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Although all-solid-state lithium metal batteries (SSLBs) have long been regarded as successors of the commer-
cially available lithium-ion batteries (LIBs), SSLBs do not yet deliver sufficient and competitive performance. The
use of a solid electrolyte in combination with lithium metal as the anode increases the theoretical energy density

gff?ssril; and improves safety. However, these advantages are overshadowed by various degradation mecha-
. . nisms—especially dendrite formation. Hence, comprehending the phenomenon of dendrite nucleation and
All-solid-state batteries

growth will be a decisive step toward the commercialization of SSLBs. This review summarizes the current
understanding of dendrite formation at the solid electrolyte/lithium metal anode interface. Focusing on the
microscopic level, it aims to compare and categorize different findings related to dendrite formation in inorganic,
polymer (including dynamic and dynamic-crosslinked polymer), and hybrid solid electrolyte batteries. Different
critical mechanisms are highlighted, such as inhomogeneous plating or stripping, as well as the interconnections
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between those failure mechanisms. Processes that result in dendrite formation or are a consequence of dendrite
formation are included, and key mechanisms such as ionic transport, homogeneous plating and stripping, as well
as interphase evolution and its connection to failure mechanisms are reviewed.

1. Introduction

The development of better batteries in terms of higher safety, higher
energy density, faster charging, and longer lifetime is one crucial step for
progressive electrification. However, current commercially available
lithium-ion batteries (LIBs), currently regarded as state-of-the-art, have
limitations in relation to these requirements [1]. One reason is their use
of liquid electrolytes [2,3], which are usually accompanied by several
safety concerns, such as possible leakage of toxic liquid electrolyte, or
thermal runaway caused by mechanical, thermal, or electrical abuse [4,
5]. To minimize hazards, alternative battery models must be developed.
A highly promising type is the all-solid-state battery, utilizing solid
materials as the electrolyte [6]. Compared to their liquid counterparts,
solid-state electrolytes are less prone to hazardous events due to their
intrinsic lower or non-flammability and absence of liquids [7]. When the
solid electrolyte comes in contact with the lithium metal anode, a stable
solid—electrolyte interface (SEI) can be formed, which contributes to a
stable potential and less active material consumption during operation.
In contrast, the SEI in liquid electrolytes continues to grow due to the
infiltration of liquid into SEI cracks, ultimately reaching the lithium
anode [8,9]. Therefore, the use of solid electrolytes potentially opens up
the possibility of using lithium metal as the anode for higher-density
batteries.

The advantage of using lithium metal as the anode for a lithium
battery is the possible higher theoretical energy density, offering the
opportunity for creating higher voltage cells and enabling faster
charging [10]. Compared to commonly used graphite anodes, a lithium
metal anode allows the achievement of a cell-level gravimetric energy
density of 454 Wh kg™!, whereas the graphite anode is limited to
314 Wh kg~! when paired with a lithium nickel cobalt aluminum oxide
(NCA, e.g., LiNiggCog 15Alp0502) cathode [11]. Likewise, the volu-
metric cell-level energy density can be nearly doubled with lithium
metal anodes (1392 Wh Lfl) compared to graphite anodes (773 Wh L’l)
with the same cell chemistry. In addition, the high reduction potential of
lithium metal (—3.04 V vs. standard electrode potential) creates the
opportunity for fabricating high-voltage cells in terms of theoretically
possible potential differences to the known cathode materials. More-
over, a lithium metal anode can empower fast charging by using metal
electroplating as the charging mechanism, instead of relying on inter-
calation diffusion like in the conventional anodes for LIBs [12,13].

Despite their theoretically promising properties, competitive all-
solid-state lithium metal batteries (SSLBs) are not commercially avail-
able yet. One of the main reasons is the occurrence of dendrites during
electrochemical cycling [14-16]. Dendrites result from undesirable
lithium filament growth inside a battery cell. Cell cycling with high
current densities accelerates dendrite formation, which can lead to a
short circuit. For example, battery cells consisting of oxide-class solid--
state electrolytes such as LiyLazZr,0;5 (LLZO), and sulfide-class solid--
state electrolytes such as LiyP3S;; (LPS), often fail due to dendrite
formation at a current density less than 1 mA cm™2 and thus are not
competitive with liquid electrolytes, which can operate in the range of
4-10 mA cm~2 at room temperature [17]. Although the lower dendrite
formation current densities of SSLBs could be relative to the ionic con-
ductivity of the electrolytes, recent developments in inorganic solid
electrolytes (e.g. sulfide-class solid electrolytes 1072-10"* S em™!) can
keep up with the performance of liquid electrolytes with high ionic
conductivities in the range of 10°2Scem™? [18-20]. Soft, polymer-based
solid-state electrolytes represent a complementary approach to mitigate
interfacial failures induced dendrites by maintaining conformable
electrolyte contact; however, their conduction of lithium ions, in the

absence of plasticizers, depends heavily on the polymers’ segmental
motion, critically limiting their ionic conductivities to a representative
level of 107%-107® S c¢m 'at room temperature [18-20]. Very low
lithium self-diffusion in the lithium anode and poor solid electro-
lyte/electrode interfaces without any free-moving liquid phase are
acknowledged as the main reasons for a restricted low operational
current density and cycling performance. Although the problem of
dendrites has been known for a long time, the nucleation and propa-
gation mechanisms are still not fully understood and remain subjects of
current research [21].

An inevitable step for advancing SSLBs is to disentangle the de-
pendencies of critical parameters and processes that lead to dendrite
formation when the solid electrolyte, the lithium anode, and their
interface are involved. To offer a complete survey, we consider all types
of solid electrolytes: inorganic, polymer—including dynamic and
dynamic-crosslinked polymers—and hybrid solid electrolytes. This re-
view pays special attention to clarifying and connecting current un-
derstandings from the microscopic perspective.

2. Ionic transport on an atomic level

The transport mechanism of lithium ions inside a solid electrolyte
can be driven by thermal energy leading to diffusion, electrical energy
leading to migration, or mechanical external pressure leading to con-
vection [22]. For inorganic solid electrolytes, which include oxides,
sulfides, and halides, the underlying atomic-scale transport mechanism
is ion hopping. Defects in the crystal lattice enable the diffusion mech-
anism; they may show up as a point, line, planar, volume, or electron
defect and affect the ionic transport properties significantly [18,23].
Among these, point defects, especially vacancies and interstitial defects,
play a crucial role in ionic conduction. Due to the different defect types,
three main transport mechanisms are possible: vacancy, interstitial, and
interstitial-substitutional exchange hopping (knock-on mechanism)
(Fig. 1a) [23-25].

Without an external electric field and mechanical pressure, the only
transport process for ions is diffusion. Diffusion depends on a diffusion
coefficient D, which is proportional to the hopping frequency v. The
hopping frequency is strongly affected by the required energy Ej, for a
jump between the ionic sites at a temperature T. Since the activation
energy is provided by thermal energy, the hopping frequency for a
certain temperature follows the Boltzmann distribution. This leads to the
use of the Arrhenius equation:

Ep

v=uype T (¢}

where v is the attempt frequency and kg is the Boltzmann constant.
From the Nernst-Einstein equation, the relation between ionic conduc-
tivity ¢ and diffusion coefficient D, is derived for non-interacting ionic
migration to a:Da(T)n(T)qz/kBT, which states that besides the quantity
of charge per ion g, the ionic conductivity is also linear, depending on
the charge carrier density n [26]. At this point, it needs to be mentioned
that the equation is only an approximation but in most cases is correct
[27,28]. Forming a vacancy requires an activation energy E, and can
also be expressed with the foregoing Arrhenius equation (1). Combining
both the activation energy for vacancy formation and the hopping of an
ion leads to E,=E,+Ey, with E, as the experimentally measured activa-
tion energy for the conduction process. This, in turn, results in the
proportionality of o ~ e E/kT where ¢ is the ionic conductivity in
inorganic solids for the case of direct and uncorrelated migration [29,
30]. A temperature increase not only increases the ionic conductivity
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Fig. 1. Ionic transport in solid electrolytes on the atomic and macroscopic scales. (a) Ionic transport in inorganic solid electrolytes on an atomic scale. (b) Ionic
transport in polymer solid electrolytes on an atomic scale. (¢) SEM images of surface and cross-section morphologies of LLZO solid electrolytes sintered with different
particle sizes and particle size mixtures, resulting in different kinds of grain boundaries [90]. (d) HRTEM image of a grain boundary of pristine LLZO [91]. (e) XCT
scan of the filler distribution within a hybrid solid electrolyte consisting of LLZO particles in a PEO matrix [79]. (f) SEM image of the surface morphology of a
Ta-substituted LLZO (LLZTO)-PEO hybrid solid electrolyte membrane [89]. (g) Possible ionic transport pathways in inorganic solid electrolytes on a microscopic scale
with grain boundaries. (h) Possible ionic transport pathways in hybrid solid electrolytes on a microscopic scale with different filler morphologies and fractions.

but also can affect the quantized crystal movement (called phonons),
which may act as an obstacle for moving ions. Whether and how pho-
nons have a significant influence on the ionic conductivity is not theo-
retically understood yet, but the knowledge could help to improve ionic
conductivity [30,31].

One of the most influential factors on the energy barrier for hopping
is the crystalline structure [30]. For example, it was found that a
body-centered cubic (bcc)-like anion packing structure, such as in
Li;0GeP2S12 and LiP3Spp, exhibits the highest ionic conductivity in
comparison to other structures of similar chemistries, due to the lower

activation barrier for lithium-ion hopping between the adjacent tetra-
hedral sites [32]. In addition to the three established ionic trans-
portation mechanisms, several others have been proposed: ring, direct
exchange, crowdion, diffusion along and across interfaces, concerted
diffusion, and a paddle-wheel mechanism [25,33]. Several theoretical
publications propose the use of the paddle-wheel mechanism as a
possible way to improve the ionic conductivity in amorphous (glassy
Li;S-P,Ss-based) [34] and crystalline solids (e.g., rotation of
[PS4]/[SiS4] polyanions in Li3,25[Si0.25P0,75]S4) [35-37]. However, it
needs to be considered that the occurrence of the paddle-wheel



L. Weckelmann et al.

mechanism is always accompanied by an increase in free volume to
enhance ionic transport, which cannot be properly distinguished from
the paddle-wheel mechanism [38]. Like in crystals, the general ionic
transport mechanism in amorphous inorganic solid electrolytes is ion
hopping [29]. In particular, volume-intensive ion conduction mecha-
nisms like the paddle-wheel mechanism are possible in the amorphous
phase, which has fewer lattice interactions and therefore a lower acti-
vation energy because of the lower crystal density compared to that of a
dense crystal lattice [34].

Solid polymer electrolytes, such as polyethylene oxide (PEO), are
generally low ionic conductors within the range of 10 ®t0 107% S cm™*
at room temperature [39]. Therefore, a solid polymer electrolyte is
normally supplemented with a lithium salt to increase the ionic con-
centration for better ionic conductivity. Furthermore, plasticizers are
often added to reduce the lower ion-conductive crystalline phase.
Together with elevated operating temperatures (e.g. 60 °C), this can
boost the ionic conductivities for solid polymer electrolytes up to an
order of magnitude higher, from 10%t0 103 s cem™! [40].

While the crystalline phase in solid polymers was initially considered
the major ion-conductive phase, the amorphous phase is now seen as the
primary one for ion transport [41]. Later, the crystalline phase was
regarded as generally a lower ionic conductive phase [42]. Nevertheless,
it was found that the crystalline phases in PEOg:LiSbFg not only can
conduct ions but also exhibit even higher ionic conductivities than the
amorphous phases before reaching the glass transition temperature,
although the ionic conductivity is below 10~/ S ecm ™! at room temper-
ature [43].The transport mechanism was suggested to be based on cy-
lindrical tunnels that consist of folded chains through which ions can
travel. The crystalline phase usually exhibits a lower ion-conductive
path. Thus, one research objective is to reduce crystallinity to achieve
higher total ionic conductivities in solid polymer electrolytes [44,45].

Ion movement in a solid polymer electrolyte is predominantly a
consequence of segmental motions of polymer chains in combination
with bond exchanges between chain atoms and ions (Fig. 1b). Such a
motion occurs more frequently above the glass transition temperature
Tg, hence, materials with lower T, offer higher conductivity [46]. Bond
exchange movements are often described as hopping events, including
interchain hopping between two different chains, and intrachain hop-
ping within the same chain [47]. To break the existing bonds and create
new bonds, the ions need to overcome an activation energy, similar to
the ions in the inorganic crystal lattice. Hence, this process can also be
described by the Arrhenius equation (1), with a pre-exponential factor A
instead of the attempt frequency vy. Since the whole movement also
depends on the polymer motion, the adapted Vogel-Tamman-Fulcher
equation is introduced, ¢ = Aexp(-B/(T-Ty)), which takes the coupling
of hopping and polymer movement into account with the experimen-
tally measured pseudo-activation energy B and reference temperature T
as material-related parameters. Here, the T, is normally located 10-50 K
below T, and therefore is proportional to T [42]. Beyond linear poly-
mers represented by PEO, polymer network electrolytes introduce an
additional handle to balance conductivity and mechanical stability. In
dynamically crosslinked polymers, reversible covalent motifs (e.g.,
imine, boronic ester, transesterification-based vitrimer chemistries) can
continuously reorganize the network topology under operating condi-
tions. This can relax local stress and heal microvoids/cracks while pre-
serving a percolated polymer matrix for ion motion, and—when
combined with plasticizers or solvating segments—can reach practically
relevant conductivities without relying solely on a highly crystal-
line/soft phase [48-50].

In contrast to inorganic solid electrolytes, solid polymer electrolytes
usually conduct both cations and anions. This leads to a transference
number that is usually significantly lower, thus lowering the actual
lithium-ion conductivity of the solid polymer electrolytes [51].To
address this, single-ion conducting polymer electrolytes raise the
lithium-ion transference number by immobilizing anions that are pre-
sent on the polymer backbone by synthetic design. The concentration
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polarization is thereby lowered through the depletion of lithium ions
and the accumulation of counterions, and excessive accumulation of the
SEI from anion and polymer reduction is also reduced, both of which are
critical factors that can otherwise amplify interfacial non-uniformity
during electrodeposition [52-56].

3. Ionic transport on a microscopic level

Because inorganic solid crystalline electrolytes are not normally
monocrystalline—i.e., only isotropic in a short range—the occurrence of
interfaces between differently oriented grains and/or different crystal
structures, namely grain boundaries (Figs. 1c and d), is not negligible
when discussing their ion transport. Hence, ions need to either cross or
move along the grain boundaries to traverse a solid electrolyte on the
microscopic scale, so a modified transport mechanism needs to be
assumed [25,57]. Beneficial techniques to uncover material micro-
structures, such as grain boundaries in inorganic solid electrolytes
(Figs. 1c and d) or filler distributions in hybrid solid electrolytes (Figs. le
and f), are scanning electron microscopy (SEM), transmission electron
microscopy (TEM), or high-resolution transmission electron microscopy
(HRTEM). To characterize the ionic transport within solid electrolytes
and at interfaces to link to their microstructures, various methods can be
employed [58]. Typically, electrochemical impedance spectroscopy
(EIS) is used to measure the ionic conductivity within a broad frequency
range (mHz to MHz) and on large length scales (107741 02 m). Beside
determining bulk ionic conductivities, EIS is able to distinguish between
bulk, interface, and grain boundary contributions [59]. However,
measuring ionic hopping across individual grain boundaries remains
technically challenging due to high contact resistances, which require
four-point probe setups. For smaller length scales (107*!-1077 m), the
diffusion coefficient of ions can be determined with nuclear magnetic
resonance (NMR). This technique can be utilized to investigate ionic
hopping between different phases, such as inorganic and organic ones in
hybrid solid electrolytes.

Due to morphological and electrochemical changes at the grain
boundaries, new energetically favorable pathways can occur (Fig. 1g).
Via molecular dynamic simulation, it was found that lithium-ion trans-
port in LLZO at the grain boundary region is generally slower compared
to in bulk regions [60]. In agreement with that, it was reported that the
grain-boundary ionic transport of lithium aluminum titanium phosphate
(LATP) is three orders lower than through the material's bulk [61]. As a
consequence, lithium ions were found to move preferentially through
the grains instead of along the grain boundaries [62]. However, the
difference is highly dependent on temperature and the orientation of
grains to each other [60]. Larger angles of misorientation between
grains result in an increase in grain boundary energies [63], where a low
grain boundary energy is correlated with the presence of a high grain
boundary density, which, in turn, causes high ionic resistance and thus,
lower ionic conductivity [57]. Nevertheless, grain boundaries do not
always lower ionic diffusion. Theoretical calculations reveal that in
some oxides, such as HfO, [64], grain boundaries enhance ionic trans-
port. Moreover, Wilkening et al. [65] found enhanced ionic conductivity
in the nanocrystalline phase of LiNbOs, which was attributed to the
amorphous interfaces between different crystals because the more
disordered structure facilitated ion transport [66]. The reason for the
increased ionic conductivity in certain glass ceramics, such as LigPSy, is
not yet known [67]. Typical ionic conductivities of different inorganic
solid electrolytes can reach from 10~ to 1072 S cm™! at room temper-
ature [18]. Furthermore, the presence of pores within inorganic solid
electrolytes increases the diffusion tortuosity, which leads to lower
effective transfer efficiency and inhomogeneous ionic current distribu-
tion. The elimination of pores within the solid electrolyte always favors
the solid electrolyte's application.

Hybrid solid electrolytes consisting of solid inorganic (represented as
the filler) and organic (represented as the matrix) parts provide prom-
ising design approaches for improving solid electrolyte properties [68,
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69]. This method is based on combining the promised advantages of
inorganic conductors, such as high ionic conductivity and thermal sta-
bility, with the benefits of organic ionic conductors, such as high me-
chanical flexibility and good compatibility with electrode materials [23,
70]. While an active filler potentially contributes to the ionic conduc-
tivity by providing new pathways through the filler phase, a passive one
does not conduct ions. Yet, a passive filler can also increase the ionic
conductivity in a hybrid solid electrolyte by impeding the crystallization
of the polymer phase [71], lowering its glass transition temperature,
aiding lithium salt dissociation, and/or reducing the hopping energy
[72-74]. Other important filler properties that affect the ionic and me-
chanical properties of a hybrid solid electrolyte are its quantity (number
of single filler parts), size (e.g., diameter), shape, and distribution, and
the orientation of the used filler.

Regarding ion transport in hybrid ionic conductors, three different
pathways are proposed: inside the polymer, inside the inorganic part
(active filler), and along the interface between the polymer and the
inorganic filler (Fig. 1h). Which pathway the ions prefer seems to
depend heavily on the specific characteristics of the hybrid solid elec-
trolyte system. Even the use of the same filler, such as LLZO, leads to
different conclusions. As a result, reports in the literature are somewhat
contradictory [70]. Based on NMR active isotope tracking, Zheng et al.
[75] proposed the ceramic phase as the main pathway for 50 wt% (i.e.
18 vol%) LLZO particles in a PEO-LiClO4 system. In contrast, Chen et al.
[76] reported that the suppression of PEO crystallinity through incor-
porating LLZO particles increased conductivity, based on differential
scanning calorimetry measurements. This, in turn, would suggest that
the amorphous polymer phase is the main conductive phase. In addition
to experimental data, theoretical calculations also suggest that
lithium-ion transport takes place primarily along the interface between
LaCoOs3 nanofibers and PEO [77]. For hybrid solid electrolytes made
with lithium lanthanum titanium oxide (LLTO) ceramic nanofibers in a
polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP) matrix, NMR
disclosed that lithium ions are using all three possible pathways, leading
to a higher ionic conductivity and lithium-ion transference number [78].
Nevertheless, the conductivity enhancement achieved by adding fillers
to hybrid solid electrolytes seems to be limited by increasing tortuosity
in the lithium-ion pathways (when assuming they travel only through a
single phase) [70] and the hindering of segmental motion due to the
high volume fraction of fillers [79]. This, in turn, implies that lithium
ions seem not to hop between the ceramic and polymer phases.
Accordingly, there is a certain filler content at which the ionic con-
ductivity goes from improved to deteriorated [80]. For example, 10 wt%
LLZO in PEO exhibits a lower crystallinity than 0 wt% and 20 wt% LLZO
in PEO [79]. That 10 wt% LLZO in PEO results in higher conductivity
than the other two supports the theory that the amorphous polymer is
the main conducting path for lithium-ion transport.

In general, whether the ionic conductivity is improved in hybrid
solid electrolytes depends on the interplay of filler content, ionic con-
duction in each phase, and filler orientation and distribution. For
instance, if the inorganic phase exhibits a higher ionic conductivity than
the polymer one, the amount of filler needs to be large enough to create
a continuous percolation path or must be significantly more ionically
conductive to compensate for the higher energy path inside the polymer
and across the interface. For the LLZO commonly used in PEO com-
posites, it is reported that a high activation energy creates a highly
resistive interface, making the interfacial crossing energetically unfa-
vorable [81]. Furthermore, an inorganic pathway is always necessarily
intertwined with ions crossing the interfaces between individual filler
parts, except for nanofibers aligned from one end to the other. Liu et al.
[82] stated that the interface between PEO and LLTO nanofibers pre-
sents a highly ionic conductive pathway, resulting in even higher ionic
conductivity with aligned nanofibers due to reduced tortuosity. Because
of the different processes taking place in hybrid solid electrolytes, it is
difficult to distinguish between the different mechanisms leading to the
final enhanced ionic conductivity. Frequently, researchers propose a
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combination of several mechanisms to explain an ionic conductivity
increase observed experimentally [83,84]. Likewise, modeling the ionic
conductivity of hybrid solid electrolytes can become complicated.
Similar to polymer and inorganic solid electrolytes, the general ionic
conductivity of a hybrid solid electrolyte follows the Arrhenius equation
(1), including a pre-exponential factor with a proportional dependency
on the carrier concentration [80]. Depending on the pathway, the
activation energy within the hybrid solid electrolyte differs between the
polymeric, inorganic, and interface phases. Therefore, when using
several phases, a hybrid solid electrolyte displays an average conduc-
tivity rather than an isotropic one. In general, ionic conductivities of
different solid polymer electrolytes can be improved with ceramic fillers
up to 1073 S ecm ™!, but commonly only to 10~* S cm™! at room tem-
perature or slightly elevated ambient temperatures (30-60 °C) [85-88].
Since the filler orientation and content seem to be decisive, too, the
general distribution of fillers needs to be considered. Inhomogeneous
distribution could impact the ion conduction behavior and induce
batch-to-batch ionic conductivity variation in solid electrolytes. Via
X-ray computed tomography (XCT), the distribution of filler within a
polymer or vice versa can be studied, as was shown by Din et al. [79],
who revealed uniformly distributed LLZO particles inside a PEO-based
polymer matrix (Fig. 1e). The filler size influences the roughness of
the surface as well, which further affects the interfacial contact between
solid electrolyte and electrode. This can be investigated by SEM (Fig. 1f)
as well as atomic force microscopy [89]. Owing to the larger diameter of
filler particles, an increased surface roughness between the hybrid solid
electrolyte and the electrode is observed, which, in turn, increases the
interfacial resistance, due to inhomogeneous contact.

4. Homogeneous plating and stripping

The reactions at the anode represent the reduction from a lithium ion to
a lithium atom during plating, and oxidation from a lithium atom to a
lithium ion during stripping. For both processes, the lithium metal needs to
conduct electrons to or from the solid electrolyte/lithium metal interface.
Because lithium exhibits a high electronic conductivity of ~100 kS cm ™ at
room temperature compared to the nine-magnitudes-lower ionic conduc-
tivities of solid electrolytes [92], the current of the electrons in a battery
depends on the current of the lithium ions. If the electronic current is much
higher than the ionic one, negative charges build up at the anode side
during charging, raising the potential energy to overcome further electron
accumulation. This leads to a self-regulating mechanism limiting the
global electronic current in the case of a uniformly lower ion current.
Hence, the ionic conductivity of the solid electrolyte is the bottleneck for
fast charging in an idealized system; in other words, to preserve uniform
lithium metal deposition, the ion flux needs to be equal to the magnitude of
the electron flux everywhere at the interface.

Homogeneous lithium plating and stripping are highly affected by
defects at the interface between the solid electrolyte and the lithium
anode, such as impurities, pores, cracks, flaws, and grain boundaries. In
most solid polymer electrolytes, both lithium ions and anions move
freely due to ion transport based on the polymer’s segmental motion.
Homogeneous lithium plating and stripping are possible under a low
current density, where ionic concentration evolves to a steady state with
a constant concentration gradient in the solid polymer electrolyte. Once
a high current density is applied, lithium ions at the solid electrolyte/
anode interface are rapidly deposited into lithium atoms, while anions
move rapidly to the cathode side. This drastic ionic concentration dif-
ference creates a large electric field and forms a space charge at the
interface between the lithium anode and the solid electrolyte, favoring
dendrite growth, i.e., Sand's time [93]. Thus, increasing the lithium-ion
transference number by incorporating ceramic fillers, or developing
single-ion polymers utilizing the covalent bond between the anion and
the polymer backbone to immobilize the anion, have proved that stable
lithium plating and stripping can be achieved at relatively high current
densities [52].
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Unlike solid polymer electrolytes, the ion transport mechanism for
inorganic solid electrolytes is based on single-ion conduction, which
avoids concentration gradients within the solid electrolyte during bat-
tery operation. However, how the lithium-ion transport mechanism in
inorganic solid electrolytes affects lithium plating and stripping has
received little attention, due to the difficulty of directly observing
lithium plating and stripping between the rigid inorganic solid electro-
lyte and the lithium anode or current collectors, since SSLBs often
operate under high external pressure in the MPa range. Nevertheless,
research on how the SEI in cells with liquid electrolytes affects lithium
deposition provides this insight: solid electrolytes with high relative
density and higher conductivity that avoid diffusion-controlled pro-
cesses during lithium deposition—which evade dendritic lithium for-
mation via a diffusion-reaction competition mechanism—are favorable
[94]. However, liquid electrolytes enable ionic transport across the
entire anode volume, allowing the development of various lithium
morphologies, depending on the operating conditions. By contrast, solid
electrolytes restrict lithium deposition to a two-dimensional interface,
thereby promoting the formation of dense lithium grains, especially at
elevated operating pressures. Recently, Fuchs et al. [95] used a combi-
nation of focused ion beam and electron backscatter diffraction to reveal
the grain size and orientation of deposited lithium, using LigsTag s
LasZry 5, LigPSsCl, and Nas 4Zr5Sis 4Pg.6012 (Na-ion conductor) as solid
electrolytes. The results suggest that the properties of solid electrolytes
and current collectors may not be the crucial factors influencing metal
anode plating and stripping. Therefore, the lithium-ion conduction
mechanism may not play a critical role once the diffusion of lithium ions
can reach a certain threshold for avoiding dramatic polarization or space
charge at interfaces, and the microstructure of the lithium metal anode is
the decisive factor.

Without any external impacts, bulk lithium crystallizes in a bcc
crystal lattice at room temperature [96]. Yet, it was reported that in the
presence of a solid electrolyte, lithium crystallizes via a multiple-step
pathway during charging [97]. According to theoretical calculations,
lithium first nucleates in a disordered arrangement, followed by a
random hexagonal close-packed crystal structure, and finally in the bulk
bcce structure, based on the assumption of a Li>O interlayer between the
anode and the solid electrolyte. Similarly, the process takes place in a
liquid electrolyte consisting of two interdependent reduction and elec-
trocrystallization steps [98]. Like inorganic solid electrolytes, lithium
metal is composed of grains whose morphology is affected during
lithium plating (grain coarsening) and stripping (pore formation) [95].
Utilizing cryogenic TEM and molecular-level simulation, it was shown
that initial lithium nucleation is dependent on atomic interactions, such
as atom packing density and energy transfer, which determine the
occurrence of ordered or disordered nanostructured lithium nucleation
[99].

Commonly used cathodes in a solid-state battery, such as lithium
cobalt oxide (LCO) and lithium nickel manganese cobalt oxides (NMC),
store lithium ions via intercalation, which is accompanied by volume
expansion (LCO) or contraction (NMC) under charging, and vice versa
during discharging [100,101]. Depending on the volume change of the
battery stack, the cathode either expands, leading to better contact or
higher stress, or contracts, leading to contact loss or lower stress. While
expansion/contraction within the plane of the cathode only affects the
cathode itself, expansion in the stack direction acts along the battery
stack. While the first row of lithium atoms at the interface strips off, the
solid electrolyte needs to move toward the anode (driven by stack
pressure, the total stack thickness decreases), or new lithium atoms need
to migrate to the interface to preserve the contact. The latter can occur
either by lithium atoms moving through the lithium metal towards the
interface (self-diffusion), or by the mechanical creep of lithium. To
preserve globally uniform stripping, the local ion flux needs to be
consistent across the whole interface, which depends on the sufficient
replenishment of lithium atoms for oxidation through lithium creep or
self-diffusion. If lithium atoms move without pressure via diffusion to
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the interface, the self-diffusion coefficient of lithium, which is mostly
observed within the magnitude of 107! em? s7!, becomes decisive
[102]. In the case of a solid electrolyte with a high lithium-ion diffusion
coefficient (for example, 10~° ecm? s ! for LLZO [102]) and the high
electronic conductivity of lithium metal, the lithium self-diffusion pro-
cess will present as the limiting factor for fast discharging. However,
Kasemchainan et al. [103] reported lithium creep as the predominant
transport mechanism from lithium to a LigPSsCl/Li interface stacked
with a sufficient pressure in the MPa range. Lithium is prone to expe-
rience creep deformation under tension or compression because of its
low melting temperature (180.5 °C), with dislocation climb as the
dominant creep mechanism at room temperature [104]. As the strain
rate is proportional to e /7, lithium creep increases at higher temper-
atures. Nevertheless, Ding et al. [105] show that the compressive creep
deformation rates of lithium are typically in the order of a few pm h™!
under an applied pressure of 0.6-3.6 MPa at ambient temperatures,
which could have a pronounced effect during storage or long-term
practical use. Given the circumstances, it becomes obvious that a
temporally and locally uniform replenishment (stripping) and uniform
plating of lithium at the interface are crucial for maintaining homoge-
neous contact (Fig. 2a).

5. Electrochemical potential

Electrochemical potential, a combination of chemical potential and
electrical potential, is a crucial parameter for understanding the movement
of charged particles like ions and electrons, especially in battery systems.
In a thermodynamic equilibrium, the open circuit voltage V of a battery
cell is defined as V = (uy; o — pic)/eF, where ppia and ug;c are the
chemical potential of lithium in the anode and cathode, respectively, F is
Faraday’s constant, and e is the elementary charge. This relation is a
consequence of the electrochemical potential j, which is a constant
number in an equilibrium state [106,107]. The chemical potential of
lithium consists of y;; = pp;+ + pe-, i.€., the summed chemical potentials of
lithium ions y;;+ and electrons p,- in the considered area (Fig. 2b) [108].
Because of the high reduction potential of lithium in the anode and rela-
tively high oxidation potential of lithium ions in the cathode, plus the
electron-insulating property of the solid electrolyte, the electrochemical
potential of electrons drops significantly from the anode to the cathode. As
aresult, ions accumulate in the solid electrolyte and electrons accumulate
in the anode at the solid electrolyte/anode interface, and vice versa at the
cathode side. To balance this space charge layer, an electrical potential @
builds up. Ultimately, this defines the electrochemical potentials of the
charge carriers as jij;+ = py+ +F® and i, = p, — F®. Since the solid
electrolyte and both electrodes are ionically conductive, fi;;+ is constant,
and thus, y;; corresponds to the course of i,- . However, given its thickness
is in the nanometer range, the space charge layer is regarded as both
negligible and crucial for the performance of solid-state batteries, contin-
gent upon the interface and the voltage difference at the interface. For the
interface of LLZO/LCO, de Klerk et al. [106] found that the space charge
theoretically caused a resistance below 1 Q cm ™2, which they thus desig-
nated as negligible when simulating a cell voltage up to 4.3 V vs. Li/Li". In
contrast, Katzenmeier et al. [109] suspect that the space charge layer ex-
plains the degradation occurring at the interface between lithium anodes
and solid electrolytes.

6. Microscopic failure mechanism characterization

The previously considered concepts assume idealized conditions,
such as perfect macroscopic crystals, with perfect interfaces and without
unwanted chemical reactions, which result in uniform plating and
stripping. In addition, they do not factor in the effects of pressure changes
arising from volume expansion, side product generation, or applied
battery stack pressure. In reality, the nucleation and propagation of
dendrites or lithium filaments are some of the severe consequences
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Fig. 2. Schematic illustrations of different fundamental occurrences in solid-state lithium metal batteries. (a) Illustration of the plating and stripping process of a
lithium metal anode with a solid electrolyte, incorporating lithium-ion diffusion, electron conduction, lithium creep, and lithium self-diffusion. (b) Progression of the
chemical potential ;4 and electrochemical potential /z in an electrochemical equilibrium for lithium ions and electrons (adapted from Ref. [108]). (c) Physicochemical
entanglement of origins, cycling consequences, and cell consequences for different degradation mechanisms. The arrow direction indicates the direction of action.

Light blue highlights the interface and blue-gray the solid electrolyte as the location of action.

arising from these undesirable processes during cycling. Microscopic
techniques such as XCT, SEM, and TEM can be gainfully utilized for
imaging degradation mechanisms in solid-state batteries (Table 1)
[110-112]. However, despite the useful impact of microscopes, the
possible influence of radiation always needs to be considered. For
example, it has been found that lithium metal growth kinetics and
morphology are significantly altered by an electron beam [113].

X-ray computed tomography (XCT) is a powerful method to image an
object’s internal microscopic structure. Illuminating a rotating sample
with X-rays and detecting the radiation that passes through the sample
leads to two-dimensional absorption patterns for multiple orientations.

The absorption pattern is determined by the attenuation of intensity,
which is dependent on the path length and the mass attenuation coef-
ficient (dependent on the X-ray energy) of the penetrated material/
element. Reconstruction based on the captured two-dimensional pro-
jections creates cross-sectional images, which can be compiled into a
three-dimensional image of the sample.

XCT provides a three-dimensional reconstruction, whereas SEM only
investigates the surface, and TEM creates a two-dimensional projection
of a thin three-dimensional layer. In addition, XCT is regarded as non-
destructive, enabling in operando measurements on a cell level. This
may be a key advantage for the further development of batteries, since it
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Table 1

Different microscopy techniques for studying solid-state lithium metal batteries.
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Technique

Operation and capabilities

Challenges

X-ray computed
tomography

Scanning electron

X-Ray Source

=

Sample

Electron =

source

B

A

Detector

X-rays penetrating through a rotating sample,
resulting in an absorption pattern on the detector
Key properties:

o Three-dimensional morphological characterization
e Sub-micrometer range

e Non-destructive

e In operando

e Lab based or synchrotron

Electron beam is focused on a sample, resulting in
either detected secondary or backscattered electrons

o Surface morphological characterization
e Cryogenic compatible

Electron beam is focused on a sample and penetrates
it, resulting in an intensity pattern on the fluorescent

microscopy
from the sample surface
Key properties:
e Nanometer range
BSE _ ———
detector -
O SE
/{/, 7 detector
Stage U—Sample
Transmission Electron =
electron (S ) ¢
microscopy screen

Key properties:

e Sub-nanometer range

e Projection of three-dimensional on two dimensions
e Cryogenic compatible

Low resolution compared to electron
microscopy

Long scanning time for 3D scans
Low visibility of lithium

Possible beam damage

Suitable XCT cells

Requires electronically conductive sample
(or surface)

Investigation in high-vacuum environment
Possible beam damage

No wet/liquid samples

Requires electronically conductive sample

Investigation in ultra-high vacuum
environment

Sample needs to be thin (< 100 nm)
Possible beam damage

Sample

Lenses —

Fluorescent -~
screen -

(Cryogenic) focused AT (1067 FElectron
ion beam beam lon
tomography (e Key properties:

Ion beam removes layer by layer of a sample while an
SEM image is taken after each layer.

o Three-dimensional morphological characterization
e Nanometer range
e Cryogenic compatible

Destructive

Requires electronically conductive sample or
surface for SEM

Investigation in high-vacuum environment

can visualize the complete degradation process instead of just one in-
termediate or post-mortem state. However, XCT offers only a limited
resolution, which is in the sub-micrometer range for micro XCT scanners
and the tens of nanometers (~50 nm) for nano-XCT. While micro-XCT
devices are usually capable of scanning a whole cell (e.g., coin cells
[114] or pouch cells [115]), nano-XCT devices are further limited with
respect to sample size, making in operando measurements difficult. The
cell design for in operando measurements is another demanding factor,
due to necessary conditions such as air tightness, low-absorbing cell
materials, and small but easily assembled housing [116]. Based on the
notably higher photon flux, the usage of synchrotron radiation reduces
the measuring time and can enhance the image quality significantly
compared to laboratory XCT scanners. Reducing the measuring time,
which is usually a few hours (2-5 h) for sufficient image quality scans, is
one key factor for improving in operando experiments. One further
challenge for investigating lithium metal batteries with XCT is the weak
interaction between X-rays and lithium atoms. Especially next to highly
attenuating materials, such as current collectors made of heavy elements
(e.g., Cu), lithium is hardly visible, and difficult to distinguish from
voids. To overcome this issue, a phase contrast mode can be utilized to
enhance the edge contrast between lithium metal and its environment
[117-119]. For laboratory XCT scanners, phase contrast can be imple-
mented with a propagation-based phase contrast by increasing the
source-to-sample and sample-to-source distances, but it comes with
decreased photon flux, making longer scans necessary to maintain a
sufficient signal-to-noise ratio [116,120].

The biggest advantage of scanning electron microscopy (SEM) is the
high resolution in the nanometer range, paired with a relatively easy
measurement procedure. This technology is realized by emitting an
electron beam that interacts with the surface atoms of the sample, which
can provide structural and compositional information by detecting the
secondary or backscattered electrons. Insulating samples need to be
coated with an electronic conductor or measured under highly restricted
current and voltage settings to avoid charge accumulation and achieve
sufficient image quality. Electronic conductive samples can be measured
without any preparation. SEM measurement provides real-time visual-
ization of dynamic evolution—for example, lithium filament growth by
e-beam or tip manipulation [121], void formation, followed by void
merging [122], or lithium metal fatigue [123]. Morphological evolution
can be monitored in operando to uncover the failure mechanisms
resulting from lithium dendrite formation. Although in operando mea-
surements offer valuable insights into battery cycling behavior,
comparability with normally used cells must always be ensured, espe-
cially when considering exposure to high-vacuum environments and
possible damage from the electron beam. Furthermore, SEM measure-
ments performed without applied stack pressure can result in a signifi-
cantly different cell setup compared to commonly used cells. To
overcome the resolution limitations of XCT, focused ion beam (FIB)-SEM
tomography can be performed. This technique enables high-resolution
three-dimensional image reconstruction but is destructive. For organic
samples, cryogenic FIB devices are necessary to avoid damaging the
polymer. It can also be used for precisely determining solid-electrolyte
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porosity, which is correlated to ionic conductivity and dendrite growth
[124,125]. For beam-sensitive materials or interfaces, cryogenic SEM
devices are necessary to avoid damaging or altering the region of in-
terest [126].

TEM offers the highest resolution, from the nanometer to the atomic
scale. On the atomic scale, it enables the gathering of precious infor-
mation, particularly about atomic migration/transportation, reaction
kinetics, local chemical information, and micro-/atomic-structure evo-
lution. By emitting high-energy electrons that pass through a thin
sample, an image of the sample can be formed from the interaction of the
incident electrons with the atoms of the sample. It also provides real-
time, dynamic monitoring of the failure mechanisms and electro-
chemical reactions for battery materials. However, sample preparation
is difficult because samples with a thickness of less than 100 nm are
necessary. FIB and ultramicrotomy sample preparation are typically
used. As with SEM samples, TEM samples should be electronically
conductive and may be damaged by the high-energy electron beam. The
measurement needs to be conducted in an ultra-high vacuum environ-
ment, which makes electron microscopy unsuitable for wet or liquid-
containing samples. While diffraction contrast tomography can be per-
formed with XCT scanners, SEM and TEM offer convenient combination
measurements with spectroscopy, scattering, and mass-spectroscopy-
based techniques such as energy dispersive X-ray spectroscopy, elec-
tron energy loss spectroscopy, etc. Like SEM, TEM can be performed at
cryogenic temperatures, enabling the investigation of beam-sensitive
materials, such as polymers, as well as interfaces [126].

All of the foregoing microscopy techniques require airtight, non-
destructive, and non-altering sample preparation and transfer. Because
the investigation demands a vacuum environment, TEM and SEM
measurements require airtight transfer from the inert atmosphere to the
device. For that, commercially available airtight transfer chambers can
be used. In contrast, XCT measurements are conducted in ambient air,
making continuous, sample-adapted air protection for the sample
necessary. For postmortem or material characterization, simple
embedding with solvent-free polymers such as epoxy can be utilized for
temporary sealing. Here, damage- and alteration-free preparation of the
region of interest always needs to be ensured.

To overcome the individual limitations, such as the low resolution of
XCT or the destructiveness of FIB-SEM, individual microscopy tech-
niques can be combined in a correlative approach, enabling highly
advanced and enlightening microscopic characterization. A promising
approach is combining a high-field-of-view, three-dimensional XCT scan
for region of interest localization with a subsequent FIB-SEM high-res-
olution measurement of the selected area [127]. Even more insightful,
but also demanding, is a preceding in operando XCT experiment, with a
subsequent high-resolution FIB-SEM measurement to gain microscopic
information about the pristine state and its development over time.
Especially for dendrite mechanism analysis, correlative microscopy can
play a key role in overcoming the problem of resolving sub-micrometer
dendrites with XCT and displaying only one surface with SEM, by using
complementary measurement techniques.

Besides the foundational microscopy techniques thus far introduced
(XCT, SEM, TEM), other advanced techniques such as acoustic di-
agnostics or neutron depth profiling (NDP) are utilized for advanced in
operando characterization of SSLBs. For detailed information about more
techniques for electro-chemo-mechanical measurements, we refer
readers to other review articles [128-130].

7. Critical plating

Originating from local chemical, mechanical, or physical deviations,
non-uniform plating and stripping of lithium result in unwanted fila-
ment growth inside the solid electrolyte or at the solid electrolyte/anode
interface (Fig. 2c). Once the electronic or ionic current at a certain point
deviates from the rest of the interface, non-uniform plating and stripping
occur.
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The current density is commonly regarded as one of the main
quantities to define a threshold for dendrite growth. Until a critical
current density (CCD) is reached, plating without cell failure due to
dendrites is possible. Inorganic solids can reach CCDs of > 1 mA cm 2
but are mostly lower than 10 mA cm™2. Polymer and hybrid solid
electrolytes exhibit CCDs mostly lower than 1 mA cm ™2, while some are
reported to reach up to 5 mA cm 2 [102,131]. According to the ionic
transport mechanism, higher temperature improves the diffusivity of
ions in the solid electrolyte as well as lithium atoms in the lithium anode,
and therefore the CCD [102]. However, when determining the CCD, one
assumes the whole electrode surface to be a current-conducting area,
without consideration of the actual connected areas (i.e., effective
connected area). For example, voids at the solid electrolyte/electrode
interface result in higher local current densities than the average current
density. Consequently, the local current densities can surpass the
assumed average current densities by many times, weakening the
meaningfulness of the CCD. For this reason, Jiao et al. [132] proposed
the theoretically determined local current density (LCD), and Klimpel et
al. [133] proposed a standardization for CCD measurements. While the
first is only based on simulation, the second relies on experimentally
measuring the areal capacity limitation. Both concepts propose to
evaluate the dendrite growth via current densities but with consider-
ation of the local current density variance and current distribution,
respectively. With the CCD as a criterion for dendrite growth or battery
failure, it is important to note that the current density itself is not the
origin of battery failure. It is only the point at which the current am-
plifies inhomogeneous plating and stripping to an extent that is harmful
to the cell. Since it is also not generally defined how long the critical
current needs to be applied, the CCD is highly dependent on the plating
time, i.e., the areal capacity. Therefore, using areal capacity instead of
CCD can improve the comparability and expressiveness of battery per-
formance tests, as Morchhale et al. [134] discussed regarding argyrodite
solid electrolytes. For commercial relevance, areal capacities of > 3 mAh
cm~2 at current densities of > 3 mA cm ™2 need to be achieved [135]. As
illustrated in Fig. 2c, inhomogeneous plating, while being one cause of
dendrite or filament growth, is always a consequence of local disconti-
nuities like grain boundaries, interphases, voids, pores, or cracks inside
the cell components and interfaces.

8. Voids and critical stripping

Under realistic circumstances, taking the morphology of the solid
electrolyte/electrode interface into account leads to an often-reduced
interfacial contact area due to surface defects, such as flaws, impu-
rities, and pores or uneven surfaces. While voids are characterized as
missing contact points at the electrolyte/electrode interface, pores refer
to material free volume inside the bulk or at the surface as a property of
the electrolyte. To overcome contact issues, inorganic solid electrolytes
are commonly cycled under very high external stack pressure to support
lithium creep inside the voids [136,137]. However, too high a stack
pressure can harm the cell. On the one hand, it was found that a Li/L-
igPSsCl/NCA battery can undergo more than 200 cycles at room tem-
perature with a stack pressure of 5 MPa, while the battery shorts after a
short time at 25 MPa, and immediately at 75 MPa [138]. On the other
hand, stable cycling for 100 cycles at considerably higher applied
operation pressures is reported for an In-Li/B-Li3PS4/LCO battery with
70 MPa at 25 °C [139].Even for 191.07 MPa at 60 °C with a
Li-In/LigPS5Cl/NCM battery, stable cycling for > 100 cycles is possible
[140]. One reason for the widely disparate stack pressure values could
be the different pressing pressures of the individual components during
cell assembly. Here, the solid electrolyte was pressed by hand [139],
with 200 MPa [140], and with 370 MPa [138]. Similarly, the cath-
ode-solid electrolyte-anode stack was pressed with different pressures:
120 MPa (LiIn anode, 25 MPa for Li anode) [138], 0.29 MPa (In-Liln
anode) [139], and 100 MPa (LiIn anode) [140]. This may have led to the



L. Weckelmann et al.

solid electrolyte having significantly different densities and porosities
before the application of stack pressure for cycling. For a lower stack
pressure, lithium crept only in the voids at the solid electro-
lyte/electrode interface. However, XCT revealed that lithium had also
crept inside the pores of a LigPSsCl electrolyte to form dendrites at
higher stack pressure (Fig. 3a) [138].The long-term sustainability of
applying high external pressure to a battery cell without affecting the
physical properties of the lithium electrode and solid electrolyte is not
yet clear.

Another possible approach to maintain uniform interfacial contact is
based on increasing the cell operational temperature for enhanced
lithium atom self-diffusion and creep [137,141]. This approach was
extended to a significantly elevated temperature by Jin et al. [142], who
utilized a temperature of 240 °C to obtain a molten lithium anode, which
eliminated the dependency on lithium self-diffusion and creep for
achieving good interfacial contact with a LLZTO electrolyte. In general,
it was shown that changing from solid to molten lithium is connected to
a step increase in CCD, with LLZO as high as 1100 mA cm 2 [143]. But
besides the additional benefit of improved ionic conductivity, increasing
the temperature requires energy, which lowers the battery energy effi-
ciency. Moreover, it introduces an additional complexity for commercial
cells. A similar approach is to use GalnSn, a liquid metal alloy at room
temperature, as an interlayer between a LigPSsCl electrolyte and a
lithium anode to enhance the interfacial contact [144]. With the inter-
layer approach, it is important to note that the alloying/dealloying of
lithium during charge/discharge can transform the alloy phase from
liquid to solid through eutectic transformation.

a
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Compared to inorganic electrolytes, a distinctive advantage of
polymeric electrolytes is the potential to continuously restore interfacial
contact to repair void-induced contact loss. For example, self-healing,
dynamically crosslinked polymers bearing reversible motifs (e.g., H-
bond, imine, boronic ester) can continuously reorganize the polymer
network by breaking and reforming the crosslinking sites under oper-
ating conditions. This property allows a complementary mechanism to
relax local stress and heal voids while maintaining ionic motion [50,
145-148].

Another factor is relevant to cell cycling dynamics. Even when initial
contact between the solid electrolyte and the electrode involves no
voids, contact loss can arise during cycling. If the stripping current is
locally higher than in other areas at the solid electrolyte/electrode
interface (e.g., due to impurities), vacancies can accumulate at the
interface, ultimately forming voids [149]. Accordingly, it was found that
the vacancy diffusion inside the lithium metal is a decisive factor for
stable stripping under a high anodic load with LLZO electrolyte [150].
The self-diffusion of lithium atoms to the interface can be considered
lithium vacancy diffusion into the lithium anode, and vice versa.
Commonly, the CCD is associated with dendrite growth that occurs
during plating [103]. However, high currents during stripping can also
lead to altered surfaces, which, in turn, favor dendrite growth during
subsequent lithium deposition. The CCD for stripping is the current
density at which the void formation is so severe that the resistance, and
thus the potential, rise drastically, followed by uncontrolled dendrite
growth in the subsequent plating cycle, or in the same cycle in sym-
metric lithium metal cells [151]. This explains the importance of the
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stripping mechanisms emphasized earlier. It was discovered that higher
external pressure favors a higher stripping CCD but decreases the plating
CCD, which is in accordance with the enhanced creep mechanism at
increased pressure [152]. Moreover, the CCD is generally higher for
plating than for stripping. While in a Li/LigPSsCl/Li cell, the CCD for
plating is constant against pressure variations, stripping is ten times
lower at 3 MPa but only two times lower at 7 MPa when compared to the
plating current density [103]. Another reason for the generally lower
CCD for stripping is the connection to the additional necessary mecha-
nisms (lithium creep and diffusion in the lithium metal) for fast stripping
to maintain uniform contact. As in the case of critical plating, the more
meaningful quantity is the areal capacity rather than the CCD for
stripping. Especially for lithium self-diffusion and creeping, it is more
difficult for lithium atoms to diffuse or creep to the interface (to main-
tain contact) during plating and stripping with a large areal capacity
than during high current pulses involving a relatively small areal ca-
pacity (where lithium moves across the interface) [151].

Void evolution involves formation, growth, extension, and eventu-
ally, failure. Here, the determining factors are the current density for
void formation (Fig. 3b) and the areal capacity for growth. Modeling
void formation using the analogy of bubble formation in liquids yields
the proportionality of the contact loss rate to the square of the current
density [153]. As a result, emerging or preexisting voids (Fig. 3, left)
cause high local current densities (Fig. 3, center); these, in turn, result in
filaments inside the solid electrolyte, or dendritic filament growth from
the electrode into the solid electrolyte (Fig. 3, right). Shishvan et al.
[154] showed that the commonly utilized standard Butler-Volmer ki-
netics are not suitable for describing the observed void formation in a
lithium metal anode. Instead, they used a modified version, with the
result that impurity particles at the interface can be the origin of void
formation due to locally inhibited flux. The merging of smaller voids
into larger ones at the sulfide solid electrolyte/lithium anode interface,
resulting in high local current densities, was observed by Zhao et al.
[122] via in operando SEM with 0.2 MPa stack pressure. Furthermore,
according to Lu et al. [153], vacancies are able to diffuse from the
interface into the lithium metal.

Based on the lower elastic modulus, solid polymer and hybrid solid
electrolytes are generally regarded as not susceptible to void formation
at the solid electrolyte/anode interface. Yet, it is known that gas evo-
lution occurs in ASSBs, which has the potential to result in the formation
of gas bubbles or voids in polymers at the interface during cycling [155,
156]. Among polymers, PEO exhibits a low elastic modulus with
82.80 MPa at 25 °C [157], which is significantly lower than that of
typical inorganic ones, such as LLZO with > 100 GPa [158]. For hybrid
solid electrolytes with PEO, the elastic modulus is typically > 100 MPa,
which increases with higher proportions of filler [157]. Despite the
considerably lower elastic modulus, polymer and hybrid solid electro-
lytes also require external stack pressure for stable cycling under high
current densities. It is assumed that the application of moderate external
stack pressure is not linked to solid electrolyte fracture, due to the me-
chanical flexibility of polymer-type solid electrolytes [157].

9. Grain boundaries and impurities

Although being electronically insulating is one of the necessary
properties of a solid electrolyte, some solid electrolytes display non-
negligible electronic conductivities. Electronically conductive areas
can be seen as drains for electrons, interrupting the self-regulation
mechanism. As a result, electrons move into the solid electrolyte to
reduce lithium ions, leading to plated lithium metal inside the solid
electrolyte. Possible reasons for this electronic conductivity are defects,
impurities, or decomposition products [159,160]. Plated lithium metal
inside the solid electrolyte provides an enhanced pathway for electrons,
accelerating further filament accumulation. Investigations using in
operando neutron depth profiling of LLZO and Li;S-P5Ss solid electro-
lytes suggest that for dendrite-free cycling, the electronic conductivity
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should be lower than 1071 S cm™! and 107!2 S cm™! at room temper-
ature for plating current densities of 1 mA em 2 and 10 mA em ™2,
respectively [161]. Comparatively, the experimentally measured and
theoretically predicted electronic conductivities of sulfide, halide, and
oxide inorganic solid electrolytes are beyond the limit, with >107°
S em™! at room temperature but highly variable [159,162,163]. The
influence of electronic conductivity on the CCD was found to be pro-
portional to external applied voltage in garnet LiyLagys.
Cag.25Zr1.75Nbg 25012 [164]. One consequence of electronically
conductive solid electrolytes is lithium filaments plating inside the solid
electrolyte, which can be accompanied by electrolyte volume expansion
and increased stress inside the battery stack, as was exemplified with
Liy 4Alp 4Ge1.6(PO4)3 [165].

Grain boundaries (Fig. 4, left) are regarded as particularly prone to
being electronically conductive, due to impurities or defects. The elec-
tronic pathways inside a solid electrolyte (Fig. 4, center) lead to lithium-
ion reduction mainly in the grain boundary regions (Figs. 4b-d), as
visualized via TEM and SEM for LLZO-based solid electrolytes [62,91,
166,167]. One proposed explanation for that is a reduced band gap at
the grain boundaries, which facilitates electronic transport [91].
Moreover, bigger grains lead to increased CCD, which hinders dendrite
nucleation. Therefore, the electronic conductivity at grain boundaries is
of critical importance [168].Crystalline defects were suggested to cause
non-negligible electronic conductivity leading to lithium plating inside
Li3PSy solid electrolyte, observed with in situ optical microscopy [169].
Besides their electronic conductivity, grain boundaries seem to promote
lithium nucleation due to high local ionic resistivity and physical ir-
regularities [170]. Atomistic simulations reveal grain boundaries to be
nucleation sites for lithium dendrites, with subsequent deflection and
growth along the grain boundary [171]. Impurities can also cause
dendrite growth in solid polymer electrolytes; this was identified via
XCT study, where a globular structure observed inside a solid polymer
electrolyte led to a short circuit [172]. Plated lithium inside an elec-
tronically conductive solid electrolyte is theoretically reversible because
of the possibility of ions and electrons moving through the solid elec-
trolyte, as was shown in garnet-based solid electrolytes [173,174].

10. Interphase evolution

Besides the local current density, a smaller contact area A also in-
creases the global interfacial resistance, according to the electrical
resistance R~A~! and thus the overpotential of the cell. Generally,
interfacial resistance is highly dependent on the occurring reaction be-
tween the lithium metal and the solid electrolyte, because their reaction
products form a solid electrolyte/electrode interphase, as shown in
Figs. 5a—d. Because of the high reduction potential of lithium, solid
electrolytes undergo reductive decomposition at the initial contact be-
tween solid electrolyte and lithium into electrochemically stable com-
pounds [175].

Depending on the conduction behavior of the interphase, four
different interphase growth scenarios can be expected at the solid
electrolyte/lithium interface: high electronic and ionic conductive
phase, low electronic and ionic conductive phase (or insulating), low
electronic but high ionic conductive phase and high electronic but low
ionic conductive phase [176]. With an electronic insulating interphase,
the lithium anode cannot reduce the solid electrolyte further. For
instance, Li;O is found to emerge at the interface of most inorganic
oxides when in contact with lithium, while Li,S occurs at most inorganic
sulfides/lithium interfaces [97,175]. Lithium oxide exhibits predomi-
nantly ionic conductivity with a low electronic conductivity [177]. In
this case, lithium is plated between the Li»O layer and the lithium anode,
and the further growth of the interphase is stopped. As it has lower ionic
conductivity compared to the solid electrolyte, the interphase, acting as
a highly resistive layer, can limit the overall performance of the battery.
Even when this is not the case, during continuous cycling, the interphase
may reform and accumulate, increasing the cell resistance gradually.
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Fig. 4. Lithium metal deposition inside solid electrolytes. (a) Illustration of a solid electrolyte with grain boundaries in contact with a lithium metal anode (left).
Tllustration of inhomogeneous currents because of local lower ionic conductivity and electronic conductivity at the grain boundaries (center). Illustration of deposited
lithium metal inside the solid electrolyte, located at the grain boundaries as a consequence of inhomogeneous plating and local electronic conductivity (right). (b)
TEM image of an in situ formed symmetric cell (Li/Li;LagZr,012/Cu) in the pristine state (left and right 1) and after different times (1, 10, 30, and 60 min) with an
applied potential of 10 V. The intensity course shows the corresponding intensity at the void, which is located at the triple junction [91]. (c) SEM image of a
Li;LasZr,0, surface after different durations of electron beam irradiation, revealing grain boundaries as key locations for lithium nucleation and growth [167]. (d)
SEM images of Lig 25Alg 2sLagZry0q2 after cycling in a symmetric cell with lithium [62].

The interphase formation could be observed in the sulfide Li;oSnP2S12
electrolyte by XCT [178,179] (Figs. 5e and f) and in a solid polymer
electrolyte by SEM [180] (Fig. 5g).

The solid electrolyte can be reduced by the anode, but at the same
time, it can also be oxidized by the cathode [181]. This leads to the
occurrence of an electrochemical window for a solid electrolyte
(Fig. 6a). While aiming for minimal overpotential, the interphase can
introduce local electrochemical potentials, extending the solid electro-
lyte's electrochemical window and stabilizing it at higher voltages
(Fig. 6b). Another advantage of an interphase, if it is electronically
insulating, is that it can act as a blocking mechanism for electrons
entering the solid electrolyte, preventing them from forming lithium
filaments once inside [182]. On the other hand, however, the emerging
interphase consumes active materials in the form of lithium, lowering
the Coulombic efficiency of cycling [181].

The oxidation potential of LLZO vs. Li/Li" was calculated to be ~3 V
vs. Li/Li" [175], but it was experimentally determined to be 4.1-4.3 V
vs. Li/LiT [183], which could be attributed to a protection layer formed
in situ. However, Beabed et al. [184] reported a significantly narrower
electrochemical window of 1.67-3.7 V vs. Li/Li™ for Al-, Ta-, and
Nb-substituted LLZO. The measurement was conducted with the
potentiostatic intermittent titration technique on gold-supplemented
LLZO to maximize the redox currents. In the case of cathodes with a
regular specific capacity (e.g., NMC), a wide electrochemical window of
> 4V vs. Li/Li" needs to be achieved to operate an electrochemically
stable battery with a desirable energy density [39]. Usually, oxide-class
solid electrolytes possess a wider electrochemical window than
sulfide-class ones [175]. In general, a narrow intrinsic electrochemical
window for the latter is regarded as a shortcoming [185]. However, the
electrochemical window is another limiting factor for fast charging
combined with high capacity. Applying a higher voltage leads to an
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increased probability of side products, which can further increase the
internal resistance and eventually lead to the loss of active material.
Moreover, if the interphase density is lower than the density of the re-
actants, the pressure builds up or the porosity decreases as the cell
compensates for the change in volume. The latter was proven with the
use of XCT for a LigPS4 electrolyte decomposing into the less dense
components LiyS and LisP [186]. In general, an even interphase layer is
crucial for avoiding high local pressure or local void formation and
maintaining homogeneous lithium plating and stripping [165,187].

PEO with ion-conducting salt is an example of a polymer solid
electrolyte that can be cycled with an oxidation potential of 3.7-3.9 V
vs. Li/Li", but various publications report a drastically increased elec-
trochemical window of > 5 V vs. Li/Li" in combination with inorganic
fillers such as LLZO [39]. Nevertheless, theoretical calculations show
that the use of ion-conducting salts in polymers decreases the electro-
chemical window significantly (Fig. 6¢) [188]. In contrast to direct
decomposition by contact, an indirect decomposition pathway via lith-
jation (reduction) and delithiation (oxidation) of the solid electro-
lyte—as a kind of metastable precursor state—has been suggested for
the argyrodite LigPSsCl [189]. If defined as the oxidation and reduction
potential of the lithiated and delithiated solid electrolyte, the intrinsic
electrochemical window for most oxides, sulfides, and halides is wider
than the calculated decomposition window, based on the stability of the
decomposition products (Fig. 6d) [190].

Since the interphase is a consequence of reactions between lithium
and the solid electrolyte, dendrite formation will further increase
interphase formation within the solid electrolyte [191]. Due to the
dendrites’ larger surface area, more lithium can react with the solid
electrolyte, resulting in more (potentially irreversible) lithium loss. In
addition to interphases playing a role in reactions at the interface with
lithium, the solid electrolyte itself can feature undesirable interphases.
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Fig. 5. Interphases between solid electrolytes and lithium metal anodes. Illustration of a homogeneous (a), inhomogeneous (b), electronic insulating, (c¢) and
electronic conductive (d) interphase. (e) XCT images of the interphase between a solid electrolyte and a lithium anode before (top) and after (bottom) one full cycle at
1 mA cm 2 inside a symmetric cell (Li/Li;oSnP2S;5/Li) [178]. (f) XCT scan of a symmetric cell (Li/LiAl/Li;oSnP5S;5/LiAl/Li) after cycling, revealing interphase
formation [179]. (g) SEM images of a solid polymer lithium anode interface: pristine (I), after 13 h (II), 14.5 h (II1), 3d (IV), 5d (V), 7 d (VI), 8 d (VII) and 14 d (VIII)
of being cycled in a full cell (LiFePO4-polymer-LiTFSI/polymer-LiTFSI/Li) [180].

For example, Li;COs is found at the surface of LLZO and is regarded as a
key factor in bad interfacial contact [192]. This interphase, however,
emerges not due to decomposition but because of lithium-proton ex-
change with moisture and the subsequent reaction with CO; when
exposed to the ambient atmosphere. Here, Li;CO3 is a lithium-ion
blocking layer, hindering uniform ionic transport through the solid
electrolyte to the anode. This effect was also reported for hybrid solid
electrolytes, preventing the formation of an interphase between the PEO
polymer matrix and the inorganic LLZTO filler [193].

11. Pores and cracks

Cracks either are preexisting or arise due to mechanical stress inside
the solid electrolyte or at the solid electrolyte/electrode interface
(Figs. 7a—d). Numerous publications suggest cracks as preferential
nucleation sites for dendrites and lithium intrusion into solid electro-
lytes such as LLZO and LPS [121,194,195]. Cracks indicate material-free
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volume due to mechanical fracture or rupture. Like cracks, pores are also
prone to act as nucleation sites, as has been reported for LiBH4 solid
electrolytes [196]. If a solid electrolyte contains a crack, the solid
electrolyte must possess certain electronic conductivity for dendrite
nucleation. Because of the free volume, no energy is needed to create
free space for nucleation, which makes cracks or pores favorable for
nucleation and subsequent dendrite growth. Moving in the crack di-
rection without any mechanical obstacles is a low-energy pathway.
Lithium filament propagation inside a crack can enlarge the crack;
however, this requires additional energy to build up the pressure needed
to further crack the material. Visualized with XCT by Hao et al. [197] for
LigPSy4 (Fig. 7e), as well by Ning et al. [198] for LigPSsCl, the tips of the
cracks themselves propagate ahead of the dendrites inside them. Beyond
that, cracks can cause an inhomogeneous electric field across the battery
cell, which leads to dendrite propagation along the grain boundaries, as
observed in LLZO [194]. Accordingly, lithium filaments can either
propagate through pores or by (further) fracturing the solid electrolyte,
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depending on the current density and possible structural deformation
pathways [135]. In addition to serving as nucleation sites, cracks and
pores can also influence the current distribution, causing non-uniform
lithium deposition [199,200]. For example, it was found via XCT that
argyrodite-type solid electrolytes with large particles have a better
chance of building up bigger pores during pellet formation, which favors
dendrite growth, compared to smaller ones that are connected with
smaller pore sizes [201]. However, this is in contrast to a report that an
increase in grain size favors an increase in the CCD [168]. In another
study of Li;oGeP2S12 using XCT, reducing pores via applied pressure is
correlated with increased ionic conductivity; this, in turn, emphasizes
pores and thus, tortuosity in the diffusion path as factors influencing
ionic conductivity [202]. Similarly, Melvin et al. [125] reported an in-
crease in CCD due to the densification of lithium phosphorus sulfur
chloride (LPSCI) to 99 vol%, resulting in smaller pores, as proven by
FIB-SEM and XCT. It was also found that a greater distance between
pores reduces the CCD.

For visualizing cracks, voids, or pores, computed tomography is
heavily used in many sulfide-class solid electrolytes [101,179,195,197,
198,203-209], as well as other inorganic types of solid electrolytes, such
as lithium aluminum germanium phosphate (LAGP) [187] and LLZTO
[210]. Although a crack-like structure in inorganic solids can be easily
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identified by XCT, distinguishing between an empty space and cracks
filled with lithium metal is difficult due to the earlier mentioned low
interactivity between lithium atoms and X-rays [211].

12. Mechanical stress

One of the most discussed dendrite formation mechanisms is prop-
agation by fracturing due to preexisting mechanical defects in inorganic
solid electrolytes. The elastic behavior of solid electrolytes is often
characterized by the Young’s and shear moduli. The Young’s modulus
describes the susceptibility to deformation under applied compressive or
tensile stress [212]. The higher the Young’s modulus, the smaller the
deformation. Similarly, a higher shear modulus leads to less deformation
compared to a lower shear modulus under an applied shear stress. If the
solid was distorted in an elastic range, it will regain its initial form. But
the deformation is permanent if it reaches plastic behavior. The yield
strength is characterized as the smallest stress at which a solid reaches
permanent deformation. From this point, a solid will experience irre-
versible deformation or fracture.

Another important quantity is a material's endurance of deforma-
tion—namely, the compressive strength that determines the stress that
will lead to mechanical failure or irreversible deformation [212]. When



L. Weckelmann et al. eScience 6 (2026) 100589

ST ST S

Dendrite Dead Lithium

[ solid electrolyte (@ Lithium [ | Plated lithium ] Interphase
D Crack C] Impurity [:] Decomposition =~ —» Stress

Plated electrode Stripped electrode

~ 3min40s  7min20s  11min0s_ 14min40s 18 min20s 33min0s 36min40s  60min40's

Pristine After 1st plating After 14th plating

Top view

400 ym

Cross section

After 14th plating

—— Surface
lithium

30 nm

1um

— —_—
400 um 400 um

Fig. 7. Mechanical stress, followed by fracture, inside solid electrolytes. (a) Illustration of mechanical stress due to lithium plating. (b) Illustration of mechanical
stress due to inhomogeneous interphase formation. (c) Illustration of local mechanical stress due to lithium dendrite growth, decomposition (purple), and impurities
(yellow). (d) XCT scans of crack evolution during the cycling of a symmetric cell (Li/LigPSsCl/Li) with applied stack pressure [205]. (e) XCT scans of crack formation

inside a solid electrolyte after symmetric cell (Li/LizPS4/Li) cycling [197]. (f) SEM images of crack formation inside LigcLaszTag 4Zr; 6012 after focused electro-
chemical measurements [121].

15



L. Weckelmann et al.

a material possesses a rupture, the fracture toughness describes the point
at which further cracking becomes unrestricted. A higher fracture
toughness indicates that a higher stress is needed to achieve a larger
crack. Even if a material does not reach failure after a certain loading,
cyclic loading can lead to failure. This is the fatigue strength, defined as
the highest stress the material can withstand for a given number of cy-
cles. Recently, Wang et al. [123] reported that lithium metal fatigue is a
decisive process for understanding SSLB failure. With anisotropic ma-
terials, the point at which the stress is applied is decisive. The impor-
tance of common features like anisotropy and mechanical softness for
solid electrolytes, and their significance for blocking lithium dendrite
formation, were emphasized by Ahmad et al. [213]. They theoretically
found four solid electrolytes that are soft, highly anisotropic, and ioni-
cally conductive and that could build a dendrite-suppressing interface
with lithium.

Calculations show that lithium can grow at the lithium/solid inter-
face if the interfacial transfer resistance is greater than approximately
14 Q cm? [170].This is in agreement with Porz et al. [214], who reported
that the interfacial overpotential for crack propagation at flaws is rather
low, especially for micro-size defects. Consequently, higher over-
potential correlates with amplified crack propagation. Modeling of
electrodeposition revealed that as soon as the pressure from lithium
plating at the crack tip exceeds the fracture toughness of an inorganic
solid electrolyte, the crack propagates rapidly [199]. The fracture
toughness of LLZO is in the order of 1 MPa m®°, whereby the magnitude
is dependent on the grain size [215]. Since increased grain size is
associated with a higher elastic modulus and higher hardness, me-
chanical load when investigating the effect of grain size on dendrites
must also be taken into account alongside the electronic properties. On
the other hand, because the stress related to dendrite growth is about
1 kPa but the fracture stress of LLZO is in the MPa range, the factorial
penetration of lithium dendrites through LLZO suggests an additional
mechanism is involved in dendrite propagation other than just the me-
chanical ones [216]. This can be explained by the fact that insufficient
lithium atom diffusion causes a decrease in contact area, which, in turn,
increases the local pressure significantly past the fracture stress of LLZO.
Based on the chemical potential change, it was calculated that the
balancing back-stress for opposing lithium dendrite nucleation equals
the effective fracture stress of the solid electrolyte (e.g., 100 MPa for
ceramics) [170]. The same goes for the earlier conditions proposed by
Monroe and Newman [217,218] for solid polymers using mechanically
enhanced systems, such that one should be designed with a high shear
modulus to avoid dendrite growth. This was later found not to be the
determining factor for dendrite prevention and thus not a sufficient
criterion, even in inorganic solids [214]. Nevertheless, a larger fracture
toughness is regarded as mechanism for combating dendrite growth,
because it suppresses crack propagation [219]. Interestingly, in addition
to that, it was also found that an increased Young's modulus can either
favor or stop cracking, depending on the magnitude, although a direct
correlation is probably lacking [219].

As well as preexisting cracks, localized lithium plating can be fol-
lowed by localized pressure distribution, which, in turn, can cause
cracking with further stress [220]. Conversely, local stress variation
influences both the diffusion coefficient of the conductive ions and the
interfacial charge transfer resistance through deformation-induced en-
ergy changes, crack generation, and interface modification [221-223].
Generally, mechanical stress has a minimal effect on ion diffusion within
the lattice when local stress is in the MPa range [223,224], but if the
stress is in the GPa range, the ion diffusion within the lattice is reduced
and the activation energy increases [223,225-228]. Similarly, interfa-
cial contact resistance can be improved with stress by improving the
contact, but excessive stress will cause fragmentation of the material,
leading to increased contact resistance. Also, when pores are filled by
deposited lithium, enough pressure can develop to crack the solid
electrolyte. Low hardness (resistance to local plastic deformation) is
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beneficial for avoiding cracking under pressure, but it is also a disad-
vantage for impeding dendrite propagation, because less energy is
needed to penetrate the material. Thus, lithium filaments can penetrate
solid polymer electrolytes easily once they are formed. In the case of
solid polymer electrolytes, despite their soft nature, pressure still mat-
ters. Recently, it was reported that insufficient pressure can lead to void
formation, while excessive pressure can mechanically damage a solid
polymer electrolyte [229]. Adding inorganic fillers increases the CCD by
introducing an obstacle for dendrites and enhancing the mechanical
strength [230,231]. As the filler proportion increases, so does the me-
chanical strength of the hybrid solid electrolyte [232]. However, for a
hybrid solid electrolyte, it was shown via in operando XCT that when the
electrolyte was compressed with a low pressure of 0.7 MPa, movement
of individual inorganic fillers resulted, potentially lowering the me-
chanical strength [116]. How lithium metal dendrites interact with an
inorganic filler can differ, depending on the filler material. While LAGP
fillers chemically interact with dendrites, LLZO fillers primarily form a
physical barrier, as revealed by a combination of solid-state NMR
spectroscopy and Overhauser dynamic nuclear polarization [233].

Flaws, like cracks, propagate not only due to further filling with
lithium filaments but also through local stresses caused by uneven,
volumetric growth of the interphase and reaction products, and lithium
plating at the anode or inside the solid electrolyte. Regular plating leads
to pressure build-up; this, in turn, causes mechanical deformation, as
was found by in situ curvature measurements of a LLZO electrolyte
[234]. During a short-circuit event, a pressure change in the lithium
metal was measured, indicating a fracture incident in the solid electro-
lyte. In general, it is assumed that rapid crack propagation can also be
triggered by externally applied stacking pressure [149,235]. This would
suggest that safe operation requires either a higher fracture strain for
rigid, mostly inorganic, solid electrolytes to avoid crack propagation, or
less external pressure. Organic polymers, by contrast, are resistant
against fracture under pressure to some degree, due to the low elastic
modulus previously mentioned. Instead of cracking, they more easily
undergo deformation to balance the pressure. Similarly, lithium with a
Young's modulus and a shear modulus of 7.82 and 2.83 GPa, respec-
tively, undergoes deformation instead of fracture under high pressure
[104]. Another important factor is the distribution of the exerted force,
which can result in local high pressure even when the global pressure is
low. For example, contaminating particles at the interface can act as
additional local pressure sources in inorganic solid electrolytes such as
LLZO [121]. Depending on their mechanical properties, they can act as
“center punches” when pressure builds up, promoting fractures. Beyond
the electrolyte, it needs to be considered that the cathode can also un-
dergo fracture due to pressure changes resulting from lithiation and
delithiation, such as the cracking of NMC particles observed with XCT
[236,237]. This ought to be taken into account in the search for an
optimal pressure, in line with moderate mechanical stress in every
battery component.

Comparatively, solid-state polymer electrolytes offer the unique
ability to circumvent these mechanical challenges when designed to
exhibit viscoelastic properties through synthetically engineered back-
bones, topologies, and crosslinking dynamism. For example, a dynamic
polymer network allows mechanical dissipation through a combination
of backbone creep and reversible crosslinking bond exchange, enabling
it to repair microcracks, reorganize poor-contact interfaces that would
otherwise concentrate the current, and trigger localized deposition [50,
238,239].

Besides mechanically induced stress, electrochemically derived
stress due to high local currents is also able to fracture a solid electrolyte,
as has been shown by TEM [240] and SEM [121] (Fig. 7f) for LLZO.
Similarly, modelling reveals that voids lead to a nonuniform lithium-ion
distribution inside an inorganic solid electrolyte close to the void edge,
ultimately causing mechanical stress and possibly leading to cracks
[149].
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Above all, the difference between internal and external pressure in
relation to possible local stress-generation sources must be considered
[241].

13. Dendrite growth and its consequences

Among all of the degradation processes and inhomogeneities—such
as decomposition products inside the solid electrolyte, voids, pores, and
cracks (Fig. 8a)—undesirable lithium filaments, in particular, can lead
to severe consequences. In the worst case, dendrites build an electronic
conductive bridge between the anode and the cathode, resulting in a
short circuit that unloads all the stored energy at once (hard short cir-
cuit, Fig. 8b). But when the dendrites are narrow enough, total cell
failure may be averted in all-solid-state batteries due to the low melting
point of lithium (soft short circuit). Dendrite tips are prone to accumu-
late currents due to their low-resistance pathway for electrons and high
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electrochemical overpotential for ions. This high current can lead to heat
dissipation and a high enough temperature to melt lithium, causing
some dendrites to disconnect from the network [220,242]. The process
is often described as a dendrite self-healing mechanism, as cell operation
is in most cases still possible after such an event in all-solid-state bat-
teries. Nevertheless, it affects the cell, and multiple thin dendrites may
coalesce to form a hard short circuit [242]. Beside lithium dendrites, the
electronic conductivity of solid electrolytes entails an electronic bridge
that can lead to self-discharge, which lowers the stored energy in the
charged state (Fig. 8c) [243].

Furthermore, dendrites, if not reversible, can cause the loss of
lithium inventory. The formation of “dead lithium” is characterized by
the occurrence of lithium metal, often in dendritic form, becoming
disconnected from the anode active materials during cycling. Hence,
further stripping of the lithium via the anode becomes impossible
(Fig. 8d) [244]. This occurs due to either an electronic insulating solid
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dendritic structures [250]. (f) XCT scans showing the evolution of degradation mechanisms inside a symmetric cell (Li/polymer/Li) in the pristine state (I), during
charging (II), during discharging (III), and after 1 full cycle (IV) [257].
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electrolyte or a lithium-ion or electron-blocking interphase forming
around the filaments.

How dendrites penetrate a solid electrolyte depends on several pa-
rameters. The dendrite growth direction seems to be pressure depen-
dent, since dendrites can be deflected in a LLZTO electrolyte with an in-
plane applied stress, regardless of the initial orientation [245]. Not only
the growth rate but also the morphology of dendrites is dependent on the
current density [246] and the solid electrolyte type [247]. According to
the classification by Kazyak et al. [248], there are four different types of
lithium filament growth through ceramic solid electrolytes: straight,
branching, spalling, and diffusive. While mossy, needle, and bump-like
dendrite morphologies were observed via SEM on a lithium surface
using LLZO as the solid electrolyte [249], dendrites in solid polymer
electrolytes were reported to evolve in a globule-like structure, as
revealed via XCT (Fig. 8e) [250]. For single-crystal LLZTO, it was found
via darkfield X-ray microscopy that dislocations appear in the proximity
of dendrite tips, which suggests that dendrite expansion induced dislo-
cation, eventually leading to branching dendrite growth [251]. As
polymers conduct both cations and anions, a space charge layer can
develop through the dissimilar transport of cations and anions in the
solid electrolyte. Chazalviel suggested such an electrical field as a
possible reason for dendrite growth [252]. Based on Chazalviel's model,
it has been proposed that the time before a dendrite in a polymer
short-circuits the cell is composed of the dendrite growth onset time
(commonly called Sand’s time) and the growth time from the anode to
the cathode [253]. Knowing those times can aid in understanding
dendrite growth and how to improve dendrite resistance by tuning the
relevant parameters [254].

A theoretical comparison between lithium filament nucleation at the
solid electrolyte/anode interface and at grain boundaries reveals that
the critical current density is approximately two orders of magnitude
higher at the grain boundaries. This suggests that the interface is a
favorable nucleation site in inorganic solids, although the higher
dendrite initiation resistance could be at the interface [182]. In contrast,
it was reported that when the stress at the interface is high enough and it
is energetically favored, lithium forms a new phase between grains of
LLZO in a grain-coating-like process [255]. This, in turn, suggests that
the dendrite nucleation and propagation processes do not necessarily
require mechanical fracture in inorganic solid electrolytes. For hybrid
solid electrolytes, the cell resistance against dendrite growth can be
influenced by the ceramic loading, based on the coupling of increased
stiffness with increased filler share [70,256].

Many of the addressed mechanisms, such as interphase or void
formation, contribute to a higher overpotential. Overall, these events
lower the battery performance due to lower possible stripping and
plating current, and the overall useable energy inside the battery cell.
Since some of these processes are a consequence of just a single or
several cycling periods, they continuously lower the Coulombic effi-
ciency. In most cases, several processes take place simultaneously. For
example, the dendrite formation in a solid polymer electrolyte can be
accompanied by various degradation mechanisms at the same time,
like void and dead lithium formation, as has been shown via XCT
(Fig. 8f) [257].

14. Summary and outlook

SSLBs have the potential to be next-generation high-energy-density
batteries. Unfortunately, different degradation mechanisms, in partic-
ular dendrite formation, are limiting their performance and lifetime.
Moreover, even if the factors hindering performance are eliminated, the
material and processing costs for solid electrolytes must also be
decreased for these batteries to become commercially attractive [258,
259]. Understanding the processes behind the different degradation and
conduction mechanisms is the major key to achieving the commercial-
ization of SSLBs. For this purpose, microscopic characterization appears
to bring the most valuable insights.
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While the ionic conductivities of sulfide and oxide solid electrolytes
are already at a promising order of magnitude, the polymer solid elec-
trolytes thus far reported have not reached those scales. Adding inor-
ganic filler to polymer systems can enhance the ionic conductivity
significantly, but lithium ions seem not to hop between systems con-
sisting of organic and inorganic phases, such as LLZO/PEO. This, in turn,
means limiting the filler share due to the consequent increase in tortu-
osity. Furthermore, to achieve sufficient segmental motion, solid poly-
mer electrolytes need to be cycled at elevated temperatures, which
decreases the energy efficiency and limits the possible applications of
solid electrolytes [1]. Therefore, developing polymer and hybrid solid
electrolyte systems that can operate at ambient temperatures would
increase the potential for commercial use.

Grain boundaries in inorganic solid electrolytes are one of the most
crucial microscopic properties and thus are intertwined with ionic
conductivity, electronic conductivity, and undesired lithium filament
growth. Therefore, controlling the grain boundary size or chemical
composition is important, but also challenging. For example, while
fewer grain boundaries, and thus bigger grains, are reported to correlate
with lower electronic conductivity and fewer nucleation sites, they are
also correlated with more pores, and thus, dendrite nucleation sites. The
same conflict applies when it comes to pressure. While pressure in
general is needed to provide adequate contact in a solid electrolyte/
electrode interface, exceeding a certain threshold can lead to micro-
cracks and lithium creep inside the solid electrolyte [260]. Beyond that,
the technical side needs to be considered: an operational pressure below
0.1 MPa (i.e., 1 atm) is ideal, but a few MPa are still regarded as prac-
ticable for all-solid-state batteries [261]. Consequently, the develop-
ment of battery cells capable of operating at low stack pressures is a
highly desirable objective.

Lithium dendrites are the most severe consequences of inhomoge-
neous plating and stripping and must be avoided. Understanding how
and where they are nucleating and propagating remains one of the main
challenges. Similarly, interphases are critical and cannot be avoided, but
a comprehensive knowledge about their chemical composition and
evolution is necessary to prevent destructive ones and allow those that
improve performance.

In addition, unavoidable deviations always need to be consid-
ered—specifically, where an experimental model cell system can differ
from commercially used cells. For example, symmetric cells, which are
commonly used to investigate solid electrolyte performance, differ from
full cells and can overestimate the growth of dendrites through a solid
electrolyte [262].

The interconnectedness of diverse degradation mechanisms (Fig. 2c)
emphasizes the difficulties involved and the importance of disentangling
these processes to tackle each issue precisely. This review has stressed
the importance of avoiding impurities, cracks, pores, or other chemical
and mechanical flaws inside the solid electrolyte and at the solid elec-
trolyte/electrode interface. When an SSLB is operating at ambient
pressure, it is crucial to overcome the low self-diffusion of lithium to
suppress void formation at the solid electrolyte/lithium anode interface.
One solution is modifying the lithium metal anode by substituting other
elements such as indium (widely used) [263,264] or sodium (recently
reported) [265], ultimately forming an alloy anode. On the other hand,
operating SSLBs with high external pressure in the range of tens of MPa
to avoid void formation at the solid electrolyte/lithium anode interface
by promoting lithium creep is feasible at the laboratory scale. However,
how the lithium creep affects the long-term cell life of SSLBs should be
studied as well. Any degradation mechanism is directly or indirectly
connected to inhomogeneous plating or stripping and thus to dendrite
formation, capacity loss, and higher overpotential, restricting the energy
and power density and lifetime, and ultimately resulting in poorer
overall performance.

The lithium metal anode is the dominant side when it comes to stress
due to volume expansion and contraction during charging and dis-
charging, even at low stack pressures [266]. Nevertheless, a typical
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intercalation cathode such as NMC can also cause significant mechanical
stress during charging and discharging, representing a possible degra-
dation mechanism that needs to be considered for a holistic view on the
battery.

Looking ahead, identifying the microscopic origins of failures in
SSLB systems will also provide insights for materials research and bat-
tery cell design aimed at stabilizing solid-state electrolyte systems by
resolving these issues precisely. For example, protective electro-
lyte-electrode interlayers composed of gold [267], carbon, inorganic
composites [268], and polymers [145,269] have demonstrated advan-
tageous effects by modulating the interfacial transference properties,
thus stabilizing SSEs against dendrite formation and other failure modes,
and thereby significantly prolonging the cycle life of the SSLBs. With
more comprehensive insights, materials with well-studied properties in
different fields or other battery applications can be better engineered to
resolve the identified issues for SSLBs as well. For example, dynamic,
self-healing polymer electrolytes and composites offer unique advan-
tages in terms of reorganization and mechanical stress dissipation, cir-
cumventing the common challenges encountered in rigid inorganic
electrolytes that would otherwise require high stack pressure operation,
while also supporting cell cycling by maintaining ion-selective transport
and electrode-electrolyte interface stabilization [270-275].

The ability to homogenize mass transport and maintain conformable
coverage can lessen the chance of failure brought about by structural
inhomogeneity and volume changes during battery cycling. We antici-
pate that novel materials design guided by a deeper understanding of
failure mechanisms will enable new opportunities for developing stable
SSLBs, generating next-generation safe, reliable solutions for
electrification.
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