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Abstract:

All-solid-state batteries (ASSBs) have been promoted as a highly promising energy storage
technology due to the prospects of improved safety and a wider operating temperature range
compared to their conventional liquid electrolyte-based counterparts. While solid electrolytes with
ionic conductivities comparable to liquid electrolytes have been discovered, fabricating solid-state
full cells with high areal capacities that can cycle at reasonable current densities remains a principal
challenge. To overcome these challenges, a quantitative and in-depth understanding of the
phenomena governing ionic and electronic transport limitations within the cathode composite, in
addition to mechanical aspects arising from significant volume changes associated with Li metal
anodes (including anode-less cell designs) are needed. Such understanding can be obtained from
proper electrochemical measurements described herein. In this review we seek to highlight
solutions to these existing challenges and several directions for future work are proposed.

1 Introduction: Current Bottlenecks for All-Solid-State Batteries

In pursuit of safer, more energy dense, and longer-lasting rechargeable batteries, recent
research efforts have concentrated on developing all-solid-state battery (ASSB) technologies to
meet next-generation device requirements. Extensive research in solid-state ionics has explored
various material classes that can deliver high ionic conductivities (> 10 mS at room temperature),
with some, such as LiioGeP2S12 (LGPS) and NazgsSbo.ssWo.12S4, that even surpass those of
common liquid organic electrolytes [1,2]. As a result of these efforts, numerous solid-state
electrolytes (SSEs) have been discovered, including many oxides, sulfides, and halides [1-8].
However, achieving practical cell performance remains an elusive goal. Thus, attention and

research efforts must shift towards addressing the principal bottlenecks limiting the performance
of ASSBs.



Low current densities (< 2 mA cm™) and low areal capacities (< 2 mAh cm™) are often
reported in literature [1,6,9—28], as illustrated in Figure 1. There are few outlying examples that
demonstrate higher and more industrially relevant areal capacities; one such example is the work
of Yong-Gun Lee et al., where a LiNio.9Mn.05C00.0s02 (NMC) | LisPSsCI (LPSCI) | Ag-C pouch
cell with a high capacity of 6.8 mAh cm™ was cycled at 3.2 mA cm™ [24]. Despite this noteworthy
electrochemical performance, key cycling and fabrication parameters reveal that elevated
temperature (60°C), sub-micrometer sized SSE particles, and isostatic pressure-based fabrication
steps are needed to enable such a cell with large cathode areal capacity at such high current density.
Similarly, another prominent example by Tan et al. [25], demonstrated 80% capacity retention
over 500 cycles at 5 mA cm™ in a NCMS811| LPSCI | uSi full cell. Although the areal capacity used
in this work was relatively high (2 mAh cm™) compared to other reports in the literature, the
cathode capacity utilization was still poor (<50%), resulting in limited energy density. These
examples suggest that transport kinetics in the cathode composite are a major challenge,
particularly at room temperature. Both Li" and € transport can be hindered in these composites
due to various reasons outlined in this review, such as cathode particle volume change and
subsequent void formation. When charge transport is limited, the redox capability of the electrode
is also limited, thus limiting the effective capacity utilization. To address these issues, cathode
composite engineering is a critical area requiring further exploration. New knowledge in this area
is needed to properly assess the limitations of cathode composites and to potentially enable
practical ASSB performance at ambient temperatures.
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Figure 1. Survey of existing literature revealing the performance limitations of ASSBs. Low current
densities and low areal loadings (denoted by the size of the point) are common. The ARPA-E IONICS
project goal of 3 mA cm? from 2016 is denoted by the green dashed line for reference.

Apart from transport limitations associated with cathode composites, Li metal anodes also
contribute to the limited areal capacities and current densities reported by recent studies. Although
batteries containing a Li metal anode offer the most promising energy density, they also face their
own limitations regarding current density. Generally, the critical current density (CCD) can be
defined as the maximum operating current density which can be applied before cell short-circuiting
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is induced. This short-circuiting effect has been attributed to the propagation of Li metal dendrites
along the grain boundaries of the SE, which has been demonstrated for LizLa3Zr>O12 (LLZO)
[29,30], and has recently been attributed to the bandgap reduction of the SSE at its grain
boundaries, which facilitates electron transport and subsequent Li-metal deposition at higher
current densities [31]. Partly due to this factor, as shown in Figure 1, the highest room temperature
current density used for Li metal cells is still less than 2 mA cm™. Moreover, higher current
densities have been reported for Li metal symmetric cells compared to full cell configurations over
the past decade [28,30,32—-62]. It is evident that higher current densities achieved in the symmetric
cell configuration cannot be reproduced in full cell formats (Figure 1). Understanding this
discrepancy remains a challenge, though we will propose a hypothesis to this issue, which relates
to the significant cell volume change experienced in full cells that is not experienced in symmetric
cells.

Beyond enabling practical areal capacities and current densities, more work is needed to
understand and predict the long-term cycle performance of ASSBs. As such, both experimental
and computational studies have pivoted towards enhancing interfacial stability at the electrolyte-
electrode interfaces, seeking to minimize electrolyte oxidation or reduction [63]. However, it is
still challenging to achieve wider electrochemical stability windows without sacrificing ionic
conductivity. Moreover, some of the commonly used protocols for characterizing the
electrochemical properties of solid electrolytes have flaws that need to be addressed to ensure the
accurate determination of material properties, as will be discussed later in this review. In addition
to electrochemical stability, mechanical stability is an important factor for long-term cyclability.
However, there is a significant knowledge gap in the understanding of the mechanical properties
of emerging solid electrolyte materials and their composites. Therefore, more work in these key
areas is needed, as these limitations are roadblocks to the deployment of ASSB technologies.

2 Kinetic Transport Limitations in the Cathode Composite

Ton conduction within solid materials is governed by Equation 1, where gy, is conductivity, n,
is the charge carrier density, q is the charge of the carrier, and p, is the mobility of the carrier. n,
and u, are dependent on the material composition and crystal structure; the product of these two
values should be maximized for Li" to achieve high ionic conductivities. When considering the
conductivity within a battery, the conductivity can be calculated based on the value obtained from
a simple resistance measurement (Equation 2), where t is the thickness of the sample, R is the
measured resistance, and A4 is the cross-sectional area of the sample. This is a fundamental tool for
assessing any ASSB or its components. Lastly, as demonstrated in Figure 1, higher temperatures
are frequently needed to enable higher areal capacities. This is due to the Arrhenius relationship
between ionic conductivity and temperature, as shown in Equation 3, where oy is a pre-exponential
factor and E, is the activation energy. lonic conductivities increase with temperature, which lowers
the resistance within the battery and lowers the overpotential according to Ohm’s law (V = IR).
This enables more capacity to be obtained before reaching the voltage cutoff. These three equations
provide the foundation for understanding the challenges facing ASSBs and provide invaluable
insight into how to solve them.

Oq = Mg X q X g Equation 1.
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o=— Equation 2.
RxA

o= g, X e_% Equation 3.
2.1  Capacity Utilization
To ensure utilization of all cathode-active particles, each particle must transport ions and
electrons to the SSE matrix and current collector, respectively. Unfortunately, the electronic and
ionic conductivities of cathode materials tend to be relatively low [64,65], which means that
composite mixtures comprised of active material, solid electrolyte, and electronically conductive
carbon additive must be used. In a simple thought experiment, if there is a finely dispersed
ionically/electronically conductive network of SSE/carbon particles in which every cathode
particle is surrounded by SSE/carbon, then the ions/electrons must only travel through one active
material particle before reaching the fast-conducting SSE/carbon. This will increase the capacity
utilization and high-rate capabilities due to the lower overpotential of the cell, allowing for more
capacity to be utilized before the voltage limit is reached. Conversely, in poorly dispersed
composites where some active material particles are isolated from the SSE/carbon, the resistance
will be higher and thus the capacity utilization will decrease.

Unlike liquid electrolytes, which can readily flow to make good interfacial contact with every
cathode particle (thus providing ample ion transport), SSE particles obviously cannot.
Consequently, the mixing method and resultant morphology of the fabricated cathode composite
used in ASSB systems becomes critical for achieving good battery performance. Thoughtful
morphological design is required to optimize the distribution and interfacial contact area between
all three components in the cathode composite. Namely, sufficient ion and electron transport is
needed to enable both higher current densities and areal capacities. Therefore, morphological
parameters such as the size of both the electrolyte and cathode particles should be optimized, in
addition to the total porosity of the composite electrode. Recent microstructural modeling revealed
the impact of electrode porosity on cathode particle utilization, where it was detailed that less than
20% porosity is needed to achieve full capacity utilization at higher cathode weight percentages
(>55%) in the composite [66].

Shi et al. recently developed a 3-dimensional cathode composite model [67], in which the
particle size of the SSE was varied along with the cathode : SSE ratio (Figure 2a). From the initial
input parameters, a model of the ion conduction network (SSE particles) was created to
qualitatively evaluate the cathode particles being utilized, whereby only cathode particles in
contact with the SSE are considered active. A quantitative analysis was conducted to obtain a
numerical trend for cathode particle utilization as a function of both the SSE particle size and
cathode loading (Figure 2b). These modeling results show that smaller SSE particles and a lower
cathode loading offer higher utilization, because smaller SSE particles offer a more continuous,
homogeneous, and finely dispersed ion conduction network throughout the composite.
Additionally, a lower cathode to SSE ratio enables a higher volume fraction of the composite to
be active with the SSE network, which then results in a lower probability of cathode particles being
isolated from contact with the SSE. However, while this work examined the effect of varying the



SSE and cathode morphological parameters, the effect of electronically conductive additives was
not evaluated.
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Figure 2. Methods to optimize the electronic and ionic transport within the cathode and considerations
for SSE electrochemical stability. a) & b) SSE-to-cathode particle size ratio effects on cathode capacity
utilization [67]. ¢) Optimizing the composite ratio to maximize both ionic and electronic transport within
the cathode [68]. d) Effect of carbon addition (Adapted with permission from [69] (Copyright 2017
American Chemical Society)) and e) various morphologies of common carbon additives [70] (CNT:
carbon nanotubes, VGCF: vapor-grown carbon fibers). f) Effect of carbon morphology on decomposition
kinetics (Adapted with permission from [71] (Copyright 2019 American Chemical Society)). g)
Electrochemical potential windows for several material classes of solid electrolytes (Adapted with
permission from [72] (Copyright 2020 American Chemical Society)). h) SSE reaction energies with a
few common cathode materials (Adapted with permission from [73] (Copyright 2016 American
Chemical Society)).

In addition to possessing a finely dispersed and ionically conductive network, electron
transport within the cathode composite must also be considered. It is imperative to consider the
effect of conductive carbon additive loading and morphology on the cathode particle utilization.
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When using liquid electrolytes, the active material is mixed in a slurry with carbon and casted,
resulting in a well-dispersed electronically conductive network. This network enables electrons to
easily reach all available cathode particles, thereby enabling them to participate in the desired
redox reactions. The cast electrode pores are then infiltrated by the liquid electrolyte, which does
not affect the existing carbon network. On the other hand, in ASSBs the cathode particles must be
mixed with both carbon and the SSE. Due to the mixing of these solid components, it is more
challenging to achieve a uniform distribution of both the carbon and SSE to ensure that all active
material particles have sufficient electronic transport to the current collector. Therefore, to
maximize cathode particle utilization, additional optimization is required and will depend on the
type of mixing methods, conductive additive morphology, and the percentage of both SSE and
carbon in the composite.

An ideal scenario to study the effects of the carbon and SSE components is to use a cathode
material that is both ionically and electronically insulating, therefore isolating the effects of the
electronically- (carbon) and ionically- (SSE) conductive additives. It can be quite difficult to
determine whether a cell with lower cathode particle utilization suffers from electronic or ionic
transport limitations, or both. Limited electronic or ionic transport can both increase cell
impedance, which increases cell polarization and limits the usable capacity. Simply evaluating the
rate performance of a particular composite design cannot provide the information necessary to
determine the rate-limiting transport mechanism. Therefore, various composite ratios need to be
assessed to evaluate this effect on the cathode utilization. Recent work has demonstrated the effect
of carbon and SSE volume fractions within the composite for an insulating sulfur cathode [68].
Figure 2¢ shows the resulting cathode capacity for a fixed amount of sulfur as the SSE:carbon ratio
was varied. The results show that there is an optimal point of maximum capacity, where either
increasing or decreasing the SSE:carbon ratio negatively affects the utilization, due to either
limited ionic or electronic transport. While the exact value of this optimal point will vary
depending on the respective cathode’s material properties, morphology, and loading, the same
approach can be applied to other systems, effectively serving as a cathode composite design
platform.

2.2 Morphology of Electronically Conductive Additives

While electronically conducting additives are essential for cathode particle utilization, they
also provide sites where the SSE can be oxidized, if the oxidative potential of the cathode is higher
than the upper stability limit of the SSE. This is a common occurrence, as sulfides are the most
commonly used SSE materials due to their high ionic conductivities, although their oxidative
stability is limited and well below the potentials of many cathode materials (Figure 2g) [72]. This
has been shown in an In | LGPS | LiCoO; solid-state battery system (Figure 2d), where an
additional voltage offset appeared before the voltage plateau at 3.3 V vs. In/InLi, which does not
occur in the carbon-free equivalent cathode composite due to the minimal 2-dimensional
interfacial area (current collector) at which SSE oxidation can occur [69]. Therefore, when using
SSEs that are expected to oxidize, the carbon weight percentage used, surface area, and
morphology are important considerations when aiming to maximize electronic transport and
cathode particle utilization but minimize cell impedance growth from electrolyte oxidation in the
composite.



Moreover, various types of carbon additives have been studied in the cathode composite,
such as carbon black, Ketjen black, carbon nanotubes, and vapor-grown carbon fibers (VGCF)
(Figure 2e) [70]. The effect of their varying surface area can be seen in Figure 2f, where high
surface area carbon black resulted in significantly more electrolyte oxidation and interfacial
impedance during charging than a lower surface area carbon, such as VGCF. Here, the LPSCI
electrolyte was used as the cathode material and charged to 4.25 V vs Li/Li", which is higher than
its oxidative stability limit of 2.1 V vs Li/Li* [71]. Therefore, while electronic transport to the
cathode particles should be maximized to enable their utilization and promote a more
homogeneous current distribution, the interfacial contact area between the carbon and the SSE
should be minimized in these composites to decrease the undesirable SSE oxidation. SSE oxidation
products may exhibit significantly different mechanical properties compared to the pristine SSE,
which may cause additional or exacerbated detrimental effects, such as increased contact loss upon
repeated cycling and subsequent capacity fade [74]. To address these challenges, optimized carbon
morphologies should be developed and evaluated to enable high utilization, good rate capability,
while minimizing cell impedance growth at the cathode-SSE particle interface when charging
beyond the limit of SSE oxidative stability. Additionally, many SSE materials have the tendency
to react chemically with their neighboring cathode particles as shown by the negative reaction
energies in Figure 2h [73]. Other SSE materials should thus be explored that are less chemically
reactive with the cathode materials and have higher oxidative voltage limits, which can eliminate
or minimize the issues regarding carbon contact with the SSE. While the highest ionic
conductivities are currently still exhibited by sulfides [1,2], there has been significant progress
recently on improving the ionic conductivity of chlorides [73,75-77], which potentially offer a
more stable long-term solution for achieving higher voltage (and coating-free) cathode composites.

2.3 Cathode and SSE Interfacial Contact Optimization

Although a continuous ion conduction network within the cathode composite is needed for
battery operation, practical considerations like energy density should not be ignored. Bulky
micron-sized SSE particles effectively limit the attainable cathode utilization when using practical
areal capacities and high cathode weight percentages (Figure 2a,b) [67], and limit both the
volumetric and gravimetric capacity of the cathode composite. One strategy to circumvent the
limitation imposed by SSE particle geometry involves the dissolution of the SSE in a suitable
solvent, followed by an infiltration of that solution into a casted cathode. This has been previously
demonstrated using LPSCI [78], where the utilization of the cathode (LiCoO;) and anode
(graphite) were significantly improved, and close-to-theoretical specific capacities of 141 and 364
mAh g! were achieved, respectively. Remarkably, this was accomplished while the amount of
SSE in the composite was greatly reduced (~10 and ~20 wt.% in the cathode and anode,
respectively). This is a promising strategy that merits further exploration, but ensuring uniform
wetting of the electrode is not trivial using this approach, particularly at high areal loadings where
infiltration through thick electrodes becomes challenging.

A second strategy that has been reported can resolve the challenges of cathode wetting entirely.
Instead of infiltrating the cathode via solution processing, the SSE can be coated directly onto the
individual cathode particles before the electrode is fabricated [3]. Using a similar solution process
as the infiltration method, an SSE coating can be precipitated onto the surfaces of each individual
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cathode particle. These coatings can be on the order of hundreds of nm, which greatly decreases
the amount of inactive material in the composite compared to the conventional mixture of cathode
and SSE particles, thus drastically improving energy density. This strategy also addresses the need
for good interfacial contact between the cathode and the SSE. This increase in contact enables
improved and more uniform ion transport across the cathode-SSE interface, which improves
capacity utilization by decreasing the interfacial impedance. Additionally, the SSE tortuosity can
be decreased, which effectively shortens the length t in Equation 2.

While SSE infiltration and coating strategies can be highly useful for improving cathode
utilization, they are only applicable to SSEs that can be dissolved and then subsequently
precipitated, all while retaining their original composition, structure, and properties. Additionally,
these strategies might exacerbate cathode-electrolyte interphase (CEI) formation due to the
increased contact area. There have been no examples yet that successfully demonstrate this
strategy for a solid electrolyte with oxidative stability >3 V vs Li/Li". Lastly, although SSE coating
methods can provide sufficient ion transport, incorporating electronic transport can be challenging
due to the electronically insulating layer created by the SSE coating.

Beyond minimizing the amount of inactive SSE in the cathode composite, the thickness of the
SSE separator layer should also be controlled to reduce the inactive volume and weight of the
battery to enable higher energy densities. Previous work has included the development of novel
casting procedures for common electrolytes like LPSCI [23,24,79,80]. These methods involve the
use of solvents, polymer binders, and slurry mixing to disperse the SSE particles such that a thin
(<50 um) layer can be cast on top of an anode or cathode layer. Alternatively, the SSE can be cast
onto a polymer sheet. The free-standing SSE film can then be peeled off and placed on top of the
electrode during cell fabrication. While casting the SSE directly onto an electrode allows for
thinner layers to be used, the uniformity of a free-standing film will likely be more controllable
compared to a cast SSE layer as it can mold to the flat surface of the polymer sheet, compared to
the rough surface of a cast electrode. These methods can both drastically reduce the dead weight
of the SSE component of the battery compared to commonly used pellet-cell architectures that
utilize ~ 0.5 mm thick SSE separator layers [26,27,67,68,81-85]. As new electrolytes are
developed, such as halides or borohydrides, solvent compatibility will be an important factor when
considering their industrial practicality.

3 Mechanical Failure Mechanisms

3.1 Cathode Particle Engineering and Design

At the cathode particle level, the biggest mechanical challenge originates from the volume
change experienced by the particles during charging and discharging such as NMC materials (1-
3%) [86]. This volume reduction results in a loss of contact stemming from the formation of
interparticle voids between the active material and SSE particles (Figure 3a). This issue, not
observed with liquid electrolytes, occurs because of the inability for the SSE to flow and maintain
good contact with the cathode particles as their volume changes. This loss of contact results in
decreased cathode utilization due to restriction of ion transport across the formed voids. This
phenomenon was recently reported, and it was demonstrated that after a cell experienced
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significant capacity fade over the first tens of cycles, much of this lost capacity could be recovered
by simply re-pressing the cell with sufficient pressure (370 MPa) [87]. Re-pressing the cell
collapses the voids and reforms the interfacial contact between the cathode and SSE particles.
However, this is not at all a practical strategy for enabling long cycle-life, because it would require
routine disassembly of the solid-state cells.

When diagnosing the origins of capacity fade in solid-state cells, it can be challenging to
decouple the contributions of various failure mechanisms. Previously, capacity fade has been
attributed to CEI formation from oxidation of the SSE, but while the CEI is certainly an issue due
to the formation of insulating byproducts and subsequent increase in cell polarization, the majority
of CEI formation is likely limited to the first cycle [88]. As an example, complete oxidation of
LGPS results in products such as GeS», P>Ss, and S [89]. All of these CEI components have
reasonably large band gaps (2.3, 2.6, and 2.7 eV, respectively, from Materials Project [90])
indicating that they are poor electron conductors. Without facile electron transport, the CEI should
quickly passivate. Therefore, after the first cycle, it is likely that any subsequent capacity fade
observed previously [1] is not due to additional CEI formation, but rather primarily due to
mechanical effects such as void formation and contact losses between cathode and SSE particles.
Recent work has experimentally observed this capacity fade mechanism for the LizPS4 electrolyte
and NMC cathode particles [91]. In these instances, the choice of characterization techniques
becomes important as electrochemical cycling data alone will not provide much insight into issues
originating from cathode volume change. Additional techniques like focused-ion beam (FIB)
milling that can be conducted under stack pressure, and paired reconstruction should be used to
adequately assess the composite morphology changes.
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Figure 3. Common mechanical failure mechanisms observed in ASSBs. a) Void formation between the
cathode and the SSE due to the repeated expansion and contraction of cathode particles. b) Radially oriented
grains within the cathode particles to mitigate the loss of contact with the SSE (Reproduced with permission
from [92] (Copyright 2019 John Wiley and Sons)). ¢) Volume expansion of different cathode materials
during cycling (Reproduced with permission from [86] (Copyright 2018 Royal Society of Chemistry)). d)
& e) Mixing cathode materials with different volume change trends during lithiation to minimize the overall
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composite volume change (Reproduced with permission from [86] (Copyright 2018 Royal Society of
Chemistry)).

Although the volume change of most layered oxide cathode materials is inevitable due to ion
(de)intercalation, microstructure design can potentially offer a route to control this volume change
in such a way to maintain good interfacial contact with the SSE. This approach has been used
previously to address the pulverization of cathode particles in liquid electrolytes after prolonged
cycling [92]. This strategy involves growing the grains of a secondary cathode particle radially
outward along a particular crystallographic direction. Layered cathode materials often experience
volume change along one primary crystallographic direction [93-96]. Therefore, for these
materials, if the crystallographic direction pointing radially outward from the particle is not the
one that undergoes significant volume change, the particle should not shrink radially. Figure 3b
shows the expected benefit of this type of volume change control with respect to ASSB systems.
Rather than randomly oriented grains in a typical secondary particle (which contract radially and
therefore result in void formation), a radially oriented microstructure could mitigate radial particle
shrinkage. This method should allow the secondary particle to retain most of its interfacial contact
with the surrounding SSE, thus enabling improved capacity retention. However, this strategy still
needs to be investigated and validated experimentally in ASSB systems.

The summation of the effects of individual cathode particle volume change results in a
composite that will experience an overall volume change. To minimize this effect, a method to
compensate for the volume change must be developed. As shown in Figure 3c, two common Li
cathode materials LiCoO; (LCO) and NMC have opposite trends for volume change during
delithiation and lithiation [86]. If these cathode materials are mixed in the proper ratios within the
composite cathode, then the amount of volume expansion that one experiences can be offset by
the volume shrinkage of the other (Figure 3d), resulting in zero net volume change at the composite
level. This strategy has been verified experimentally with these two cathode materials (Figure 3e)
[86]. To determine whether the cell was expanding or contracting, the stack pressure of the cell
was monitored during cycling. Li4Ti5012 was used as the anode due to its negligible volume change
during cycling [97], thereby isolating the volume change to only the cathode side of the cell. The
mixture of the two materials indeed resulted in minimal pressure change, which can be attributed
to the minimized net volume change in the cathode composite. This strategy has so far only been
demonstrated for LCO and NMC, and therefore more work is needed in this area to further validate
this strategy, especially with low SSE weight fractions.

3.2 Li Metal Anode Volume Changes

When it comes to a full cell architecture, the anode volume expansion contribution is not
negligible. In fact, the volume change experienced at the anode is very significant for Li metal or
anode-less designs. Interestingly, compared to plated Li metal in conventional liquid electrolytes,
electrochemically formed Li metal in solid-state cells exhibits a dense morphology due to the SEI
passivation for many commonly used SSEs, like bulk Li metal (Figure 4a). This dense morphology
results in very predictable thickness changes of the anode during plating and stripping. Thus, a
simple thought experiment can be designed to obtain an estimate for the order of magnitude of
volume change being experienced by a full cell. For example, if NMC811 is used as the cathode
in an anode-less configuration, then although the NMC811 will contract during charging, the Li
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metal that gets plated on the anode side will expand by an order of magnitude more (about 5 um
per 1 mAh cm™ of plated Li) (Figure 4b). This cell volume expansion becomes even more
significant at higher areal loadings, as the lithium reservoir and subsequent amount of plated Li is
increased. Furthermore, if the ASSB is constructed with the commonly used fixed-gap
configuration where the distance between the current collectors is constrained, then the stack
pressure exerted on the cell will increase due to the volume expansion and thickness constraint.
This would become problematic as higher stack pressures have been shown to result in mechanical
shorting of Li metal cells [98].
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Figure 4. Cell volume expansion in Li-metal ASSBs. a) Observation of dense Li plated in ASSBs. b)
Evaluation of total cell volume change during cycling for Li metal full cells.

A possible solution toward overcoming high-pressure induced mechanical shorting is to
explore alloy-based materials on the anode side of the cell. In addition to offering a potential
mitigation strategy for the electrochemical formation of dendritic structures, alloy-based anodes
might also alleviate the mechanical shorting experienced in Li-metal cells. Like many other metals,
Li metal can undergo creep when a sufficient load is applied to it [99], which can result in cell
shorting. Moreover, creep is known to occur more rapidly near the melting temperature of a
material [100,101]. As such, while the melting temperature of Li is 180.6 °C, the melting point of
some Li-alloys such as (Li1)Si and (Li)Sb are significantly higher (> 592 °C [102] and > 466 °C
[103], respectively). Therefore, it is expected that the propensity for a Li-alloy to creep is far lower
than that of pure Li metal. Although Li-alloys experience significant volume expansion (> 300%
for Li-Si) during lithiation [25], they should be able to withstand higher operating pressures
compared to Li metal, due to these more favorable mechanical properties. The stack pressures
reported for these alloy type anode materials are 5-150 MPa for Li-In [104] and 50 MPa for Li-Si
[25], which are significantly higher than the operating range of Li metal anode cells (1-7 MPa).
Additionally, this approach has an added benefit when using a fixed-gap design. As demonstrated
recently [25], Si expands during lithiation in a solid-state cell which should result in increased
stack pressure. Interestingly, after delithiation of the Si, it does not fully shrink back to its original
thickness, therefore retaining some of the previously increased stack pressure. This higher stack
pressure is likely to improve the capacity retention on the cathode side due to the possible
mitigation of void formation. In this instance, a fixed-gap configuration is desirable.

Although alloying materials may show promise in solid-state cells, the Li metal anode remains
desirable, especially in anode-less configurations where it can theoretically store infinite Li and
provides the lowest possible reduction potential (highest cell voltage and thus higher energy
density). Its use as an anode in ASSBs is still achievable if the stack pressure is controlled and
remains relatively low (< 5 MPa) during cell cycling. The relationship between external pressure
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and Li metal cell performance has been widely explored. Notably, Wang et al.[105] first defined
the “critical stack pressure” for operating solid-state cells, where their work demonstrated that
Li/LLZO/Li symmetric cells required an applied stack pressure above a certain critical stack
pressure, otherwise significant cell polarization was observed. This polarization was attributed to
void formation when the stripping of Li was faster than the Li transport to the interface via creeping
caused by the applied stack pressure. Kasemchainan et al.[106] differentiated the critical plating
and stripping currents in a Li/LisPSsCl/Li symmetric cell. The critical stripping currents were 0.2
(3 MPa) and 1.0 mA cm™ (7 MPa), whereas the critical plating currents were 2.0 mA c¢cm™ at both
low and high pressures. This indicates that the Li stripping step is the bottleneck of void formation,
and thus a precise pressure and current density should be applied during the Li stripping to avoid
void formation and subsequent cell polarization. At stack pressures of 1-7 MPa, Li metal
undergoes plastic deformation and creep considering its yield strength is ~0.8 MPa [107]. Creep
can then cause internal shorting through ceramic electrolytes due to Li creeping into surface cracks
at the anode/electrolyte interface [108]. The localized strain at the end of the cracks would be
formed faster with higher current densities, which lead to stress accumulation at the crack tip.

Maintaining lower pressures in the case of Li metal cells requires the design of new cell casings
that can account for volume changes while maintaining a constant stack pressure. There are two
possible designs to achieve this, with the first utilizing springs in the cell casing that can apply
pressure to the ASSB cell stack. The force response of a compressed spring (cell volume
expansion) can be simply expressed using Hooke’s law: F = -kx, where F is the force required to
compress or elongate the spring, k is the spring specific constant, and x is the spring’s
displacement. If the chosen spring has a suitable spring constant, then the desired pressure can be
applied on the pristine cell by setting its displacement. After charging, depending on the areal
capacity and number of layers (Figure 4b), the ASSB can be expected to expand by tens to
hundreds of microns (Figure 5). This amount of expansion should not significantly affect the force
response of the spring, as small changes in spring displacement would result in minimal changes
to the force applied by the spring (and corresponding pressure, as the area is constant).

A second, more complex design solution may involve pressurization of the entire stack, under
either pneumatic or hydraulic isostatic pressure. The pressure could be controlled externally, and
therefore be maintained constant throughout battery cycling. This method has the advantage of
more precise pressure control compared to a spring-loaded design (where the applied force must
be controlled by the spring constant and its displacement). Moreover, spring fatigue and failure
may become an issue after long-term use from extended cell cycling. However, one drawback is
the need for a pressurized vessel at the pack level to contain the battery stacks. While an applied
stack pressure in the range of one to a few MPa can be considered high, it is still approximately
one order of magnitude lower than pressurized hydrogen tanks used in fuel-cell vehicles, which
are often 70 MPa for passenger cars, as specified by the United States Department of Energy [109].
Therefore, careful design may be able to minimize the amount of gas or fluid needed to adequately
pressurize the battery pack pressure system. Hydraulic pressure offers a higher level of safety
compared to pneumatic pressure, although there will be an energy density tradeoff, as any fluid
will add more weight to the battery pack. Similarly, it is worth noting that both spring-loaded and
hydraulic/pneumatic casing designs will inevitably impact the energy density of the system as well
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as the design constraints for any devices implementing them, like electric vehicles. Therefore,
when assessing the suitability of Li-metal ASSBs for various commercial applications, the overall
energy density of the pack needs to be carefully considered.
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Figure 5. Cell volume expansion in multilayer Li-metal ASSBs. The magnitude of volume expansion
experienced by Li metal cells increases linearly with the number of layers. New cell designs are needed to
accommodate these macro-scale volume changes.

When designing the anode, some differences can be observed compared to the cathode
composite. First, the Li metal anode only has a 2-dimensional interface with the SSE separator
layer, as there is no SSE mixed in with the anode. In the scenario where the SSE is not stable at
the reductive potential of Li metal, then this 2-dimensional interface will result in much less SEI
formation compared to an anode composite. Li metal does not need to be mixed with SSE because
it is already a good ion and electron conductor. Similarly, many alloy anodes such as Si also exhibit
adequate ionic and electronic conductivities [25]. As such, these alloys can be used without
forming a composite with SSE or carbon additives. Aside from limiting SSE reduction and the
resulting Li" consumption, these metallic anodes can enable higher energy densities due to their
high specific capacities [25] and the lack of inactive SSE and carbon components. It is important
to note that zero SEI formation would still be ideal, as it would not consume any of the Li*
inventory. However, practical materials stable at 0 V vs Li/Li" remain elusive. Previously, some
materials have been thought to be electrochemically stable at this low reduction potential, but the
cycling performance was still limited, indicating a possible oversight in the assessment of the
electrochemical stability of SSEs.

4 Electrochemical Characterization Tools

4.1 Voltammetry Measurements

First reported in 2011, LGPS demonstrated a remarkably high lithium ionic conductivity of 12
mS cm’! at room temperature, surpassing those of some liquid organic electrolytes for the first
time. LGPS also experimentally exhibited electrochemical stability over a wide potential window
(0 — 5 V vs Li/Li") [1]. Despite its high ionic conductivity and supposed wide electrochemical
window, LGPS (and its analogues like Li10SiPS2S12) still displayed significant capacity fading
(<80% capacity retention over 100 cycles) when it was used in the cathode composite and separator
layer, even when paired with alumina-coated Li(Nii3Mni;3Co1/3)O2 cathode particles, and a Li
metal foil anode [14]. First principles studies later revealed the metastability of LGPS, showing
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that it is neither stable against reduction at low anodic potentials nor oxidation at high cathodic
potentials, and was found to reduce at 1.71 V vs Li/Li" and oxidize at 2.15 V vs Li/Li" [110].

In 2016, it was shown that the experimentally reported wider stability windows of most solid
electrolytes, such as LGPS and LLZO, were due to the experimental cell configuration used, which
resulted in limited contact between the solid electrolyte and the semi-blocking electrode [89]. This
setup, often referred to as the semi-blocking planar electrode design (for instance, Li | LGPS | Pt),
is shown in Figure 6a. This limited contact area leads to very small decomposition currents which
are not well-resolved from cyclic voltammetry measurements commonly collected between 0 — 5
V vs Li/Li*. To remedy this, a new composite design was proposed, where the solid electrolyte
material of interest is mixed with carbon (Li | LGPS | LGPS-C), as shown in Figure 6b. This
method provides more pathways for electron transfer from the electrode to and from the SSE,
which amplifies the oxidation and reduction peak currents. This allowed for the intrinsic
electrochemical stability to be more accurately measured, matching first principles computational
results for the first time [89]. Additionally, the amount, type, and degree of carbon mixing
dramatically influences the reaction kinetics of SSEs, therefore indicating that the carbon
morphology and distribution must be carefully considered to conduct proper measurements.
However, many recent reports of other solid electrolyte materials, such as halide and hydride
electrolytes, have continued to misrepresent their electrochemical stability by still using the metal
semi-blocking planar electrode method [75,111-118]. Here, we emphasize the importance of
utilizing a composite electrode design, because it has been demonstrated to be the more accurate
method to experimentally evaluate the electrochemical stability window of solid electrolytes. As
the number of new and exciting solid electrolytes continues to rapidly grow, it is imperative that
proper measurements are conducted so that future efforts are not misguided by misleading
experimental results.

4.2 Separating Charge Transfer Contributions

Just like conventional liquid electrolytes in lithium-ion batteries, solid electrolytes allow the
passage of charge carrying ions but block electron transport between the anode and cathode,
preventing internal shorting. However, in practice, solid electrolytes can conduct both cations and
electrons to varying degrees. When both contributions are contributing to charge transfer
significantly, the materials are referred to as mixed ionic-electronic conductors (MIECs). An
example of a solid electrolyte exhibiting mixed conduction, shown in Figure 6c¢-e, illustrates the
importance of cell architecture design when conducting variable frequency alternating current
(AC) impedance measurements. A proper cell configuration for an ideal electrolyte, which is a
good ion conductor and poor electron conductor, consists of an ionically blocking but
electronically conductive material placed in contact on both sides of the solid electrolyte layer,
such as carbon or Ti electrodes. This configuration can be represented, or modeled, by the Debye
equivalent circuit, which consists of a resistor (R;) in series with a capacitor (Cint), both of which
are in parallel with another capacitor (Cgeo), Which has been previously described in literature
[119]. In the case of a mixed conductor, without additional electronically blocking interfaces, both
ions and electrons will contribute to charge transport across the cell, where electrons will “leak”
through the solid electrolyte layer. As a result, if the electronic resistance is significantly lower
than the ionic resistance, electronic transport will dominate the electrical circuit, causing the
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capacitive tail associated with ion charge transfer to disappear, as demonstrated in Figure 6d.
Additionally, if the material of interest is a mixed conductor in which the electrons and ions both
contribute equally to the overall conduction, then the corresponding electrochemical impedance
spectroscopy (EIS) spectra will exhibit two consecutive semicircles, as discussed previously [119].
To remedy this effect, an electron blocking layer (i.e., an ideal solid electrolyte) should be placed
on either side of the mixed conductor, therefore preventing electron leakage, and allowing for the
ionic contribution to dominate the charge transfer, which can be evidenced by the presence or
reappearance of the expected capacitive tail in the Nyquist plot. However, this is yet to be a
common practice in literature reporting of solid electrolyte data, potentially causing
misinterpretations of electrochemical properties studied. Caution also needs to be taken when
working with materials that can contain more than one ionically conducting species, such as
protons, as these may also be responsible for a significant contribution to the measured ionic
conductivity.
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Figure 6. Measuring thermodynamic stability and electronic and ionic transport properties of SSEs. Cyclic
voltammetry using a) planar current collectors and b) carbon composite electrodes for LGPS and LLZO
SSEs (Contains data previously presented in [1,89]). A schematic of each setup is shown for reference. c)
Comparison of two cell configurations on transport property measurements with mixed conductors. For
mixed conductors, electron-blocking layers are needed, as demonstrated by the example d) EIS spectra and
e) DC polarization measurements.

Furthermore, it is essential to complement AC impedance measurements with other techniques
like direct current (DC) polarization to isolate charge transfer contributions from electrons. This
ensures that the ionic conductivity value determined by EIS represents only ionic charge transfer
contributions. Here, a solid electrolyte layer is surrounded by an ionically-blocking but
electronically-conducting material, where a low to moderate bias (~ 50 mV — 1V) is applied across
the solid electrolyte layer and the current response is measured over time (Figure 6e). Initially,
both ion and electron transport will contribute to charge transfer and the subsequent measured
current response, but over time the measured current will decrease since the ionically blocking
electrodes cannot supply ions to the system, resulting in only electrons that contribute to the
measured current response [120]. Therefore, proper cell configurations for AC impedance
measurements, in tandem with DC polarization measurements, can be used to separate and
accurately assess the ionic and electronic contributions to the overall charge transfer. Appropriate
experimental characterization of ionic and electronic transport properties, in addition to intrinsic
thermodynamic stability measurements, will help to screen the abundance of newly discovered
solid electrolytes and facilitate the development of solid-state battery technologies. Moreover, with
the electrochemical evaluation of solid electrolytes properly addressed, the focus in the research
community can freely shift towards the remaining challenges regarding the long-term cycling
performance of ASSBs. Even when using stable or passivating SSEs, capacity fade can still be
observed, indicating the presence of additional failure mechanisms, such as mechanical and
pressure effects, as previously discussed.

5 Conclusion and Future Perspective

A survey of the current ASSB literature has clearly shown that charge transport and mechanical
properties are essential factors influencing the performance of ASSBs. Historically, the main
bottleneck for enabling ASSBs were low room temperature ionic conductivities of SSEs. However,
this is no longer the case, as many highly conducting and chemically compatible SSEs have been
reported in the literature. Therefore, we believe that the focus should now shift toward the most
pressing and remaining challenges, such as understanding and optimizing the charge transport
capabilities of cathode composites to enable high areal capacities with reasonable current densities.
This includes balancing cathode and SSE particle sizes, as the SSE particles should be sufficiently
smaller than the cathode particles to ensure the highest utilization of the active material, while
reducing SSE loading in the composite. Additionally, new strategies are needed for utilizing
carbon additives that enable sufficient electron transport to the cathode particles, while minimizing
transport to the SSE to limit electrolyte oxidation: To achieve commercially relevant cell
performance, cathode composites should be intentionally designed to meet certain particle size and
component ratios based on systematic studies and optimization. Furthermore, a proper
understanding of electrochemical and charge transfer measurements is critical, particularly with
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mixed conductors. Thoughtful experiments can be designed and conducted to better quantify these
parameters in order to enable higher areal loadings and current densities.

A shift in focus towards mechanical aspects of ASSB cell design is also urgently needed. As
Li" is shuttled between the electrodes, both the cathode and anode will experience volume change.
While volume change associated with the cathode can result in the formation of voids and
increased cell polarization, we believe this can be solved through strategies including cathode
microstructure design as well as combining multiple cathode materials that undergo opposing
volume changes.

Understanding the mechanical aspects remains a challenge at the anode side. While much
excitement has been generated in recent years about Li metal anodes being the “holy grail” of Li-
ion batteries, the volume change associated with plating Li metal presents a significant challenge
for all-solid-state cell designs. We predict that this will be one of the biggest hurdles to the
commercialization of ASSBs. This challenge is even more significant when designing Na-ASSB
systems as Na metal will result in ~60% more cell volume expansion compared to Li metal (8 um
vs 5 um per mAh cm?). However, we do believe that it is possible to overcome such challenges
through engineering, like the use of spring- or hydraulic-based cell fixtures, which can maintain
constant stack pressure during cycling. If constant pressure is maintained, then the mechanical
shorting challenge can be solved. Moreover, increased attention should be paid to cell design
considerations, and we expect that new tools such as machine learning and ASSB modeling will
play an increasingly important role in enabling practical ASSB cells, as they have previously for
traditional Li-ion batteries. After addressing these transport and mechanical challenges, solid-state
batteries will deliver on their promises of safer, higher energy density, and longer lasting batteries.
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