future electrolyte development and
to actually control Li deposition behavior and longevity of Li-metal
batteries.

INTRODUCTION

Lithium (Li)-metal is considered as the most promising anode material, mainly due to
its high theoretical capacity (3,860 mAh - g~') compared to the lithiated graphite
anode (339 mAh - g~") applied in Li-ion batteries,™ despite the reliable control
of inhomogeneous Li-metal deposition remaining a major challenge.>® To address
these challenges, numerous experimental and theoretical studies explored relevant
features of Li deposition/stripping mechanisms, while theoretical work identified
critical parameters and preferred conditions that may enable long-term cycling of
Li-metal batteries (LMBs).

In Chazalviel's model’ the deposition of high surface area Li (HSAL) correlates with
salt anion mobility, so that the growth of dendritic Li will be unavoidable upon anion
depletion at the negative electrode interface. Here, electrolytes affording high Li*
diffusivity (D;;;) and a Li* transference number (t,) close to 1 (single-ion conductor)
are expected to reduce or even prevent the formation of “dendritic” Li.

Also, the shear modulus (G) of polymer electrolytes (representing mechanical fea-
tures of the material) is emphasized as a relevant parameter.®? It was proposed
that G should be at least two times higher than that of Li-metal to circumvent mate-
rials penetration by Li deposits, implying an electrolyte shear moduli of G > 6 GPa.®
Thus, solid-state electrolytes comprising polymers, ceramics, or hybrids appear
highly promising for practical application in LMBs. However, recent experimental
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Figure 1. Critical parameters determining Li deposition behavior

Presentation of relevant parameters influencing Li deposition behavior already established by
previous investigations (blue symbols) and additional parameters that are identified in this work
(green symbol).

studies pointed out that even then inhomogeneous growth of lithium deposits could
induce cell failures originating from local defects, triggering the growth of Li de-

posits within “hotspots,”'%""

while cross-linked systems even with low modulus
(0.1 MPa) may efficiently prevent the penetration of dendritic Li."? Therefore, the
original Chazalviel model was extended, taking into account the intercorrelations
of mechanical and ion transport properties, revealing that the utilization of polymers
with immobilized anions likely fosters stable electro-deposition even in cases of
moderate shear moduli (in the MPa range) of the electrolytes.'® Despite that a quan-
titative comparison to experimental results could not be performed, mainly due to
limited systematic experimental investigations of (quasi-) solid electrolytes, order-
of-magnitude estimates exploiting the limited data for the required model parame-
ters unambiguously demonstrated consensus between the proposed theory and
considered experiments.

Models often assume ideal interfaces despite that in “real” cell systems, interphase
characteristics have an essential impact on Li deposition, in which the actual
morphology of Li deposits strongly correlates with interphase characteristics (e.g.,
Li surface roughness, solid electrolyte interphase [SEI] composition), as well as cell
operating conditions (e.g., cycling current, temperature) and electrolyte proper-
ties.""'® Experimental observations mainly cover the case of liquid electrolytes
while in the case of (single-ion conducting) polymer-based electrolytes, only a few
studies provide systematic analyses of Li deposition, rendering limiting factors
and conditions (correlated to, e.g., Chazalviel’'s model) ambiguous and ill-defined.
In this respect, extensive further experimental efforts are required to identify all of
the relevant parameters and complex relations between SEIl formation, the nature
of (solid) electrolytes, and Li-metal (surface) properties that govern observable Li-
metal deposition.

Considering the parameters that have been identified as critical for Li deposition
behavior, particularly electrolyte properties (ionic conductivity, Li* transference
number, modulus), Li electrode surface characteristics, SEl properties and operating
conditions of the cell, (summarized in Figure 1, blue symbols), here, the fundamental
aspects of Li deposition phenomena in symmetric Li | SIPE | Li cells and data
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correlation to model-based predictions are described. A blend polymer membrane
composed of aromatic polysulfonamide-based single-ion conducting compounds, a
flexible linear polymer (poly(vinylidene difluoride-co-hexafluoropropylene) [PVdF-
HFP]) and carbonate-based plasticizers, affording excellent bulk properties,
including an ionic conductivity of 1 mS em™" at 60°C, ion diffusivity of D, =
107" m?s™", single-ion conducting behavior (t, ;; = 0.9), and a moderate elastic
modulus of G = 10° Pa is studied.

Li deposition was conducted at different current rates but with constant deposition
capacity, followed by imaging characterization of scanning electron microscopy
(SEM) and synchrotron X-ray tomography. Independent of applied current densities,
Li deposits tend to grow in particular spots unevenly across the Li anode. Induced by
rather high growth rates at these spots,'"? high mechanic pressure may accumulate
that could eventually lead to strong deformation and thinning of the polymer mem-
brane, if not even to its perforation.

The chemical composition of the polymer membranes is monitored by Raman map-
ping, corroborating the inhomogeneous distribution of constituents due to phase sep-
aration and agglomeration of the domains. In addition, quantitative nano-mechanical
(QNM) and electrochemical strain microscopy (ESM) mapping reveal the presence of
a distribution of stiffness (variation of Young’'s modulus between <1 and 80 MPa) and
ionic mobility/flow within the membrane. The analysis suggests that the intrinsic nature
of the considered polymer blend membrane is responsible for the formation of favored
conduction channels triggering inhomogeneous Li deposition.

Despite that the impact of polymer membrane morphology on the achievable ion
transport properties, distribution of solvation paths in polyethylene oxide (PEO)-
based electrolytes”®, structure-transport correlation in block copolymers,”’ or
anisotropy of diffusion coefficients in blend PVdF/polyelectrolytes for fuel cells®?
is reported, membrane homogeneity as a potential design parameter of polymer
electrolytes that enable homogeneous Li deposition was typically neglected. There-
fore, the impact of (rather localized) variation of polymer properties on the nature of
resulting Li deposits is explored in this work, in which membrane morphology and
homogeneity are introduced as additional crucial parameters that significantly
determine the Li deposition behavior (illustrated as green symbol in Figure 1).

RESULTS AND DISCUSSION

Li deposition at varying surface conditions of Li-metal electrodes

Surface properties of Li electrodes significantly control the Li deposition behavior
and the cycling stability of Li-metal-based cells (Figure 1). Specifically, Li nucleation
preferentially starts at surface defects as a result of high local Li-ion flux in liquid-
electrolyte systems.””?* Therefore, surficial pre-treatment of the metal anode,
explicitly surface modification of the Li-metal as well as the initial oxidation layer
thereon, is critical to reveal the Li deposition behavior, but is rarely reported even

in liquid-electrolyte systems.”~*°

d?*3"3% and roll-pressed®® Li-

metal electrodes were prepared to explore the Li deposition under different surface

In addition to the as-received Li-metal, hexane washe

conditions. Hexane constitutes a suitable solvent for Li treatment since it is inert to-
ward metallic Li but dissolves various organic compounds. Notably, SEM images
(Figures 2A-2C) indicate that hexane washing did not alter the surface roughness,
while X-ray photoelectron spectroscopy (XPS) data in Figure 2D and Table 1 (spectra
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Figure 2. Influence of different Li-metal treatments on the surface properties

(A-C) SEM. Li surface image, schematic of Li surface and SEI composition (based on SEM and XPS
measurements) and overvoltage profiles for selected cycles of stripping/plating investigations
performed on (A) as-received, (B) hexane washed, and (C) roll-pressed Li-metal anodes. A current
density of 0.2 mA cm ™2 was applied for 1 h in the first cycles (t = 38-40 h) and for 2 h during later
cycles, reflecting deposited Li amounts of 0.046 and 0.092 mg, respectively.

(D) XPS composition of the Li surfaces.

are presented in Figure S3) exhibit the removal of contaminated hydrocarbons®®
from the Li surface upon washing, as reflected by (slightly) lower contents of hydro-
carbon compounds and carbon species. In contrast, roll-pressing could remarkably
decrease the surface roughness (SEM) and the content of the surficial Li salts (i.e.,
Li,O and Li;CO3) by 56.6% and 36.4% (XPS; Table 1), respectively, thus improving
surface structural and chemical homogeneity of the Li.

Stripping/plating and electrochemical impedance spectroscopy (EIS; Figure S4)
were performed using Li|SIPE (single-ion conducting polymer electrolyte)|Li sym-
metric cells to evaluate the effects of Li treatment on the electrochemical behavior.
In contrast to a high fluctuation of voltage plateaus in liquid-electrolyte-based
cells,? all Li|SIPE|Li symmetric cells show stable voltage profiles during 130 cycles
(total charge: C = 367.2 C cm™?) of the experiment (Figure S4), thereby demon-
strating an improved cycling stability using SIPE.

The major difference appears in the voltage profiles of half-cycles as shown in Fig-

ure 2 for several representative cycles. The highest value of overvoltage of 67 mV
at 0.2 mA cm™2 (at t = 139 h) is observed in the case of as-received Li-metal
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Table 1. at% of the compounds detected on the differently treated Li-metal electrodes by XPS

Li,O (O 15s) Li,CO3(C 1) CH (Cq ) C Li
Content Variation Content Variation Content Variation Content Variation Content Variation
(at%) (%) (at%) (%) (at%) (%) (at%) (%) (at%) (%)
Li as-received 3.6 +£0.1 N/A 65+04 N/A 333 + N/A 455 + N/A 241 + N/A
1.5 1.2 0.5
Hexane 30+03 —-157 7.44+04 136 27.4 £ —17.8 413 £ -9.3 233 £ -3.4
washed 1.2 0.8 0.6
Roll-pressed 1.6+0.2 -56.6 41+04 364 363 £ 8.7 43.4 £+ —-4.7 16.0 + —33.7
0.6 1.2 0.2

Variations relate to the value of as-received Li. at%, atomic concentration; XPS, X-ray photoelectron spectroscopy.

(Figure 2A). The lower overvoltage observed in cells using hexane-washed (44 mV,
Figure 2B) and roll-pressed (42 mV; Figure 2C) Li-metal illustrates an improved
cycling performance after the surface modification of Li.

In addition, as indicated by red lines in Figures 2A-2C, an arcing behavior of the
actual overvoltage can be observed in all cycles in the case of the as-received Li-
metal. A change in overvoltage is attributed to polarization effects, often observed
in dual-ion conductors as a result of an anion concentration gradient along the
cell,**° but it is not expected in a SIPE.

For evaluation and comparison of interfacial resistances of the impedance spectra
(Figure S3), a combined electrolyte and interface resistance Rg, +Rsg was considered
since the limited amount of data points collected in the high-frequency region (f >
100 kHz, reflecting SEI (Rsg)) and bulk electrolyte (Rg,) resistances) inhibited unam-
biguous separation of both contributions. Thus, assuming a constant electrolyte
resistance Rg—or at least constant change of Rg; over time, independent of the Li
treatment—occurring changes in Rg +Rsg are assigned to variations in Rsg only.
Comparing the different procedures of Li treatment, a smaller value of Rg +Rsg
(104 and 79 Q; Figure S4D) of cells with pre-treated Li, compared to cells using as-
received Li-metal anodes (158 Q), indicate decreased interphase resistance, thereby
corroborating (partial) removal of surface oxidation layers by both treatments. This
further affects the overvoltage profile, in which no arcing behavior is observed for
pre-treated samples. The overvoltage profile of cells with Li anodes that were
washed slightly increases during each half-cycle, likely due to changes in the SEI
characteristics, whereas only the roll-pressed Li exhibits the anticipated flat voltage
plateau. The exact values of determined SEl resistances vary significantly based on
the type of Li foil (e.g., manufacturer, storage conditions) that is used and materials
combinations (e.g., type and chemical contribution of the electrolyte). Previous
studies on other SIPE-based symmetric Li||Li cells report values for Rsg ranging
from 20 to 1,000 Q°°7; thus, a comparison of Rsg between different studies is rather
meaningless, while trends within the same study can readily identify strategies for
interphase optimization. Based on the Li-metal treatments considered here, it is
emphasized that roll-pressing affords Li electrode surfaces with high structural and
chemical homogeneity, thereby avoiding undesirable polarization phenomena at
the interphase.

Li deposition behavior with SIPE

Since roll-pressed Li-metal facilitates superior electrochemical performance in the
case of SIPE, it is used to analyze details of the Li deposition in SIPE-based cells,
particularly invoking a previously introduced single-ion conducting blend polymer
electrolyte, applied in NMC111]|Li full cells for long-term cycling.”® A high ionic
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Figure 3. Experimental determination of the short-circuit time
Continuous single-side deposition performed in a symmetric Li||Li cell (0.1 mA cm™

%)

conductivity of 1.1 mS cm™" at 60°C was obtained, while the Li-ion transference
number determined by the Bruce-Vincent method*’ amounts to 0.9.%° Based on
the determined Li" transport properties, the corresponding short-circuit time 7s¢
of the SIPE is estimated based on Chazalviel's model (details of the model are
described in Data S1 and Table S1), assuming a single-sided deposition at a current
density of 0.1 mA cm 2, while yielding a short-circuit time of 826 h that, in principle,
suggests excellent durability of SIPE-based Li-metal cells.

Continuous Li deposition was performed in a symmetric Li||Li cell. While a few
voltage spikes occur during plating probably related to micro-short-circuits induced
as Li deposits immediately lose contact, a sudden drop of the overvoltage (to ~0 V),
as indicated by the yellow box in Figure 3, represents shortening of the cell. The
experimentally obtained value for 7sc equals 43 h, which is far below the theoretical
value (826 h). Such a large discrepancy between the estimated and experimental
values is unexpected.

To elucidate the likely cause for this fast cell failure, Li deposition was studied by SEM
and synchrotron X-ray tomography. SEM permits the investigation of the initial stages
of Li deposition at the nanometer range, while X-ray tomography, as a non-destructive
and non-invasive method, was used to unravel the three-dimensional (3D) microstruc-
ture and spatial distribution of Li deposits without altering the chemistry and
morphology of the Li|SIPE interphase in the micrometer range (with 1.2 pm spatial res-
olution). Before post-mortem imaging, single-side deposition in Li||Li cells was done at
different current rates with a fixed amount of charge passed C = 7.2 C cm™2, corre-
sponding to 0.46 mg Li. The individual voltage profiles are presented in Figure S5.
Figure 4 shows the SEM images of the Li-metal anode (Figure 4A) and the polymer
membrane (Figure 4B) on the side where Li deposition occurred as well as representa-
tive cross-sectional and 3D-rendered images obtained by X-ray tomography (Figures
4C and 4D, respectively; videos of the complete tomograms are attached as Videos
S1, S2, and S3). On the Li-metal anode side, merely few deposits (non-agglomerated
deposits of <100 nm; Figure Sé) adhere (Figure 4A), whereas large agglomerates stick
to the polymer electrolyte when disassembling the cell, which is independent of the
applied currentdensity (Figure 4B). The deposits are non-dendritic, but densely packed
“mossy” structures. The agglomeration of Li deposits is in good agreement with initial
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Figure 4. Post-mortem imaging analysis of Li deposits

Presented cells were cycled at different currents but with a fixed amount of charge of 7.2 C cm ™2 (£ 46 mg Li).

(A and B) SEM images of the Li-metal electrode (on which Li was plated, A) and polymer membranes (B) after single-side deposition.

(C) Cross-sectional views from X-ray tomography showing distribution of Li deposits.

(D) 3D rendering of sub-datasets from X-ray tomography revealing the morphology and spatial distribution of Li deposits (red) with SIPE (light blue).

deposition at preferential spots from which they begin to deform the membrane. This,
in turn, results in an increased electric and ionic field and thus, an increase in current
density at the tip of the deposited Li-metal,”'®"? yielding further deposition, deforma-
tion, and even thinning of the polymer membrane and eventual perforation of the poly-
mer matrix due to rather high local stress.

Note that the observed behavior is not simply attributed to the rather low elastic
modulus of the polymer membrane of 0.1 MPa (determined by rheometry; Fig-
ure S7). In previous studies, cross-linked PE/PEO systems with a similarly low
modulus of 0.1 MPa, significantly lower transference number (t* = 0.16), and similar

ionic conductivity at cycling temperature*?

compared to the SIPE considered here,
achieved short-circuit times that exceed the value predicted by Chazalviel’'s model.
In addition, a recent study demonstrated that a single-phase elastic salt-containing
quasi-solid polymer electrolyte with a modulus of only 0.4 MPa efficiently prevents
cell failure by the penetration of Li deposits even at high current rates.”’ This was
ascribed to the relation between the modulus and density of highly porous struc-
tures, implying that the shear modulus of deposited mossy (porous) Li is reduced
to the megapascal level compared to 3.4 GPa (for dense Li-metal), thereby substan-
tially reducing the actually required modulus of (polymer) electrolytes.** Therefore,
it can be concluded that polymer membrane elasticity was not the limiting factor,
and may even be sufficient to prevent cell failure, provided that Li deposition occurs
homogenously. Nonetheless, the observed non-homogeneous deposition behavior
limits the electrochemical performance of the applied polymer membrane despite
its excellent bulk transport properties.

Cell Reports Physical Science 2, 100496, July 21, 2021 7
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Figure 5. Surface characterization of the SIPE membrane
(A-C) (A) SEM and (B and C) Raman mapping of the SIPE and solvent solution.

Membrane morphology and its correlation to Li deposition

For (quasi) solid blend polymer membranes or block copolymers, a well-known and
intended design strategy comprises the phase separation of different compounds
on the nanometer scale. A separation of the Li salt solvating polymer block com-
bined with a mechanically stiffer compound enables the formation of continuous
pathways for ion transport, while ensuring mechanical stability. Therefore, the
favored bulk ion transport and mechanical properties compared to, for example, ho-
mopolymers or polymers composed of a single compound can be obtained.*>*¢ In
addition, clustering of different phases and formation of larger nodules (agglomer-
ates) has been reported,‘”’49 while the impact of such behaviors on electrochemical
cell performances has not been explored, and it was even expected that polymer
electrolytes are generally uniform on the meso scale.®® In our previous work,”" it
was revealed that for multi-compound systems, phase separation and clustering of
domains occur on a nanometer scale, yielding crystalline PVdF-HFP and amorphous
intermixed PVdF-HFP/SIPE phases, as well as solvent-rich and solvent-poor do-
mains. As depicted in SEM images (Figure 5A), nanometer-size domains aggregate,
resulting in structures on the order of several hundred nanometers; to highlight the
impact and extent of phase separation, 2D analysis methods were invoked.

The chemical distribution of electrolyte constituents at the membrane surface is
derived from Raman spectroscopy. Notably, mapping of characteristic Raman peaks
at 746 cm ™" related to the anionic moiety within the polymer backbone® (Li-sulfon-
amide interactions) and at 715 cm ™" representing symmetric ring deformation of the
solvent molecules,” is presented in Figure 5; the corresponding Raman spectra are
shown in Figure S8. In view of a practical lateral resolution of ~500 nm and a pene-
tration depth of <5 um>*°> under the applied conditions, the distribution of solvent
and single-ion conducting polymer over the surface could be displayed. The do-
mains with a size of ~200 nm (also compare to Borzutzki et al.>") are arranged in
such a way that even within a larger detection volume, the signals (summation of
compounds within a certain volume) do not yield identical contents of the com-
pounds, clearly illustrating an inhomogeneous distribution of the single-ion con-
ducting polymer as well as solvent within the polymer blend membrane. Note that
the distribution of PVdF-HFP could not be analyzed reliably due to low signal inten-
sity (Figure S9).

Infrared (IR) spectra (Figure S9) of the membranes yield stronger excitation of the cor-

responding vibration than Raman spectra and clearly show the presence of a, B, and y
phases of PVdF, of which only the B phase has piezoelectric behavior.”**" IR spectra

8 Cell Reports Physical Science 2, 100496, July 21, 2021
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did not change noticeably upon swelling, drying, or cycling of the cells, indicating the
high phase stability of these membranes. This is unlike other membrane treatments
(e.g., mechanical or thermal treatment, embedding of additional compounds) that
could change chain configurations of PVAF(-HFP).>%¢" Furthermore, in a previous
study, the distribution of the different phases within a PVdF-HFP-based polymer
electrolyte were mapped, revealing theirinhomogeneous distribution over the mem-
brane surface.’® Thus, in addition to the distribution of single-ion conducting poly-
mer and plasticizer (Figure 5B), the distribution of PVdF-HFP phases most probably
constitutes a further inhomogeneity.

Based on the determined structural and compositional inhomogeneities, it is
evident that the transport and mechanical properties also vary within the material.
To corroborate this assumption, various modes of atomic force microscopy (AFM)
were used, including QNM imaging for the local determination of Young’s modulus
and ESM®%4 for the spatial mapping of ionic mobility/flow that is related to perco-
lation paths in the polymer.®* ESM is a rather novel and powerful technique that has
been developed within the last several years to unravel electrochemical processes
on the nanoscale by intrinsically linking electrochemical processes and strains.®”
Inducing a small alternating current (AC) bias to the probe locally (in the vicinity of
the tip) redistributes the Li* ion concentration within the sample. This in turn results
in a change in the molar volume of the sample that is identified by the electrochem-
ical strain measured by the ESM probe. While various mechanisms may contribute to
the observed strain, ESM probes ionic flows with outstanding resolution on a nano-

62,64-67

meter scale. However, while being applied to various solid battery

compounds, in particular, electrode materials®®°® and ceramic electrolytes (e.g.,
Lit 1AL Tiz(PO4)3, Lir sAlg sGeq 5(PO4)s and Lig 33La0.56TiO3),°“® polymer electro-
lytes have been rarely analyzed by ESM,** but they revealed electroosmotic flow
as the dominant contribution to the observed ESM signal in PVdF-based polymers.®*
Figures 6A-6C show the AFM topography and the ESM and QNM images, respec-
tively. While the topography (Figure 6A) exhibits a typical structure for polymeric sur-
faces, the ESM (Figure 6B) clearly shows regions with higher and lower ionic strain
(strain induced by ion motion). This observation is attributed to (local) variations in
ion mobility/ion flow within the electrolyte, where weaker signals correlate to
reduced Li ion diffusion within the observed sample volume, despite that the ob-
tained features are related to the morphology of the material. A larger-scale image
of the polymer confirms these observations while also indicating a direct correlation
to the heterogeneous polymer distribution at the surface (Figure S10). Within the
blend-type SIPE, three different regions can be identified. Areas that display a rela-
tively weak signal response are colored blue and occur as large, round clusters of
~200 nm and may be attributed to sample volumes containing high amounts of
non-Li*-conducting PVdF-HFP. These regions are surrounded by channel-like struc-
tures of ~20-100 nm width that are irregularly distributed on the sample surface and
exhibit a strong signal response, reflecting superior Li-ion percolation paths (red),
likely attributed to a rather ideal composition of SIPE and plasticizer. In between,
areas with medium response are detected (green/yellow). Overall, these observa-
tions are in excellent agreement with the domain sizes of structures monitored by
Raman spectroscopy, thereby verifying the reliability of both techniques. Hence,
ESM mapping exhibits evidence about local strains, contributing important informa-
tion to develop an optimized Li-electrolyte interface offering a rather homogeneous
Li-ion deposition.

As the mechanical properties of the material may also influence the local ionic
mobility, these characteristics are probed by using the QNM mode (the
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Figure 6. Schematic presentation of the Li deposition behavior

(A-C) AFM investigations: (A) AFM topography, (B) ESM mode, and (C) QNM mode.

(D) Schematics illustrating compounds of the blend polymer membrane and inhomogeneous Li
deposition generated as a result of favored transport channels within the SIPE.

(E) 3D rendering of X-ray tomography of a cell in which 0.46 mg Li was plated on the anode side,
applying 0.1 mA cm~2 for 20 h.

(F) SEM image of an agglomerated Li deposit that has penetrated the polymer membrane.

corresponding topography image is presented in Figure S11). Two different Young’s
moduli are obtained as shown in Figure 6C, reflecting different components in the
polymer membranes. The embedded structures exhibit significantly enlarged
Young's moduli of 30-80 MPa compared to the substrate with values <1 MPa.
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However, the obtained value of the substrate is in reasonable agreement with data
from rheometry experiments (Figure S7), yielding a stiffness on the order of 0.1 MPa
for the bulk material. These results reveal various inhomogeneities on the polymer
membrane surface (2D), reflecting the presence of preferential Li-ion transport chan-
nels with different width and connectivity/tortuosity, as well as dead ends within the
polymer matrix (3D). While previous reports on ion (H*, Li*) transport in polymeric

structures?®??

reported the occurrence of distributed properties, thus far, this phe-
nomenon has not been correlated to any consequences in electrochemical cell
application—in this case, Li deposition behavior in LMBs. Here, as schematically pre-
sented in Figures 6D-6F, Li deposition and growth of deposits take place at partic-
ular spots of the Li-metal electrode. This phenomenon is promoted by the
morphology of the membrane since phase separation induces a distribution of prop-
erties (ionic mobility and Young's moduli) in the polymer blend membrane. Overall,
this deposition behavior significantly reduces the long-term cycling stability of the
cell since agglomeration of deposits strongly stresses the membrane in these re-
gions, thereby thinning and even perforating the membrane. This effect is compara-
ble to the preferential growth of Li deposits along grain boundaries in ceramic
electrolytes.'”

In light of all of the obtained results, the strong deviations of theoretical and exper-
imental value of 75¢ can be explained. It is plausible to conclude that 75c obtained
from Chazalviel'’s model or other quantities derived from various models’-%477°
thatare based on the assumptions of homogeneous electrolytes and bulk properties
is basically overestimated in view of practical results, in which transport and mechan-
ical properties are distributed over the sample surface and volume. To approach the
experimentally obtained limiting values based on theoretical calculations, a homo-
geneity factor, which may be calculated by the mean and standard variation of rele-
vant parameters (e.g., Li* diffusion, D;;*; transference number, t*; elastic moduli, E;
shear moduli, G) should be included. However, accurate and highly resolved deter-
mination of the distribution of these decisive properties within a polymer membrane
constitutes a formidable challenge, even more so when considering that materials
design strategies are confronted by conflicting demands of electrochemical perfor-
mance, costs, and environmental friendliness of the materials’ constituents.

Despite that Li deposition homogeneity was considered a major factor for prevent-
ing Li dendrite growth in LMBs—for example, in terms of Li surface roughness,***
SEI,”" or separator properties (wetting/porosity)*’“—in the case of polymer electro-
lytes, the impact of a distribution of the chemical (micro-) environments or constitu-
ent polymer blocks remained unexplored. Phase-separated structures containing
ion-conducting and structure-determining domains’® such as block copolymers or
polymer blends were often deliberately fabricated to yield favorable bulk properties
(ionic conductivity, mechanical stability) while exploiting materials adaptability with
respect to the necessities of intended applications. Therefore, the challenge for
future electrolyte design and development consists in compromising the conflicting
demands of achieving excellent bulk properties (which can be achieved by phase
separation) and homogeneous morphological features based on spatially homoge-
neous distributions of ion transport and mechanical properties. Implementation of
detailed studies of the local properties of electrolytes and Li™ ion pathways
(including transport in confined channels), in addition to the elucidation of correla-
tions between processing parameters (e.g., utilization of different chain or block
lengths of polymers, applied temperatures, amount of solvent and chemical interac-
tions and electrolyte compounds; in the case of solution-based processing) and Li*
ion transport networks, are considered essential for the further development of
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reliable and ideally commercially viable strategies to control the resulting network/
channel structures and bulk materials properties. The existence of favored transport
channels can be understood as a critical but powerful design parameter, such that
defined characteristics of the Li* transport paths by tortuosity control (e.g., short
paths lengths and avoidance of dead ends, optimization of path widths for unhin-
dered Li-ion movement, and generation of as many as possible paths of equal
lengths with low deviation between the channel properties) can be explicitly used
to not only boost the achievable Li*-ion transport properties in polymer electrolytes
but also control Li deposition behavior. In addition, to further homogenize the Li-ion
flux on Li-metal (or Cu current collector in case of anode-free LMBs) electrodes for
systems in which phase separation occurs, multi-layered polymer systems may be
considered, including homogeneous, Li-ion conductive (single-compound) artificial
SEl layer(s) on the electrodes.'*’* This way, controlled and homogeneous Li depo-
sition on the electrodes can be achieved.

The obtained results and design recommendations are also valuable in terms of un-
raveling the origins and preventing the formation of “orphaned”/“dead” Li. The
orphaning of Li is a pivotal phenomenon occurring when non-uniformly formed
and localized Li deposits lose contact, thereby significantly contributing to irrevers-
ible Li losses during cycling (in case of non-symmetric cell setups; e.g., Li||Cu or Lil|-
transition metal oxide cathode material).”*’® While previous publications identified
electrode architecture and interphase characteristics as potential causes for Li

’>7% inhomogeneity of the electrolyte membrane most probably consti-

orphaning,
tutes another factor inducing the formation of orphaned Li. In fact, non-uniform
deposition has been widely recognized as a bottleneck in metal-based batteries
also beyond Li (e.g., Zn,”””® Al’7), highlighting the generic relevance of the results
of this study. Applying the complementary characterization approach introduced
here to other Li-based cell setups (e.g., Li||Cu for the determination of irreversible
Li losses during cycling) and to other cell chemistries (e.g., Na, Zn, Al, Mg) consti-
tutes a promising strategy to gain comprehensive knowledge of stripping/plating
phenomena in metal-based batteries.

In summary, a SIPE was used to unravel Li deposition behavior and underlying crucial
factors. Combining electrochemical and various optical and spectroscopic tech-
niques, we demonstrated that the ability of (single-ion conducting) polymer electro-
lytes to prevent rather inhomogeneous Li-metal deposition can be controlled by its
morphology, in particular, the membrane homogeneity. SEM and X-ray tomography
analyses revealed that independent of the applied current density, dense (non-den-
dritic) Li deposits agglomerate and grow at preferential spots, eventually resulting in
the deformation and penetration of polymer membranes based on high local
stresses within the phase-separated domains. The intrinsic phase separation in the
considered polymer membrane derived from Raman mapping induces an inhomo-
geneous distribution of membrane characteristics such as ionic flows (ESM) and
mechanical properties (QNM) that evoke the generation of several preferential path-
ways for Li* transport that are responsible for observed deposition behavior rather
than bulk electrolyte properties. While the analysis was performed for a representa-
tive polymer blend system, all of the obtained insights are generically applicable to
all types of (quasi-) solid electrolytes (either dual-ion or single-ion conducting) that
exhibit morphological features (domains), including blend-type polymers, block co-
polymers, and hybrid electrolytes beyond Li-metal chemistries (e.g., Na, Zn, Al, Mg).
Our findings provide insights that promote a comprehensive understanding of Li
deposition behavior and associated determining factors, specifically introducing
the distribution of Li* ion transport properties within an electrolyte as a critical
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design parameter for electrolyte development. In view of future investigations, we
emphasize focusing on compromising optimized bulk properties (high ionic conduc-
tivity and high elastic modulus, which can be readily achieved by phase separation
attempts) on one side and homogeneous microstructures and narrow distributions
of properties to attain rather homogeneous Li deposition during cycling (thus
longevity of Li-metal-based cells) on the other side. Therefore, correlations between
electrolyte processing parameters with morphological features (tortuosity, channel
widths and their distributions and standard deviations, presence of dead ends)
and finally with Li deposition behavior should be established. Such insight may guide
pathways for future electrolyte design, in principle allowing the tailoring of structural
features and characteristics of Li transport channels, including (better) control of Li
deposition behavior. Beyond that, interface/interphase design (e.g., application of
a homogenously ion conducting [polymeric] artificial SEI) constitutes another key
strategy for likely achieving controlled Li deposition in Li-metal-based cells.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Gunther Brunklaus (g.brunklaus@fz-juelich.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Raw data are available upon reasonable request from the lead contact.

Polymer membrane fabrication

Synthesis of the SIPE and preparation of the polymer membrane were performed as
described in our previous work.*? Figure S1 depicts the process of membrane fabri-
cation. Blend polymer membranes were prepared by casting and subsequent drying
of a 75-wt% SIPE and a 25-wt% PVdF-HFP solution. The dried membrane was then
swollen in a mixture of ethylene carbonate (EC) and propylene carbonate (PC)
(1:1, viv) yielding a weight uptake (wt%) of 130 wt% related to the weight of the
dry membrane.

Li treatment

For analysis of the impact of Li treatment on the cycling performance (overvoltages
and cell lifetime) and SEI composition, Li-metal was treated as follows. Case 1: the
as-received Li-metal (500 um, Albemarle) was rinsed 3 times in anhydrous hexane
(>95%, dried over activated alumina in a Pure Solv PS-MD-4-EN solvent purification
system (Innovative Technology). Case 2: the as-received Li-metal was pressed be-
tween two siliconized polyester foils (PPl Adhesive Products) in 25 um steps using
a tabletop roll-press (Hohsen Corp., HSAM-615H) to a final thickness of 300 um to
reduce the surface roughness and achieve a defined surface.”®

Characterization methods and sample preparation

Galvanostatic cycling was performed in symmetric Li|SIPE|Li coin cells (2032 type) on
a battery analysis system Maccor 4000. For all of the experiments, the cells were
placed in a climate chamber at a constant temperature of 60°C, where they were
kept at open-circuit voltage (OCV) for 12 h before cycling.
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The SEl composition was examined by XPS (AXIS Ultra DLD [Krato]) and a monochro-
matic Al Ka source (hV = 1,486.6 eV) ata 10-mA filament current and a 12-kV filament
voltage source energy. Samples were prepared in a dry room (H,O < 0.02%, dew-
point below —65°C) and transferred to the device without exposure to ambient at-
mosphere. To avoid charging the sample, a charge neutralizer was used. A 0° angle
of emission and a pass energy of 20 eV were applied. Three measurements were re-
corded for each sample at different spots. CasaXPS software was used for spectral
fitting of the obtained spectra; the binding energy of the C-C/C-H peak of the C
1 s spectra was set to 284.6 eV for calibration.

Storage and loss moduli G'(w) and G"’(w) were determined with an Anton Paar MCR
102 device with 10-mm parallel plates. Sample dimensions were 10 mm in diameter
and 70 um thick. All of the measurements were conducted at a low strain rate of 0.1%
(plateau of deformation-dependent moduli) as a function of applied angular fre-
quency at 20°C, 40°C, and 60°C.

Samples analyzed by X-ray tomography were punched from cell stacks (Li|SIPE|Li) of
disassembled and cycled coin cells (Figure S2B). The samples were punched to a
sample size of 3-mm diameter from a location between the center and edge of the
cell, asshownin Figure S2A. The samples were then placed horizontally inside sample
containers that are tailored for X-ray tomography and made of polyether ether ke-
tone (PEEK, Quadrant GmbH), as detailed in Figure S2C.”" To fully exploit the field
of view, three samples were stacked inside the PEEK housing (Figure S2C). Except
for the rubber rings, the containers were further glued (at the level of the rubber
ring) on both ends to avoid moisture penetration from ambient atmosphere. Sample
packing was performed in a dry room (H,O < 0.02%, with dewpoint below —65°C).
Synchrotron X-ray tomography was performed at DESY (Germany) at P05 beamline.®°
Monochromatic X-rays (AE/E = 10~?) with an energy of 20 keV were used, which were
generated from a double multilayer monochromator (DMM). A monochromatic
beam was directed onto the sample during a 180° sample rotation. The detector con-
sists of a 100-pum-thick CdWQ, single crystal scintillator, a set of microscope optics,
and a KIT CMOS camera with a CMV 20000 sensor. The applied field of view was
3.28 x 2.46 mm? (length x height), with a pixel size of 0.6 um. All of the tomography
datasets contain 2,400 projections with an exposure time of 0.16 s for each projec-
tion. The obtained raw image datasets were normalized, filtered, and reconstructed
using in-house reconstruction software programmed by Julian Moosmann written in
MATLAB.®""® Three-dimensional images were rendered by VGStudio MAX 3.1.

Raman spectra were recorded on a Senterra Raman spectrometer (Bruker Optics), using
alaserwavelength of 785 nm and a 100x objective (numerical aperture [NA] = 0.9). The
Raman spectra were recorded in a spectral range of 80-1,520 cm ™" with a resolution of
3-5cm™", and the laser power was adjusted to 25 mW. For collection of the spectra, 5
integrations were carried out at an integration time of 100 s. Raman mapping was per-
formed by applying a grid of 10 X 10 measurement pointsin the x- and y-directions. The
distance Ax/Ay between 2 measurement points was set to 200 nm, even though the
calculated lateral resolution (Raleigh criterion) is 532 nm. Note that based on previous
work,? the best information is achieved from mapping with data increments consider-
ably smaller than the actual resolution. The Raman spectra were baseline corrected in
OPUS software (Bruker Optics). To compensate for intensity variations between spectra
obtained from different measurement points and to consider that compounds may be
distributed inhomogeneously on the surface, characteristic peaks of the solvent solu-
tion and the single-ion conducting polymer were normalized to the integral of the whole
spectrum using Origin 2016 software.

14 Cell Reports Physical Science 2, 100496, July 21, 2021

Cell Rerrts )
Physical Science



Cell Regorts .
Physical Science

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy was
performed on a Bruker Vertex 70 with a spectral resolution of 1 cm™
range between 400 and 4,000 cm™" and 512 scans.

in a spectral

SEM was performed on a Zeiss Auriga electron microscope (Carl Zeiss Microscopy
GmbH) with an accelerating voltage of 3 kV.

AFM images were recorded on a Dimension ICON (Bruker Optics) applying two
different modes. For the measurements of topography and mechanical properties,
the Peak Force QNM mode was used. A Bruker SCANASYST-AIR cantilever (Bruker
Opittics) with a calibrated spring constant of 0.28 N/m was used. For the determina-
tion of Young's modulus, a tip radius of 12 nm was assumed, and all of the parame-
ters were validated on the corresponding Bruker reference sample kit. The (ESM
mode is suitable for the qualitative detection of local variations in ionic mobility. A
Bruker SCM-PIT-V2 cantilever with conductive Pt/Ir coating and a calibrated spring
constant of 2.33 N/m was used. The contact resonance frequency and the amplitude
were tracked with a phase-locked loop (HF2LI, Zurich Instruments). The starting/cen-
ter contact resonance frequency was 267 kHz and a drive bias of 4 V ACand -2 V
direct current (DC) was used; the image was scanned at a rate of 0.4 Hz. The
QNM measurements were done at an AFM at ambient conditions, while the ESM
measurements were conducted at a device placed inside a glove box (MBraun)
that may slightly influence the amount of plasticizer contained within the sample.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100496.
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