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SUMMARY

Solid-state batteries are a next-generation technology that could feature improved safety and
energy density, but reliably integrating high-capacity electrode materials to enable high energy
while retaining stable long-term cycling remains a challenge. Anode materials that alloy with
lithium, such as silicon, tin, and aluminum, offer high capacity that can yield high-energy battery
cells. The use of alloy anodes in solid-state batteries potentially offers major mechanistic benefits
compared to other anode contenders and battery systems, such as lithium metal in solid-state
architectures or alloys in liquid-electrolyte batteries. This perspective discusses key advantages of
alloy anode materials for solid-state batteries, including the avoidance of the short circuiting
observed with lithium metal and the chemo-mechanical stabilization of the solid-electrolyte
interphase (SEI). We further discuss open research questions and challenges in engineering alloy-
anode-based solid-state batteries, with the goal of advancing our understanding and control of alloy

anode materials within solid-state architectures toward commercial application.
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Introduction

Solid-state batteries (SSBs) have emerged as an important technology for powering future
electric vehicles and other applications due to their potential for enhanced safety and higher energy
content compared to Li-ion batteries.!* The development of SSBs has been accelerated by the
discovery of new solid-state electrolyte (SSE) materials with high Li* conductivity (>10 S cm!),
making them competitive with liquid electrolytes.* > A key aspect of the promise of SSBs is that
the all-solid-state architecture could provide mechanistic advantages to enable the reliable use of
high-capacity electrode materials beyond those used in Li-ion batteries.? As an example of a next-
generation electrode material that could be enabled within SSBs, lithium metal anodes have
received considerable research and development attention.® 7 Lithium metal has the highest
theoretical charge storage capacity (3861 mAh g™!) of all anode candidates and is thought to exhibit
more stable interfaces in contact with certain SSEs compared to liquid electrolytes.® * Indeed,
lithium metal anodes paired with high-capacity intercalation cathodes can allow for stack-level
energy density greater than 1,100 Wh L! and specific energy approaching 400 Wh kg!, as shown
in Fig. 1A. While substantial progress has been made in the development of lithium metal anodes,
reliably controlling the lithium electrodeposition/stripping process at solid-state electrochemical
interfaces has proven to be much more challenging than was initially envisioned.® %1% In
particular, the growth of lithium filaments to form short circuits and the loss of contact at interfaces
remain difficult challenges to solve.

Recently, there has been growing interest in investigating other types of high-capacity
anode materials for SSBs. In particular, materials that alloy with Li (“alloy anodes’) have shown

promising electrochemical behavior in SSBs,!-22

and they are also being commercially pursued
by companies such as Solid Power.?* Alloy anode materials, such as silicon, tin, aluminum, and
others, can store more Li per mass and volume than conventional graphite anodes,?*2?’ and their
use in SSBs can therefore enable specific energy and energy density values much higher than
conventional Li-ion batteries (Fig. 1A). The predicted energy density values of ~1,000 — 1,200 Wh
L-! for alloy-based SSBs are similar to those predicted for lithium metal SSBs when excess lithium
is used (as is often the case), but alloy-based cells have lower specific energies (Fig. 1A). Alloy

anodes have other benefits compared to lithium, as they can avoid many of the degradation modes

associated with the use of lithium metal in SSBs, including dendrite growth that causes short



circuiting. However, the relatively large volumetric and structural changes in alloy materials
during charge/discharge can cause material degradation.?® Even if lithium metal-based SSBs are
successfully commercialized, SSBs with varying electrode chemistries will likely be of interest for
different use cases, and successful development of multiple electrode material options is thus a
high priority.

Alloy anodes are not new; indeed, they have been investigated since the early days of Li-
ion battery development.?®32 Table 1 includes a list of selected alloy materials and their
electrochemical, volume change, and transport properties. The last 15 years have seen major
research efforts dedicated to replacing graphite anodes in liquid-electrolyte Li-ion batteries with

alloy materials such as silicon,?3-3

with extensive work at the research scale and in industry
dedicated to understanding reaction mechanisms and engineering complex material structures for
long-term stability. Steady progress over the years has led to recent commercial advances, such as
Sila Nanotechnologies’ incorporation of silicon into commercial anodes for Li-ion batteries with
~20 % higher energy density than comparable graphite cells.’” However, the energy storage
community has not yet been able to develop cells that take advantage of the full capabilities of
alloy anodes, since silicon is usually incorporated as a minor component instead of as the dominant
material in the composite electrode.

The challenges of using alloy materials to reliably deliver high capacity with minimal
degradation during charge/discharge cycling arise largely because of the chemo-mechanical
interactions of these materials with their surroundings within a battery system. The all-solid
environment in SSBs presents entirely new interfacial interactions and chemo-mechanical
behavior compared to conventional liquid environments, which could allow for improved cycling
performance of alloy anodes while avoiding deleterious shorting issues when using lithium metal.
As research on alloy anodes for SSBs has only recently begun to accelerate, this Perspective article
is meant to introduce possible benefits and challenges associated with the use of alloy anodes in
SSBs, with the intention of spurring further research towards advancing the science and technology

of alloy-anode-based SSBs.



Table 1. Electrochemical, volume change, and transport properties of various lithium alloy materials.

Average

Allo Most Lithiated Specific Capacity Potential vs Volume Li Diffusion
¥ Phase (mAh g1) Li/Li* (V) ' Change (%) | Coefficient (cm?2s1)
Si LisSiy 38 3579 39 043 320 40 10-11-10-1341-43.2
Sn Lis4Sn 30 993 39 0.50 ¥ 260 40 10-14-10-1644.a
Al LiAl 3 990 39 0.38 % 96 40 10-9-10-1145.46.a
Sb LisSb 30 660 3° 0.95 3 200 40 10-8-10-947
In Lij3Ing 48 1012 % 033 105 49.¢ ~10-850
Mg Li;Mg 40 3350 40 0.03 3 100 40 10-75L.b
g
Zn LiZn 27 41039 0.38 % 98 24 10-8-10-1052.53.a

“Measured across multiple phases
"Measured for the most-lithiated phase
‘Measured for the Liln phase

Benefits of Alloy Anodes for Solid-State Batteries

In this section, we first explore the predicted energy density/specific energy of alloy-anode
based SSBs, and then we discuss expected mechanistic advantages of the use of alloys in solid-
state environments compared to their use in liquids, as well as compared to other anode materials
for SSBs.

Energy metrics. A major impetus for research and development of alloy-anode-based SSBs
is their predicted high energy density and specific energy, as already mentioned. Figure 1A shows
the theoretical energy density and specific energy values for a variety of different solid-state and
liquid-based cell stacks (see the Supplemental Information for details on calculations). These
calculated values pair different anodes with high-capacity LiNigsMno.1C00.102 (NMC811)
composite cathodes using an N:P (negative to positive) ratio of 1.1, and they take into account
current collectors, separator, and electrode mass/volume but not external packaging. Figure 1B
shows a schematic of a cell stack used for the calculations, in which the SSE material is included
in the cathode composite, as the 20-pum thick separator, and in some cases in the anode composite.

There are two clusters of values from SSBs with alloy anodes in Fig. 1A, highlighted in
green and blue. These two clusters arise when using two different exemplary SSE materials within
the cells; the blue cluster with lower specific energy utilizes the oxide LisLa3Zr,O12 (LLZO), and
the green cluster with higher specific energy utilizes the sulfide LigPSsCl (LPSC). The lower
specific energy of LLZO-based cells in Fig. 1 results from the high density of LLZO, and removing



LLZO from the cathode composite would boost specific energy substantially (not shown in Fig.
1A). Figure 1A also shows that LisPSsCl-based SSBs have slightly lower specific energy (but
similar energy density) compared to equivalent liquid-electrolyte cells; this is again because this
SSE has higher density than liquid electrolytes, and these specific energy differences could be
minimized by including less SSE in the composite cathode. Overall, it is clear that using SSE
materials with low density and minimizing the use of SSE materials within the electrode structures
are key strategies for achieving maximal specific energy. In all cases, however, alloy anode-based
SSBs with the LisPSsCl solid electrolyte exceed the energy density and specific energy of the
graphite-based liquid-electrolyte Li-ion cell included for comparison in Fig. 1A.

We next focus on the effects of different alloy anode materials on energy metrics. Within
the green oval representing LisPSsCl-based SSBs in Fig. 1A, individual points representing SSBs
with aluminum (990 mAh g!), tin (993 mAh g!), and silicon (3579 mAh g') are shown. The
circular data points assume the anode structures include 40 vol % SSE, and the triangular points
assume that the anode is made of pure alloy material. While silicon-based anodes result in the
highest specific energy and energy density, the differences among cells with various active
materials are relatively small despite their large differences in specific capacity. This is because of
the diminishing returns in terms of stack-level metrics for anode specific capacities greater than
~1000 mAh g!',>*  since the cells must still contain the same amount of cathode material. This
trend is expected among other alloys as well. Another conclusion from comparing the values in
Fig. 1A is that the inclusion of SSE material within an alloy anode composite (circles) does not
significantly reduce the energy values compared to a pure anode material (triangles). This is largely
because the alloy electrodes are relatively thin compared to the cathode as a result of the higher Li
storage capacities of the alloy materials, and thus adding SSE to the anode requires only a minimal
amount of additional material in comparison to the rest of the cell stack.

Lithium-metal based cells using SSEs and liquid electrolytes exhibit the highest specific
energy in Fig. 1A. Interestingly, though, the true energy advantage of lithium is achieved in an
“anode-free” configuration, where all lithium is plated on a bare current collector during the first
charge. While such a concept is promising, it is challenging to achieve stable cycling with anode-
free cells (using either liquid or solid electrolytes) for several reasons, including because of the
extremely high Coulombic efficiencies required and zero excess Li" inventory. When 1x excess

lithium is used (i.e., a ~20-pum lithium foil is used as the anode), the energy density of the cell is



similar to the alloy anode cells, while still surpassing alloy anodes in specific energy. We note that
in all cases for lithium or alloy anodes, the metrics in Fig. 1 A are calculated in the discharged state,
and the necessary net volume increase in the cell after charge would result in lower energy density
when calculated in the charged state.

Overall, these metrics make it clear that alloy-anode-based SSBs exceed the energy density
and specific energy of conventional Li-ion batteries and could approach the energy density of
lithium-metal-based cells, but the details of material and composite electrode engineering in the
anode, separator, and cathode play important roles that can significantly affect these values.
Additionally, further energy advantages not captured in Fig. 1A are expected for SSBs compared
to Li-ion cells, such as the possibility of bipolar stacking of electrodes in which the cathode and
anode are coated onto either side of the same current collector. This could enable a reduction in
the volume of current collectors and packaging, which would substantially enhance energy density
for SSBs compared to the estimates in Fig. 1, which do not take into account such effects.’® As a
final note, the predicted metrics in Fig. 1 assume an N:P ratio of 1.1, which contrasts with the
widespread use of thick alloy anode foils (such as indium) in research demonstrations of SSBs
with the primary purpose of acting as a counter electrode while avoiding the difficulties of using
a lithium metal electrode. Such thick foils have large excess capacity that makes electrochemical
comparison to cells with realistic N:P ratios impossible, and the energy advantages shown in Fig.
1 are only present when much thinner alloy anodes are used.

Solid-electrolyte interphase (SEI). The SEI in liquid-electrolyte Li-ion batteries is a film
that grows on the anode surface due to electrochemical instability of the liquid electrolyte at the
low electrode potential of the anode (< ~1 V vs Li/Li").>” %% In Li-ion batteries with a graphite
anode, the SEI film grows to a thickness of 10-50 nm and plays an important role in charge
transfer.’ Alloy anodes used in liquid electrolytes are notorious for exacerbating and accelerating
SEI growth, which consumes Li" and electrolyte solvent, leading to high cell impedance and
eventual failure (Fig. 2A).°%2 Excessive SEI growth occurs because of the cyclic changes of the
surface dimensions of the alloy particles during lithiation/delithiation, which can fracture already-
formed SEI and expose new surfaces for SEI to grow upon.®* Engineering efforts to mitigate this
issue for liquid-electrolyte cells have primarily involved fabricating hollow or composite alloy

structures®* % 65 that can accommodate volume changes while retaining approximately constant



outer surface dimensions. Such structures, however, can result in low tap density and reduced
energy density.

The all-solid-state nature of SSBs presents entirely different interfacial dynamics: at the
interface between an alloy active material and an SSE, the SSE does not flow to continually wet
the alloy material surface during volume changes, and it is thus possible that this will result in
reduced extent of SEI formation compared to alloys in liquid electrolytes (Fig. 2B).!8 20 66
Furthermore, the chemical and structural transformations during SEI formation in SSEs are

9. 67-69 and some SSEs are known to form

fundamentally different than in liquid electrolytes,
kinetically stabilized interphases at low potentials.”’ These ideas suggest that it may be easier to
achieve stable long-term cycling of alloy anodes in solid-state environments without complicated
structuring of active materials, as supported by recent studies reporting good cyclability of micron-
sized alloy particles.!> 1 These concepts require further investigation to understand completely.
Comparison to lithium metal: short circuiting and interfacial contact loss. The lithium
metal anode has received enormous attention for SSBs because of its high specific capacity and
the theory that mechanically stiff SSEs could prevent detrimental lithium filament or dendrite
growth.”!’ While important progress has been made in understanding and improving lithium
electrodeposition/stripping behavior at SSE interfaces,’ the twin problems of lithium filament
growth and interfacial contact loss remain. Lithium filament growth through the SSE to form short
circuits in cells is particularly insidious and pervasive (Fig. 2C);!% ' 72 this process is not
completely understood but is thought to involve fracture of the SSE followed by filling of the
crack(s) with lithium.”>7> Filaments have also been detected to grow along grain boundaries and
through porosity within SSEs.!% 7677 Likewise, loss of contact between lithium and the SSE during
stripping is difficult to avoid® # and can hasten lithium filament growth by causing high local
current densities.!> 7® The use of a “host” material (such as alloys or graphite) to contain Li can
bypass the problems of lithium metal filament growth and interfacial contact loss in SSBs, since
the host provides stable sites for Li insertion/removal while maintaining physical/electrical contact
and preventing lithium metal growth. We note, of course, that the use of host materials for Li
storage is a fundamental tenet of Li-ion batteries, but alloy hosts have not been widely investigated
for SSBs despite their promising characteristics. This is perhaps due to the field’s overriding recent

focus on lithium metal anodes for SSBs.



In addition to the benefits of pure alloy anodes, a number of studies have shown positive
impacts of using alloys to affect and control lithium deposition/stripping dynamics for lithium
metal anodes; we emphasize that these studies focus on lithium metal anodes and only use minimal
alloy material in attempts to improve lithium metal behavior.””-%? For instance, silver particles
included in a carbon composite were used as an electrode for solid-state deposition of lithium over
hundreds of cycles, in which the silver reportedly migrated through the electrode during
charge/discharge.®® Other alloy metals such as magnesium exhibit high Li diffusivity (Table 1),
which has been demonstrated to be useful for ensuring sufficient Li supply to the interface during
lithium stripping to prevent void formation.’* While these strategies are promising, lithium metal
degradation modes can still persist, and thus this is a fundamentally different approach compared
to using solely alloy materials as the anode host.

Chemo-mechanics. Alloy anode materials undergo 50-300 % volume change during
lithiation/delithiation (Table 1),°> 8 which is much larger than conventional intercalation
materials. There is also a net volume change of the cell stack when used in conjunction with
cathode materials such as LiNiosCo00.1Mno.102, since the partial molar volumes of Li* in the
cathode and anode are different.>> 3¢ In liquid-cell batteries, material expansion at the anode during
charge can largely be accommodated by flow of the liquid electrolyte, but in SSBs, expansion can
generate and transmit stress and strain throughout the cell stack.!® 4% 8789 While this may cause
problems, such as mechanical degradation or delamination®® (see next section), it also brings about
the possibility of controlling the global and local chemo-mechanical environments experienced by
alloy materials during reactions. Depending on cell design, the stack pressure applied to a SSB can
be transmitted to the electrode materials, which may be able to help control or direct the
morphology changes of alloy materials during reactions. Furthermore, there is a potential
opportunity to take advantage of rigid cell designs to cause compressive stress to be intrinsically
generated within an anode during lithiation (volume expansion), which may enhance material
durability.

Electrode design and manufacturing. Particulate alloy materials can be incorporated into
slurry-cast or dry-cast composite electrodes,'” similarly to graphite or other active materials. In
contrast to graphite, though, many alloy anode materials can also be manufactured directly as
metallic foils. This opens the exciting possibility of doing away with slurry-casting completely

and instead directly fabricating metal foil anodes for incorporation into SSBs, which would likely



reduce costs and the environmental impact of slurry solvent recycling.*® °*°2 While such an
approach gives rise to questions of whether ion conduction rates through the electrode are
sufficient, recent work on Si-based anodes for SSBs shows that it is possible to use a virtually pure
Si anode with only a minute amount of binder under realistic cycling conditions,!®> providing

support for this idea.

Research Questions and Challenges

Chemo-mechanics. A prevailing scientific question associated with the use of alloy anodes
in SSBs is whether the volumetric and structural changes that occur during each cycle can be
controlled either in composite or pure electrodes to maintain connectivity at solid-solid
electrochemical interfaces. Research is needed to understand the dynamic chemical and
mechanical interactions of alloy anode materials with various SSE materials. Expansion of alloy
particles or structures can cause stress and strain generation, as investigated with in situ stress
measurements in prior work.!® These effects may cause local yielding of soft SSEs such as sulfides.
Furthermore, alloy anode materials feature mechanical properties that strongly vary with their
composition, in contrast to the invariant mechanical properties of lithium metal anodes. Prior
experiments on silicon and tin have shown that the yield strength and Young’s modulus decrease
significantly from the pure material to the fully lithiated alloy;®* ** for instance, silicon’s yield
strength decreases from ~2 GPa to ~430 MPa upon full lithiation.”®> Furthermore, it is possible that
the mechanisms governing plastic deformation change from low to high Li content. These
changing properties have important implications for the use of alloys in SSBs, as the plastic
deformation and yielding behavior can change with state of charge, which could affect structural
and morphological evolution of the anode. Further understanding of the relationships between
mechanical properties and alloy anode evolution in SSBs, as well as measurement of mechanical
properties of alloys beyond silicon and tin, are needed.

A related important aspect of the use of alloys in SSBs is the role of applied stack pressure
on material and interfacial evolution®® — how does the magnitude of the stack pressure affect local
stresses at interfaces, interfacial connectivity, and deformation of alloy materials with cycling?
Many studies in the literature on both lithium metal and alloy electrodes use very high stack

a,77, 96, 97

pressures up to 250 MP but relatively low stack pressures (~1 MPa) are thought to be
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needed for realistic SSB devices.! The yield strengths of fully-lithiated alloy materials are much
higher than pure lithium metal; for instance, the yield strength of fully-lithiated silicon is ~430
MPa,” while that for bulk lithium is ~1 MPa.’® * Thus, while moderate stack pressures can cause
yielding of lithium electrodes to maintain contact at interfaces, this is likely not the case for alloys.
However, alloying reactions themselves generate high internal stresses that cause internal yielding
and deformation of the material,'®’ and it is possible that an externally applied stack pressure could
“bias” this intrinsic deformation to influence the morphological evolution of the anode. In short, it
is necessary to understand and report the effects of a range of stack pressures (including low stack
pressures) on the evolution of material morphology, contact at interfaces, and electrochemical
behavior of alloy anodes. One route to reduce required stack pressures may be to encapsulate alloy
particles in a softer matrix, such as an ion-conducting polymer with low interfacial impedance in
contact with alloys, that deforms more easily to retain interfacial contact. In general, finding ways
to reduce the external stack pressure applied to alloy-based cells is critical for commercial
feasibility.

As shown in Fig. 3, realistic SSBs with alloy (or other) anodes require thin SSE separators
to achieve high specific energy and energy density; 20 um is targeted, with further thinning
advantageous. The vast majority of research demonstrations of SSBs, however, utilize much
thicker SSE pellets (0.5 — 1 mm), although there have been recent efforts toward developing thin
separators.'®! Such thin separators may exhibit different chemo-mechanical responses to electrode
volume changes. Research effort is thus needed to understand the mechanical stability of such
separators under various mechanical constraint conditions during the extreme and potentially non-
uniform volume changes of alloy anodes.

Electron/ion transport and electrode/cell design. A key aspect of electrode design for SSBs
is the need for ion and electron transport pathways within the electrode to support sufficient
ion/electron transport rates to enable fast charge and discharge.!?? The US Department of Energy
long-term fast-charge target is to deliver 200 miles of electric vehicle range in 7.5 min.!%% 194 The
lack of a liquid electrolyte in SSBs means that either a solid ion-conducting phase must be included
in the electrode structure, or that the active material and/or other phases within an electrode must
exhibit sufficiently high ion diffusion rates. Many SSB electrodes developed in the research
literature (both anodes and cathodes) have consisted of a composite mixture of the active material,

an SSE material, and potentially other additives (binders or electronically conductive additives).!%®
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An advantage of many alloy anodes is that they are intrinsically electronically conductive, making
electron-conducting additives unnecessary. lon conduction is potentially a larger problem,
however. While many highly lithiated metals exhibit relatively high Li diffusivities (see Table
1),%- 47 the active mass loadings needed to enable high-energy density batteries (3-4 mAh cm™)
can necessitate fairly thick electrodes, which may require SSE materials to be incorporated within
the electrode composites to achieve high charge/discharge rates. The incorporation of inactive SSE
materials into an electrode composite can reduce the volumetric charge storage, which is a problem
both for anode and cathode composites.!* Figure 3A-B show the calculated specific energy and
energy density for silicon-based SSBs as a function of the silicon volume fraction in the anode
composite (as well as the SSE separator thickness), assuming the use of the NMC-811 composite
cathode identical to the calculations for Fig. 1. Energy density is more affected than specific energy
by the anode active material volume fraction.

Creative electrode design to enable sufficient ion transport with minimal additives, perhaps
by taking advantage of structured ion transport pathways or fast surface diffusion, is an important
research direction both for anodes and cathodes. Furthermore, diffusion rates of Li in alloys can
vary by orders of magnitude with state of charge!?” (Table 1), giving rise to important fundamental
questions regarding how the spatio-temporal evolution of diffusivity is linked to reaction behavior
in alloy electrodes, and suggesting that electrode design to include high-diffusivity phases could
enable fast charge/discharge behavior. The recent work by Tan et al. showing cycling of almost
pure Si electrodes suggests that at least some alloy anodes can operate without ion-conducting
additives,'> but it is not clear under which conditions this is true or which materials are appropriate.

SEI growth. As previously discussed, the solid-solid electrochemical interface may present
advantages in terms of curtailing excess SEI growth at alloy anode interfaces compared to liquid
electrolytes, which is an advantage of using alloy anodes in SSBs. Although this could be true, we
have only limited knowledge of interphase structure, chemistry, and evolution in SSEs in contact
with alloy anodes. Significant progress has been made in the SSB field in recent years in

%8 and the effects of electron

understanding reductive instabilities of various SSE materials,
conduction through an interphase on the extent of further growth have been well-documented.'%®
However, these efforts have primarily been focused on lithium metal/SSE interfaces, and lithium

metal has a lower electrode potential than alloys of interest, which could contribute to different
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phases that form at interfaces as well as different interphase growth kinetics.!? The effects of such

factors on electrochemical behavior and stability for alloy electrodes require further investigation.

Conclusion

The exceedingly attractive Li storage capacities of alloys have long driven efforts to
incorporate them into high energy, durable rechargeable batteries. These efforts have recently
begun to bear fruit for conventional liquid-cell Li-ion batteries, in which engineered alloy materials
are being incorporated with increasing fractional quantities to boost energy storage capabilities.
However, the fundamental characteristics of the dynamic alloy/liquid electrolyte interface have
given rise to substantial roadblocks in achieving long-term cycling stability of alloy anodes. Solid-
state batteries with alloy anodes offer the intriguing possibility of achieving long-term stability
and high energy density due to the different properties of the solid-solid electrochemical interface.
Even with the likely development of high-energy SSBs with lithium metal anodes, alloy-anode-
based SSBs are still attractive due to their improved resistance to short circuiting, potential for
long-term stability, and better energy metrics than graphite anodes. To realize this promise,
however, fundamental and applied work is needed to advance our understanding and control over
the evolution of alloy materials within SSBs. Given the vast need for improved energy storage
solutions and the variety of applications and use cases that may benefit from different battery

chemistries, the development of alloy-anode-based SSBs appears to be an urgent priority.
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Figure 1. Analysis of the energy metrics alloy-anode-based SSBs compared to other battery chemistries.

(A) Predicted energy density (Wh L") and specific energy (Wh kg™) of solid-state and liquid-based battery
stacks with different anodes: graphite, lithium, and alloy materials (silicon, tin, and aluminum). For the
alloy anodes, circles represent composite electrodes with the SSE material included in the electrode
structure, while triangles represent the pure alloy anode material as the electrode. All cells assume pairing
with a LiNipgMno1Co0.10, (NMC811) composite cathode, and the SSB cells assume 40 vol% of the
cathode architecture contains SSE material and that the SSE separator is 20 um thick. LLZO =
LisLa3Zr,012; LPSC = LigPSsCl. See the Supplemental Information for full details on calculations. (B)
Schematic of SSB material stack with an alloy anode considered for energy calculations.
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Figure 2. Mechanistic advantages and challenges of using alloy anodes in SSBs.

(A) Schematic of an alloy anode or lithium metal anode in a liquid electrolyte environment, along with
potential advantages and challenges. (B) Schematic of an alloy anode used in a solid-state battery. (C)
Schematic of a lithium metal anode used in a solid-state battery.
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Figure 3. Effects of electrolyte thickness and alloy anode volume fraction on cell energy.

(A) Specific energy (Wh kg') and (B) energy density (Wh L") for a SSB stack as a function of the
electrolyte separator thickness and the volume fraction of active material in the anode. The battery consists

of silicon active anode material, LigPSsCl SSE in the anode, cathode, and separator, and NMC-811 active
cathode material with 60 vol% active material loading in the cathode.
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The specific energy and energy density for a single stack of materials (as shown in Fig. 1A) were
calculated for different battery configurations as follows. First, assumptions were made regarding
the areal capacities of each electrode. The cathode areal capacity was chosen to be 4.0 mAh
cm. The anode areal capacities were determined based on the use of an N:P ratio of 1.1 in most
cases; these values are listed in Tables 1 and 2. The theoretical specific capacity and density
values for each material that were used are listed in Table 3.

A volume ratio between the active material and electrolyte was assumed for each electrode
evaluated; these ratios are listed in Tables 1 and 2. For the solid-state cells evaluated, it was
assumed that each component containing SSE used the same type of SSE throughout the entire
cell. Additionally, only active material and electrolyte were considered in the SSB composite
electrodes. Calculations for composite electrodes in liquid cells assumed a composition of 95 wt%
active material, 2.5 wt% binder, and 2.5 wt% conductive carbon. The porosity of each composite
electrode with liquid electrolyte is listed in Table 2. A higher porosity was assumed for the alloy
anodes due to their greater volume expansion during lithiation.

Using these compositions, the density of each composite electrode could be calculated by
summing the material density (p;) multiplied by the material volume fraction (¢;) for each
component in the composite.

N
Pcomposite = 2 pidi (1)
i=1

Given the active material’'s specific capacity (qqctive), density (pqctive), @and volume fraction
(Pactive), the electrode charge density (Q,,,;) was then calculated using Equation 2.

Qvol = qactivepactive¢active (2)

The necessary electrode thickness (l.;0ctroqe) Was then calculated by dividing the assumed areal
capacity (Qqreq1) by the electrode charge density.

I _ Qareal
electrode — Qvol (3)

The areal mass loading (M.ectroae) Of the electrode was calculated by multiplying the electrode
thickness by the composite electrode density.

Melectrode = lelectrodepcomposite (4)

The entire thickness and areal mass loading of a single stack was calculated by summing the
values of each individual component in the stack (Equations 5 and 6). Every stack used a 10 pm
thick copper current collector and a 10 um thick aluminum current collector. For Figure 1b, the
thickness of the electrolyte layer was 20 pym in all cases. In Figure 3, the thickness of the
electrolyte was intentionally varied to understand its effect on cell energy. The densities used to
calculate the areal mass loadings for the current collectors and electrolyte are listed in Table 3.

lstack = lAl + lcathode + lelectrolyte + lanode + lCu (5)

Mstack = My + Mcathode + melectrolyte + Manode + Mey (6)



With the total stack thickness and areal mass loading, the specific energy and energy density
were calculated using equations 7 and 8. The assumed average cell voltages for each
configuration are listed in Table 4, as well as the calculated energy values.

qcathodchell

Specific energy = —<athode”cell

’ f 7 Mstack (7)
V

Energy density = GcathodeVcell 8

lstack ( )

Table 1. Composition (vol %) and areal capacity for each SSB electrode evaluated.

Composition Areal capacity
(vol%) (mAh cm?)

60% LiNio.sMno.1C00.102 , 40% LPSC 4.0
60% LiNio.sMno.1C00.102, 40% LLZO 4.0
60% Si, 40% LPSC 4.4
60% Al, 40% LPSC 4.4
60% Sn, 40% LPSC 4.4
60% Si, 40% LLZO 4.4
60% Al, 40% LLZO 4.4
60% Sn, 40% LLZO 4.4
100% Si 4.4
100% Al 4.4
100% Sn 4.4
1x excess Li (solid) 4.0

Anode free Li (solid) 0 (*in discharged state)

Table 2. Composition, areal capacity, and porosity for each liquid electrode evaluated.

Composition Areal capacity Porosity
(Wt%) (mAh cm??) (%)

95% LiNio.sMno.1C00.102

2.5% binder 4 30
2.5% conductive additive

95% graphite

2.5% binder 44 30
2.5% conductive additive

95% silicon

2.5% binder 44 50

2.5% conductive additive
95% aluminum

2.5% binder 4.4 50
2.5% conductive additive
95% tin
2.5% binder 4.4 50
2.5% conductive additive
1x excess Li (liquid) 4 -

Anode free Li (liquid) 0 (*in discharged state) -




Table 3. List of the densities and specific capacities used.

Density Specific capacity
Material (g cm™) (mAh g")

LisPSsCI (LPSC) 1.86 -
LizLasZr2012 (LLZO) 5.1 -

LiNio.sMno.1C00.102 (NMC) 4.78 200

Silicon 2.33 3579

Aluminum 2.7 990

Tin 7.27 992

Lithium 0.53 3861

Graphite 2.2 372
Binder 1.8 -
Conductive carbon 1.8 -
Liquid electrolyte 1.3 -
Aluminum 2.7 -
Copper 8.96 -

Table 4. Average voltage, specific energy, and energy density for each configuration analyzed.

Average voltage | Specific energy | Energy density
(V) (Wh kg™) (Wh L)
Sulfides
Li (1x excess)/LPSC/NMC 3.8 365 1176
Li (anodeless)/LPSC/NMC 3.8 375 1385
60% Si/LPSC/NMC 34 320 1147
60 % AI/LPSC/NMC 3.45 293 1006
60% Sn/LPSC/NMC 3.3 288 1101
100% Si/LPSC/NMC 34 325 1182
100% AI/LPSC/NMC 3.45 307 1094
100% Sn/LPSC/NMC 3.3 293 1140
Oxides
60% Si/LLZO/NMC 34 230 1147
60% Al/LLZO/NMC 3.45 209 1006
60% Sn/LLZO/NMC 3.3 211 1101
100% Si/LLZO/NMC 34 237 1182
100% AI/LLZO/NMC 3.45 228 1094
100% Sn/LLZO/NMC 3.3 218 1140
Liquid
Graphite/Liquid/NMC 3.7 274 756
Si/Liquid/NMC 34 343 1132
Al/Liguid/NMC 3.45 308 947
Sn/Liquid/NMC 3.3 307 1082
Li (1x excess)/Liquid/NMC 3.8 394 1191
Li (anodeless)/Liquid/NMC 3.8 405 1406
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