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Abstract

The tremendous improvement in performance and cost of lithium-ion batteries (LIBs) have made
them the technology of choice for electrical energy storage. While established battery
chemistries and cell architectures for Li-ion batteries achieve good power and energy density,
LIBs are unlikely to meet all the performance, cost and scaling targets required for energy
storage, in particular in large-scale applications such as electrified transportation and grids. The
demand to further reduce cost and/or increase energy density, as well as the growing concern
related to natural resource needs for Li-ion have accelerated the investigation of so-called
“beyond Li-ion” technologies. In this review, we will discuss the recent achievements,
challenges, and opportunities of four important “beyond Li-ion” technologies: Na-ion batteries,
K-ion batteries, all-solid-state batteries, and multivalent batteries. The fundamental science
behind the challenges, and potential solutions toward the goals of a low-cost and/or high-energy-
density future, are discussed in detail for each technology. While it is unlikely that any given
new technology will fully replace Li-ion in the near future, “beyond Li-ion” technologies should

be thought of as opportunities for energy storage to grow into mid/large scale applications.
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1. Introduction

The world is going electric. The sustained improvement in performance and price of lithium-ion
batteries (LIBs) have made them the technology of choice for electrical energy storage. The
gravimetric energy density of LIBs increased from approximately 90 Wh kg™" at the cell level in
the 1990s to over 250 Wh kg™ today', which has enabled their successful application in portable
electronics, electric vehicles (EVs), and LIB-based grid storage. Today, Li-ion is even
considered for electric flight >*. In 2018, the global EV fleet exceeded 5.1 million vehicles, up 2
million from the previous year, with the number of new electric car sales almost doubling'*>.
Over decades of development, the cell architecture and electrode material options for LIBs have
been established. Olivines (e.g., LiFePO, , i.e., LFP), layered oxides (e.g., LiNi;3C0¢15Al5050,
i.e., NCA and Li(Ni,Mn,Co)0O, , i.e., NMC), and spinels (e.g., LiMn,0,, i.e., LMO) are typically
used as the cathodes, which are separated from a graphite anode by a polymer separator(s)
immersed in a carbonate-based organic liquid electrolyte. Manufacturing improvements have
significantly reduced the cost of LIB modules from over 1,000 USD kWh™ to less than 150 USD
kWh' today '®. Its consistent improvement and dramatic market growth is also exposing the
potential challenges for lithium-ion (Li-ion) based energy storage: 1) Continued expectation for
cost reduction, in particular in large-scale applications such as EV and grid; 2) How will the
energy density be further increased given that there is no further roadmap for cathode or anode
materials with higher energy density; 3) resource issues; 4) safety. We discuss these issues very
briefly and will later in the article put new “beyond Li-ion” technologies in this context, as each

of them should at a minimum address one of these challenges.



While Li-ion is already being integrated into the grid ", it is estimated that the energy storage
cost must fall further to support wind and solar energy-based electricity generation, in particular
once the higher-value applications in the grid such as frequency regulation and intra-day load
shifting are exhausted. In addition, the emerging EV market calls for lower cost and higher-
energy-density automotive batteries to increase travel distances to sufficient levels for typical
driving patterns. In 2017, targets of 350 Wh kg™' and 750 Wh L' at the cell level for automotive
batteries by 2020 were proposed by the U.S. Department of Energy (DOE) and U.S. Advanced
Battery Consortium (USABC)'*". Today’s Li-ion chemistry is maturing with Li(Ni,Mn,Co0)O,
(i.e., NMC) compounds dominating the cathode, and graphite (both synthetic and natural) still
almost exclusively used for the anode. While pure Si anodes, or Si-blended into graphite anodes,
would increase the specific energy and energy density of Li-ion cells'*'®, the Si content in
today’s commercial cells is very limited due to lifetime problems caused by the non-passivating
SEI on Si'"**. NMC cathodes have evolved from compounds with equal amounts of Ni, Mn, Co
“111” to high Ni content materials such as “622”, “811” (the numbers specify the relative
amount of Ni, Mn and Co). The higher Ni content lowers the charging voltage at the top of
charge thereby enabling higher capacity, but the gains from further modifying the cathode are
becoming increasingly limited. The most serious issue for the further scaling of current Li-ion
technology is most likely the metals resource problem. In NMC materials one needs
approximately 1kg of Ni or Co per kWh of energy storage. When the Li-ion industry scales to
1TWh of production/year, approximately 1 million tons of combined (Ni,Co) will be needed.
This will approach 30-40% of current Ni production and more than half of all Co production in
the world. While the Co-problem is well documented %, the Ni-resource limitations are only

now emerging. Note that 1TWh of Li-ion capacity can provide only 10 million EV’s ( = 10% of
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world annual vehicle production) with a 100kWh battery (required to drive 350 miles). SNE
research in Korea predicts the Li-ion market to reach annual production of over 3TWh . Tt is
unlikely that this can be supported by the current cathode chemistries except for LiFePO,. While
novel directions for cathode materials based on less resource constrained metals are promising?-
% any new cathode material is at least 10 years out from large-scale commercialization due to

the very long timeline to optimize, test, and certify new materials.

With the materials-level advancements in LIBs approaching their limits®’, the demands for lower
cost and higher energy density and the growing concerns related to natural resources have
triggered the investigation of so-called “beyond Li-ion” technologies. It is unlikely that one
single “beyond Li-ion technology” will address all issues of Li-ion. We therefore chose to
discuss various technologies, point out the status of them, and the aspects in which they may

outperform Li-ion.

Na-ion batteries (NIBs) and K-ion batteries (KIBs) are two examples of “beyond Li-ion”
technologies that can potentially solve the resource issues facing LIBs, especially as cost-
effective alternatives in applications for which the gravimetric and volumetric energy density are
of less importance such as load leveling for power grids. The ability to use inexpensive redox
species such as Mn and Fe in NIB or KIB cathodes instead of Co and Ni is expected to
substantially reduce the total cost of a cell. The costs of the raw materials for selected active
cathode materials for LIBs, NIBs, and KIBs are compared in Figure 1. The gravimetric energy
densities of the full cells constructed using these materials are also compared. As the cost of
materials contributes significantly to the overall cell cost today, the remarkably inexpensive

cathode active material precursors used in NIBs or KIBs are likely to result in significant cost



savings. For example, the layered P2-structured sodium manganese iron oxide (Na,;Mn,,Fe;,0,,
i.e., P2-NMFO) and lithium nickel cobalt manganese oxide cathode (LiNiyCo,,Mn,,0,, i.e.,
NCM622) provide similar specific energies (244.3 Wh kg'.; for NCM622 vs. 190.1 Wh kg .y
for P2-NMFO: ~28 % reduction); however, the cost of the raw materials for P2-NMFO is more
than 30 times lower than for NCA. While raw materials cost certainly does not by itself set
cathode price, it does provide an important floor to the price. NIBs may also enable additional
cost reduction by replacing the copper current collector in LiBs with an aluminum or stainless-
steel one.”®® NIBs and KIBs can furthermore take advantage of decades of accumulated
knowledge on the manufacturing and cell architecture of LIBs, allowing for their faster adoption

in large-scale stationary applications.
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Figure 1. Cost of raw materials (direction up) for selected active cathode materials used in LIBs,
NIBs, and KIBs and corresponding full-cell specific energy (direction down) calculated at the
cell level. Data from the Argonne National Laboratory’s Battery Performance and Cost
(BatPac)* model were used as inputs. The total cost of raw materials accounts for 55%-90% of
the cost of the processed Li-ion cathode active materials based on data reported for the BatPaC
model®. Assumptions for the NIBs and KIBs: the cathode composite contains 89% of active
material; the NIB cell employs a hard carbon anode with a density of 1.55 g cm™ (for active
negative electrode material) and specific capacity of 350 mAh g™', and the KIB cell employs a
graphite anode with a specific capacity of 250 mAh g™'. Al current collectors with a thickness of
15 um are used in both NIBs and KIBs. The detailed calculation method is described in the

supplemental note S1.

Replacing the graphite anode with Li metal would provide a path to significantly increase the
energy density of today’s Li-ion batteries. Compared with current LIBs, all-solid-state batteries
(ASSBs) are better suited for utilizing a Li metal anode because the safety concerns are partially
eliminated by replacing the organic liquid electrolyte with an inorganic solid electrolyte (SE).
Figure 2 compares the specific energies and energy densities at the cell level of the common
cathodes used in a typical Li-ion cell and a Li-metal ASSB. Because of the reduction in volume
and mass associated with the use of a Li metal anode, multiple selected Li-ion cathodes deliver
volumetric energy densities larger than 750 Wh L' at the cell level in the ASSB, with a
maximum volumetric energy density of 1373.8 Wh L' reached using the NCA cathode.

Although these comparisons do not represent the optimal cell-level energy densities of various



ASSB systems, they demonstrate the significant energy density increase that can be achieved
using established LIB cathodes in a ASSB configuration. Given the significance of Li metal as an
anode in ASSB a solution to the problem of Li metal penetration through the solid electrolyte
remains one of the primary research and engineering challenges. Other lithium-based “beyond
Li-ion” technologies, such as Li—S and Li-air batteries, can also take advantage of Li metal
anodes to greatly increase the cell-level energy density. However, in this review paper, we will
not discuss these technologies, as their fundamental problems are very different than for the
intercalation chemistries discussed in this paper, and many good reviews documenting the

problems with these technologies are available *'—

. While Li-S is a potential very low cost and
high specific energy play, its fundamental limitations on energy density make it an unlikely
technology for much of today’s Li-ion market. This is to some extent also the case for Li-air,
though more uncertainty exist as how a practical Li-air cell system would be built, making
extrapolations of energy density more difficult. In addition, both Li-S and Li-air share the Li

metal dendrite formation problem that has plagued attempts to introduce Li metal anodes in

liquid-electrolyte Li-ion configurations.
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Figure 2. Specific energy and energy density calculations of LIBs and conceptual ASSBs and
MIBs using selected cathode active materials. The inputs employ data from the BatPaC model™.
Assumptions for the lithium-metal ASSB cell: a Li metal anode is used in all ASSBs and a Li
utilization of 0.80 was set to determine the anode thickness; the cathode composite contains the
same cathode loading as in the LIB (80-83 wt%, depending on the cathode), 6 wt % conductive
carbon and SE powder of remaining weight ratio; the cell uses a Li,S—P,Ss solid separator of 20-
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um thickness with a porosity of 5 vol.% in SE pellet and a density of 1.87 g cm™. The calculation
for the hypothetical Mg-battery assumes the identification of improved multivalent cathodes with
capacity of 165 mAh g and voltage of 3.1 V vs. Mg metal. The detailed calculation method is

described in the supplemental note S1.

Multivalent battery chemistries offer another interesting path to reach higher energy density for
EV applications. Each individual multivalent ion carries multiple charges, leading to larger
capacities than those achieved using Li ions for storage of the same number of working ions in
an electrode. Compared with Li metal, metallic multivalent anodes offer further improvement in
the volumetric energy density (e.g., a theoretical volumetric energy density of ~3833 mAh cm™
for Mg metal compared with ~2046 mAh cm™ for Li metal®’). However, the realization of high-
energy-density multivalent batteries remains limited by the currently available multivalent
cathodes. Figure 2 shows the Mg battery energy densities estimated from using 1) a Mg, Ti,S,
(0<x<1) spinel cathode (representing a state-of-the-art multivalent battery prototype) and 2) a
hypothetical, more-energy-dense Mg cathode (assuming the identification of improved
multivalent cathodes). This figure illustrates that the energy densities of current multivalent
battery prototypes are still far below what can be achieved or imagined with Li-based
technology. However, it is worth noting that both the gravimetric and volumetric capacity
densities of a Mg/Ti,S, cell (defined as the cell-level gravimetric and volumetric energy densities
divided by the voltage) are higher (107 mAh g and 275.8 mAh cm™) than those of today’s LIBs
(e.g., 66 mAh g' and 171 mAh cm™ for NCM-622/graphite, and 71 mAh g and 183 mAh cm™

for NCA/graphite). The high capacity density of Mg/Ti,S, indicates that current Mg prototype

12



systems can potentially provide much higher energy density than current Li-ion systems if Mg
cathodes could be found that operate at similar voltages as those of Li-ion cathodes. In addition
to their potential energy-density and/or capacity density advantages, multivalent batteries also
provide long-term cost and sustainable resource availability advantages because of the greater
abundance of Mg and Ca compounds relative to that of Li. In addition, similar cell configurations
to those of current LIBs can be used with Mg or Ca metal anodes for multivalent batteries
because these metals are less prone to dendritic growth than Li, which allows multivalent
batteries to utilize the manufacturing knowledge already established by the LIB industry. These
factors would further reduce the cost of multivalent batteries and accelerate their
commercialization. Therefore, if high energy density electrode materials can be developed, Mg
and Ca batteries are likely to be able to deliver the unique combination of high energy density

and low cost.

In this review, we will discuss the recent achievements, challenges, and opportunities of the four
main “beyond Li-ion” technologies: NIBs, KIBs, ASSBs, and multivalent batteries. In each
section, the major achievements for the individual technology are briefly summarized, and the
remaining challenges toward the goals of a low-cost and/or high-energy-density future are
discussed in detail. The scope of this review is intended not only to present a collection of
electrode and/or electrolyte materials for each individual technology to meet the
commercialization requirements but also to critically analyze the fundamental science behind the

challenges and offer potential solutions in each field.
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2. Na-ion and K-ion batteries

The price of the lithium-based precursor Li,COj; (battery grade, 99.5%) skyrocketed from ~2,000
USD ton™ in 2000 to ~12,000 USD ton™ in 2019 (Shanghai Metals Market (SMM) data*®), which
is one factor that has triggered significant interest in LIB alternatives, including NIBs and KIBs.
The price of Na,CO; and K,CO; in 2019 was ~150 USD ton and ~790 USD ton’', respectively.”
More important for battery cost is the transition metals components in the cathode. Multiple NIB
and KIB cathodes have been developed based on inexpensive Mn and Fe redox. More expensive
and scarce transition metals such as Co (~40,000 USD ton™ in 2020, SMM data) and Ni (~16,000
USD ton! in 2020, SMM data), which are essential for Li-ion batteries, do not seem essential for
NIB or KIB, making them a viable alternative to address resource and cost issues of Li-ion.
According to Wood Mackenzie Power & Renewable’s latest report in 2019,% the global energy
storage for grid deployments will grow thirteen-fold over the next six years from a 12-GWh
market in 2018 to a 158-GWh market in 2024. While layered transition metal oxides (TMOs) are
obvious cathode candidates for NIB and KIB, we argue that polyanionic compounds and
Prussian blue analogues (PBAs) may be better alternatives. We also discuss the challenge of
finding good negative electrodes (graphitic carbon, hard carbon, low-voltage intercalation

compounds, and alloying-reaction compounds for these technologies).
2.1. Layered oxide cathodes

Layered oxides of chemical formula Na,MO, (K,MO,) consist of repeating sheets of edge-sharing
transition metal octahedra (MOs), with Na/K ions sandwiched in between. Depending on the
anion coordination of the alkali ion and the stacking of the oxygen layers, several polymorphs

exist. In the notation first introduced by C. Delmas™®, the structure is labeled by the coordination
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geometry around the alkali ion (O: octahedral; P: prismatic), and by the number of O-M-O and
O-alkali-O layers that need to be stacked perpendicular to the layer before periodicity is
achieved. A prime symbol indicates a monoclinic or orthorhombic distortion, which typically
arises because of alkali-vacancy ordering, metal ordering, or collective Jahn-Teller distortions.
Hence, a P2 structure has prismatically coordinated alkali ions and oxygen stacking ABBA. O3
has octahedral alkali ions and oxygen stacking ABCABC. The latter stacking can also be
thought of as a (distorted) FCC lattice of anions with the cations layering in the (111) plane,
highlighting the relation between O3 structures and rocksalts®. Typically, O3 (x = 1), O3’ (0.75
<x<1),P3(x = 0.6)and P2 (x = 0.67) phases can be directly synthesized via a solid-state
method. Because layered structures are generally stabilized by the size difference of the alkali

ion and the transition metal,*"*?

many more types of Na,MO, and K,;MO, compounds form in a
layered structure compared to Li,MO,. For example, most of the first-row transition metals (Ti,
V, Cr, Mn, Fe, Co, Ni) can crystalize in electrochemically active layered O3 structures with
Na. #5449 This leads to tremendous chemical flexibility in making potential layered Na-ion
cathodes.”™! It has been shown that the large size of Na and K ions lowers the transition metal
mobility in layered oxides ** which makes Na and K-layered compounds less vulnerable to the
transition metal disorder upon cycling, which is the main issue that restricts layered Li-cathodes
to the Ni-Mn-Co chemistry. While Li,MO, only forms layered oxides in which Li is octahedrally
coordinated (O3/02 structures), Na,MO, and K, MO, can also form structures in which Na or K
ions are prismatically coordinated by oxygen (P3/P2 structures). Details of the nomenclature

have been described by Delmas et al.** Layered oxides can have large theoretical capacity, high

density, and facile synthesis methods, but many of them suffer from low average voltage and
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poor capacity retention when highly charged, possibly due to structural instabilities in the deep-

charged state.”*!

It is often stated that the rate capability and capacity retention of P2 phases outperform that of
the O3 phase as Na can migrate directly from one prismatic site to another through the shared
rectangular face.”> In contrast, in the O3 structure, the octahedral-coordinated Na ions must
migrate through a tetrahedral intermediate site, which introduces a high-energy migration barrier.
This idea is supported by theoretical work of Mo et al. who calculated activation energies for Na
migration of 0.20 eV in P2-Nay4Co0O, and 0.28 eV in 03-NaysCo00,.* Experimentally,
however, the P2 phase does not always outperform the O3 phase. Figure 3 summarizes the rate
capabilities of various P2- and O3- Na layered oxide cathodes. Some O3 cathode materials
exhibit superb rate capability, such as O3-NaCrO,,’® which delivers a discharge capacity of 99
mAh g™ at a rate of 150C (75% of the capacity at 1C). When comparing the rate capabilities
from different studies in Figure 3, one needs to keep in mind that the high-rate performance can
be influenced by cell assembly procedures, electrode preparation methods, particle size and
morphology, and conductive additives. Nonetheless, since a high rate is not possible without
sufficient Na mobility, the results in Figure 3 confirm the high intrinsic diffusivity of Na in many

layered compounds.

Furthermore, the multiple phase transformations in O3 phases do not necessarily lead to poor
cyclability, as several O3 cathodes have been reported to exhibit good capacity retention.>’~ For
example, O3-NaNijsMn,s0,”” and O3-NaNi,sMny,Tiy3;0,* exhibit good capacity retention (90%
and 85% after 100 and 200 cycles at 1C, respectively). This evidence indicates that capacity

degradation does not originate from multiple phase transitions, as is often accepted, but rather
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issue stems from structural instability in the deep deintercalation state (at low Na/K content),
which is an intrinsic problem for both O3 and P2 phases.”®"%* Therefore, to improve the cycling
stability of layered transition metal oxides, a better understanding of how to improve the

structural stability at low Na/K content is required.

g0 FeE 03
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- ' L 2
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Figure 3. Discharge capacity as a function of C-rate for various Na layered oxides. P2-MF:
NaQ'67MnQV5FCO‘502,63 P2-MFC: Nao,67Mn0,5FeQ,25C00.2502,47 P2-MN: Nao.67Mn0'67NiO.3302,64 P2-MNF:
NaQ'67MnQV63NiQ,23FCO‘1302,65 P2-Co: NaQ.67C002,66 0O3-FC: NaFeO.5COQ.502,67 O3-MN:

NaMn,sNi;s0,,°” 03-Co: NaCo0,,* and O3-Cr: NaCrO,.*

While high capacity and reasonable cycling performance have been achieved for several Na
layered oxides by mixing two, three, or even four transition metals,*>*%%% several disadvantages
of layered Na/K cathodes have not been addressed. Due to the lower voltage of Na/K layered
oxides, no cathode material has exhibited an energy density comparable to that of Li layered

oxides such as LCO or NCM111. While in itself this is not a critical limitation for stationary
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applications, lower energy content cathode materials increase the cost of cell overhead (anode,
electrolyte, cell manufacturing cost, etc.) and may detract from the intrinsic cost advantages of
Na/K batteries. The specific capacities and corresponding average voltages of several Li/Na/K
layered oxide cathodes are shown in Figure 4a, clearly demonstrating that the voltages of
commercialized Li layered oxides are significantly higher than those of their Na and K
counterparts. Na layered oxides typically have average voltages between 2.5 and 3.5 V. The
voltage range is even lower for K layered oxides: The average discharge voltages for P3-
KosMnO,,*® P3-K;4sMng5C050,,% and O3-KCrO, ™ are all approximately 2.5 V. Attempts to
344+

increase the operating voltage of layered oxides by using transition metal species such as Co

and Ni*** have had little success.”!

No significant improvement was observed in the operating voltages of P2-Nag;5C0g7sNig2,0,"
and O3-NaCo,sNiys0,” compared with those of Mn-based Na layered oxides® consistent with
the idea put forward in REF"* that the voltage of the Na and K compounds is largely controlled
by the strong alkali-alkali interaction. Because Na* and K* ions are considerably larger than Li®,
the interlayer distance between oxide layers in Na and K compounds is larger than that in Li
compounds. The larger distance of the oxygen ion to the K-ion reduces its effectiveness in
screening the electrostatic repulsion between the alkalis in Na and K materials, which in turn
increases the voltage slope®” and reduces the voltage at the end of discharge. This is illustrated in
Figure 4b, which presents the discharge profiles of several alkali-metal layered oxides. The
voltage slope for most compounds with a fixed choice of alkali are similar regardless of the

transition metal species and oxygen stacking. The slope for Na/K layered compounds is

18



considerably larger than for Li layered compounds, limiting the capacity (and energy density)

that can be achieved within a given voltage window.

Different from the other Na layered oxides, O3-NaFeO, (also known as alpha-NaFeO,) exhibits a
flat voltage plateau at =~ 3.4 V with a discharge capacity of 80 mAh g™'.* This unusual large
voltage plateau is attributed to the wide two-phase reaction region when NaFeO, is
deintercalated and may be unique to the Jahn-Teller activity of the Fe** which forms upon
charging.”>® Although 03-NaFeO, suffers from poor cycling stability resulting from Fe
migration, it is clear that to achieve more capacity in Na/K layered oxides, one needs to find
systems with a wide two-phase region at the top of charge (or end of discharge) to overcome the
average slope limitation. For example, Hasa et al. reported an extremely high capacity of 250
mAh g™ for P2-type Nag¢Nig»Aly;1Mngg0,; the voltage profile contained a clear two-phase
plateau originating from the P2-O2 transition at the top of charge.” Hence, somewhat counter-
intuitively, increasing the capacity of Na-layered oxides should focus on finding systems with

pronounced first order phase transformations at end of charge and discharge.

While some Na layered oxides still exhibit reasonable energy density despite having this steep
sloped voltage profile, the even larger slope in layered K-oxides makes it unlikely to find good
cathodes for K-ion systems in this structure class. Polyanionic compounds or PBAs might be
better choices for a K battery and will be discussed in the next section. The very strong K-K
interaction also limits the K-content in the as-synthesized cathode material. While O3 Na-
compounds can be synthesized at stoichiometry NaMO,, for K-compounds this is only true for
KCrO, ™ and most layered compounds with K are sub-stoichiometric in K, which would require

an additional K source in a K-ion cell.
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2.2. Polyanion and Prussian blue analogue cathodes

Because of the highly sloped voltage profiles of layered Na and K-ion compounds, host
structures that provide more effective screening and/or greater distance between intercalating
ions may be better choices for cathodes. While polyanionic compounds and PBAs are usually
considered to have poor energy density, based on the experience with Li-ion cathodes, Figure S
shows that this is not necessarily the case for K and Na. The figure compares the gravimetric
energy density (Wh kg™') and volumetric energy density (Wh L™') of layered oxides (e.g.,
A.,Co0,), polyanionic compounds (e.g., AVPO,F), and PBAs (e.g., A-MnFe(CN);), where A =
Li, Na, or K.*** For the layered oxides, both the gravimetric and volumetric energy densities
significantly decrease with increasing alkali-ion size, which can be ascribed to the increase in
molecular weight and structural volume, and to the reduction of the capacity and voltage. In
contrast, the effect of the alkali-ion size and weight in reducing the energy content is much less
pronounced for the polyanion AVPO,F and A-PBA systems. Interestingly, in the PBA systems,
both the gravimetric and volumetric energy densities increase with increasing alkali-ion size,
which will be discussed in the PBA section. While for Na there is still a small decrease in energy
density when moving from layered oxides to polyanion and PBA’s (though the specific energy
increases a lot), for K-cathodes one can clearly increase the specific energy without cost to the

energy density by going to non-close-packed systems.
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Whereas layered compounds are clearly the best cathode candidates for Li batteries, the different
effects of the alkali-ion size for each class of cathodes (layered oxides vs. polyanionic
compounds vs. PBAs) results in comparable volumetric energy densities for polyanionic
compounds/PBAs and layered compounds in Na and K systems. For example, layered LCO
exhibits a much higher volumetric energy density than polyanionic LiVPO,F (by 24%) despite
its lower gravimetric energy density, which is attributable to the high crystal density of the
layered compound. In contrast, the volumetric energy density decreases by only ~13% in moving
from layered Na,CoO, to polyanionic NaVPO,F. In the K system, both polyanionic KVPO,F and
K-PBA exhibit higher volumetric energy densities than the layered K,CoO,. These results
indicate that polyanionic compounds and PBAs have the potential to compete with layered

oxides in Na and K systems.
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Figure 5. Comparison of gravimetric energy density (Wh kg™') and volumetric energy density
(Wh L") of layered oxides (A,C00,), polyanionic compounds (AVPO,F), and PBAs (A-
MnFe(CN)s), where A = Li, Na, or K. The gravimetric and volumetric energy densities were
calculated from the literature.®**** The theoretical material densities of the crystal structures

were used to determine the volumetric energy densities.

2.2.1. Polyanionic compound cathodes

Polyanionic compounds with tetrahedral motifs of XO, or trigonal motifs of XO; (X =P, S, B,
Si, etc.) have been extensively investigated as high-voltage cathodes for NIBs and KIBs.”'** The

most popular polyanion groups include phosphates (PO,)* > sulfates (SO,)*,” and silicates

98-101 102,103

(Si0)* 7 and their derivatives, including fluorophosphates, pyrophosphates,
fluorosulphates'®, etc. The polyanionic compounds offer several advantages. (i) Because of the
structural and chemical variety of polyanionic frameworks, these materials provide the
opportunity to explore novel cathode materials with open-framework structures that provide fast
Na-ion diffusion pathways. (ii) It is feasible to tailor the working voltage by modifying the
chemical composition. (iii) The unique structural stability of polyanionic groups results in
excellent high-voltage stability and improved cyclability compared with that of their layered-
oxide counterparts. As these materials have recently been discussed in several excellent review

artiCICS, 91,94,105,106

we will limit our scope to discussing how the working voltage of polyanionic
compounds can be tailored via (1) the “inductive effect” from anion tuning and (2) the selection

of transition metals. We also propose that the energy density can be increased by applying these

strategies.
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2.2.2. Inductive effect in fluorophosphates

Fluorophosphates with the general formula Na,M,(PO,),F;_,0,, where M = transition metal, 0 <
x < 4,0 < y < 2, are some of the most promising polyanionic Na-cathode materials.
Na;V,(PO,),F; has an average operating voltage of 3.9 V and a capacity of 128 mAh g™
(yielding a specific energy density of 499 Wh kg™").'7!% [t can potentially be competitive with

some conventional Li-ion cathodes (e.g., LiFePO, with a specific energy density of 580 Wh

kg™).
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Figure 6. a) Crystal structure of Na;V,(PO,),F;_,,0,, (either in orthorhombic space group Amam
or tetragonal P4,/mnm space group depending on y) Reproduced with permission from Ref. '%.
Copyright 2017 Wiley. b) Voltage profiles for different compositions of Na;V,(POy),F;_,O, (0 <
y < 0.5) cycled at C/20. Reproduced with permission from Ref. '"°. Copyright 2016 ACS

Publications. ¢) Computational modifications of Na;V,(PO,),F; to enable extraction of the third
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Na within the electrolyte stability window. Reproduced with permission from Ref. "', Copyright

2014 ACS Publications.

The crystal structure of Na;V,(PO,),F; (NVPF) '? is shown in Figure 6 and consists of a three-
dimensional framework of V,OzF; bi-octahedra connected via PO, tetrahedra. The substitution of

oxygen for fluorine (V,OsF;_,0y) occurs at the apex of the bi-octahedra and the F/O ratio can be

107,110 3

tuned either by solid-state or wet chemistry synthesis.'” Figure 6b shows the
electrochemical performance of six Na;V,(PO,),F;_,0, samples with y ranging from 0 (NVPF;)
to 0.5 (NVPF,50y5), causing the oxidation state for vanadium to vary from 3+ at y = 0 to 3.25+
at y = 0.5. Due to the inductive effect, the average voltage for Na-ion intercalation continuously
decreases as y increases (decrease in F/O ratio) even though the valence of V slightly increases in
the pristine samples. Similarly, for K-ion intercalation, Kim et al. observed that the voltage

decreases for KVPO,F when F is partially substituted by O. The average voltage drops from 4.33

V for KVPO4F to 4.20 V for KVPO4'36F()_64.114

State-of-the-art NVPF allows reversible intercalation of only 2 Na per formula unit.'” To
improve the energy density of NVPF further and make it a highly competitive cathode material
for Na-ion batteries, the third sodium should be cycled in NVPF. This is however unlikely in the
pristine compound as the voltage to reach the V,(PO,),F; composition is predicted to be = 5.3
V,!"! significantly above the electrochemical stability window limit of the electrolyte (4.4—4.7 V).
The inductive effect suggests that the working voltage can be manipulated through substitution
with another anion of different electronegativity. One strategy, supported by a calculation by

Xiao (Figure 6c¢), is to bring the extraction voltage for the third sodium into the accessible
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voltage window of the electrolyte'> by replacing the F in Na;V,(PO,).F; with a less
electronegative ion, such as Cl or Br. However, so far this prediction has not been validated with

experiments.

Using a different approach, Tarascon et al. recently triggered the activity of the third Na via the
formation of a disordered Na,V,(PO,),F; phase with tetragonal symmetry (I4/mmm space group)
16 The authors claim that a new phase forms irreversibly when the third sodium is extracted
electrochemically from Na;V,(PO,),F; (Amam) upon the first charge and hold at 4.8 V, and that
this new phase can reversibly intercalate three Na per formula unit over the voltage range of 1—
4.8 V. The energy density increases by only ~15% with respect to the conventional NVPF Amam
phase as the last Na is being re-inserted at 1.6 V. This low discharge voltage of the extra

capacity makes it less attractive for practical applications.
2.2.3. Selection of transition metals in NASICONSs

As an alternative to employing the inductive effect to tune the cathode voltage, the transition
metal species can also be directly changed as is well illustrated in the NASICON-type
compounds. NASICON is an abbreviation for sodium (Na) Super Ionic CONductor, which refers
to a family of materials with the chemical formula Na,NM(PO,); (0 < x < 4, Nand M =Ti, V,
Cr, Mn, Zr, etc.). They are characterized by an “open” three-dimensional framework enabling
fast Na-ion migration, relatively high working voltage (> 3.5 V), reasonable specific capacity (~
110 mAh g™'), and excellent stability in the charged state.''” The rich selection of N/M
combinations enables fine-tuning of the working voltage of NASICON-type materials. Among

the various NASICON compounds,''®'** Na;V,(PO,); is a promising candidate because the
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reversible cycling of two Na per formula unit'** gives it a reasonable energy density of ~400 Wh

kg™
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Figure 7. a) Typical NASICON-type crystal structure, Na;NM(PO,); (N, M =Ti, V, Cr, Mn, Zr,
etc.). b) Cyclic voltammetry profiles, c) rate performance, and d) long-term cycling performance
of NasMnZr(PO,);. Reproduced with permission from Ref. '®. Copyright 2018 ACS

Publications.

Figure 7a shows the crystal structure of a typical NASICON-type framework, which is built up
with corner-sharing MOy and XO, polyhedra, with interstitial sites accommodating two different

types of Na ions: Na(l) with six-fold coordination and Na(2) with eight-fold coordination.
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Compared with V-based NASICON-type materials, the Mn-based ones, Na;MnM(PO,); M = Ti
and Zr), are not only less expensive and environmentally friendly but also provide higher
voltages (at 3.6 and 4.1 V, respectively) with comparable capacity (approximately 110 mAh
g™),'?126 ag shown in Figure 7b—c. In addition, carbon coated Na;MnZr(PO,); demonstrates
excellent rate performance and stable cycling (Figure 7c¢c—d)."* To achieve higher energy
density, fully reversible three-electron redox reactions are desired. In recent work by Mai et al.,
Na;MnTi(PO,); was shown to have a specific capacity of 160 mAh g at 0.2C, resulting from the
Ti**, Mn***, and Mn*** redox couples at 2.1, 3.5, and 4.0 V, respectively'”’. While the
capacity corresponds to reversible intercalation of almost three Na, the actual energy gain is
compromised by the low-voltage intercalation of the additional Na at 2.1 V, yielding a total
energy density of ~470 Wh kg™'. Therefore, NASICON materials that enable the intercalation of
three Na at higher voltage requires furture optimization through substitution/combination with

other transition metals.

2.2.4. Prussian blue analogue (PBA) cathodes
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using data from reference® ™. ¢) Capacity—voltage plot of Li-PBA, Na-PBA, and K-PBA

systems, plotted using data from reference ¥7-%-12-140

Similar to other polyanionic cathode compounds, PBAs have an open framework structure and
wide compositional variety.'**'*! PBAs represent a large family of metal hexacyanoferrates with
a perovskite-type, face-centered cubic structure (space group Fm-3m), as shown in Figure 8a.'*

The chemical composition of PBAs can be expressed as A, Ma[Mg(CN)¢],, where A = Li, Na, K,

etc., M = transition metal (Fe, Mn, Co, Ni, Cu, etc.), and 0 < x < 2. They consist of M,** and

30



M;* ions sitting on alternate corners of corner-shared octahedra, which are bridged by cyano
(C=N) ligands. Structurally, they form three-dimensional rigid frameworks containing open
jonic channels (3.2 A in diameter in <100>) and spacious interstitials sites,'**!** which enable

fast diffusivity for multiple ions, e.g., Na*, K*, etc.

Figure 8b presents the discharge profiles of A,Mn[Fe(CN)s] (A = Li, Na, and K). As the size of
the intercalating ion increases the voltage increases, and, surprisingly, Li-PBA has the lowest
capacity and voltage among the three compounds. A similar trend can also be observed in other
transition-metal-based PBA systems, as shown in Figure 8c. The high voltage of K intercalation
in PBA is likely attributable to the stronger interaction between K ion and the metal-organic

framework than that in Na and Li systems, stabilizing the discharged products.'*

PBAs are usually prepared via a wet-chemistry route at low temperature, which results in a
hydrated PBA lattice with a large number of My(CN), vacancies. The chemical formula can be
more accurately expressed as A, Ma[Mg(CN)¢],0,-,-zH,O, where M, and Mj represent
transition metals and O represents M(CN)s vacancies, 0 < x < 2, 0 < y < 1. The vacancies and
coordinated H,O in the crystal structure play a crucial role in determining the electrochemical
properties. As Mg(CN)s vacancies are charge balanced by a lower Na content that reduce
capacity. The vacancy defect also causes H,O molecules to coordinate with the dangling M,
bonds, which decreases the available sites for intercalants and is believed to block the diffusion
channels. When H,O molecules are released uponc cycling they can lead to side reaction with the
organic electrolyte which eventually deteriorates the electrochemical performance.'* Therefore,
a defect-less structure and low H,O content are the key factors to realize long-term cycling for

PBAs. The importance of creating low defect PBAs was confirmed by Guo et al. who found a
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considerably larger capacity (170 mAh/g vs 140 mAh/g) for Na,Fe[Fe(CN)],.0,_,- zH,O with a
low concentration of lattice defects (x = 0.61, y = 0.94, z = 2.6) than for a sample with high
concentration of lattice defects (x = 0.13, y = 0.68, z = 3.5)."® Goodenough et al. reported a
scalable method to prepare high-quality and low-cost rhombohedral Na, q,Fe[Fe(CN)g], with a
negligible H,O content (0.08 H,O/f.u.) and this material exhibited a high capacity (160 mAh g™
at 10 mA g™, large energy density (~490 Wh kg™), good rate capability (up to 15C), and long
cycle life."*” The sensitivity of PBA’s performance to the structure has also been observed in
KIBs. For instance, Kg0Fe[Fe(CN)slos05-4.01H,O with a high vacancy and H,O content can only

deliver a capacity of ~0.84 K/f.u. with a low initial coulombic efficiency of 44%.'"’

Overall, polyanionic compounds have great potential as cathode materials in NIBs and KIBs.
Different combinations of transition metals and anion groups have been experimentally explored
to determine their corresponding Na/K-ion insertion voltage and capacity, as summarized in
Figure 9. However, numerous potential choices for the transition metal and (poly)anionic group
are still unexplored, and the synthesis and optimization of each newly proposed compound can
be formidable. In this regard, the emerging ab-initio-based high-throughput method can shed

lights on searching and predicting novel electrode materials.'*%!'%
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Figure 9. Classified cathode materials for a) NIBs, reproduced with permission from Ref.

Copyright 2016 Springer Nature; and b) KIBs, plotted using data from reference.
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2.3. Graphitic carbon anodes
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Figure 10. a) Charge—discharge curves of graphite electrode with polyacrylate binder in 1 M
LiPFs EC:DMC (1:1) for Li cell (blue line), 1 M NaPF¢ EC:DEC (1:1) for Na cell (green line),
and 1 M KFSI EC:DEC (1:1) for K cell (red and black lines). A graphite composite electrode
was formed on Cu foil (blue and black lines) and Al foil (red and green lines). Reproduced with
permission from Ref. '3'. Copyright 2015 Elsevier. b) The effect of the binder and electrolyte on
the capacity of graphite for KIB, plotted using data from reference *'-'*’. The shape and color of

the marker are used to demonstrate the effect of the binder and electrolyte, respectively.

Graphite and graphite-based materials are preferred anode materials for alkali-ion-based
batteries, because of their low cost. Whereas both Li and K intercalate in graphite, Na does
not.”! Several plausible arguments have been made to explain the lack of Na intercalation in
graphite.”®">® The ionic size of Na* cannot play a determining role because it is in between that
of Li* and K*, both of which form insertion compounds. In addition, graphite does not have

0

much cohesion between the carbon planes.'® making it easy for the structure to dilate to
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accommodate larger alkali ions. Hence, the origin of the inability to insert Na into graphite is
unlikely to be related to the ionic size of Na, and more insight can be obtained from a basic
thermodynamic analysis: The insertion energy is the summation of the ionization energy of the
alkali metal and the insertion energy of the alkali ion and electron into the graphite. As an alkali
ion has no substantial hybridization with carbon its insertion energy is almost purely
electrostatic, making its energy contribution for each alkali similar. The same argument can be
made for the electron insertion into the graphite states. Hence, the difference between Li*, Na*
and K* must arise from the ionization energy of the metal. Indeed, there is drastic drop in
ionization energy for Na."”* Therefore, the more plausible explanation for the positive formation
energy (negative voltage) for Na* insertion into graphite is due to the ionization energy of Na
metal, not due to any size mismatch issues with Na* in graphite. As a result, this problem is
intrinsic and not easy to solve, unless one can lower the electronic states in which the electron is

donated in order to compensate for the higher ionization energy of sodium.

While K can intercalate into graphite with reasonable capacity, it is still unclear if its cycling
stability is suitable for practical applications. Capacity fade has been found to be significantly
affected by the choice of binders and electrolytes ."°'"'*" As an illustration, Figure 10b presents
two sets of data with approximately 200 cycles: the first group of data includes the same
electrolyte (0.8 M KPF; in EC/DEC(1:1)) with different binders, and the second group includes
the same binder (Na alginate) with different electrolytes. As indicated in Figure 10b, both the
binder and the electrolyte have a significant effect on the capacity and cycling stability of the

K/graphite anode. A Na-alginate binder combined with 1 M KPF¢ in EC/DEC (1:1) as the
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electrolyte resulted in capacity fade of more than 50% after 100 cycles. But when the same

binder and salt is used in EC/DMC or EC/PC the capacity fading was less significant.

While not all the data for K/graphite is evaluated over 200 cycles, it nonetheless reveals
interesting trends. Wu et al.,’*® used 0.8 M KPF, in EC/DEC (1:1) to compare electrodes with
either PVDF, NaCMC, and PAANa as binders in a 1:9 ratio with graphite. The electrode made
with a PAANa binder showed superior behavior retaining 97% of its original capacity after 50
cycles, whereas the other two electrodes retained less than 80% of the original capacity. Komaba
et al.”' confirmed PAANa’s positive effect on capacity retention with a 1 M KFSI EC/DEC (1:1)
electrolyte. These reports indicate that PAANa binder may be a superior choice over PVDF and
CMC for K-graphite electrodes, and that graphite can exhibit a stable cycle life with the selection

of an appropriate binder and electrolyte.

2.4. Hard carbon anodes
2.4.1. Effect of synthesis conditions on electrochemical properties of hard carbon

anodes

Given that Na does not intercalate into graphite, hard carbon, which is a partially disordered
carbon, has been used as an alternative anode for NIBs. State-of-the-art hard carbon can provide
a reversible capacity of ~350 mAh g™'.'®! Both the capacity and voltage profile of the hard carbon
are influenced by the synthesis conditions.'®" Figure 11 shows that the Na storage capacity
increases as the synthesis temperature increases from 1000 °C to 2000 °C,'®" but declines for
carbons prepared at even higher temperature. The voltage profile also changes: at synthesis

temperatures below 1000°C, most of the capacity originates from the high-voltage part. With
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increasing temperature, the contribution of the low-voltage capacity gradually increases and
becomes maximal at approximately 2000 °C, with the capacity between 280 and 300 mAh g™
originating from the low-voltage plateau region (< 0.1 V). Both the low-voltage capacity and

overall capacity decrease at higher synthesis temperature.'®'-'*
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Figure 11. a) Charge and discharge curves of carbon electrodes treated at 1200 °C-2500 °C
between 2.0 and 0.005 V (vs. Na*/Na) at 20 mA g'. b) Charge and discharge capacities and
initial CEs as a function of calcination temperature. Reproduced with permission from Ref. '°!.

Copyright 2015 Wiley.
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2.4.2. Overview of hard carbon structure models and Na-insertion

Different structural models of hard carbon have been proposed, dating back to the 1970s. Before
2000,'-'% models derived from transmission electron microscopy (TEM) described the hard
carbon structure as consisting of graphene/graphite flakes with either curvature or cavities. A
commonly used starting point of structural models is the “house of card” picture proposed in
2000 by Dahn er al.’® In this model, hard carbon is described as a disordered stacking of
defective graphite flakes with Na insertion into these domains responsible for the sloping voltage
region in the voltage curve. Although this model has been widely adopted to understand the
structure and electrochemical properties of hard carbon, there is no description of the non-
graphitic structural features such as the curvature states and sp*-hybridized C—C bonds that are
observed in hard carbon. Notably, there is no clear experimental evidence validating the “house

of card” model, and the intercalation mechanism remains under debate.

Recently, with assistance from machine learning, Grey et al. proposed atomic models for hard
carbon.'”” Two types of local structures were proposed for hard carbon. One structure consists of
a distorted carbon framework connected with sp*-hybridized C—C bonds and defects, which is
proposed as the origin of the small pores in hard carbon. The other structure consists of a curved
graphene sheet with 5-7 rings. This model better captures some of the main features believed to
exist in hard carbon, such as the sp® bonds, curvature, and sub-nanometer pores. However,
limited by the computational scale and characterization capability, the distribution of these local

structures and their effect on the electrochemical performance could not be determined.
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It is widely accepted that the high-voltage part comes from Na adsorption in defects or Na
insertion in graphitic regions and that the micropore filling by Na clusters is responsible for the
low-voltage region.'”""'”> The formation of metallic Na clusters in hard carbon in the low-voltage
plateau region has been demonstrated by nuclear magnetic resonance (NMR) spectroscopy and
TEM characterization.'”*'’® Although the similar lattice fringes of metallic Na and possible
oxidized products (i.e., Na,O, and Na,CO;) in TEM makes it difficult to confidently assert the
presence of Na metal, the metallic electronic state of Na in the low-voltage plateau region has
been demonstrated with NMR, likely indicating metallic Na clustering at ~0.1 V.47
Nevertheless, it remains unclear how small Na metal clusters can form at a positive voltage. Na
metal formation should occur at < 0 V when the cell overpotential and the small cluster size are
considered. One can argue that the formation of Na metal clusters in hard carbon can be
stabilized at positive voltage by the Na—C interaction, but this argument is not consistent with the
computational work by Yoon et al., who found that Na metal is not stabilized on the carbon
surface.” Clearly, understanding of the Na storage mechanism in hard carbon remains
incomplete, thereby warranting further investigation to optimize the performance of hard carbon

anodes.

2.5. Low-voltage intercalation anodes
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Figure 12. a) Capacity—voltage plot of intercalation-based anode materials for NIBs and KIBs
using data from reference'”’~'®. b) Theoretical capacity vs. volume change of alloy anodes. The

volumetric capacity was calculated using the density of the crystal structure.

Non-carbon intercalation compounds have also been investigated as alternative anodes for NIBs
and KIBs. Figure 12a summarizes the capacity of the materials whose average voltage is below
1V vs. Na/Na* or K/K*.""""'% So far, most of the intercalation-based anodes offer no energy
advantage over graphite anodes (for K) and hard carbon anodes (for Na) because of their
relatively low volumetric capacity and high voltage. Only a few compounds (i.e., Li,TisOy,,
Na,Ti;0,, K,Ti50,,, K,V;0s, and Nb,Os) have higher volumetric capacities than graphite (for K)
and hard carbon (for Na) but their higher Na and K intercalation voltages ultimately reduce the
energy density of a full cell. Na,Ti;0; is the only exception because it can intercalate two Na
ions delivering a reversible capacity of ~180 mAh g™ (~617 mAh cm™) at a low voltage of ~0.3
V (vs. Na/Na*)." Xu et al. used first-principles calculations to argue that the low voltage

originates from the low Na-ion coordination (6 in Na,Ti;0; vs. 7-9 in Na,Ti;0,) and the shearing
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of Ti—O slabs in the Na,Ti;O; structure.'> While current insertion anodes cannot compete with
graphite and hard carbon anodes, there is no fundamental reason that limits the capacity and
lower voltage of insertion materials, warranting further efforts to search for alternative Na and K

intercalation anodes.
2.6. Alloying reaction anodes

High-theoretical-capacity compounds based on alloying reactions have attracted significant
attention as anodes for LIBs. For example, silicon has a theoretical capacity of ~4200 mAh g™
(~4956 mAh cm™), forming Li,,Si, and a low voltage of ~0.2 V (vs. Li)."* However, Si is not a
good candidate for NIB and KIB anodes because of the low solubility of Na and K in Si, which
would result in low capacity.'® Tin (Sn), antimony (Sb), and phosphorus (P) have been proposed

187191 Nonetheless, K-alloying compounds

as alternative high-capacity anodes for NIBs and KIBs.
have in general lower capacity and higher average voltage than their Na counterparts. For
example, the P anode delivers a reversible capacity of ~1800 mAh g™' (~3204 mAh cm™) at an
average voltage of 0.45 V (vs. Na), forming Na;P," but P can react with only one K ion to form
KP, exhibiting a reversible capacity of ~850 mAh g™ (~1793 mAh cm™) with a relatively high
average voltage of ~0.7 V (vs. K)."®192 Similarly, while Sn can form a Na-rich alloy compound
(Na;sSn, with theoretical capacity: 830 mAh g~', 1992 mAh cm™)."*"'® Sn can only
accommodate a single K, forming KSn, for which the theoretical capacity is only 221 mAh g™

(731 mAh cm™)."! These results indicate that alloying reaction compounds are less attractive for

KIB than for NIB.

While some alloying reaction anodes may have an energy density benefit because of their higher

capacity compared with hard carbon (for Na) and graphite (for K), the large volume change of
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alloying anodes upon cycling causes electrode pulverization and loss of electronic contact with
the current collector and thus rapid capacity fading. Figure 12b shows the volume change of
alloying anodes and compares them with that of graphite anodes in K and Li systems. The
volume change was calculated from the crystal density of materials in the ICSD inorganic crystal
structure database. All the alloying reaction anodes suffer from much larger volume change (>
150%) than graphite (~59% for K and ~13% for Li). To accommodate such a large volume
change, it is necessary to fabricate nanostructures and/or carbon composites, which would
significantly decrease the volumetric energy density and possibly increase the manufacturing
cost of the cell. Indeed, if the capacity of a composite electrode is limited by the maximal
volume expansion that can be tolerated in an electrode, rather than by the theoretical capacity of
the electrode material, one can argue that alloying electrodes are not beneficial to increase the
energy density of Na-ion batteries.'” Applying this argument for K-alloying would lead to an

even more negative evaluation of alloying electrodes for KIB.
2.7. Outlook for Na/K-ion batteries

Na-ion batteries have some potential to reduce the cost for grid energy storage, in particular as
their cathodes may have less reliance on Ni and Co. Potential cathode materials can be found
from layered oxides as well as polyanion compounds. In a layed mixed metal systems, the
cathode energy density can exceed 500 Wh kg™ with reasonable capacity retention,*’ 036277193
though the strong Na-Na interaction creates a more sloped voltage profile®>''*'** which will be
difficult to circumvent and may have to be managed in applications. It is not clear how much

further improvement can be expected from layered Na-ion cathodes, justifying a more

comprehensive evaluation of polyanion compounds. Recent research indicates that NASICON

42



materials based on earth-abundant Mn show some promise. For instance, Na;MnTi(PO,);
realizes reversible intercalation of almost three Na, yielding a comparable energy density of
~470 Wh kg™'." So far, only hard carbon has emerged as a viable anode for Na-ion systems.
Cyclability of these anodes is highly dependent on appropriate choices of binders and
electrolytes. Current and previous reviews of the literature on low voltage intercalation

52,186,197,198

compounds indicate that there is not yet a true competitor for hard carbon, but research

has not nearly been as extensive as for cathode materials.

The alkali-ion interaction that creates the steep voltage slope in layered Na-ion compounds is
even more severe for layered K-ion compounds, making them unlikely to be viable cathode
materials for KIB. Hence, the search for K-ion cathodes should be directed towards polyanion
and other more novel compound classes. Some polyanion compounds have shown high voltage
and good capacity retention, but considerably more exploration of K-ion cathodes is needed.
While graphite is a functioning anode for K, it may not have the capacity to create reasonable

full cells, and some effort is needed to find alternative anodes.

If one is willing to sacrifice the volumetric energy density, Prussian blue compounds appear
particularly attractive for both Na and K-ion batteries. Many PBAs only use inexpensive Mn and
Fe, can be water processed, and deliver high specific energy (as high as ~490 Wh kg™).®
Considering that the most important aspect of NIBs and KIBs is the reduction of material cost,

PBAs based on inexpensive elements are of significant interest. But the relation between their

chemistry, processing, water content, and electrochemical properties, needs further clarification.

Since Na* and K* are much larger than Li*, their electrodes will generally undergo larger volume

changes for a comparable capacity cycled. Their advancement would therefore benefit greatly
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from the development of alternative electrode and cell architectures that can accommodate larger

volume changes of the electrodes.

Finally, while most focus in solid-state batteries is focused on lithium chemistries, the
availability of several good Na-ion conducting solid electrolytes creates the possibility of solid-
state Na batteries. Na metal is very soft and deformable creating the possibility that only mild
stack pressure is required to keep contact between the metal anode and the solid electrolyte. In
addition, the less reductive potential of Na/Na* creates somewhat less stringent chemical
requirements for thermodynamic stability of the solid conductor against the metal anode'”.
However, the low melting point of Na metal (98 °C) will require that a Na metal solid state
battery is well protected against thermal excursions. Since research into Na (or K) metal solid
state batteries is very limited, we focus on the next section solely on Li solid-state systems, but

several of the challenges encountered with lithium will also be relevant for solid state batteries

with other alkalis.

3. All-solid-state batteries

3.1. Opportunities for solid-state batteries
Solid-State Batteries (ASSBs), in which a solid ionic conductor is used as an electrolyte to
transport working ions between the anode and cathode, have been proposed as an important
advance in energy storage, driven by the numerous fast solid ionic conductors that have been

discovered.”*’! Several major automotive companies have even targeted the mid-2020s to begin
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using ASSBs in EVs®**2™ though it remains to be seen whether such aggressive targets can be
met in practice.

Besides functioning as a separator between the anode and cathode, the solid electrolyte (SE) is
also added to the cathode to provide ionic pathways to the cathode particles, unless hybrid
electrolytes are used.””>” Current SEs can be divided into two categories: organic and inorganic
SEs. The recent advances and remaining challenges for the organic SEs have been extensively
reviewed.””?! Although organic SEs are mechanically soft and can better accommodate the
electrode volume change, their low ionic conductivity limits the power density at room
temperature. In this section, we will therefore mainly focus on recent research progress in ASSBs
that use an inorganic SE.

The potential for improved safety is one of the most significant advantages of ASSBs over
current LIBs. A major concern for current LIBs is the flammability of the carbonate-based
organic liquid electrolyte. When thermal runaway occurs as a result of electrical or mechanical
abuse, the liquid electrolyte participates in a rapid exothermic reaction which can lead to fire or
explosion. Several widely publicized safety incidents involving both consumer electronics and
EVs have focused attention on the safety of LIBs.*!*'> ASSBs mitigate these risks by replacing
the flammable carbonate-based organic liquid electrolyte with an inorganic SE. This inherent
safety makes ASSBs much more attractive for consumer electronics and EV applications than
LIBs and other potential beyond-LIB systems that employ organic liquid electrolytes.

ASSBs are also believed to be a pathway towards higher energy density than LIBs because the
solid-state separator may enable the use of a lithium metal anode which has a theoretical specific
capacity of 3860 mAh g™' Despite decades of efforts, it is still not possible to integrate metallic

Li anodes in liquid-electrolyte cells without compromising cycle life and/or safety.** Although
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Li metal penetration through the solid electrolyte has been observed in ASSBs under high-
current-density cycling conditions,?'*** their inherent nonflammability would prevent
catastrophic failure in the event of a short circuit. Figure 13 shows the estimated volumetric and
gravimetric energy density for ASSBs utilizing a NMC622 cathode, Li;PS, (LPS) SE, and Li
metal anode. With a high cathode loading (> 80 wt% active material in the cathode composite)
and a thin separator (< 50 um), ASSBs can have a significant energy density advantage over
current LIBs, particularly in terms of volumetric energy density. ASSBs also allow bi-polar
electrode stacking cell design, which can reduce the overall current collector thickness as well as
the “dead volume” between cells.**

Several SEs with ionic conductivities higher than those of current liquid electrolytes (~ 10 mS

6

cm™) have been reported (e.g., 25 mS cm™ for LigssSi; 74P 44S117Clo3** and 12 mS cm™ for

Li,(GeP,S,*'°) and some ASSBs have been shown to exhibit very high rate capability**, though
all the transport limitations that can occur in ASSBs are not fully characterized. Improving the
ionic conductivity of the electrolyte reduces the Li transport resistance and can lower the cell
overpotential under high current density. In addition, high ionic conductivity has been shown to

limit pressure build up in the SE and may therefore favorably influence resistance against Li

217

penetration.”” More superionic conductors are likely to be discovered given the improved

218-223

understanding of alkali-ion conductivity and the large number of discovery projects going

on worldwide?+??,
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Figure 13. Estimated cell-level (a) volumetric and (b) gravimetric energy density for ASSB
utilizing Li metal anode with different cathode loadings and separator thicknesses compared with
those of current LIBs. The model uses NMC622 as the cathode, 20% excess Li metal as the

anode, and LPS as the SE. Details of the model are described in the supplemental note S1.

3.2. Accelerated development of fast ion conductors
Figure 14a and b show the recent progress made in Li and Na-ion conductors. The ionic
conductivity of many of these conductors, such as garnet-type materials, argyrodite-type
materials, and LISICON materials, approaches or even surpasses that of currently used liquid
electrolytes (~107 S cm™). 200216230261 Though fast Na-ion conductors such as p-Al,O; and
NASICON-type materials predate many of the recent Li-ion conductors,?*? the discovery of
novel Na-ion conductors stagnated till 2012 when several novel Na-ion conductors were derived
from their Li counterparts. Very high ionic conductivities up to 70 mS c¢cm™ have now been

demonstrated.?248249-267279 AJthough ionic conductors using working ions other than Li or Na
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(such as Mg) have been investigated,**! none of these materials have achieved high enough

ionic conductivity for room-temperature ASSB applications.
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Figure 14. Progress in discovery of fast (a) Li-ion conductors and (b) Na-ion conductors. The
room-temperature ionic conductivity of representative conductors over time is plotted to

demonstrate the improvement in ionic conductivity.

While a complete understanding of super-ionic conductivity is not yet available, some factors
that enable high cation conductivity have been established. In general, a flat energy landscape,
where the displacement of the working ion only causes a small change in structure energy is
beneficial to create a low activation energy. One way to flatten the energy landscape is to keep
the coordination changes along the diffusion path minimal. Wang et al. used this argument to
rationalize why body-centered cubic (bcc)-like anion frameworks, where Li can directly hop

between adjacent tetrahedral sites, tend to have lower activation energy for cation motion than
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other close-packed frameworks, where Li must hop along a tetrahedral-octahedral—tetrahedral
path (Figure 15).'® Many sulfide superionic conductors with low activation energy, such as
Li,P5S,; and Li,,GeP,S,,, indeed have a bce anion framework.

The screening power of the anion strongly affects the cation mobility. For materials with the
same structure but different anion species, such as the argyrodite-type materials LisPOsCl and
LicPSsCl, sulfides usually exhibit higher ionic conductivities than oxides.”®> This can be
understood because the larger and more polarizable sulfur anions better screen the interaction
between cations in the structural framework (such as the P>* in PS,*) and the migrating cation
(Li* or Na*). It seems that for many systems, replacing a monatomic anion with a polyanion also
improves conductivity. This may be because the higher degree of freedom of a polyanion
provides another way to screen the moving ion and flatten the energy landscape. For example,
the ionic conductivity of sodium anti-perovskite Na;OX (X= CI, Br, I, etc.) can be increased by

four orders of magnitudes by substituting the halide anion with the BH,~ group.?*
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Springer Nature.

Depending on the transport mechanism, the cation vacancy and interstitial defect concentration
can be another important factor in determining the ionic conductivity of materials. This defect
concentration can usually be tuned by aliovalent doping. For example, Ca doping can be used to

create Na vacancies in cubic Na;PS, to obtain a room-temperature ionic conductivity of ~1 mS
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and Zr doping has been reported to increase the ionic conductivity of LiTaSiOs by
introducing interstitial Li ions**. While the effect of carrier concentration on the ionic
conductivity can be well understood from dilute diffusion theory, some superionic conductors
show a more unusual dependence of conductivity on carrier concentration. It appears that in
some materials with very high Li content, the structure becomes very cation-crowded, pushing Li
into high energy sites. Such “Li-stuffed” materials have a lower activation barrier for Li motion
as the ion is already in a high energy position. For example, the well-known garnet-type ionic
conductor Li;Las;Zr,0,, exhibits a ionic conductivity of 0.3 mS cm™', whereas materials with the
same garnet-type structure but lower Li concentrations, LisLa;Nb,O,, and LisLa;Te,0,,, exhibit
much lower ionic conductivities. As shown in Figure 16a, as the Li concentration increases from
x=3to x =7 in a garnet-type Li,La;M,0,, (M=Te, Nb, Zr), more Li ions are pushed to the high-
energy octahedral sites to minimize the interaction between adjacent Li ions.”* As a result of the
higher Li site energy, the energy barrier along the Li diffusion path is greatly lowered with
higher Li content (Figure 16b).”** In addition, Mo and co-workers argued that the strong mobile-
ion interaction resulting from their high concentration can lead to multi-ion correlated migration

with a reduced migration energy barrier.””* These Li-excess or “Li-stuffed” materials provide a

new route for the design of superionic conductors.
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Society (APS).

While no complete theory of superionic conductivity is available, many factors that favor high Li

mobility have clearly been identified. These ideas can assist in the more rapid experimental or

224-228

computational discovery of fast ion conductors , making it likely that new fast ion

conductors will surface in the coming years. However, for a fast ion conductor to function well
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as a solid electrolyte, other properties also need to be optimized and should be considered in
future materials design exercises. As we will discuss in the following section, both the chemical

and mechanical properties of the SE are also crucial for ensuring the stable cycling of ASSBs.

3.3. Challenges facing ASSBs
Even with the availability of several possible excellent ionic conductors, realizing high-energy-
density ASSBs with long cycle life must overcome several other scientific and engineering
issues, as shown in Figure 17. These challenges include chemical, mechanical, and processing
issues. Many SEs decompose or react with cathode active materials when charged to high
voltage or upon co-sintering at high temperatures.”?* In addition, contact loss between the
cathode and SE can occur due to cycling-induced volume changes of the cathode material.?*”**
The use of a Li metal anode results in additional issues of contact loss during plating/stripping,
possible interfacial reactions, and Li propagation through the conductor.?'*?'>2'"-% Most of these
mechanical and chemical interfacial instabilities increase the overpotential, resulting in lower
energy density and capacity fade. Finally, practical cells will also require very thin SE separators
that are easily processed and handled, and high cathode loading, which are issues that have only

been partially addressed so far by the scientific community. 2%2%0-2%°
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Figure 17. Schematic illustration of the major issues in ASSB.

3.3.1. Intrinsic stability of SEs
The electrochemical stability window of SEs is crucial because it limits the operating voltage of
the cell. During cell cycling, the SE experiences different Li/Na chemical potentials at various
interfaces (e.g., Li metal anode, current collector, conductive carbon additives, electronically
conductive cathode). Because Li or Na ions are very mobile in the SE, the SE readily
decomposes at these interfaces when the applied Li/Na chemical potential exceeds their cathodic/
anodic stability limits in the conductor, generating decomposition products with poor ionic

conductivity.?>#>2¢ ‘While early claims of very high anodic stability were made for some SEs; it
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is now clear that many conductors are not intrinsically stable against the cathode and/or anode.
Limited reaction rates may make such instabilities difficult to see with conventional experimental
techniques, but they are nonetheless important for evaluating the long-time cycle life of solid-
state batteries. For example, in the conventional semi-blocking planer electrode setup for cyclic
voltammetry (CV) measurements, the contact between the conductor and the electron source is
much smaller than in a composite cathode architecture, leading to a very small current signal in
CV scans. This led to a significant overestimation of the stability windows of Li;(GeP,S),
(LGPS) (i.e., 0-5 V)26 LPS*2627 Na,PS,*”*, and Li;La;Zr,0,, (LLZO)**!?*3% In contrast, a
more accurate stability window can be experimentally determined by mixing electronic
conductors (such as carbon) with the conductor, thereby providing a sufficiently large reaction
front over which electrons are provided. When this approach was applied, the reduction of LGPS
was observed to start at 1.6 V against Li metal, and its oxidation was observed at 2.7

V#6301 consistent with theoretical calculations.*®

High-throughput density functional theory (DFT) calculations have enabled large-scale
computational screening of electrolyte stability, with the findings showing good agreement with
experimental results in most cases****. The calculated stability windows in Figure 18 indicate
the oxidation and reduction limits of selected conductors representing different material families.
It is clear that the stability of a SE strongly depends on the material chemistry. Currently, there is

no fast ion conductor that possesses both high oxidation and low reduction limits.
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Figure 18. Ionic conductivity of selected conductors and the corresponding calculated oxidation
and reduction limits. An ideal SE (shown as the bar on the left side) should present ionic
conductivity higher than 10 S cm™ (conductivity of typical liquid electrolytes), stability with Li

or Na metal anode, and wide stability window that spans the full cycling voltage range.

3.3.1.1.  General trends in electrochemical stability of SEs
The combination of experiments and first-principles calculations has led to a better
understanding of the stability of conductors in different chemistries. The decomposition of a SE
requires the extraction (oxidation) or insertion (reduction) of electrons. The highest occupied
electron state is therefore an important factor in setting the oxidation limit of the ion conductor
(i.e., electrons at the valence band maximum in Figure 19a). Because an ionic conductor
usually has no metal valence electrons in order to minimize electron conductivity, the oxidation
limit is typically controlled by the anion state. Figure 19b-c¢ shows the calculated oxidation
stabilities of various ternary compounds with different anion chemistries.*” Not surprisingly,

fluorides exhibit high oxidation stability because of the high electronegativity of the F~ ion. High
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oxidation limits have also been reported for polyanionic oxide materials in which the strong
covalency of oxygen with the non-metal cation(s) in the polyanion leads to a decrease in the
energy of O* states and protects them from oxidation.’*® Such hybridization protection of the
oxygen ion is one of the most important tools available to create coatings or conductors with

good anodic stability %%,

Sulfides, however, usually exhibit poor stability against oxidation,
consistent with the more facile oxidation of the S* ion. Thus, the incorporation of a sulfide SE
in a composite cathode that needs to be charged to high voltage faces great challenges. For
example, a much lower coulombic efficiency was observed in ASSBs using a LPS electrolyte
than in liquid cells using a LiNizsMngy,Co,,0, (NMC811) cathode,® which is related to the
irreversible decomposition of sulfides when charged above their oxidation limit. In cathode
composites with a LGPS electrolyte, the accumulation of highly oxidized sulfur species was

observed upon introducing carbon in the composite, leading to a large interfacial charge-transfer

resistance and aggravated capacity fading.*”
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Figure 19. (a) Potential profile in a ASSB cell. VB stands for valence band, and CB stands for
conduction band. The variables z and ¢ are the chemical potential of lithium (as a neutral
component, in black) and the electric potential (in red), respectively. Reproduced with
permission from Ref. **. Copyright 2019 Wiley. (b-¢) Cathodic and anodic limits for selected
Li—-M-X ternary compounds (M = cations presented in the figure, X = N, O, S, or F). Reproduced
with permission from Ref. **>. Copyright 2017 Wiley. (d) Maximum Li atomic fraction versus
oxidation limit for the 411 selected polyanionic oxides. A point (x and y) in the profile means

that all polyanionic oxides with an oxidation limit of x or higher have a maximum Li atomic
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fraction of y. LiPO; exhibits the advantages of excellent high-voltage stability and a low
migration barrier and thus is marked by the black arrows. Reproduced with permission from Ref.

393 Copyright 2019 Elsevier.

The Li content also plays a role in determining the stability window of a conductor. A high
concentration of Li in the structure usually results in a high Li chemical potential. Such “Li-
stuffed” materials are thus more susceptible to Li extraction and exhibit a low stability against
oxidation. This can be systematically observed in polyanionic oxides where increasing the Li
atomic fraction significantly decreases the oxidation limit (Figure 19d). Given that a low Li
fraction in turn indicates a large Li migration distance, which negatively affects the ionic
conductivity, a trade-off between conductivity and oxidation stability of solid conductors must be
considered in the design of new conductors.*”

The stability against the reduction of a conductor (or any alkali-containing compound) is mostly
controlled by the presence of non-alkali reducible cation(s). In general, compounds containing
late-transition-metal cations exhibit worse stability against reduction than those without these
cations, whereas a low reduction limit can be observed in conductors containing alkali, alkali-
earth, and lanthanide cations. For example, as shown in Figure 19b, LiYF, is predicted to be
reduced at 0.364 V against Li metal as opposed to Li,NiF,, which can be reduced at 3.130 V.
This explains the unique stability of some of the anti-perovskites, such as Li;OCl, Li;SBF, and
Na,BH,NH,, since they contain no reducible cations. But this lack of cations to protect the

anions through the hybridization mechanism explained previously leads to very poor intrinsic
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anodic stability. The presumed intrinsic stability of LLZO against Li metal is consistent with it
only containing La and Zr as non-Li metals.

Even though the anion in the SE does not usually change valence in a reduction process against
the anode, anion chemistry can indirectly affect the cathodic stability of SEs. In particular, nitride
anions have been shown to be highly beneficial by stabilizing some metal ions to a lower
potential against reduction. In addition, even when they decompose, they often form nitrides that
passivate Li metal.*** Upon reduction with lithium ternary nitrides Li—-M-N more often create ele
tronically insulating products in contrast to the metallic Li—-M compounds that are usually
generated upon lithiation of the Li—-M-X systems when X is one of the other anion chemistries.
For example, as shown in Figure 20(d), the lithiation of the Li—Al-N compound (Li;AIN,)
results in passivating products (Li;N, AIN or Li;AIN;), as opposed to other Li-Al-X (X = F, O,
S) system in metallic phase is generated when reacting with Li. This result can be attributed to
the stronger covalent bonding between nitrogen and metal cations. As a result, nitrides usually

have lower cathodic limits than oxides, sulfides, or fluorides with the same metal.
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Figure 20. Phase diagrams of a) Li-Al-O, b) Li-Al-S, ¢) Li-Al-F, d) Li-Al-N systems. Li-stable
phases that are electronic insulating and that are electronic conductive are colored green and red,
respectively. The bottom bar represents the phase equilibria with Li metal as a function of anion
and cation atomic fraction xx and x,, where passivating and non-passivating ranges are colored
green and red, respectively. The blue dots and dashed arrows indicate decompositions of an
example composition with Li metal. ADAPTED with permission from Ref. **2. Copyright 2017

Wiley.

3.3.2. Chemical reactivity with cathodes and coatings
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A thermodynamically stable cathode—electrolyte pair is rare in ASSBs, and chemical reactions
between the cathode and SE have been characterized after battery cycling. For example, cobalt
from LCO cathodes has been observed to diffuse into the LPS electrolyte and form an
interdiffusion layer as thick as ~50 nm after charging the battery to 3.6 V vs. Li-In (Figure
21a).°%%7 Although some reactions may be Kinetically slow, they accelerate when high-
temperature sintering is involved. In addition, at high states of charge, the driving force for such
reactions increases significantly through what should be more appropriately referred to as a
combined electrochemical/chemical breakdown:**® At high voltage, the low Li chemical potential
in the cathode can lead to Li extraction from the solid electrolyte and the oxidized reaction

products in the SE then further react with the cathode material.**”

Chemical reactivity is widely observed between many thiophosphate electrolytes and layered
oxide cathodes such as LCO*” and NCM*’. The reaction is primarily driven by O/S exchange
between the SE and cathodes, forming transition metal sulfide and phosphate compounds,'**?2>310
and these reactions are exacerbated at high states of charge.’® Janek et al. reported that although
no chemical reaction could be detected between LiNijsCoy;Mn,;0, (NCM-811) and B-LisPS,
after 48 h upon mixing, PO, species were detected in the cell after the first charge.®” Such

chemical reactions will lead to interfacial resistance growth and capacity loss over time.

Compared with sulfide electrolytes, oxide SEs are generally more stable with oxide cathodes
than sulfide SEs. The reaction energies are usually much smaller than those of the reaction
between a sulfide electrolyte and an oxide cathode.”***%* However, incorporating oxide

electrolytes usually requires additional processing,®'!

such as co-sintering, in situ cathode
synthesis, or thin-film deposition for improved cathode/SE contact. These processes promote the
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interdiffusion of elements and can form new compounds between the SE and cathode.
Tremendous effort has been devoted to decreasing the sintering temperature of oxide electrolytes

to mitigate these issues, which will be discussed in the later section.

The introduction of a coating layer on the cathode particles is the preferred way to prevent
undesired reactions between the cathode and the SE. For example, despite the driving force for
S/O exchange, the introduction of a LiNbO; coating reduces the interface resistance between
sulfide electrolytes and oxide cathodes such as LCO*'* and LiMn,0,’" by orders of magnitude at
room temperature. This improvement is attributed to a relatively high electrochemical stability
and the low reactivity of LiNbO; with oxide cathodes’”. A LiNbQO; is also predicted to have
reasonable stability with sulfide electrolytes.”” Similarly, the range over which cobalt diffuses
out from LCO into LPS was demonstrated to be reduced when a Li,Si0; coating was applied
(Figure 21a and b).>”” Other ternary oxide coatings such as LiTaO;*"* and Li,ZrO;*" have been
shown to have analogous protective effects. In addition to a low reactivity with the cathode and
electrolyte, a good coating material should also exhibit electrochemical stability (against Li
extraction) up to the highest cathode operating voltage. It was recently demonstrated that a
Li;B,,0y5 coating provides more effective protection than a Li,ZrO; coating, which was observed
to degrade at the typical NMC charging voltage,’'® highlighting the importance of good intrinsic

oxidation stability of the coating material.

Apart from some ternary-metal-oxide coatings, recent high-throughput computations indicated
that polyanionic oxide compounds can offer the best combination of excellent electrochemical
and chemical stability and good ionic conductivity. Three compounds LiH,PO,, LiTi,(PO,);, and
LiPO; were specifically highlighted as cathode coatings that show great potential for improved
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performance relative to that of state-of-the-art coatings.*” It should be noted that despite the
protection of the cathode/SE interface by cathode coatings, the contact between the SE and other
electron sources (e.g., carbon and the current collector) cannot be protected unless the SE
particles are also coated, which would be challenging as such a coating can significantly decrease
the overall ionic conductivity of the SE mixed in the cathode composite. Hence, while cathode
coatings will reduce the degradation of the SE in a composite cathode, further study is required
to understand if it can really lead to cells that combine low conductor and carbon loading with

very low capacity fade over hundreds of cycles.

a) b)
LiCo0,
100 pracgeagy =" ~rrs 100 =
o r \ 1 ) i
E i \ i E
8 : : 8
o 60 r ‘. ? o 60 Ilk
g \ | - \
8 40 r \ P i 2 40 X 1
5 W i g z
O 20! ‘m\,\\’; O 20| \%\ -
- i /
0I..-_-_-_.._J_l__._.J_.__tld_.___l 0 L4 Nﬁ*
0 20 40 60 80 100 0 20 40 60 80 100
Distance / nm Distance / nm

Figure 21. Cross-sectional scanning transmission electron microscopy (STEM) images and
energy-dispersive X-ray spectroscopy line profiles of LiCoO,/Li,S—P,S;s interface a) without and
b) with a Li,SiO; coating, which were collected after the initial charge. Reproduced with

permission from Ref. . Copyright 2010 ACS Publications.

3.4. Interfacial stability with Li/Na metal anode
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The use of Li/Na metal anodes is essential for ASSBs to achieve a high energy density. The
strong electropositive character of these alkali metals makes the stability of any SE in contact
with them challenging. Degradation is most likely when the SE contains a reducible cation,
which in some cases leads to an electronically conducting compound in the degradation products
(Figure 22).°'"*'® When in contact with a reaction product that is electronically connected to the
current collector the SE will remain exposed to the full reducing chemical potential of the Li
metal anode, and the reaction will continue. The most established mitigation strategy is to form a
passivating interface when incorporating Li/Na metal in ASSBs. Some conductors can be
functionally stable with Li metal through a self-passivating mechanism. Lithium phosphorous
oxynitride (LIPON) as shown in Figure 22 *°='  Li,;PsS,*", LisPSsX (X= Cl, Br, 1)*****, and
Li;OX (X= Cl, Br)** are good examples; they form electronically insulating products such as
Li;N, Li,S, LisP, and Li,O, upon reduction or decomposition. However, there is a limited pool of
such SEs that exhibit both good Li metal compatibility and high Li-ion conductivity. To prevent
strong reaction with alkali metal anodes, most solid conductors require the addition of artificially

constructed passivation layers.

An artificial passivation layer can be constructed through the introduction of elements that
generate stable binary compounds after reaction with Li/Na metal. For example, high-dose
nitrogen doping in materials has been predicted to be beneficial for Li metal stability in many Li—
M-0 ternary systems such as Li-Mg-0, Li-Al-0, and Li-Ti—0.?* Li;S;N was also predicted to
passivate Li metal through the generation of Li;N and Li,S.*” Oxygen or halide doping was

demonstrated to stabilize the interface between sulfide conductors and Li metal.??*¥6328 Tt was
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also recently demonstrated that one can introduce hydrates on the surface of the electrolyte pellet

through controlled air exposure and form a passivating interface stable with metal anodes.*"’

Another concern at the Li metal — SE interface is the loss of interface contact. Several recent
reports have shown void formation at this interface, particularly when high stripping current
densities are applied.*”*! While high stack pressure has been shown to be able to suppress this
loss of contact™, this is not practical for large format cells. An alloying anode layer has also

shown beneficial effects towards more uniform Li plating.*'***
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Figure 22. Interface schematic and examples of different types of the interface between a SE and
metal anode. Reproduced with permission from Ref. ***%. Copyright 2019 ACS Publications**,

2013 ACS Publications**, and 2016 ACS Publications™.

3.4.1. Dendrites in ASSBs
Li metal is prone to penetrate even hard solid conductors and short the cell. While this
phenomenon is often referred to as “dendrite formation”, it is not clear yet whether the
mechanism is the same as in liquid electrolytes where accelerated growth occurs at a protrusion
tip because of current focusing. However, to remain consistent with the prevalent terminology in
the ASSB field, we will use the term “dendrites” here to refer to Li protrusions into the solid-
state conductor. Currently, this is a significant problem for practical solid-state batteries with a
Li metal anode since high energy density cells will require a very thin solid separator layer (See
Fig 13). Hence, to create cells that do not short over hundreds of cycles, any tendency for Li

penetration into the SE needs to be eliminated. The dendrite growth in SEs is complex as it
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mixes mechanical and chemical issues, electron and ion conductivity, microstructure, and
interface roughness and contact issues. It is currently not even clear that one of these

mechanisms dominates, and multiple factors may conspire to enable Li to grow through a SE.

It was previously expected that SEs would block dendritic growth because of their high elastic
and shear moduli and high Li-ion transfer number. In 2005, Monroe and Newman modeled a Li
metal/polymer SE interface and demonstrated that dendrite nucleation can be mechanically
suppressed when the shear modulus of the SE is more than twice that of Li metal.*** However,
the mechanical perspective derived from this model for dendrite suppression may not be simply
transplanted to other ASSBs that use inorganic SEs, and it is now accepted that a large shear
modulus is not sufficient to prevent dendrite penetration in inorganic SEs. For example, the
critical current density for dendrite formation at room temperature is much lower in some
inorganic SEs such as LLZO (0.05-0.9 mA cm?)*"2* and LPS (0.4-1 mA cm™)*"*** than in
liquid cells (410 mA cm™?)**** even though both of the SEs possess much higher elastic and
shear moduli than Li metal. This also suggest that critical current density may not be the best
way to measure the intrinsic resistance of an SE to Li penetration. The contact area between the
Li anode and an SE is generally poorly characterized and it is likely that around areas of contact
the local current density is significantly higher than the macroscopically averaged current

density.

There are multiple other mechanisms that have been proposed to explain the dendrite formation
and growth in ASSBs. One possible mechanism is that Li dendrites first nucleate at “hot-spots”
on the rough surface of the SE separator and then propagate along the grain boundaries and/or

through the connected pores or preexisting micro-cracks in the SE. As an example, in 2017,
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Sakamoto et al. observed intergranular Li dendrites that preferentially deposited along the grain
boundaries of LLZO (Figure 23al-a3).>"* However, Li dendrites were also observed in a LLZO
single crystal,?'>** leading to a widespread discussion on whether grain boundary is the main
structural feature that promotes dendrite propagation. Different critical current densities have
been measured in single-crystal LLLZO pellets with different defect sizes and densities on the
surface (Figure 23b1-b4),** suggesting that other factors such as surface morphology also play a
role in dendrite propagation, an argument that is strengthened by inhomogeneous Li plating
observed at surface defects.** Increased Li-ion diffusivity at the grain boundaries has also been
claimed to be a reason for the dendrite formation*~**° though this is not obvious given that bulk
conductivity in ionic conductors is already very high. Unlike in low conducting solids, it cannot

be presumed that grain boundary conductivity is higher than bulk conductivity in SE materials.
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Figure 23. Different mechanisms proposed for dendrite propagation in a garnet SE. (al-a3)
Cross-section images of a fractured LLZO pellet after shorted by dendrite, showing the Li
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propagation through grain boundaries. Illustration of the location of fractured surface (a-1),
SEM image of the Li accumulated at grain boundary (a-2), SEM image of the overall web
structure in cycled LLZO (a-3). Reproduced with permission from Ref. **. Copyright 2017
Elsevier. (b1-b4) optical microscopy image of subsurface lithium filament within the single
crystal garnet SE. A magnified plan view showing a Vickers indent and associated corner-cracks,
from one of which a lithium metal filament has grown; (b2-b3) Transverse views of the solid
electrolyte showing the leaf-like morphology of the lithium metal filaments that have penetrated
into, or completely through, the single crystal garnet SE; (b4) Magnified optical microscopy
image of the leaf-like growth morphology of a lithium metal-filled crack, taken in transverse
view. Reproduced with permission from Ref. **. Copyright 2018 ECS. (c1-¢3) correlations
between cumulative charges (orange line) and the accumulated NDP counts (green dots) in the
total region (surface and bulk) of the LiCoO,/LLZO/Cu cell tested at 25 °C (cl), 60 °C (c2) and

100 °C (c3). Reproduced with permission from Ref. **. Copyright 2019 Springer Nature.

Another recently proposed mechanism attributed the growth of Li inside LLZO and LPS pellets
to their electronic conductivities after monitoring the dynamic evolution of the Li concentration
profiles in different SEs.* A higher electronic conductivity in the SE pellet was shown to
correspond to a higher rate of Li deposition within the SE pellet, suggesting that an internal
electron network in the SE assists dendrite propagation. For example, as shown in Figure 23c1-
¢3, an increased Li plating within the SE pellet (the difference between total charge and Li plated
at the counter electrode) was detected as the SE’s electronic conductivity is increased by rasing

the temperature. The electronic conductivity in the SE can lead to Li metal deposition in voids or
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possibly in grain boundaries. If and when these deposited Li inside the SE interconnect, the cell
will be shorted. Although the electronic conductivity should always be minimized in SEs, a
threshold for the electronic conductivity that initiates dendrites is not known and must be further

investigated.

3.5. Practical considerations for full-cell fabrication
In addition to the interfacial stability issues, many practical challenges remain for the large-scale
production of ASSBs. Unlike Na/K- or multivalent (Mg, Ca ...)-ion batteries, which will likely
be fabricated using a method similar to that for current LIBs, ASSBs require substantial
modifications to the well-developed LIB production processes. As illustrated in Figure 17,
reaching high energy density in ASSB fabrication requires an increase in the cathode loading,
improvement of the inter-particle contact, and reduction of the separator thickness. Existing
ASSB fabrication methods still have difficulties meeting these requirements.
3.5.1. Composite electrode morphology

To achieve high energy density, the optimal electrode composite morphology should be dense
with intimate cathode/electrolyte contact and with minimal SE. In traditional LIBs, the liquid
electrolyte flows and fills all the pores in the composite electrode, ensuring good contact with
active material particles. However, in ASSBs, long-range Li diffusion requires crossing solid
particle—particle boundaries and therefore requires intimate particle—particle contact. Achieving
such intimate contact is not trivial because most of the inorganic SEs do not easily deform or

‘Gﬂow9’.
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Mixing the active material and SE and pressing the electrode mixture with the separator is the
most common approach to make a composite electrode at the lab scale. This method is
particularly suited for sulfide SEs because their low yield strength allows them to undergo large
deformation under 100-MPa-level pressure and thus form a dense cathode/SE composite.2¢-33!-3%
However, the pressing pressure must be selected carefully because low pressure will result in
high porosity and insufficient contact, and high pressure could lead to cracking of the cathode
particles. %7

The development of solution-processed sulfide SEs has made improved cathode/SE contact
possible through solution coating or infiltrating methods.?”#5¥=% Solution coating of a thin SE
layer on the cathode particle allows better cathode/SE contact and results in significant
improvement of the cell performance.***'*? Similarly, infiltrating liquefied LisPSsCl SE into
conventional slurry-casted composite LIB cathodes results in intimate cathode/SE contact. Full
cells fabricated using this infiltration method were able to fully utilize the cathode (LiCoO,)
capacity with only ~30 vol% SE in the cathode composite, outperforming dry and slurry mixed
composite cathodes.*® However, solution processing has only been demonstrated with LiCoO»,,
which exhibits good electronic conductivity and does not require additional conductive additives.
Applying these solution-processing methods to the state-of-art cathode materials (such as Ni-rich
NMC) would require additional efforts to incorporate conductive additives such as carbon.
Achieving good cathode contact is more challenging for oxide SEs than for sulfide SEs. Oxide
SEs such as LLZO do not deform easily under pressure because of their large Young’s modulus
(~ 140 GPa) and hardness (~ 8 GPa).**~ While high-temperature sintering can densify pellets,

it can also cause unwanted reactions between the cathode and SE, resulting in high interfacial

resistance and poor cell performance.*’**® The addition of an ionic-conductive low-melting-
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temperature binder such as Li;BO; has been shown to improve the cathode/SE contact and
reduce the interfacial resistance.*® Similarly, polymers such as polyethylene oxide (PEO) have
been used to improve the interfacial contact in oxide-SE-based composite cathodes.*’**”" Further
research to identify a binding material with good ionic conductivity and low melting temperature
could result in better particle—particle contacts in oxide-SE-based cathode composites.
Maintaining the mechanical integrity of the composite cathode and intimate contact between the
active material and SE is another challenge because of the volume change of the cathode
particles during cycling. Crack and void development in composite electrodes has been observed
in ASSB, which almost certainly contributes to capacity decay.*”*%3”> Reducing the cathode
particle size and developing low-strain or zero-strain cathode materials are two potential routes
to decrease the cathode surface displacement during cycling and improve the mechanical
stability, though small particle size of the cathode may lead to lower cathode utilization when not
matched with smaller SE particle size**.

The cathode loading must be increased to reach high energy density (see Figure 13). Current
cathode loadings in the literature are typically 60-70 wt% and are not high enough to realize a
high energy density in ASSBs.?3!>37 Several studies have separately shown that the particle
sizes of the cathode active material and SE affect the morphology of the cold-pressed cathode
composite and the full-cell performance.***"**77 According to recent work, the ratio of the
cathode to conductor particle size rather than the absolute particle size of each component is the
critical parameter.*®

Methods by which the cathode components are mixed has also been found to influence
performance. Slurry mixing of the components, as in traditional LIB cathode fabrication, has

been shown to worse performance than dry mixing for ASSBs.*”® This finding was attributed to
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the additional binder used in slurry mixing, which may impede the ionic percolation.””
Therefore, a ASSB composite cathode may require the use of no binder or alternative binders
that are also ionic conductors. Higher-energy dry mixing methods such as ball milling have been
shown to provide a more homogenous cathode composite and better electrochemical

performance than the hand-mixing method.*”

3.5.2. Thin solid electrolyte separator
The porous polymer separators in state-of-the-art LIBs are typically thinner than 10 um to
maximize the volumetric energy density. As shown in Figure 13, the thick SE separator layer
(several hundreds of micrometers) used in current ASSBs significantly reduces their volumetric
energy densities. For ASSBs to achieve much higher energy density than current LIBs, a thin
separator (preferably < 50 um) is required.

Many thin-film fabrication methods have been applied to successfully produce thin SE separators

379-381 382-

at the lab scale, including radio-frequency magnetron sputtering, pulsed laser deposition,
3 and atomic layer deposition.”® 7 Although such advanced methods can produce very thin
films (sub-micron in many cases), high cost and low throughput prevent their applications in
large-scale productions. Thin SE separators can also be made by tape casting, which is a scalable
process and widely used in current LIB production. Less-than-100-um-thick tape-casted SE films
have been demonstrated for both oxide** and sulfide®” SEs. It should be noted that a
densification step is required after tape casting, and the densification method will differ for oxide
(sintering) and sulfide (cold-pressing) SEs. Incorporating polymer binders or scaffolds during
slurry casting, although slightly lowering the ionic conductivity of the separator, has also been

shown to greatly improve the mechanical properties and processability of the SE thin film.?*37
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3.6. Outlook for ASSBs

The improved safety and potential leap in the volumetric energy density make ASSBs a strong
contender to surpass LIBs. The extensive search for fast ion conductors has not only resulted in
many superionic conductors but also led to an expanded understanding of the structural and
chemical factors governing ion transport in solids.

With these advancements in ionic conductivity, the chemical and mechanical stability of various
interfaces in ASSBs has become the main concern for the stable cycling of ASSBs. Although the
search for a promising SE with good conductivity (o0 > 10™ S cm™) and both good cathodic
(stable with Li metal) and anodic (> 4.5 V) stabilities remains ongoing, other methods have been
used to alleviate these interfacial issues. Cathode coatings can stabilize the cathode—SE interface
and allow the use of SEs beyond their intrinsic stability windows. However, the SE
decomposition at other electron sources could still be detrimental to the long-term cyclability of
ASSBs. Li metal dendrite formation is another challenge for high-energy-density ASSBs. It is
clear that high mechanical strength alone cannot prevent dendrite growth, and the effect of other
factors such as the electronic conductivity and separator microstructure must be further
investigated.

The practical issues associated with ASSB fabrication mainly arise from the difficulty in making
and retaining intimate particle—particle contact. For the composite electrode, forming an intimate
interface between the SE and active material without a side reaction is challenging, particularly
for mechanically hard SEs such as garnet oxides. To reduce the separator thickness, binders
could be used to improve the mechanical stability of the thin SE separator. Although the

processing conditions will vary depending on the mechanical properties of the SE used,
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significant modifications to the current LIB production process are expected for ASSB
fabrication.

Finally, there are also several unexplored and less obvious potentials benefits of ASSB. Can
they, for example, work with different cathode chemistries that might have been discarded for
their reactivity or solubility problems in liquid electrolytes? Cathodes that use Mn as an
electrochemically active element* may in particular be of interest for ASSBs as their redox
metal is abundant and inexpensive, but suffer from the solubility of Mn?* in the liquid electrolyte.
With so many problems and opportunities, it can be expected that, if successful, ASSBs will go

through multiple iterations of improvement.

4. Multivalent (Mg and Ca) Batteries
4.1. Introduction

Multivalent batteries have been pursued as high volumetric energy density alternative to LIBs.
Although it is difficult to compete with the gravimetric energy density of lithium active
materials, as lithium is one of the lightest elements in the periodic table, multivalent chemistries
may have an advantage with respect to volumetric energy density. Each multivalent ion carries
multiple charges (M™ where n > 1), yielding larger capacity when the same number of working
ions is stored in a given electrode volume compared with monovalent ions (M'*) such as lithium.

This argument for multivalent ions only translates into higher capacity when an electrode
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material is limited by insertion site availability but not by redox capability. The core promise of
higher energy density with multivalent batteries is tied to the possibility of utilizing multivalent
metal anodes. Whereas conventional LIBs generally adopt lower-energy-density graphite anodes
to avoid cell shorting caused by the dendritic growth of lithium metal, multivalent metals are less
prone to dendrite formation and, thus, multivalent batteries can avoid this compromise between
energy density and safety.

Several multivalent electrochemical systems (Mg**, Ca*, Zn**, Al**, etc.) have been studied;
however, the discussion presented here will be limited to Mg and Ca battery chemistries with a
greater focus on Mg because of the larger body of work available. While isolated AI**
intercalation has been demonstrated in one system,*® many examples of AI** intercalation likely
involve co-intercalation of solvent or anion molecules. Because the mobility of Al** is even
more challenging than that of the divalent ions systems we will not discuss them further. ** Zn
batteries have also received attention?’ due to their ability to operate in aqueous electrolytes, but
their inherently lower voltage limits energy density.*° Zn has a reduction potential of —0.76 V vs.
SHE, whereas those of Mg and Ca are —2.37 V vs. SHE and -2.87 V vs. SHE, respectively.”
Thus, both Mg and Ca chemistries have promise for the realization of high-energy-density
multivalent batteries but Ca electrolytes will need to be developed to support stable metal cycling
at these lower reducing potentials, which has already proven difficult for Mg-metal. ™"

To maximize the potential energy density of multivalent batteries, three Mg and Ca cell design
requirements must be met. 1) Metal anodes must be used as they have higher gravimetric and
volumetric energy densities than current Li-ion intercalation anodes.***' 2) Electrolytes that are
compatible with all battery components over a wide voltage range must be adopted. Finally, 3)

cathodes with sufficiently high voltages (i.e., at least >3 V vs. M/M?*), capacity, and multivalent-
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ion mobility must be used to achieve the desired energy density at reasonable cycling rates.
Given these criteria, the remainder of this section will focus on examining the materials-level
progress and remaining challenges for Mg and Ca anodes, nonaqueous liquid organic
electrolytes, and cathodes.

To more quantitatively understand the materials design challenges, we have evaluated the impact
on cell level performance using a basic cell model. The results from various anodes and cathodes
are shown in Figure 25 and Figure 26, respectively. The objective of this analysis is not to
determine accurate cell-level energy densities of various multivalent systems as the model
assumptions fail to account for cell-design optimizations required to maximize the performance
of any new multivalent battery. Rather, these comparisons serve to provide a fair metric for
illustrating the effect of active material selection on cell-level energy density and assess the
viability of reaching targets such as 750 Wh L' and 350 Wh kg™.">"® Assumptions for the
electrolyte, separator, current collectors, and electrode properties were derived from similar
components used in LIBs, and are outlined in more detail in the supplemental information. The
impact of various anodes was evaluated by using cell models with hypothetical Mg and Ca
cathodes with densities of 4.2 g cm™, average voltages of 3.1 V (vs. Mg/Mg** or Ca/Ca*), and
capacities of 165 mAh g™' for Mg and 175 mAh g™' for Ca. These values result in a cell-level
volumetric energy density of 750 Wh L' when paired with a Mg or Ca metal anode. Hence, one
can also think of these hypothetical cathodes as design targets for multivalent battery research.
When comparing cathodes, a metal Mg or Ca anode was assumed to assess the cathode’s effect
on full cell energy density. These results confirm that using a metal anode and a cathode above 3

V is required for multivalent batteries to compete with LIBs on energy density.
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4.2. Mg and Ca Anodes
4.2.1. Metal Anode Electrodeposition and Surface Morphology
One advantage of multivalent batteries is derived from their potential to cycle metal anodes
without dendrite formation.**>*® Although all metals can grow dendrites at high enough current
density or if deposition is inhomogeneous due to geometric effects or passivation, avoiding
dendrite formation at reasonable current density is critical to overcome the safety hazards from
shorting that affect Li-metal batteries.*>*"'%* The characteristic surface morphologies associated
with Li and Mg deposition at current densities of 0.5, 1.0, and 2.0 mA c¢cm™ have been compared

with scanning electron microscopy (SEM) (Figure 24).%*

Mg deposition was performed in a
Grignard reagent-based electrolyte (ethyl magnesium chloride and dimethyl aluminum chloride
in tetrahydrofuran) while Li deposition was performed in a conventional electrolyte solution of
LiPF; in EC/DEC. In contrast to the dendritic growth of Li observed at low current density (<1.0
mA cm™?), uniform round-shaped Mg deposits were formed without any dendritic morphology.**
Further evidence of the practical viability of Mg metal anodes has also been provided with cyclic
voltammetry cycling of Mg against platinum working electrodes, and most impressively with
coin cells where a Mg metal anode was cycled against a Mg ,Mo¢Sg Chevrel cathode more than
2000 times.***

Although multivalent metal anodes are less prone to dendrite formation than Li metal, ensuring
smooth metal plating remains a technical bottleneck for both Mg and Ca systems.*° Mg dendritic

growth*™ or cell failure, attributed to shorting from a Mg metal anode,*” have been reported.

Such issues may arise when electrolyte decomposition leads to the formation of ionically
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insulating layers on the Mg surface. Local penetration of these insulating layers can then lead to
very high local current density and dendrite formation.

Ca electrodeposition is even more challenging than Mg because of the greater reducing potential
of Ca and the similar tendency for the decomposition of conventional electrolytes to trigger the
formation of ionically insulating layers on the metal anode surface.***” As a result, only a few

406408411 " and no conclusive

reports exist on the stripping/plating of Ca metal at room temperature
statements regarding Ca dendrite growth can so far be made. The most concrete source for the
claim that Ca is less prone to dendritic growth is a comparison of Ca-SOCI, and Li-SOCl,
primary battery systems.*'* However, the Ca system in this study exhibited a very low coulombic
efficiency (5%), and reversible Ca electrodeposition was not demonstrated.***"* For both Mg and
Ca systems (especially Ca systems), more rigorous investigations are needed to fully establish

the range of cycling conditions under which Mg and Ca metal anodes can operate without

dendrite formation.
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Figure 24. SEM images of Li (left column) and Mg (right column) morphology after deposition
at 1.0 mA cm? at magnification of 500x (top row) and 5000x (bottom row). Reproduced with
permission from Ref. *2. Copyright 2010 Elsevier.
4.2.2. Alternative Mg and Ca Anodes Compromise Energy Density

Cycling of metal anodes with incompatible electrolytes or electrolyte contaminants, such as
water and O,, can lead to undesired reactions.***'® To overcome these issues, alternative Mg and
Ca anodes have been investigated, as they can generally be combined with conventional
electrolytes, such as Mg(TFSI), in acetonitrile or diglyme. Examples of these alternative anodes
include bismuth-based (Bi) alloys,*"**** tin-based (Sn, SnSb) alloys,*****?* and titanate-based
(Li4TisO,,, NaTi;0,) anodes*®*' for Mg systems, and tin-based (Sn) alloys**** for Ca systems,
several of which are discussed in greater depth in a review focused on Mg anode—electrolyte

l 435

interfaces by Attias ef al.*” A comparison of the specific capacity and capacity density (at the
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fully discharged state of the electrode material) of these Mg and Ca anode alternatives is
compared in Figure 25a. The experimental reduction potentials are reported except for the Ca-
Sn alloy, for which the potential was derived from a density functional theory (DFT) calculation.
Densities were obtained from the Inorganic Crystal Structure Database (ICSD) or from DFT-
computed lattice parameters. The density of the SnSb alloy, which is thought to transform into
the Mg,Sn and Mg;Sb, phases, was determined by taking the weighted average of these products.
This data was then combined with the hypothetical cathodes specified earlier to determine the
cell-level gravimetric and volumetric energy densities in Figure 25b. For comparison, the cell-
level energy density for a Li-graphite anode paired with a NMC622 cathode is also included (see
supplemental note S1 for further details).

It is apparent from the cell-level data in Figure 25b that every anode alternative has a
significantly lower specific-gravimetric capacity and volumetric capacity than the metal anodes,
confirming that multivalent batteries with these alternative anodes do not offer a significant
energy density increase over LIBs. While investigation of anode alternatives may be beneficial
for the electrochemical evaluation of other Mg or Ca cell components, future research efforts
should be dedicated to improving the stable cycling of Mg and Ca metal anodes, which provide

the best path forward for high-energy-density multivalent batteries.
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Figure 25. (a) Theoretical gravimetric capacities (blue dotted bars) and volumetric capacities
(orange striped bars) and reduction potentials vs. SHE (green solid bars) of various Mg and Ca
anodes compared with those of Li-ion graphite anode. (b) Estimated cell-level gravimetric (blue
dotted bars) and volumetric (orange striped bars) energy densities determined using the

parameters given in the text.
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4.3. Mg and Ca Liquid Organic Electrolytes
4.3.1. Monovalent vs. Multivalent Electrolytes
The selection of suitable multivalent electrolytes must consider several unique challenges not
encountered in LIBs. In commercial LIBs, commonly used non-aqueous electrolytes form an
ionically conducting, and electronically insulating, surface layer (known as a solid electrolyte
interphase or SEI) on the graphite anode. In contrast, Mg and Ca tend to form very stable and
ionically insulating surface structures when exposed to oxygen and/or water,?#!4415436
Furthermore, the higher charge density of multivalent ions leads to the formation of specific
solvation structures with larger desolvation energy barriers, thereby resulting in sluggish
interfacial kinetics. Finally, the design of Mg electrolytes that are stable across a large operating
voltage window has historically focused on improving their low anodic stability as it greatly
limits the maximum cathode voltage. However, it has recently been proposed that the presence of
partially reduced M* species resulting from the two-step charge transfer process required for
divalent metal electrodeposition (M*>M">M) affects the cathodic stability of the electrolyte
and must also be considered as part of the design.*”’ These issues highlight the greater
complexity of the charge-transfer, transport, and decomposition mechanisms in multivalent
electrolyte systems compared with those in Li systems. The following section will cover several
critical lessons learned from improving Mg electrolytes regarding the anode—electrolyte
interphase, solvation structures, anodic and cathodic stability, and corrosiveness. These lessons
can be more broadly applied to other multivalent electrolytes such as Ca systems, which are in an

earlier stage of development.

4.3.2. Progress in Mg Electrolytes
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Anode-Electrolyte Interphase. Mg electrochemical deposition was first reported using Grignard-
derived electrolytes in the early 20™ century.*® By the end of the 20" century, the best Mg
electrolyte performance reported was achieved using 0.25 M Mg(AICl,BuEt), in tetrahydrofuran
(THF), with reversible stripping and plating of Mg and a maximum stable voltage of 2.2 V vs.
Mg/Mg* with nearly 100% coulombic efficiency.**® Research efforts then focused on expanding
the electrochemical stability window of electrolytes and avoiding the formation of surface layers
that block Mg conduction. These efforts led to incremental improvements using halogen-based
electrolytes such as the “all-phenyl complex” (APC) electrolytes (Ph,MgCl,_, and Ph,AICl;,
with different proportions in THF), which are magnesium organohaloaluminates,** and inorganic
magnesium aluminum chloride complex (MACC) electrolytes (mixture of MgCl, and AICl; in
DME or THF).*° Later, See er al. verified that chloride ions enhance Mg deposition by de-
passivating the electrode surface.**' However, other reports have suggested that chloride ions can
catalyze the deposition of 3d transition metals, such as Cu** and Fe**.**** Specifically, Cl~ was
observed to stabilize the intermediate partially reduced Cu* species and therefore facilitated Cu®*
deposition. A similar mechanism may also account for the success of Mg electrolyte systems
with chloride ions, especially considering the Mg—Cl complexes formed in these systems.*'"*’

Interphase engineering has been proposed as another strategy to enhance reversible Mg
electrodeposition through careful design of a layer between the electrode and electrolyte. In a
recent study, Son er al. constructed this type of artificial interphase with a polymeric film
composed of thermally cyclized polyacrylonitrile and Mg trifluoromethanesulfonate that was
elastic, Mg** conducting, and electronically insulating.*** The authors demonstrated improved

cycling stability when this polymeric film was applied to Mg metal particles cycled with a V,0s
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cathode in Mg(TFSI),/PC. The polymer-coated anode cell retained 70% of its capacity while the
capacity of the bare anode cell quickly decayed to zero due the formation of a Mg** passivating
interphase from electrolyte decomposition at the anode. This report presents promising evidence
for improving cycling performance by coating anode particles with protective and ionically
conducting layers.

Solvation Structures. There has been a body of work to better understand multivalent-ion
solvation structures, and readers are referred to a review on multivalent electrolyte solvation
structures by Rajput et al. for a more in-depth summary of these computational and experimental
research efforts.*” In multivalent electrolyte systems, the conducting ions generally favor
stronger associated solvation structures, which affects the bulk electrolyte transport properties as
well as interfacial transport. For example, conducting ions can exist as “free ions,” referring to
conducting ions surrounded by solvent molecules (in their first solvation shell) with no shared
solvent molecules with associated ions. They can also exist as “contact ion pairs” when a
counter-charged ion is present in the first solvation shell or “aggregates” if more than one
counter-charged ion is present. A comparison of monovalent and multivalent TFSI salts in
diglyme electrolytes characterized by X-ray scattering and molecular dynamics simulations led
to the conclusion that significantly more contact ion pairs and aggregates are present in
multivalent electrolytes than in their monovalent counterparts.**® Contact ion pairs and especially
aggregates are typically believed to hinder ion transport and decrease the overall ionic
conductivity because of the larger size and desolvation barriers of these complexes.*7#’

Therefore, designing electrolytes based on this understanding of solvation structures is critical to

improving the ion-transport properties of multivalent electrolytes.
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Promising results have been reported for electrolytes based upon salts that contain anions which
weakly coordinate with Mg. Weakly coordinating anions are believed to result in solvation
structures with little or no ion pairing that better support Mg electrodeposition because the anion
is less exposed to undesirable reactions with the Mg cation during the plating process and
decreases the desolvation penalty.*®* For example, a Mg[B(fip),], (where fip is OC(H)(CF),)
electrolyte with weakly coordinated [B(fip),]™ anions exhibits high anodic stability (>4.5V), high
ionic conductivity (~11 mS cm™), and reversible Mg electrodeposition.*** Similarly, another
Mg[TPFA], electrolyte (where TPFA is Al(OC(CF;);),) with the weakly coordinating anion
[TPFA]™ was proven to have reversible Mg electrodeposition with a high oxidative stability of
>5V against Pt as well.*® In these electrolytes, it is believed the anion’s electron-withdrawing
CF; groups are beneficial because they weakly coordinate with Mg which improves Mg
stripping/plating from a kinetics standpoint, protects the anion from possible parasitic Mg*-
related decomposition reactions and offering good oxidative stability. The favorable solvation
structure is one aspect proposed to contribute to the success of these Mg electrolytes.

Stability Against Oxidation. Multivalent electrolytes with high anodic stability would enable the
use of high-voltage cathodes, which our cell-level analysis shows to be a critical factor to
achieve multivalent batteries with high energy density. First generation magnesium
organohaloaluminate electrolytes suffered from unfavorable oxidation because of the weak Al-C
bonds, which break via -H elimination.*'”*° The anodic stability of these electrolytes is limited
to 2.2 V vs. Mg/Mg** ! and has been gradually improved through substitution or by optimizing
the anion structure.*'7****** For example, Muldoon et al. substituted some phenol (—Ph) groups in

Mg,(u-Cl);-6THF)[BPh,] with fluorocarbon (—CgFs) groups to form Mg,(u-Cl);-6THF)

90



[B(C¢Fs);Ph], which increases the maximum stable voltage from 2.6 to 3.7 V vs. Mg/Mg**. The
electronegativity of the fluorocarbon group effectively decreases the HOMO level of the anion,
which increases its stability against oxidation, and correlates with increasing the anodic window
of the electrolyte.*'” At present, one of the best groups of electrolytes in terms of anodic stability
has been reported is carba-closo-dodecaborate-based Mg electrolytes. For example,
Mg[(HCB,,H,))], exhibits excellent stability between 0 and 4.6 V vs. Mg/Mg?** with a coulombic
efficiency of 96% when tested with a platinum working electrode. High-throughput
computational screening of possible substitutions revealed that the anodic stability could be
further improved by including electron-withdrawing groups, such as CF;, F, and NO,.** The
electrochemical window was increased by 300 mV to 4.9 V vs. Mg/Mg** (without sacrificing
cathodic stability) using Mg[(FCB;H;;)],, a fluorinated variation of the carba-closo-
dodecaborate, when tested against a Pt electrode.

Stability Against Reduction. To improve the electrolyte cathodic stability and enable reversible
multivalent-metal-ion stripping and plating, a more complete understanding can be attained by
considering all the species involved in the two-electron transfer process (M*>M*>M). For
example, electrolytes with Mg(TFSI), salts fail to support reversible Mg electrodeposition.*
During plating, the solvated divalent ion must undergo a transient, partially charged valence state
(e.g., Mg* or Ca") as it approaches the metal surface. The process is fundamentally different from
that of monovalent systems (e.g., Li and Na), where no intermediate reactive cation state exists,
as a one-electron transfer is sufficient for plating. Rajput er al. coupled first-principles and
atomistic simulations to show that the partial reduction at the multivalent cation center (e.g.,

Mg** = Mg*) competes with the charge-transfer (plating) process and activates surrounding
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solvent and salt molecules (e.g., the TFSI™ anion, which becomes highly susceptible to
decomposition).*® More recently, Seguin et al. investigated the decomposition pathway for this
proposed mechanism for a number of organic solvents including glymes, sulfones, and
acetonitrile (ACN) using first-principles simulations.*” Although the glymes exhibited
reasonably similar, high barriers for decomposition, the sulfones exhibited the lowest barrier and,
notably, ACN readily accepts the electron from the partially reduced Mg*, hindering efficient Mg
plating. The authors further emphasized that although most of the solvents exhibit exergonic
bond dissociation (i.e., they tend to decompose thermodynamically), in the case of the glyme
series, the required energy barriers kinetically limit decomposition. In future electrolyte designs,
the thermodynamics and kinetics of all solvent and salt molecules when interacting with both
stable cations (e.g., Mg* and Ca?*) and partially reduced cations (e.g., Mg* and Ca*) should be
considered.

Cell Component Compatibility. Apart from electrolyte ion transport and electrochemical
stability issues, the corrosive nature of some Mg electrolytes has presented a challenge. It has
been demonstrated that electrolytes containing halogen ions (such as Cl7) are corrosive, which
results in the degradation of common current collector materials such as Cu, Al, and stainless
steel.*'7#'® To avoid these issues, boron-based electrolytes have been proposed as a more
promising alternative to halogen-based electrolytes for Mg-batteries. Examples include the
previously discussed carba-closo-dodecaborate class of electrolytes (Mg[(HCB;;H,;)], and
Mg[(FCB;;H,))],) and a tris(2H-hexafluoroisopropyl) borate (THFPB)-based electrolyte, which
has a stability window of 0-3.8 V vs. Mg/Mg** with a coulombic efficiency of 99.8% without

current collector corrosion.**#%%? With these demonstrated successful examples, more advanced
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boron-based Mg electrolytes offer one future development direction for Mg electrolytes with
high stability, fast electrodeposition, and less corrosion.
4.3.3. Development of Ca Electrolytes

There has been significantly less work on Ca liquid organic electrolytes than on Mg electrolytes.
Similar to early challenges with detrimental surface layers in Mg systems, many early
experiments with Ca electrolytes, such as Ca(ClO,), and Ca(BF,),, were unsuccessful because of
the formation of reaction layers on the Ca metal anode that block Ca conduction. Reversible Ca
electrodeposition was long believed to be impossible until Ponrouch et al. recently demonstrated
the first partially reversible stripping/plating of Ca with Ca(BF,),-containing ethylene carbonate
and propylene carbonate at elevated temperature (100 °C), albeit with electrolyte decomposition
by-products such as CaF, and Ca(OH), accumulating upon extended cycling.*”® Two years later,
Wang et al. reported the first reversible cycling of Ca at room temperature with Ca(BH,), in
THF.**® This success was attributed to the spontaneous formation of CaH, on the Ca metal, which
formed a protective layer instead of an ionically insulating one. A later study on the
electrodeposition of Ca on Au and Pt working electrodes with Ca(BH,), in THF electrolytes
provided further insight into the importance of CaH, in the mechanism for Ca
electrodeposition.*® The authors proposed that the formation of CaH, originates from
dehydrogenating the Ca(BH,), salt rather than any derivates from solvent decomposition.

The number of publications reporting room temperature Ca electrodeposition continues to
increase. A new fluorinated alkoxyborate Ca electrolyte Ca(B(Ohfip),),-4DME (where hfip
represents CH(CF;),) was reported with an anodic stability of >4.1V vs. Ca/Ca** in DME
although prolonged cycling was limited by cell failure from dendrite growth.*” The low initial

Coulombic efficiency and evidence of the co-deposition of CaF, reinforce the detriment of

93



ionically insulating surface layers. The authors concluded that the formation of CaF, was from
electrolyte anion decomposition and cycling could be improved by forming a more ionically
conductive SEI, such as CaH,. Inspired by its analogous Mg variation, Ca[B(hfip),], in DME was
also studied and exhibited reversible deposition of Ca at room temperature with an oxidative
stability >4.5V. While a low Coulombic efficiency of 80% was observed with cyclic
voltammetry (after 5 conditioning cycles with lower Coulombic efficiency), the authors also
reported symmetric cell cycling for more than 250 hours. However, evidence of CaF, co-
deposition (although a smaller amount at 7%) was also found in this electrolyte system.*'! While
the remarkably rapid progress in Ca electrochemistry since 2015 is quite compelling, designing
around forming a suitable anode—electrolyte interphase will be key in further advancement of Ca

electrolytes.

4.4. Mg and Ca Cathodes

4.4.1. Prominent Mg and Ca Intercalation Cathodes

Improvements in electrolytes for Mg are creating urgency for the development of higher voltage
cathodes. The basic cell model previously discussed indicates that a cell-level energy density of
750 Wh L™ can be reached with a 3.1 V/175 mAh g Mg cathode and a 3.1 V/181 mAh g Ca
cathode. The same cell model was applied to select multivalent cathodes in Figure 26. Energy
density was determined by assuming a density of 4.2 g/cm’ for all materials, a value comparable
to that of Chevrel MosSs. A remarkable fact is that the capacity density (i.e. the amount of charge

stored per cc) with a Ti,S, spinel cathode (275mAh/cc) is about 50% higher than the equivalent
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number for Li-ion systems. This data further confirms that increasing the cathode voltage is

critical for multivalent batteries to achieve viable energy density.

As extensive reviews have already been written on Mg cathodes,?’*¢!

we only briefly discuss here
some of the best functioning materials, and fundamental mobility issues for multivalent-ions in

solids.

Chevrel Mg.MosSs and Mg.MosSsSe;. The Chevrel phase (Mg MogTs, where T = S, Se, or their
combination), which consists of a Moy octahedral cluster inside a Sg cube, was the first state-of-
the-art Mg cathode class for room-temperature cycling with a theoretical capacity of 129 mAh g!
at 1.1V.7%% The first functional Mg metal battery used a Chevrel Mg.MosSs (0 < x < 2)
cathode™® in an electrolyte of 0.25 M Mg(AICIl,BuEt), in THF. Only 75%-80% of the Mg could
be extracted which was attributed to the limited Mg mobility in a fraction of the working-ion
sites resulting from the ring-trapping mechanism specific to the Chevrel structure.*' Theoretical
studies showed that substitution of S with Se increases the lattice size and distorts the geometry
of the structure to disrupt the ring-trapping mechanism,**** and Chevrel Mg,MoSsSe, was
developed as the best cathode in this material class with an initial capacity of 110 mAh g™ at 1.1
V vs. Mg/Mg* in 0.25 M Mg(AICL,BuEt), /THF as the electrolyte.*' Attempts to increase the

voltage of the Chevrel compounds have not been successful.

Layered Mg,TiS, and Mg,TiSe,. Reversible Mg intercalation has been demonstrated in both
layered Mg, TiS,** and layered Mg, TiSe,*® (0 < x < 0.5), with average voltages of 1.2 V (TiS,)
and 0.9 V (TiSe,) vs. Mg/Mg** and gravimetric capacities of 115 mAh g (TiS,) and 110 mAh g
(TiSe,) using APC/tetraglyme as the electrolyte. It should also be noted that although 85% of the

theoretical capacity for layered TiSe, (130 mAh g') could be obtained by cycling at room
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temperature, only 48% of the theoretical capacity of layered TiS, (239 mAh g') could be

extracted even at 60 °C.

Spinel Mg, Ti,S, Multiple spinels (Mg,B,X,, where 0 < x < 1, B is a transition metal, and X = O
or S) have been studied as Mg cathodes. The most promising electrochemical performance so far
reported is for Mg, Ti,S, at 60 °C with an average voltage of 1.1 V (vs. Mg/Mg*") and capacity of
190 mAh g, which approaches 80% of the theoretical value (239 mAh g').**4¢” The best results
were obtained with a Mg metal anode cycled at a rate of C/5 between 0.5-1.8 V in an APC/THF
electrolyte. Similar to the findings for layered Mg, TiS,, testing at an elevated temperature of 60

°C improved the electrochemical performance of spinel Mg, Ti,S,.**!

Other Mg Cathodes. In addition to the Chevrel class, layered TiS, and TiSe,, and spinels, several
other Mg cathode materials have been studied; however, reversible Mg intercalation has not been
unambiguously proven with materials-level experimental characterization in non-aqueous liquid
organic electrolytes. These other materials include layered V,05 220461468 - MoQ; 274947 and
olivine silicates?™ """ (e.g., FeSiO,, MnSiO,, CoSiO,). They have been excluded from further
discussion to focus on cathodes with stronger experimental evidence demonstrating their

relevance for full cells with Mg metal anodes and non-aqueous liquid organic electrolytes.

Layered a-Ca.MoQ;. Room-temperature reversible Ca intercalation has been demonstrated in a-
Ca,Mo0O; (0 < x < 1), which consists of nonplanar double layers of MoOg octahedra. Intercalation
of Ca into the molybdite structure was experimentally verified for the first cycle using ex-situ
XRD, Raman, EDX, and XPS measurements.*’>*® Cabello ef al. measured a gravimetric capacity
of 80-100 mAh g and an average voltage of 1.3 V vs. Ca/Ca** using a Swagelok-type three-

electrode testing set-up with voltage limits of 0.5-2.2 V vs. Ca/Ca®* in 0.5 M Ca(TFSI), in 1,2-
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dimethoxyethane (DME) electrolyte with Ca metal embedded in steel meshes as the negative
electrode and pseudo-reference electrode.*” Tojo et al. also performed electrochemical testing of
this material with cyclic voltammetry but with 0.5 M Ca(TFSI), in acetonitrile and achieved a
higher capacity of 120 mAh g though it is unlikely that the TFSI/ACN electrolyte is stable
against Ca metal. The authors attributed part of their measured capacity to irreversible structural
damage and electrolyte decomposition; however, little further evidence was presented to

rigorously support either of these claims.*°

Prussian Blue Ca.MnFe(CN)s In 2015, Lipson et al. reported that Ca can intercalate in the
manganese hexacyanoferrate (MnFe(CN)s or MFCN) Prussian Blue structure (0 < x < 0.5),
where the transition metal is connected by C-N bonds, forming a cubic cage-like structure.*”
Cycling tests were performed using desodiated MnFe(CN), as the cathode, calciated tin as the
anode, and 0.2 M Ca(PFg), in a nonaqueous 3:7 EC:PC electrolyte with cell voltage limits of 0—4
V. Intercalation of Ca into the Prussian Blue structure was experimentally verified for the first
cycle using ex-situ XRD, EDX, and XANES measurements showing a lattice expansion and
contraction of the crystalline structure with intercalation.*”” The initial capacity measured was 80
mAh g (80% of the theoretical capacity of 100 mAh g'), and an insertion voltage of ~3.4 V
against Ca metal was determined using cyclic voltammetry. The capacity significantly decreased

in the first 15 of 35 shown cycles.
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Figure 26. Measured average working voltage (vs. Mg/Mg** or Ca/Ca** depending on the battery
chemistry) and gravimetric capacity for demonstrated Mg cathodes (orange circles) and Ca
cathodes (blue triangles). Estimated cell-level iso-energy density curves are shown for both Mg
(orange solid lines) and Ca (blue dashed lines). The cathodes for which reversible cycling was
only demonstrated at elevated temperatures (>30 °C) are labeled with an asterisk (*). The
calciated Prussian Blue average voltage vs. Ca/Ca** was estimated by using the
thermodynamically calculated CaSn voltage of 0.8 V vs. Ca/Ca** to adjust the experimentally

reported average voltage which used a Sn anode (which the authors assume forms a CaSn alloy).

4.4.2. Cathode Multivalent-Ion Mobility
The poor transport of multivalent-ions in solids has been identified as one of the main hurdles for
multivalent cathode materials. The high charge density of divalent ions leads to stronger
electrostatic interactions with the intercalation host and raise the barrier for motion. This effect

can be more prevalent at higher concentration of the multi-valent ion due to the added repulsion
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between them. The stronger interaction between multi-valent ions is also more likely to lead to
ion-vacancy ordering when the concentration of the working ion becomes high enough. Such
ordering will create an additional energy barrier for motion.”’**”” While many factors can
contribute to poor transport, the focus has been on understanding how to lower the intrinsically
high barriers for divalent ion hopping in materials. It has been estimated that the migration
barriers for reasonable diffusion of the working-ion at room temperature must be below 525 meV
for micron-sized particles or below 650 meV for nano-sized particles.?’*!*¥%48! For comparison,
the theoretically calculated migration barriers for the materials discussed in the previous section
are 270 meV for Mg in Chevrel MogSs,*** >1060 meV for Mg in layered TiS,,”***** 650 meV for
Mg in layered TiSe,,”** and 550-615 meV for Mg in spinel Ti,S,.**** The high migration values
for Mg in layered TiS, and spinel Ti,S, underscore the fact that these materials are limited by
their ion mobility and thus require elevated temperatures to yield high capacities and reversible
Mg intercalation.

Two strategies have been proposed in the literature to address the issue of solid-state mobility in
multivalent cathodes: 1) anion substitution with larger, more polarizable atoms and 2) improving

the understanding of the effect of the coordination environment in the host lattice.

Anion Substitution. Multivalent-ion mobility can be enhanced by the use of large, highly
polarizable anions in the host structure. This strategy improves the mobility in two ways: 1) more
polarizable anions increase the screening of the multivalent ions and 2) larger anions increase the
cell volume, both of which reduce the electrostatic interaction between the multivalent-ion and

host lattice. Figure 27 shows the effect of anion substitution on the ab-initio calculated Mg and
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Ca migration barriers in the Chevrel MogXjs, layered TiX,, and spinel M, X, structures (where X =

0O, S, and Se).
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Figure 27. Mg and Ca migration barriers for different anions in the Chevrel and spinel structure
and layered TiX,, plotted using data from reference.****248448 The calculated barriers are based
on the migration of a single cation in an empty host structure. The dashed lines at 525 and 650

meV indicate the migration barrier limits for micron- and nano-sized particles, respectively.

In general, the data in Figure 27 shows that migration barriers decrease as the polarizability of
the anion increases ( O < S < Se). The computed migration barriers in MogSeg are lower than in
Mo,S; for both Mg and Ca*** consistent with the better performance of Mg,MosSeSe, over that of
Mg,MoeSs in Mg cells.*' The layered Ti-compounds shows a similar effect as layered TiSe,
shows better electrochemical performance at room temperature than layered TiS,.*' These

experimental observations are supported by the calculated migration barriers of >1060 meV for
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Mg in layered TiS, **3** and 650 meV for Mg in layered TiSe,.** In the spinel, improvements in
changing from O to S is only seen for Mg?**.*8048148 The high migration barrier in Mg,Mn,0, is
consistent with experimental observations of limited deintercalation (<3% Mg) at room
temperature.””**” Substituting S for O in the Cr spinel lowers the computed Mg migration barrier
from 637 meV in Mg,Cr,O, to 566 meV in Mg,Cr,S,. Even though these barriers indicate the
possibility of Mg deintercalation at room temperature, very little capacity has been reported for
Mg,Cr,S,, even at 55 °C and 90 °C.** The limited capacity of the spinel Mg,Cr,S, has yet to be
explained, but may be related to the competition between Cr and S oxidation in this compound.*®
Similar trends for the effect of anion substitution on migration barriers have also been reported
for chalcogenide spinels, with a number of sulfide, selenide, and telluride variations considered
for use as Mg conductors for solid electrolytes.?!

Surprisingly, Figure 27 indicates that the Ca migration barriers increase in spinels when

480486 indicating that factors other than

replacing oxygen with the more polarizable sulfide anion,
screening also influence mobility. This effect is related to the relative energy of the tetrahedral
and octahedral site in spinels and is illustrated in Figure 28. In going from Mn,0, to Mn,S,, the
octahedral site energy for Mg** is lowered with respect to the tetrahedral one. This equalizing of
the site energy, together with the better screening at the activated state, lowers the migration
barrier. But for Ca*, the energy lowering of the octahedral site when going from O to S is so
pronounced it sits well below the tetrahedral site in CaMn,S,, which leads to a significant
increase in the barrier.

This example illustrates that good mobility not only requires good screening by the anion, but

also a flat site energy landscape. The latter condition makes the effect of chemical substitutions
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and volume changes on the multivalent-ion mobility difficult to intuitively predict. While larger
volume may reduce the overall interactions between species, as the example of the Ca,M,0,
shows it can also lead to greater inhomogeneity of the energy landscape, thereby increasing the
barrier. Structural disorder effects such as inversion in spinels have also been argued to cause
low mobility.*® Although substituting more polarizable anions leads to better screening of the
multivalent-ion’s electrostatic interactions, and in general a lower barrier, it needs to be kept in
mind that the anions with high polarizability are also more easily oxidized,*” which may limit

the voltage of the cathode.

ST
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Figure 28. A qualitative representation of the different Mg (top) and Ca (bottom) migration

barrier profiles observed in oxide (orange) and sulfide (blue) spinels. The graphics of connected
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tetrahedra and octahedra show the change in coordination environment of the working ion (circle

colored red) as it moves along the migration path in the spinel structure.

Host Lattice Coordination Environment. The idea that a flatter energy landscape will promote
higher mobility has led to a second design strategy in which coordination changes along the
multivalent-ion migration path are optimized. The strategy relies on the idea that all cations have
a preferred coordination environment (6 for Mg, 8 for Ca, and 4 for Zn)*' which has been
corroborated by an analysis of a large number of compounds in the Inorganic Crystal Structure
Database.®' Ton-mobility can then be enhanced by finding structures where the activated state is
close to the preferred coordination (lowering its energy) and the stable site does not have the
preferred coordination (increasing its energy). From this perspective, the spinel is a perfect
diffusion host for Mg** but is terrible for Zn**.*'*! The cation arrangement in the spinel creates
electrostatic conditions which make the tetrahedral site extremely favorable. The path for Mgt
to migrate between tetrahedral sites goes through an octahedral site where the Mg** ions
experiences its most favorable coordination, thereby lowering the migration barrier.*®" Zn** on
the other hand prefers 4-fold coordination, and as a result its energy increases when it migrates
through the octahedral site. Indeed, the computed barrier for Zn** is typically 200-300 meV
higher than for Mg* in oxide spinels.*® This coordination effect on the barrier has also been
documented in other crystal structures and is currently one of the most powerful criteria with
which to look for host structures with good multivalent-ion mobility. As shown in Figure 29,
the migration barriers are higher if the multivalent ion is intercalated into a coordination

environment where the multivalent ion is very favorable, as it is more difficult for the ion to
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migrate out of the favorable (and thus more stable) site. However, starting with the mobile ion in

less favorable coordination may lead to more facile site disorder in synthesis or upon cycling, as

has been argued for the spinels.*!
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Figure 29. Mg and Zn migration barriers in various spinels and other structures grouped by
stable insertion site coordination number.**#8246492 The calculated barriers are based on the
migration of a single cation in an empty host structure. The dashed lines at 525 and 650 meV

indicate the migration barrier limits for micron- and nano-sized particles, respectively.

4.4.3. Challenges in Synthesizing Mg and Ca Cathodes with Low Migration

Barriers
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A number of other promising cathode structures with low migration barriers for multivalent ion
diffusion have been predicted but have been difficult to synthesize.****> There is an inherent
challenge in synthesizing compounds in which the working ion is located in an unfavored
coordination environment site, and in many cases cathode compounds that can cycle Mg* ions
have been derived through soft-chemistry routes from other compounds. For example, MogSs is

396

synthesized by leaching Cu from CuMo;S,™ as is the Ti,S, spinel, which is obtained by

oxidative removal of Cu from CuTi,S,.*64%

It appears that none of the best Mg-cathode
materials are synthesized in the discharged state (i.e. containing the Mg ion). Some materials
have been predicted to have good mobility as metastable phases, but have not been successfully
synthesized. For example, post-spinels were previously identified as a promising class of Mg
cathode materials because of their low migration barriers (e.g. 200-300 meV).** However, it has
been challenging to synthesize these materials because of the high pressures required for their
direct synthesis and/or ion-exchange needed to achieve the Mg-containing material.** Another
material of interest is MgMo;P;0;3, which has the lowest reported calculated Mg migration of 80
meV.** In MgMo;P;0,;, edge-sharing MoQOg octahedra are interconnected by predominantly
corner-sharing MoOs trigonal bipyramids, MoO, tetrahedra, and PO, tetrahedra. The low
migration barrier is believed to be attributable to the facile rotation of the corner-sharing PO,
groups, which can accommodate the Mg at different positions as it moves within the host lattice
to maintain a constant coordination environment of 4 along the migration path.*” According to
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ab-initio calculations, this materials is not a ground state™ and despite the promising low

migration barrier, this structure has not been synthesized.

4.5. Summary and Outlook for multivalent batteries
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Although neither Mg nor Ca batteries are poised to overtake LIBs with the materials that have
been reported to date, significant advancements in multivalent batteries have been made since
results for the first reported prototype Mg battery were published in 2000.*° For example, the
maximum stable voltage of Mg electrolytes, which can support reversible cycling with Mg metal
anodes, has increased from 2.2 V vs. Mg/Mg** using Grignard-derived electrolytes such as
Mg(AICL,BuEt), in THF to >3.5 V vs. Mg/Mg?** using a number of boron-based Mg electrolyte
options.*” A better understanding of the reaction mechanisms and solvation structures at the
molecular-level, including complexes with partially reduced M* species, has driven the
advancements responsible for increasing the operating voltage window for Mg electrolytes.
While consistent progress in understanding novel challenges in Mg electrolytes has led the field
to the development of several non-halogen Mg electrolytes, these improvements have not yet
been validated in a fully functioning Mg battery cell, partially due to the lack of reliable high-
voltage cathodes. Identifying cathodes that will ultimately dictate the battery voltage and
capacity for high-energy-density multivalent batteries is thus left as the greatest remaining
challenge. Although no Mg or Ca battery chemistry has yet emerged as a clear viable alternative
prototype that can outperform LIBs, they continue to be progress in improving and identifying
new materials that will provide a more promising path forward to reach battery cell-level
performance targets such as 750 Wh L™ and 350 Wh kg™'.

From a research perspective, one of the most important areas of progress that has evolved with
the advancement of Mg batteries is an improved understanding of electrochemical processes at
the molecular and atomic scale. Applying strategies derived from LIBs only resulted in limited
successes in multivalent batteries because they often failed to account for the challenges specific

to the electrochemistry resulting from the stronger interactions inherent to more charge-dense,
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multivalent ions. For example, the multistep charge-transfer process involved in divalent metal
electrodeposition requires electrolytes that can withstand decomposition against partially reduced
and highly reactive M* species. Understanding the different types of solvation structures and
complexes present in multivalent electrolytes is the key for improving ion transport in
multivalent electrolytes. It has also been difficult to identify materials that can facilitate
multivalent-ion solid-state diffusion, and overcoming this limitation is critical to identifying
better Mg and Ca cathodes. Many of the mechanisms that control performance in multivalent
batteries are simply more complex than those in monovalent chemistries. Therefore, a molecular-
and atomic-scale understanding of these mechanisms informed by complementary advanced
experimental characterization techniques with computational calculations and simulations is
needed to rationally inform improvements to multivalent batteries at the materials level.
Although Ca electrochemistry is much less explored and still in significantly earlier stages of
development than Mg electrochemistry, the accelerated development of Ca batteries is
anticipated with this improved understanding of electrochemical processes at the atomic and
molecular scale.

Mg and Ca cathode candidates that reach the required energy density and electrochemical
performance targets have yet to be identified given the greater challenge in finding materials with
sufficient Mg or Ca mobility. The following two design strategies to reduce migration barriers
will be useful in this ongoing search for Mg and Ca cathodes for high-energy-density multivalent
batteries.

1) Multivalent ions lead to stronger electrostatic interactions between the working ion and host

lattice than Li ions. Using larger, more polarizable anions such as sulfur instead of oxygen,
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which can better screen the charge-dense multivalent ion, can improve the structural stability and
increase the cell volume.

2) Working ions that intercalate into stable sites with favorable coordination environments are
likely to have higher migration barriers. Structures with insertion sites that have unfavored

coordination environments for Mg (not 6-fold) or Ca (not 8-fold) are preferred.

5. Summary and outlook

LIBs have improved greatly in terms of their energy density, cycle life, power, cost, and safety
since their invention in the early 1970s and commercialization in 1992 by Sony*’, which has
enabled their tremendous success in various applications including personal electronics and
electric vehicles (EVs). However, current commercial LIBs are unlikely to meet all the
performance, cost and scaling targets required for energy storage. For EVs to reach driving
distances beyond 500 km, an energy density of 500 Wh L™ is needed at the battery-module level
(or 750 Wh L at the cell level)**>®, In addition, commercial LIBs are currently 5-10 times
more expensive than the cost target for stationary applications (10-20 USD kWh™' or lower for
cost-competitive energy storage for power grids®®'). With growing concerns about the availability
of natural sources of lithium, cobalt and nickel ***!, it may be difficult for Li-ion to scale to
multiple TWh/production per year. These limitations are strong motivators in the search for
alternative chemistries for the next-generation mid/large-scale batteries. It is unlikely that any
given new technology will fully replace Li-ion and alternatives should be thought of as
opportunities for energy storage to grow into applications and to a scale that is difficult for Li-
ion. The requirements of stationary batteries are quite different from those of power batteries

used in EVs. Long cycle life (>8000 full cycles), low cost, high energy efficiency (>90% at
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system level) are the most important parameters to consider. NIBs and KIBs, which rely on
naturally abundant sodium and potassium resources, are likely to provide a significant advantage
in terms of cost for stationary applications such as power grids. For examples, many vanadium-
containing polyanionic cathodes (e.g., NVPF and KVPF) provide acceptable energy density as
well as good cycling stability and rate performance. While vanadium cost toady is high and
comparable to cobalt/nickel, the presence of unrecovered V in oil residue makes it potentially a
prevalent resource. However, Mn- and Fe-based Na-ion and K-ion cathodes are more likely to
reach low cost for power-grid applications because of the use of earth-abundant materials. As
shown in Figure 1, Mn-based NASICON materials (e.g., Na;MnTi(PO,);"*® and
Na;MnZr(PO,);?) and Fe- and/or Mn-based PBAs (e.g., Na,gFeFe(CN)s'* and
K, 7sMn[Fe(CN)gloos*) combine excellent potential for reasonable energy content and low cost.
The energy densities of NASICONs and their analogues can be further increased by careful
selection of the redox species and fine-tuning of the structures to enable maximum Na
intercalation. To improve the stability of PBAs, a better understanding of the evolution of defects
and molecular H,O in the structure with cycling is needed.

Another driving force for the investigation of “beyond Li-ion” technologies is the need for higher
energy density to meet the demands of large-scale electric transportation applications, including
EVs and electric aircrafts. Li-metal-based ASSBs provide a promising path to achieve high
volumetric energy density using established Li-ion cathodes and have attracted significant
attention as automotive battery candidates for use after 2020°®. Various Li-ion superionic solid
electrolytes with conductivity close to or higher than that of their liquid counterparts have been
developed, thereby supporting fast ionic conduction needed for high-power applications. The use

of SEs also improves safety by avoiding electrolyte leaks or fires and circumvents the need for a
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cooling mechanism in EVs°®. However, in practice, the relatively low loading of active materials
and potential interfacial reactions in cathode composites pose a significant challenge to reach
high energy density. An effective cathode coating is important for the protection of the
interparticle interfaces, especially in thiophosphate-based ASSBs. While stable cycling of Li
metal was demonstrated using a LIPON thin-film electrolyte in the late 1990s, the formation of
Li dendrites is today still observed in more practical bulk-type solid electrolytes, including LPS
and garnet. A clear understanding of the Li metal anode behavior in ASSBs is necessary before
safe and stable cycling Li at high current rate can be realized. Even though all the pieces needed
to realize high-energy-density ASSBs (Li metal anode, thin separator, and high cathode loading)
have been demonstrated at the lab scale, their commercialization will require further engineering
efforts to achieve and maintain intimate contact between all of their components.

Mg-metal batteries remain a wild card and can potentially provide a unique combination of high
energy density and low cost as a “beyond Li-ion” battery technology. The use of Mg metal as an
anode, which is less prone to dendritic growth than Li, leads to higher energy densities with less
safety concerns. In addition, the manufacturing knowledge already established by the LIB
industry can be applied to reduce the costs of Mg-metal batteries and accelerate their
commercialization. However, multivalent batteries using Mg cathodes that have been studied to
date fall short of their promise as high-energy-density devices. Given the progress achieved in
developing Mg electrolytes with expanded electrochemical stability windows, the most pressing
issue for Mg batteries is the search for high-energy-density Mg cathodes. In addition to voltage
and capacity, evaluation of the solid-state mobility must be prioritized in the search for improved
multivalent cathodes. Researchers should also prioritize developing Mg cathodes prepared from

inexpensive elements to maintain cost-competitiveness with LIBs. Identifying a suitable Mg
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cathode and fully validating all of the cell components with a functional high-energy-density
prototype battery are the next most important challenges that must be overcome to establish a
Mg system as a viable beyond Li-ion technology. Recent studies focused on Ca electrochemistry
and evaluating possible Ca active materials have led to growing interest in assessing the
feasibility of Ca batteries. These initial results and the low reduction potential of Ca present a
compelling justification to further pursue Ca batteries.

Although the challenges faced by the reviewed “beyond Li-ion” technologies (i.e., NIBs/KIBs,
ASSBs, and multivalent batteries) appear to be very different, some share the same scientific
principles and can be studied using similar approaches. For example, understanding the structural
and chemical factors governing the ion diffusion in solids is not only critical for finding SEs for
ASSBs but is also integral to the search for multivalent cathode materials. Therefore, strategies
to reduce migration barriers, such as anion substitution with larger and more polarizable anions
and providing an unfavorable coordination environment for Li or Mg that promotes ion diffusion,
can be applied in the search for both fast Li-ion conductors and high-performance multivalent
battery cathodes. Another important insight is the understanding the effect of increased working
ion interactions. Although the layered oxide compounds are well suited for LIB cathodes, they
cannot deliver high energy density when used in Na/K or multivalent batteries because of the
increased interactions between the working ions and between the working ion and the host
structure. The strong Na—Na/K-K interaction rapidly raises the chemical potential vs. the Na/K
content in the layered structures, which results in much steeper voltage curves for Na/K cathodes
and, hence, a limited energy density. For multivalent cathodes, the charge-dense multivalent ions
give rise to a stronger interaction with the host structure, resulting in poor mobility in a number

of layered oxide cathodes. Therefore, structures that can better screen working-ion interactions,
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such as NASICON, spinel, and PBA structures, are more appealing when selecting cathode
materials for Na/K and multivalent batteries. Although polyanion cathodes possess poorer
volumetric energy density than layered oxides for Li systems, this disadvantage is much reduced
when used in Na/K systems (Figure 5). This finding indicates that one cannot simply apply past
experience with LIBs when exploring “beyond Li-ion” chemistries.

In summary, each of the “beyond Li-ion” technologies reviewed in this article provides certain
advantages over current LIBs. However, no alternative is currently superior to LIBs in all
respects, and none of these emerging technologies are likely to completely replace LIBs in the
near future. The large material cost reduction makes NIBs and KIBs strong candidates for large-
scale stationary applications. The next steps for their commercialization include increasing the
energy density of NASICON and fluorophosphate cathodes, dehydration of PBA cathodes to
achieve long cycle life, and further optimization of hard carbon anodes. Li-metal ASSBs take
advantage of the already established Li cathodes and provide significantly increased energy
density and enhanced safety, making them ideal for portable electronics and EV applications.
However, the commercialization of Li-metal ASSBs remains at the early stage. Further
improvements include achieving improved interfacial stability, Li dendrite suppression, thin
electrolyte processing and full-cell packaging. Multivalent ion batteries can potentially provide a
unique combination of high energy density and low cost. However, a promising high-energy-
density multivalent cathode chemistry must first be established before pursuing their
commercialization.

One final issue that all new technologies face is the lack of investment and industry effort to
bring them to mass production. Even technologies that are in principle inexpensive require

significant scale to realize their cost benefits. It is likely that this massive investment will only
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arrive when the real pressure points of Li-ion technology are approached. Whether this pressure
will come from cost, safety, energy density, or resource availability, is as yet unclear, but may
determine which of the beyond Li-ion technologies gets most industry support. Currently, only
solid state lithium batteries seems to have widespread industry interest, indicating a continued
focus on energy density and safety, but not on cost or resource constraints.

Currently, LIBs remain the most versatile technology for a wide range of applications including
small-scale applications and early-state vehicle electrification. “Beyond Li-ion” technologies
have been brought to the stage as potential next-generation batteries that may be better suited for
mid/large-scale applications; however, further investigations are needed to fully launch these
technologies into the commercial market.
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Supplemental Note S1: Energy density calculation for LIBs, NIBs, KIBs, Li metal SSBs and

Multivalent cells
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