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ABSTRACT:The tremendous improvement in performance and cost of lithium-ion cost

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, ang.sg¢ali
targets required for energy storage, in particular, in large-scale applications suel as electri
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-callbdyond Li-iohtechnologies. In this review, we will discuss the

recent achievements, challenges, and opportunities of four infpeyamd Li-ioh

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 forre@aaiwey: LB
technology. While it is unlikely that any given new technology will fully replace Li-ion'ipypgron: [IN/Kis [_1Asss [_Jmv
near futureibeyond Li-iohtechnologies should be thought of as opportunities for energy

storage to grow into mid/large-scale applications.
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4.3.2. Progress in Mg Electrolytes Y distances to sicient levels for typical driving patterns. In 2017,
4.3.3. Development of Ca Electrolytes AA targets of 350 Wh kgand 750 Wh ! at the cell level for
4.4. Mg and Ca Cathodes AA  automotive batteries by 2020 were proposed by the U.S.
4.4.1. Prominent Mg and Ca Intercalation Department of Energ gDOE) and U.S. Advanced Battery
Cathodes AA  Consortium (USABC) ** Todays Li-ion chemistry is
4.4.2. Cathode Multivalent-lon Maobility AB  maturing, with Li(Ni,Mn,Co)© (i.e., NMC) compounds
4.4.3. Challenges in Synthesizing Mg and Ca dominating the cathode, and graphite (both synthetic and
Cathodes with Low Migration Barriers AC  natural) still almost exclusively used for the anode. While pure Si
4.5. Summary and Outlook for Multivalent anodes, or Si-blended into graphite anodes, would increase the
Batteries AD  specic energy and energy density of Li-ion¢efiSthe Si

5. Summary and Outlook AE  contentintoddg commercial cells is very limited due to lifetime

Associated Content AF  problems caused by the nonpassivating SEf on’SIMC
Supporting Information AF cathodes have evolved from compounds with equal amounts of
Special Issue Paper AF  Ni, Mn, Co"“11T to high Ni content materials such&22 ,

Author Information AF “81T (the numbers specify the relative amount of Ni, Mn, and
Corresponding Authors AF Co). The higher Ni content lowers the charging voltage at the
Authors AF top of charge, thereby enabling higher capacity, but the gains
Author Contributions AG from further modifying the cathode are becoming increasingly
Notes AG limited. The most serious issue for the further scaling of current
Biographies AG Li-ion technology is most likely the metals resource problem. In

Acknowledgments AH NMC materials one needs approximately 1 kg of Ni or Co per

References AH  kWh of energy storage. When the Li-ion industry scales to 1

TWh of production/year, approximately 1 million tons of
combined (Ni,Co) will be needed. This will approacHG%
1. INTRODUCTION of current Ni production and more than half of all Co

The world is going electric. The sustained improvement iaroduction in the world. While the Co problem is well
performance and price of lithium-ion batteries (LIBs) havéocumented the Ni resource limitations are only now
made them the technology of choice for electrical energ@merging. Note that 1 TWh of Li-ion capacity can provide
storage. The gravimetric energy density of LIBs increased fréfy 10 million EVs (10% of world annual vehicle production)
approximately 90 Wh Kaat the cell level in the 1990s to over With a 100 kWh battery (required to drive 350 miles). SNE
250 Wh kg' today: which has enabled their successfulresearch in Korea predicts the Li-ion market to reach annual
application in portable electronics, electric vehicles (EVs), apgoduction of over 3 TWH.It is unlikely that this can be
LIB-based grid storage. Today, Li-ion is even considered fupported by the current cathode chemistries except for
electric ight**1n 2018, the global E¥¢et exceeded 5.1 million LiFePQ. While novel directions for cathode materials based
vehicles, up 2 million from the previous year, with the number 6 less resource constrained metals are profhisiagy new
new electric car sales almost doubfingver decades of cathode material is at least 10 years out from large-scale
development, the cell architecture and electrode materig@mmercialization due to the very long timeline to optimize,
options for LIBs have been established. Olivines (e.g.,4.iFeP@st, and certify new materials.
i.e., LFP), layered oxides (e.g.,ddDy 1Aly 005, i.€., NCA, With the materials-level advancements in LIBs approaching
and Li(Ni,Mn,Co)Q, i.e., NMC), and spinels (e.g., Lidp their limits;’ the demands for lower cost and higher energy
i.e., LMO) are typically used as the cathodes, which afensity and the growing concerns related to natural resources
separated from a graphite anode by a polymer separator(g)ve triggered the investigation of so-cdlebnd Li-ioh
immersed in a carbonate-based organic liquid electrolytechnologies. It is unlikely that one sifiglgyond Li-ion
Manufacturing improvements have signily reduced the technologywill address all issues of Li-ion. We therefore chose
cost of LIB modules from over 1000 USD K\thless than  to discuss various technologies, point out the status of them, and
150 USD kwWHh today™® Its consistent improvement and the aspects in which they may outperform Li-ion.
dramatic market growth is also exposing the potential challengeNa-ion batteries (NIBs) and K-ion batteries (KIBs) are two
for lithium-ion (Li-ion) based energy storage: (1) continuedexamples dbeyond Li-iohtechnologies that can potentially
expectation for cost reduction, in particular, in large-scag@lve the resource issues facing LIBs, especially sectiost-e
applications such as EV and grid. (2) how will the energy densititernatives in applications for which the gravimetric and
be further increased given that there is no further roadmap feplumetric energy density are of less importance such as load
cathode or anode materials with higher energy density; (8veling for power grids. The ability to use inexpensive redox
resource issues; (4) safety. We discuss these issues yery brepecies such as Mn and Fe in NIB or KIB cathodes instead of Co
and will later in the article put nveyond Li-iohtechnologies ~ and Ni is expected to substantially reduce the total cost of a cell.
in this context, as each of them should at a minimum address difee costs of the raw materials for selected active cathode
of these challenges. materials for LIBs, NIBs, and KIBs are comparédure 1

While Li-ion is already being integrated into thé gritlis The gravimetric energy densities of the full cells constructed
estimated that the energy storage cost must fall further tsing these materials are also compared. As the cost of materials
support wind and solar energy-based electricity generation contributes sigrnéantly to the overall cell cost today, the
particular, once the higher-value applications in the grid suchremarkably inexpensive cathode active material precursors used
frequency regulation and intraday load shifting are exhaustediniNIBs or KIBs are likely to result in sigant cost savings. For
addition, the emerging EV market calls for lower-cost arekample, the layered P2-structured sodium manganese iron
higher-energy density automotive batteries to increase tragglde (Na;sMn,,Fg,,0,, i.e., P2-NMFO) and lithium nickel
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Figure 1.Cost of raw materials (direction up) for selected active LIB with Graphite
cathode materials used in LIBs, NIBs, and KIBs and corresponding fugzg ssB with Li metal
cell spect energy (direction down) calculated at the cell level. Datagzz mig with Mg metal
from the Argonne National Labora®Battery Performance and Cost
(BatPac}’ model were used as inputs. The total cost of raw material:
accounts for 590% of the cost of the processed Li-ion cathode active
materials based on data reported for the BatPaCfasimptions
for the NIBs and KIBs: the cathode composite contains 89% of actiw:EJ
&

1
EV target EV target
350 750

ure 2.Specic energy and energy density calculations of LIBs and
nceptual ASSBs and MIBs using selected cathode active materials.
The inputs employ data from the BatPaC niBdssumptions for the

lithium metal ASSB cell: a lrhetal 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
nt80 83 wt %, depending on the cathode), 6 wt % conductive carbon,
and SE powder of remaining weight ratio; the cell uggs&jsolid
separator of 20n thickness with a porosity of 5 vol % in SE pelletand a

; . ; density of 1.87 g cfh The calculation for the hypothetical Mg battery
cobalt manganese oxide cathode {IthMno LD, ie., assumes the iderdation of improved multivalent cathodes with

NCM622) provide similar specienergies (244.3 Wh kg, capacity of 165 mAhimand voltage of 3.1 V vs Mg metal. The detailed

for NC,:MGZZ vs 190.1 Wh Kg for PZ'NMFO: 28% calculation method is described in the Supporting Information,
reduction); however, the cost of the raw materials for P2-NMFQpplemental Note S1

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 importantoor to the price. NIBs may also enable additional

cost reduction by replacing the copper current collector in LiBarious ASSB systems, they demonstrate theasigenergy

with an aluminum or stainless steefdmé\NIBs and KIBs can  density increase that can be achieved using established LIB

furthermore take advantage of decades of accumulated knasathodes in a ASSB cgaration. Given the sigoance of Li

edge on the manufacturing and cell architecture of LIBsjetal asan anodein ASSB a solution to the problem of Li metal

allowing for their faster adoption in large-scale stationapenetration through the solid electrolyte remains one of the

applications. primary research and engineering challenges. Other lithium-
Replacing the graphite anode with Li metal would provide lmased’beyond Li-iohtechnologies, such as &iand Li air

path to signicantly increase the energy density of toldiaipn batteries, can also take advantage of Li metal anodes to greatly

batteries. Compared with current LIBs, all-solid-state batteriesrease the cell-level energy density. However, in this review

(ASSBs) are better suited for utilizing a Li metal anode becaysaper, we will not discuss these technologies, as their

the safety concerns are partially eliminated by replacing thendamental problems are veryedént than for the

organic liquid electrolyte with an inorganic solid electrolytentercalation chemistries discussed in this paper, and many

(SE). Figure 2compares the specienergies and energy good reviews documenting the problems with these technolo-

densities at the cell level of the common cathodes used irgis are availaSfe>*While Li S is a potentially very low cost

typical Li-ion cell and a Li-metal ASSB. Because of the reductiand high speda energy play, its fundamental limitations on

in volume and mass associated with the use of a Li metal anoeleergy density make it an unlikely technology for much of

multiple selected Li-ion cathodes deliver volumetric enerdgdays Li-ion market. This is to some extent also the case for

densities larger than 750 WH &t the cell level in the ASSB, Li air, although more uncertainty exist as how a practaal Li

with a maximum volumetric energy density of 1373.8 Wh L cell system would be built, making extrapolations of energy

reached using the NCA cathode. Although these comparisatensity more dicult. In addition, both LiS and Li air share

do not represent the optimal cell-level energy densities tife Li metal dendrite formation problem that has plagued

material; the NIB cell employs a hard carbon anode with a density
1.55 g cn? (for active negative electrode material) and speci
capacity of 350 mAh'gand the KIB cell employs a graphite anode
with a spect capacity of 250 mAhlgAl current collectors with a
thickness of 15m are used in both NIBs and KIBs. The detailed
calculation method is described in the Supporting Informatio
Supplemental Note S1
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attempts to introduce Li metal anodes in liquid-electrolyte Lialternatives, including NIBs and KIBs. The price6fjand
ion con gurations. K,CO; in 2019 was 150 USD ton* and 790 USD tor,
Multivalent battery chemistriegpanother interesting path respectivefy. More important for battery cost is the transition
to reach higher energy density for EV applications. Eachetals components in the cathode. Multiple NIB and KIB
individual multivalent ion carries multiple charges, leading tathodes have been developed based on inexpensive Mn and Fe
larger capacities than those achieved using Li ions for storageeaox. More expensive and scarce transition metals such as Co
the same number of working ions in an electrode. Comparg¢d 40 000 USD tort in 2020, SMM data) and Ni (6 000
with Li metal, metallic multivalent anodegrofurther USD ton'in 2020, SMM data), which are essential for Li-ion
improvement in the volumetric energy density (e.g., Batteries, do not seem essential for NIB or KIB, making them a
theoretical volumetric energy density3#33 mAh cnv for viable alternative to address resource and cost issues of Li-ion.
Mg metal compared with2046 mAh cn? for Li metal”). According to Wood MacKenzie Power and Renélabdst
However, the realization of high-energy density multivalepéportin 2018%the global energy storage for grid deployments
batteries remains limited by the currently available multivaleill grow 13-fold over the next six years from a 12 GWh market
cathodesFigure 2shows the Mg battery energy densitiesin 2018 to a 158 GWh market in 2024. While layered transition
estimated from using (1) a M@S, (0 <x < 1) spinel cathode  metal oxides (TMOs) are obvious cathode candidates for NIB
(representing a state-of-the-art multivalent battery prototypehd KIB, we argue that polyanionic compounds and Prussian
and (2) a hypothetical, more-energy-dense Mg cathodsiue analogues (PBAs) may be better alternatives. We also
(assuming the identiation of improved multivalent cathodes). discuss the challenge ofding good negative electrodes
This gure illustrates that the energy densities of currenigraphitic carbon, hard carbon, low-voltage intercalation
multivalent battery prototypes are still far below what can k& mpounds, and alloying-reaction compounds for these
achieved or imagined with Li-based technology. However, ittischnologies).
worth noting that both the gravimetric and volumetric capacit¥ 1 Lavered Oxide Cathodes
densities of a Mg/7%, cell (de ned as the cell-level gravimetric =™ y
and volumetric energy densities divided by the voltage) ak@yered oxides of chemical formuldQg(K,MO,) consist of
higher (107 and 275.8 mAh Jrthan those of today/LIBs repeating sheets of edge-sharing transition metal octahedra
(e.g., 66 and 171 mAh chior NCM-622/graphite, and 71and (MOg), with Na/K ions sandwiched in between. Depending on
183 mAh cn?for NCA/graphite). The high capacity density of the anion coordination of the alkali ion and the stacking of the
Mg/Ti,S, indicates that current Mg prototype systems caroxygen layers, several polymorphs exist. In the notation
potentially provide much higher energy density than current Lintroduced by C. Delmasthe structure is labeled by the
ion systems if Mg cathodes could be found that operate at simitaordination geometry around the alkali ion (O, octahedral; P,
voltages as those of Li-ion cathodes. In addition to theprismatic) and by the number of @ O and O alkali O
potential energy density and/or capacity density advantagésjers that need to be stacked perpendicular to the layer before
multivalent batteries also provide long-term cost and sustainapéiodicity is achieved. A prime symbol indicates a monoclinic
resource availability adwegds because of the greateror orthorhombic distortion, which typically arises because of
abundance of Mg and Ca compounds relative to that of Li. lalkali vacancy ordering, metal ordering, or collective Jahn
addition, similar cell cagurations to those of current LIBs can Teller distortions. Hence, a P2 structure has prismatically
be used with Mg or Ca metal anodes for multivalent batteriepordinated alkali ions and oxygen stacking ABBA. O3 has
because these metals are less prone to dendritic growth tharoctahedral alkali ions and oxygen stacking ABCABC. The latter
which allows multivalent batteries to utilize the manufacturirgtacking can also be thought of as a (distorted) FCC lattice of
knowledge already established by the LIB industry. Thea@ions with the cations layering in the (111) plane, highlighting
factors would further reduce the cost of multivalent batteries atite relation between O3 structures and rocksalpically,
accelerate their commercialization. Therefore, if high energg (x=1), 03 (0.75<x<1),P3 & 0.6),andP2( 0.67)
density electrode materials can be developed, Mg and @hases can be directly synthesized via a solid-state method.
batteries are likely to be able to deliver the unique combinati®ecause layered structures are generally stabilized by the size

of high energy density and low cost. di erence of the alkali ion and the transition fhétamany
In this review, we will discuss the recent achievemenigore types of NMO, and KMO, compounds form in a
challenges, and opportunities of the four thejrond Li-ioh  |ayered structure compared MQ,. For example, most of the

technologies: NIBs, KIBs, ASSBs, and multivalent batteries. kt-row transition metals (Ti, V, Cr, Mn, Fe, Co, Ni) can
each section, the major achievements for the individualystallize in electrochemically active layered O3 structures with
technology are brig summarized, and the remaining Na?® 5% 49 Thjs leads to tremendous chemiealbility in
challenges toward the goals of a low-cost and/or high-energiaking potential layered Na-ion cathdtféslt has been
density future are discussed in detail. The scope of this reviewfigwn that the large size of Na and K ions lowers the transition
intended not only to present a collection of electrode and/ofetal mobility in layered oxidésyhich makes Na and K-
electrolyte materials for each individual technology to meet tl]'@ered Compounds less vulnerable to the transition metal
commercialization requirements but also to critically analyze thgorder upon cycling, which is the main issue that restricts

fundamental science behind the challenges engatential layered Li-cathodes to the Mn Co chemistry. While

solutions in eacleld. Li,MO, only forms layered oxides in which Li is octahedrally
coordinated (O3/02 structures), N, and KMO, can also

2. NA-ION AND K-ION BATTERIES form structures in which Na or K ions are prismatically

The price of the lithium-based precurs@@j (battery grade,  coordinated by oxygen (P3/P2 structures). Details of the
99.5%) skyrocketed froraB000 USD ton'in 2000to 12 000 nomenclature have been described by Delmas kaygtred

USD tontin 2019 (Shanghai Metals Market (SMM)iata  oxides can have large theoretical capacity, high density, and
which is one factor that has triggered signi interestin LIB  facile synthesis methods, but many of thesr $tom low
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average voltage and poor capacity retention when highdxhibited an energy density comparable to that of Li layered
charged, possibly due to structural instabilities in the deepxides such as LCOor NCM111. While in itself this is not a
charged stat&>* critical limitation for stationary applications, lower energy
Itis often stated that the rate capability and capacity retenti@ontent cathode materials increase the cost of cell overhead
of P2 phases outperform that of the O3 phase as Na can migrégaode, electrolyte, cell manufacturing cost, etc.) and may
directly from one grismatic site to another through the sharetktract from the intrinsic cost advantages of Na/K batteries. The
rectangular fac&.>> In contrast, in the O3 structure, the specic capacities and corresponding average voltages of several
octahedral-coordinated Na ions must migrate through ki/Na/K layered oxide cathodes are showignre 4, clearly
tetrahedral intermediate site, which introduces a high-energy
migration barrier. This idea is supported by theoretical work of a) 200 300 400 500 600 700 800 900 Wh kg~

Mo et al., who calculated activation energies for Na migration of 0 LiCaO, ¢, Li(NiCoMn), ,.,0,
0.20 eV in P2Ng, (00, and 0.28 eV in ONg, L£00,.>* . 4. *
Experimentally, however, the P2 phase does not always < .
; H X P2-Na, ;,Mn, ,Ni, ,,O, X
outperform the O3 phas€igure 3summarizes the rate 3 35 . 03-Na(MnNiCoFe), ,.0,
< 03-NaMn, Fe,,.Ni, ,.0, v
a4 P2-Na, -,C0,.Ni, ,,0
200] P2V 03 4 o o oa-Navn, i, &, “° N\ _
?160* o o 2 . " 03.FC % P2-Na, CoO, 05 V052
E ey | : 225 = ' P2-Na, , Mn, Fe, .0,
= * v L] XN P3-K .MnO
2120{03-MN 4 ¢ o o o g , O3-Cr 03KCro,”* °
§ a %3 ° %y P3-K0_45000_5Mn05022
S 80 g Ao 403-Co T T T T T . :
P2-MN e b9 co 75 100 125 150 175 200 225 250
40 ® Yo, MNF Specific capacity (mAh g~1)
0.1 1 10 100 b) 5
C-Rate NCM111 Ko 4sMn, 5C06 0, ——
: . . . . ; LiCoO, Ky sMnO, —v—
Figure 3.Discharge capacity as a function of C-rate for various Na . K,sCO0, —*—
layered oxides. PRMF: Na ¢Mng Fe 0,.°° P2 MFC: S r\E\_‘_Kcm2 —o—
Nao.sMno.fQ).zacoo.gQZ-M P2 GMN3 Nap Mng 6Nig.3 62-64 P2 X -
MNF: Nq)AGMngGg\Jqunpz. ° P2 Co: NaC00,°° O3 FC: 3
NaFg £a, 0,5 03 MN: NaMn, Ni ,°” 03 Co: NaCoQ.5® =
and O3 Cr: NaCrGQ.>® % 31
=
g . . ) _._NaOJCOOZ
capabilities of various Pa&nd O3 Na layered oxide cathodes. g |—+—Ns, Mn Fe 0, -
Some O3 cathode materials exhibit superb rate capability, such’s 2{—s—Na,_Mn,_Fe, Ni .0, ?3
as 03 NaCr0Q,>® which delivers a discharge capacity of 99 = |——Na(MnFeCoNi,,;0,
mAh g! at a rate of 150C (75% of the capacity at 1C). When = NaMn, ;& ,sNiy O, P2,P3 03 I
comparing the rate capabilities frorardint studies iigure 3 gt NaMnNeO, o P2
one needs to keep in mind that the high rate performance can be 0.0 0.2 0.4 0.6 0.8 1.0
in uenced by cell assembly procedures, electrode preparation Li*/Na*/K* content x

methods, particle size and morphology, and conductive ] ] .

additives. Nonetheless, because a high rate is not possfféire 4.(@) Voltage vs capacity map of various Na layered oxides

without su cient Na mobility, the resultsFigure 3con rm g%fxz)fgr“goﬁ '?;;fr? ?Sﬁic(ﬁ;t'eél Lf'})izﬁﬁ?og’s"gﬁ&%p;;ﬁ"e) are

the high intrinsic dusivity (.)f Na in many layered cqmpoqnds. yered oxidesPThe shaded areasgsh?)w that the voltbesehanee
Furthermore, the mu_ItlpIe phase transformatlons in O imilar slopes for a particular alkali metal (Li, purple; Na, green; K,

phases do not necessarily lead to poor cyclability, as several{)d) pata adapted from LiCo® Li(NiCoMn)o 50,0 P2

cathodes have been reported to exhibit good capacifya, ;Mn, ¢Nig 340,°* P2 Nag 76C00 7dNig 2505,02 P2

retentior.’ °° For example, ONaNj, Mn, 0,°” and O3 Nag ¢Mng ssF € sNig 1:0,,2° P2 Nay 4/C00,,°° P2

NaNi, Mn, ,Tio £, °exhibit good capacity retention (90% and Na, sMn, &6 £0,,°° 03 NaMn, Nig0,°” 03 NaCq,Nig«O,,”*

85% after 100 and 200 cycles at 1C, respectively). This evideRt@ NaLio os[Mno sF€ 25N io 25l 09505, ¥t 03

indicates that capacity degradation does not originate froNﬁMrb.zscoo.zd:%.zd\‘é%zsoz,ez P3 KogMnO, ™" P2 Ko.&C00,,*

multiple phase transitions, as is often accepted, but rather is§de0.4Mno L0 02" O3 KCrO,

stems from structural instability in the deep deintercalation state

(at low Na/K content), which is an intrinsic problem for both

03 and P2 phase¥°? Therefore, to improve the cycling demonstrating that the voltages of commercialized Li layered

stability of layered transition metal oxides, a better undeoxides are sigmiantly higher than those of their Na and K

standing of how to improve the structural stability at low Na/Kcounterparts. Na layered oxides typically have average voltages

content is required. between 2.5 and 3.5 V. The voltage range is even lower for K
While high capacity and reasonable cycling performance héagered oxides: The average discharge voltages for P3

been achieved for several Nalagered oxides by mixing two, thigaMn0,,°® P3 K, ,Mn, £, £0,,°° and O3 KCrO,"”° are

or even four transition metats?°“°° several disadvantages of all approximately 2.5 V. Attempts to increase the operating

layered Na/K cathodes have not been addressed. Because ofiitage of layered oxides by using transition metal species such

lower voltage of Na/K layered oxides, no cathode material has Cé* and N#*/** have had little succéss.
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No signicant improvement was observed in the operating
voltages of P2Na, ,4C0, 7Nig 0,2 and O3 Na-
CQ).J\“%_50273 compared with those of Mn-based Na layered

4000
3600
3200

Layered: A CoO, NCM-811
[ Polyanion: AVPO F Li-Layered -

oxides,’ consistent with the idea put forward irbeghat the 2800 [ PB4 AMNFE(C, LiCoO, m
voltage of the Na and K compounds is largely controlled by the 24001 Li-Polyanion
strong alkalialkali interaction. Because ldad K ions are 2000 Na-Layeredk_polyanion
considerably larger thari,lthe interlayer distance between :222 B L A okrBA

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 a0l ..
reduces its ectiveness in screening the electrostatic repulsion 0 LA
between the alkalis in Na and K materials, which in turn 0 100 200 300 400 500 600 700
increases the voltage stépad reduces the voltage at the end Gravimetric energy (Wh kg™)
of discharge. This is illustrate&imure #, which presentsthe _ _ . )
discharge prees of several alkainetal layered oxides. The Figure 5.Comparison of gravimetric energy density (Wh &gd
voltage slope for most compounds witkea choice of alkali  Volumetric energy density (Wh )Lof layered oxides {B00),

are similar regardless of the transition metal species and ox %I ?en'zn':c Ii:iorr’:lgougrdi (¢x2rai?g e':r:iAzn ((jA\'/'(\)AlErneét%EDen ergy

stacking. The slope for Na/K layered compounds is consigiepsities were calculated from the literdt#eThe theoretical

erably larger than for Li layered compounds, limiting thehaterial densities of the crystal structures were used to determine the
capacity (and energy density) that can be achieved withinyglumetric energy densities.

given voltage window.
Di erent from the other Na layered oxides, NG#F-eQ layered oxides, both the gravimetric and volumetric energy
(also known as-NaFeQ) exhibits aat voltage plateau &3.4 densities signiantly decrease with increasing alkali-ion size,
V with a discharge capacity of 80 mAt{“gThis unusually  which can be ascribed to the increase in molecular weight and
large voltage plateau is attributed to the wide two-phase reactigructural volume and to the reduction of the capacity and
region when Na ions are deintercalated from Nafelnay  voltage. In contrast, theeet of the alkali-ion size and weight in
be unique to the Jahfeller activity of the Fewhich forms  reducing the energy content is much less pronounced for the
upon chargin@:’® Although O3 NaFeQ su ers from poor  polyanion AVPEF and A-PBA systems. Interestingly, in the
cycling stability resulting from Fe migration, it is clear that t?BA systems, both the gravimetric and volumetric energy
achieve more capacity in Na/K layered oxides, one nemdis to densities increase with increasing alkali-ion size, which will be
systems with a wide two-phase region at the top of charge @iscussed in the PBA section. While for Na there is still a small
end of discharge) to overcome the average slope limitation. Ffecrease in energy density when moving from layered oxides to
example, Hasa et al. reported an extremely high capacity of p8lyanion and PBAs (though the smeamnergy increases a lot),
mAh g! for P2-type NaNig,Al 1My, the voltage  for K-cathodes one can clearly increase the cspeeirgy
pro le contained a clear two-phase plateau originating from téthout cost to the energy density by going to nonclose-packed
P2 02 transition at the top of chafdedence, somewhat systems.
counterintuitively, increasing the capacity of Na-layered oxidedVhereas layered compounds are clearly the best cathode
should focus onnding systems with pronouncesit-order candidates for Li batteries, theedent eects of the alkali-ion
phase transformations at end of charge and discharge. size for each class of cathodes (layered oxides vs polyanionic
While some Na layered oxides still exhibit reasonable enempmpounds vs PBAS) results in comparable volumetric energy
density despite having this steep sloped voltate fhreeven  densities for polyanionic compounds/PBAs and layered
larger slope in layered K-oxides makes it unlikeid @ood compounds in Na and K systems. For example, layered LCO
cathodes for K-ion systems in this structure class. Polyaniofikhibits a much higher volumetric energy density than
compounds or PBAs might be better choices for a K battery apdlyanionic LiVPEF (by 24%) despite its lower gravimetric
will be discussed in the next section. The very strakg K energy density, which is attributable to the high crystal density of
interaction also limits the K-content in the as-synthesizéfie layered compound. In contrast, the volumetric energy
cathode material. While O3 Na-compounds can be synthesizé&nsity decreases by onl¢3% in moving from layered
at stoichiometry NaMgfor K-compounds this is only true for NaCoG, to polyanionic NaVP@. In the K system, both
KCr0,,"° and most layered compounds with K are substoichig?olyanionic KVP¢F and K-PBA exhibit higher volumetric
metric in K, which would require an additional K source in a Kenergy densities than the layer€bK),. These results indicate
ion cell. that polyanionic compounds and PBAs have the potential to
compete with layered oxides in Na and K systems.
2.2.1. Polyanionic Compound Cathodes.Polyanionic
Because of the highly sloped voltagdgsrof layered Na and  compounds with tetrahedral motifs of, ¥Qrigonal motifs of
K-ion compounds, host structures that provide mectivee X0; (X =P, S, B, Si, etc.) have been extensively investigated as
screening and/or greater distance between intercalating idmigh-voltage cathodes for NIBs and KiBS.The most
may be better choices for cathodes. While polyanionigopular polyanion groups include phosphates){F®
compounds and PBAs are usually considered to have paufifates (Sg? ,°°and silicates (S °”and their derivatives,
energy density, based on the experience with Li-ion cathodiegjuding uorophosphatég,*°* pyrophosphaté&°® uo-
Figure Shows that this is not necessarily the case for K and Nasulfate$’* etc. The polyanionic compoundseroseveral
The gure compares the gravimetric energy density (Wh kg advantages. (i) Because of the structural and chemical variety of
and volumetric energy density (WH bf layered oxides (e.g., polyanionic frameworks, these materials provide the oppor-
AL00,), polyanionic compounds (e.g., APOand PBAs  tunity to explore novel cathode materials with open-framework
(e.g., A-MnFe(CN), where A = Li, Na, or ¥ ® For the structures that provide fast Na-ioruglion pathways. (ii) It is

800l K-Layered M 5 polyanion @ Na-PBA

Volumetric energy (Wh L™)

2.2. Polyanion and Prussian Blue Analogue Cathodes

F https://dx.doi.org/10.1021/acs.chemrev.0c00767
Chem. RexXXXX, XXX, XX¥XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00767?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00767?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00767?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00767?fig=fig5&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00767?ref=pdf

Chemical Reviews pubs.acs.org/CR

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 counter-
parts. As these materials have recently been discussed in several
excellent review articiés>*%319 we will limit our scope to
discussing how the working voltage of polyanionic compounds
can be tailored via (1) tHmductive eect from anion tuning
and (2) the selection of transition metals. We also propose that
the energy density can be increased by applying these strategies.
2.2.2. Inductive E ect in Fluorophosphates. Fluoro-
phosphates with the general formulagMN&O,).F; O,
where M = transition metal, x 4,0 y 2, are some of
the most promising polyanio Na-cathoel materials. b)
NaV,(PO,),F; has an average operating voltage of 3.9 V and
a capacity of 128 mAh'dyielding a spea: energy density of
499 Wh kg?).°**%8|t can potentially be competitive with some
conventional Li-ion cathodes (e.g., LiReRith a spect

E vs Na*/Na (V)
w w
@ @

energy density of 580 Wh Rg Y04

The crystal structure of N&(PO,) ,F; (NVPF)*?is shown 341 V082
in Figure @ and consists of a three-dimensional framework of 3.2 :\v,:g:g
V,0qF; bioctahedra connected via ,Ptetrahedra. The 3.0

10 15 20 25 30
xinNa V,(PO,).F, O

2 3y Ty

substitution of oxygen fanorine (MOgF; ,O,) occurs at the

apex of the bioctahedra and the F/O ratio can be tuned either by
solid-stat€ " *°or wet chemistry syntheSisFigure & shows

the electrochemical performance of sfWARO,).F; ,O,
samples, withy ranging from 0 (NVP§ to 0.5

(o]
~—

5.4 T T

(NVPFK, Oy 9, causing the oxidation state for vanadium to _F — M=FQ,

vary from 3+ at= 0to 3.25+ ag= 0.5. Because of the inductive ST - m=co,

e ect, the average voltage for Na-ion intercalation continuously 2 46F —=M=F Br .0

decreasesgmcreases (decrease in F/O ratio) even though the § aof M= :5 " 2_

valence of V slightly increases in the pristine samples. Similarly, g ThE----- —_M=Fd, ]

for K-ion intercalation, Kim et al. observed that the voltage g 38 R B,

decreases for KVEwhen F is partially substituted by O. The Sa. 0 T 1

average voltage drops from 4.33 V for KNWR©4.20 V for =t ERREEEEEES

KVPQ, sFpes ™ 300 05 10 15 20 25 30
State-of-the-art NVPF allows reversible intercalation of only 2 xin NaV,(PO,),M

9 . .
Na per formula unt®To improve the energy density of NVPF jgure 6.(a) Crystal structure of N&(PO.,Fs O, (either in

further and make it a highly competitive cathode material f,(gtj .
Na-ion batteries, the third sodium should be cycled in NVP rthorhombic space grasmarbr tetragond®4,/ mnmspace group

e . ) N depending oy). Reproduced with permission froni €&f Copyright

This is, however, unlikely in the pristine compound as thgo17 wiley. (b) Voltage pres for dierent compositions of

voltage to reach the(P0,)F; composition is predicted to be  NaV,(PO,),F; ,0,(0 y 0.5) cycled at C/20. Reproduced with
5.3 V' signicantly above the electrochemical stabilitypermission from réf.Q Copyright 2016 American Chemical Society.

window limit of the electrolyte (4 4.7 V). The inductive ect (c) Computational modeations of N#/,(PO,),F; to enable

Suggests that the Working Vo|tage can be manipu'ated thro action of the thlrdNa within the electr_olyte stability WlndOW

substitution with another anion ofetient electronegativity. <eproduced with permission fromitet Copyright 2014 American

One strategy, supported by a calculation by X@ao¢ 6), is Chemical Society.

to bring the extraction voltage for the third sodium into the

accessible voltage window of the electrliereplacing the  This low discharge voltage of the extra capacity makes it less

Fin NaV,(PO,),F;with aless electronegative ion, such as Cl opytractive for practical applications.

Br. However, so far, this prediction has not been validated with2 2 3. Selection of Transition Metals in NASICON#S

experiments. ) an alternative to employing the inductivecieto tune the
Using a dierent approach, Tarascon et al. recently triggereghthode voltage, the transition metal species can also be directly
the activity of the third Na via the formation of a disorderedhanged as is well illustrated in the NASICON-type compounds.
NaV,(PO,),F; phase with tetragonal symmet/rtamm  NASICON is an abbreviation for sodium (Na) super ionic
space group)® The authors claim that a new phase formsconductor, which refers to a family of materials with the
irreversibly when the third sodium is extracted electrochemicatiyemical formula NaM(PO,))3; (0 x 4,NandM=Ti,V,
from NaV,(PO,),F; (Amamupon the rst charge and hold at  Cr, Mn, Zr, etc.). They are characterized Gyppari three-
4.8V, and that this new phase can reversibly intercalate threedimensional framework enabling fast Na-ion migration,
per formula unit over the voltage range df8V. The energy relatively high working voltage (>3.5 V), reasonablecspeci
density increases by onl\6% with respect to the conventional capacity (110 mAh g), and excellent stability in the charged
NVPFAmamphase as the last Na is being reinserted at 1.6 \¢tate"*’ The rich selection of N/M combinations enahbhes
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tuning of the working voltage of NASICON-type materialsK, etc., M =transition metal (Fe, Mn, Co, Ni, Cu, etc.),and 0 <
Among the various NASICON compount$?* < 2. They consist of ¥ and M* ions sitting on alternate
NagV,(PO,); is a promising candidate because the reversibtsorners of corner-shared octahedra, which are bridged by cyano
cycling of two Na per formula dfifgives it a reasonable energy (C N) ligands. Structurally, they form three-dimensional

density of 400 Wh kg". _ rigid frameworks containing open ionic channels (3.2 A in
Figure @ shows the crystal structure of a typical NASICONyiameter in100) and spacious interstitials sifé&**>which
type framework, which is built up with corner-sharing@ht©  oapje fast disivity for multiple ions, e.g.;'Ng, etc.

Figure & presents the discharge pgs of AMn[Fe(CN)g]

a) o4 b) (A =Li, Na, and K). As the size of the intercalating ion increases
“' ' 60 B the voltage increases, and, surprisingly, Li-PBA has the lowest
Na2—¢ .— PO, g4 20 capacity and voltage among the three compounds. A similar
e 20 3 L trend can also be observed in other transition-metal-based PBA
Nal® £ 0] \ systems, as shown figure 8. The high voltage of K
- ¥ ©-20 intercalation in PBA is likely attributable to the stronger
' M=y, zr, 40 interaction between K ion and the metaganic framework

c 7 N i 25 3.0 35 40 45 . . - .
10,,, PR | Mn, etc. botont . than that in Na and Li systems, stabilizing the discharged
otential (V vs Na*/Na) 44
s> products:
PBAs are usually prepared via a wet chemistry route at low

C) d) < temperature, which results in a hydrated PBA lattice with a large
§4.5 100 I 1005 number of M(CN)¢ vacancies. The chemical formula can be
240 =k D — more accurately expressedagVi[Mg(CN)gl, ; ,zH;0,
235 £ 60 60 where M and M; represent transition metals antepresents
530 \ Z 40 40 ;é M(CN)g vacancies, 0 x< 2, 0 <y < 1. The vacancies and
§25 303 § 20 20 3 coordinated kD in the crystal structure play a crucial role in
o (&) .. . .
S 0 20 40 60 80 100 120 %6 160 130 360 400 500 S determining the electfe@mical properties. Asg(@N)g

Capacity (mAh/g) Cycle Number vacancies are charge balanced by a lower Na content that
Figure 7 (a) Typical NASICON-type crystal structurgNN&PO,) 5 treduce dqap?CItyt.r;F S\e \:jacanl_cy dgtf)ec(:jt alscr)].cghﬂ);laslldculesth
(N, M =Ti, V, Cr, Mn, Zr, etc.). (b) Cyclic voltammetry pes, (c) 0 coorainate wi '€ dangling bnds, which decreases the
rate performance, and (d) long-term cycling performancé/oizva available sites for intercalants and is believed to block the
(PO,)s Reproduced with permission froml12d Copyright 2018  di usion channels. When®imolecules are released upon
American Chemical Society. cycling, they can lead to side reaction with the organic
electrolyte which eventually deteriorates the electrochemical
cperformanda“?Therefore, a defectless structure and l&w H

XO, polyhedra, with interstitial sites accommodating tw . .
di érgnt):ypes of Na ions: Na(1) with 6-fold coordinatio% angeontentare the key factors to realize long-term cycling for PBAs.

Na(2) with 8-fold coordination. Compared with V-based he importance of creating l_OW defect PBAs mey
NASICON-type materials, the Mn-based oneg\iriA- Guo et al., who found a considerably larger capacny (170vs 140
(PO)s (M = Ti and Zr), are not only less expensive andMAN/g) for NaFe[Fe(CN)], ., zH,O with a low
environmentally friendly but also provide higher voltages (at 3c@ncentration of lattice defects=(0.61,y = 0.94,z = 2.6)

and 4.1 V, respectively) with comparable capacity (approtean for a sample with high concentration of lattice defects (
imately 110 mAh §,'%'?° as shown irFigure B,c. In  0.13y=0.68z=3.5)*°Goodenough et al. reported a scalable
addition, carbon coated NmZr(PO,); demonstrates ex- method to prepare high-quality and low-cost rhombohedral
cellent rate performance and stable cyéliggre ¢,d)**°To Na, o e[Fe(CN}], with a negligible D content (0.08 KD/

achieve higher energy density, fully reversible three-electfan), and this material exhibited a high capacity (160 at 10 mA
redox reactions are desired. In recent work by Mai et af,1), large energy density490 Wh kg?), good rate capability
NasMnTli(PO4)3 was shown to have a gptaapagi/tsg of 160  (up to 15C), and long cycle [if€. The sensitivity of PBA
mAh g at 0.2C, resuiting from the T, MPP*®*, and  performance to the structure has also been observed in KIBs. For
Mn®”** redox couples at 2.1, 3.5, and 4.0 V, respeCtively. instance, ko Fe[Fe(CN) o s0:4-01HO with a high vacancy

While the capacity corresponds to reversible intercalation 9f 4 HO content can only deliver a capacityooB4 K/f.u. with
almost three Na, the actual energy gain is compromised by fw initial Coulombic aiency of 44%

low-voltage intercalation of the additional Naat 2.1V, yielding aoyerall polyanionic compounds have great potential as

total energy density o470 Wh kg*. Therefore, NASICON L : L
materials that enable the intercalation of three Na at high??thqd.e materials in NIBs and KIBsef@int comblnauons_ of
voltage requires furture optimization through substitution fansition metals a_nd anion groups haye been ?Xp?”mer.“a”y
combination with other transition metals. explored to determl_ne their corresp_ondmg Na/K-ion insertion
2.2.4. Prussian Blue Analogue (PBA) CathodeSimilar ~ Voltage and capacity, as summarizédgure 9 However,
to other polyanionic cathode compounds, PBAs have an op@merous potential choices for the transition metal and
framework structure and wide compositional vifigty.  (poly)anionic group are still unexplored, and the synthesis and
PBAs represent a large family of metal hexacyanoferrates wigiPimization of each newly proposed compound can be
perovskite-type, face-centered cubic structure (space grdapmidable. In this regard, the emerging ab initio-based high-
FnBm), as shown iRigure &*?®The chemical composition of throughput method can shed light on searching and predicting
PBAs can be expressed, M (CN) 4], where A=Li, Na,  novel electrode materidl$.*
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Figure 8(a) Framework of PBAs. Reproduced with permission fidtfi @bpyright 2012 Royal Society of Chemistry. (b) DischartgsmiA-
MnFe-PBA (A =Li, Na, and K), plotted using data fror@#e89. (c) Capacity voltage plot of Li-PBA, Na-PBA, and K-PBA systems, plotted using
data from ref87 89129 14Q

2.3. Graphitic Carbon Anodes electron is donated in order to compensate for the higher
Graphite and graphite-based materials are preferred and@@gization energy of sodium. o _
materials for alkali-ion-based batteries because of their low cosyVhile K canintercalate into graphite with reasonable capacity,
Whereas both Li and K intercalate in graphite, Na do&s not. it is still unclear if its cycling stability is suitable for practical
Several plausible arguments have been made to explain the fgNications. Capacity fade has been found to beasigyi

of Na intercalation in graphifé2*° The ionic size of Na @& ected by the choice of binders and electrofytes’As an
cannot play a determining role because it is in between thatipistration, Figure 1B presents two sets of data with

Li* and K, both of which form insertion compounds. In @pproximately 200 cycles: tist group of data includes the
addition, graphite does not have much cohesion between thame electrolyte (0.8 M kfffr EC/DEC(1:1)) with di erent
carbon plane$® making it easy for the structure to dilate to binders, and the second group includes the same binder (Na
accommodate larger alkali ions. Hence, the origin of the inabildiginate) with dierent electrolytes. As indicateBigure 10,
toinsert Na into graphite is unlikely to be related to the ionic sizeoth the binder and the electrolyte have a sagrtieect on

of Na, and more insight can be obtained from a basithe capacity and cycling stability of the K/graphite anode. A Na-
thermodynamic analysis: The insertion energy is the summatidlginate binder combined with 1 M KPFEC/DEC (1:1) as

of the ionization energy of the alkali metal and the insertiothe electrolyte resulted in capacity fade of more than 50% after
energy of the alkali ion and electron into the graphite. As ai0 cycles. But when the same binder and salt is used in EC/
alkali ion has no substantial hybridization with carbon itPMC or EC/PC the capacity fading was less sati

insertion energy is almost purely electrostatic, making its energyVhile not all the data for K/graphite is evaluated over 200
contribution for each alkali similar. The same argument can bgcles, it nonetheless reveals interesting trends. Wi’et al.,
made for the electron insertion into the graphite states. Henaésed 0.8 M KRfin EC/DEC (1:1) to compare electrodes with

the di erence between*LiNd, and K must arise from the either PVDF, NaCMC, and PAANa as bindersin a 1:9 ratio with
ionization energy of the metal. Indeed, there is drastic drop graphite. The electrode made with a PAANa binder showed
ionization energy for N& Therefore, the more plausible superior behavior, retaining 97% of its original capacity after 50
explanation for the positive formation energy (negative voltaggycles, whereas the other two electrodes retained less than 80%
for Na insertion into graphite is due to the ionization energy obf the original capacity. Komaba ét'aton rmed PAANa

Na metal, not due to any size mismatch issues Witim Na positive eect on capacity retention with a 1 M KFSI EC/DEC
graphite. As a result, this problem is intrinsic and not easy (b:1) electrolyte. These reports indicate that PAANa binder may
solve unless one can lower the electronic states in which the a superior choice over PVDF and CMC for K-graphite
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Figure 9Classied cathode materials for (a) NIBs, reproduced with permission frea@epyright 2016 Springer Nature. (b) KIBs, plotted using

data from ref§215Q

electrodes and that graphite can exhibit a stable cycle life witlateau region (<0.1 V). Both the low-voltage capacity and

the selection of an appropriate binder and electrolyte.
2.4. Hard Carbon Anodes

2.4.1. E ect of Synthesis Conditions on Electro-
chemical Properties of Hard Carbon Anodes.Given that

overall capacity decrease at higher synthesis temperatiire.
2.4.2. Overview of Hard Carbon Structure Models and

Na-Insertion. Di erent structural models of hard carbon have

been proposed, dating back to the 1970s. Befor&® 2660,
models derived from transmission electron microscopy (TEM)

Na does not intercalate into graphite, hard carbon, which isfascribed the hard carbon structure as consisting of graphene/
partially disordered carbon, has been used as an alternafygphite akes with either curvature or cavities. A commonly
anode for NIBs. State-of-the-art hard carbon can provideged starting point of structural models ihtbese of card
reversible capacity 850 mAh g'.*** Both the capacity and pjcture proposed in 2000 by Dahn &¢%h this model, hard
voltage prde of the hard carbon areurenced by the synthesis carbon is described as a disordered stacking of defective graphite
conditions® Figure 11shows that the Na storage capacity akes with Na insertion into these domains responsible for the
increases as the synthesis temperature increases from 100§dging voltage region in the voltage curve. Although this model
2000°C*** but declines for carbons prepared at even highetas been widely adopted to understand the structure and
temperature. The voltage peoalso changes: at synthesis electrochemical properties of hard carbon, there is no
temperatures below 1080, most of the capacity originates description of the nongraphitic structural features such as the
from the high-voltage part. With increasing temperature, thirvature states and>-$ybridized CC bonds that are
contribution of the low-voltage capacity gradually increases asigberved in hard carbon. Notably, there is no clear experimental

becomes maximal at approximately 200@ith the capacity

evidence validating th@iouse of cafdmodel, and the

between 280 and 300 mARA griginating from the low-voltage intercalation mechanism remains under debate.

J
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Figure 10.(a) Charge discharge curves of graphite electrode with polyacrylate binder in 38@:DNE (1:1) for Li cell (blue line), 1 M
NaPREC: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 permissidii.f@opyefjht 2015 Elsevier. (b) The

e ect of the binder and electrolyte on the capacity of graphite for KIB, plotted using data $torh5FéfShe shape and color of the marker are

used to demonstrate theeet of the binder and electrolyte, respectively.

i that the microporelling by Na clusters is responsible for the
— 1st gt 1 i i

a ol low-voltage regidn’ *">The formation of metallic Na clusters
i 1 in hard carbon in the low-voltage plateau region has been
- demonstrated by nuclear magnetic resonance (NMR) spectros-
%50 : copy and TEM characterizatiéh.""® Although the similar
4. s 25p0°°C lattice fringes of metallic Na and possible oxidized products (i.e.,
210 s 2000°C_~ N&a0O, and NaCO;) in TEM makes it dicult to condently
Sosk \ e 16007C assert the presence of Na metal, the metallic electronic state of
& °0"'/1éo R 4010200503 Na in the low-voltage plateau region has been demonstrated

Capacity/mAh g' with NMR, likely indicating metallic Na clustering @il

V174175 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 N&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 stifface.
1000 1500 2000 2500 3000 ° Clearly, understanding of the Na storage mechanism in hard
TempSrRture/sC carbon remains incomplete, thereby warranting further

Figure 11.(a) Charge and discharge curves of carbon electrodégveStigaﬂon to optimize the performance of hard carbon
treated at 120@500°C between 2.0 and 0.005 V (v&/Na) at 20 anodes.

mA gL (b) Charge and discharge capacities and initial CEs as@a5. Low-Voltage Intercalation Anodes

function of calcination temperature. Reproducedwithpermissionfro&rp b int lati ds h | b .
ref 161 Copyright 2015 Wiley. oncarbon intercalation compounds have also been inves-

tigated as alternative anodes for NIBs and Kiise 12
summarizes the capacity of the materials whose average voltage
Recently, with assistance from machine learning, Gray etislbelow 1 V vs Na/Naor K/K*.*"” 185 S0 far, most of the
proposed atomic models for hard catbtfwo types of local  intercalation-based anodesrono energy advantage over
structures were proposed for hard carbon. One structuggaphite anodes (for K) and hard carbon anodes (for Na)
consists of a distorted carbon framework connected with sfpecause of their relatively low volumetric capacity and high
hybridized CC bonds and defects, which is proposed as thgoltage. Only a few compounds (i.eTid®;, NaTi;O,,
origin of the small pores in hard carbon. The other structurk,TigO,, K,;V30g, and NBOg) have higher volumetric
consists of a curved graphene sheet withigs. This model capacities than graphite (for K) and hard carbon (for Na) but
better captures some of the main features believed to existliir higher Na and K intercalation voltages ultimately reduce
hard carbon, such as the® dgonds, curvature, and the energy density of a full cell, TNz is the only exception
subnanometer pores. However, limited by the computationlaécause it can intercalate two Na ions delivering a reversible
scale and characterization capability, the distribution of thesapacity of 180 mAh g* 5 617 mAh cn?) at a low voltage of
local structures and theireet on the electrochemical 0.3 V (vs Na/N&).'®® Xu et al. used rst-principles
performance could not be determined. calculations to argue that the low voltage originates from the
Itis widely accepted that the high-voltage part comes from New Na-ion coordination (6 in Nd;O; vs 7 9 in NgTiz0)
adsorption in defects or Na insertion in graphitic regions arahd the shearing of T® slabs in the N#&i;O, structuré:®
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Figure 12(a) Capacity voltage plot of intercalation-based anode materials for NIBs and KIBs using dai/ffoi®Eefls) Theoretical capacity
vs volume change of alloy anodes. The volumetric capacity was calculated using the density of the crystal structure.

While current insertion anodes cannot compete with graphiteat can be tolerated in an electrode, rather than by the
and hard carbon anodes, there is no fundamental reason thi@oretical capacity of the electrode material, one can argue that
limits the capacity and lower voltage of insertion materialalloying electrodes are not beia to increase the energy
warranting further erts to search for alternative Na and K density of Na-ion batteri€s °*Applying this argument for K-
intercalation anodes. alloying would lead to an even more negative evaluation of

2.6. Alloying Reaction Anodes alloying electrodes for KIB.

High theoretical capacity compounds based on alloying /- ©utiook for Na/K-ion Batteries

reactions have attracted sigant attention as anodes for Na-ion batteries have some potential to reduce the cost for grid
LIBs. For example, silicon has a theoretical capaciQ0df energy storage, in particular as their cathodes may have less
mAh g!( 4956 mAh cn?), forming Li ,Si and a low voltage  reliance on Niand Co. Potential cathode materials can be found
of 0.2V (vsLi):®*However, Siis not a good candidate for NIB from layered oxides as well as polyanion compounds. In a
and KIB anodes because of the low solubility of Na and K in $&yered mixed metal systems, the cathode energy density can
which would result in low capatiyTin (Sn), antimony (Sb), exceed 500 Wh kb with reasonable capacity reten-

and phosphorus (P) have been proposed as alternative higion,*"°3°>""195although the strong N&la interaction creates
capacity anodes for NIBs and KfBs:®* Nonetheless, K- a more sloped voltage gey>******which will be di cult to

alloying compounds have in general lower capacity and higleecumvent and may have to be managed in applications. Itis not
average voltage than their Na counterparts. For example, thel@ar how much further improvement can be expected from
anode delivers a reversible capacity@I0 mAh g ( 3204 layered Na-ion cathodes, justifying a more comprehensive
mAh cm?) at an average voltage of 0.45 V (vs Na), formingevaluation of polyanion compounds. Recent research indicates
NaP®” but P can react with only one K ion to form KP, that NASICON materials based on earth-abundant Mn show
exhibiting a reversible capacity&50 mAh g' ( 1793 mAh some promise. For instanceNNali(PO,) ; realizes reversible

cm? with a relatively high average voltage®@? V (vs intercalation of almost three Na, yielding a comparable energy
K).*#892Similarly, while Sn can form a Na-rich alloy compoundlensity of 470 Wh kg~*°® So far, only hard carbon has
(Na;sSn, with theoretical capacity: 830 and 1992 mAhemerged as a viable anode for Na-ion systems. Cyclability of
cm 9).16%158 gn can only accommodate a single K, forminghese anodes is highly dependent on appropriate choices of

KSn, for which the theoretical capacity is only 221 rh{xt3( binders and electrolytes. Current and previous reviews of the
mAh cm?).>°! These results indicate that alloying reactionliterature on low voltage intercalation compaahis®* 8
compounds are less attractive for KIB than for NIB. indicate that there is not yet a true competitor for hard carbon,

While some alloying reaction anodes may have an enetgyt research has not nearly been as extensive as for cathode
density bené because of their higher capacity compared witimaterials.
hard carbon (for Na) and graphite (for K), the large volume The alkali-ion interaction that creates the steep voltage slope
change of alloying anodes upon cycling causes electradéayered Na-ion compounds is even more severe for layered K-
pulverization and loss of electronic contact with the curremdbn compounds, making them unlikely to be viable cathode
collector and thus rapid capacity fadifugire 1B shows the  materials for KIB. Hence, the search for K-ion cathodes should
volume change of alloying anodes and compares them with thatdirected toward polyanion and other more novel compound
of graphite anodes in K and Li systems. The volume change wkssses. Some polyanion compounds have shown high voltage
calculated from the crystal density of materials in the ICSBnd good capacity retention, but considerably more exploration
inorganic crystal structure database. All the alloying reactiohK-ion cathodes is needed. While graphite is a functioning
anodes suwer from much larger volume change (>150%) tharanode for K, it may not have the capacity to create reasonable full
graphite ( 59% for K and 13% for Li). To accommodate such cells, and somea@rt is needed tond alternative anodes.
alarge volume change, itis necessary to fabricate nanostructurfsone is willing to sacde the volumetric energy density,
and/or carbon composites, which would signtly decrease  Prussian blue compounds appear particularly attractive for both
the volumetric energy density and possibly increase tiNa and K-ion batteries. Many PBAs only use inexpensive Mn
manufacturing cost of the cell. Indeed, if the capacity of and Fe, can be water processed, and deliver high spexy
composite electrode is limited by the maximal volume expansi@s high as 490 Wh kg').®® Considering that the most
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Figure 13Estimated cell-level (a) volumetric and (b) gravimetric energy density for ASSB utilizing Li metal arevéevagidide 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
SE. Details of the model are described in the Supporting Inforfhatfdamental Note S1

important aspect of NIBs and KIBs is the reduction of materiaan better accommodate the electrode volume change, their low
cost, PBAs based on inexpensive elements are cfsigni ionic conductivity limits the power density at room temperature.
interest. But the relation between their chemistry, processing this section, we will therefore mainly focus on recent research
water content, and electrochemical properties needs furth@ogress in ASSBs that use an inorganic SE.
clari cation. The potential for improved safety is one of the most
Because Nand K are much larger thari [their electrodes  signi cant advantages of ASSBs over current LIBs. A major
will generally undergo larger volume changes for a comparatd@cern for current LIBs is th@mmability of the carbonate-
capacity cycled. Their advancement would thereforé benéased organic liquid electrolyte. When thermal runaway occurs
greatly from the development of alternative electrode and celf a result of electrical or mechanical abuse, the liquid electrolyte
architectures that can accommodate larger volume changepaticipates in a rapid exothermic reaction which can lead to
the electrodes. or explosion. Several widely publicized safety incidents involving
Finally, while most focus in solid-state batteries is focused both consumer electronics and EVs have focused attention on
lithium chemistries, the availability of several good Na-iohe safety of LIBS*'?ASSBs mitigate these risks by replacing
conducting solid electrolytes creates the possibility of solid-stgie ammable carbonate-based organic liquid electrolyte with
Na batteries. Na metal is very soft and deformable, creating #€inorganic SE. This inherent safety makes ASSBs much more
possibility that only mild stack pressure is required to keegttractive for consumer electronics and EV applications than
contact between the metal anode and the solid electrolyte. IlBs and other potential beyond-LIB systems that employ
addition, the less reductive potential of Na/Meeates  organic liquid electrolytes.
somewhat less stringent chemical requirements for thermodyASSBs are also believed to be a pathway toward higher energy
namic stability of the solid conductor against the metaf@hode. density than LIBs because the solid-state separator may enable
However, the low melting point of Na metaf(®Bwillrequire  the use of a lithium metal anode which has a theoretical speci
that a Na metal solid-state battery is well protected againgdpacity of 3860 mAh'despite decades obets, it is still not
thermal excursions. Because research into Na (or K) metal soligrssible to integrate metallic Li anodes in liquid-electrolyte cells
state .batte_ries is very limited, we focus on the next section solghhout compromising cycle life and/or s Ithough Li
on Li solid-state systems, but several of the challenggftal penetration through the solid electrolyte has been
encountered W|th ||th|um W|” aISO be I’elevant for Solid'statgbserved in ASSBs under high_current_density Cyc”ng con-

batteries with other alkalis. ditions?*4?*® their inherent norammability would prevent
catastrophic failure in the event of a short cifggitre 13
3. ALL-SOLID-STATE BATTERIES shows the estimated volumetric and gravimetric energy density
N _ _ for ASSBs utilizing a NMC622 cathod®3.(LPS) SE, and Li
3.1. Opportunities for Solid-State Batteries metal anode. With a high cathode loading (>80 wt % active

Solid-state batteries (ASSBs), in which a solid ionic conductorigterial in the cathode composite) and a thin separator (<50
used as an electrolyte to transport working ions between th&), ASSBs can have a sigant energy density advantage over
anode and cathode, have been proposed as an importgntrent LIBs, particularly in terms of volumetric energy density.
advance in energy storage, driven by the numerous fast sé@SBs also allow bipolar electrode stacking cell design, which
ionic conductors that have been discovététtSeveral major ~ can reduce the overall current collector thickness as well as the
automotive companies have even targeted the mid-2020s"@ad voluniebetween celfs?
begin using ASSBs in E¥s*“although it remains to be seen  Several SEs with ionic conductivities higher than those of
whether such aggressive targets can be met in practice. current liquid electrolytes 10 mS cm?) have been reported
Besides functioning as a separator between the anode dad)., 25 mS crhfor Lig 5,5 7Py 481 Clo.s °and 12 mS cm
cathode, the solid electrolyte (SE) is also added to the cathobis Li;(GeRS;,>9, and some ASSBs have been shown to
to provide ionic pathways to the cathode particles unless hybgghibit very high rate capabiliyalthough all the transport
electrolytes are us€d.*®Current SEs can be divided into two limitations that can occur in ASSBs are not fully characterized.
categories: organic and inorganic SEs. The recent advanceslamitoving the ionic conductivity of the electrolyte reduces the
remaining challenges for the organic SEs have been extensiivielyansport resistance and can lower the cell overpotential
reviewed" **°Although organic SEs are mechanically soft andnder high current density. In addition, high ionic conductivity
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Figure 14Progress 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.

Figure 15Li-ion migration path (left panels) and calculated energy path (right panels) in (a) bcc, (b) fcc, and (c) hep sulfur anion lattices. The sulfur
anions are colored yellow, and the Liions are colored green, blue, andeeehigpaths. LiSetrahedra and LjSctahedra are colored green and
red, respectively. Reproduced with permission frafi@r€opyright 2015 Springer Nature.
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Figure 16(a) Coordination numbers (CNs) of Li ions iglla&TeO,,, LisLaNbO,,, and LjLa;ZrO,,. CN =4, 5, 6 represent Li ions that are inside
tetrahedral sites [Li(1) sites], near the tetrahedctdahedral borders [Li(1)i(2) borders], and inside octahedral sites [Li(2) sites], respectively.
(b) Energy barrier plots of Li-ion migration g &TeO,,, LisLaaNbO,,, and LjLaZrO;, Reproduced with permission fron2&2f Copyright

2012 American Physical Society (APS).

has been shown to limit pressure build up in the SE and maljrectly hop between adjacent tetrahedral sites, tend to have
therefore favorably wence resistance against Li penetradower activation energy for cation motion than other close-
tion”*”More superionic conductors are likely to be discoverepgacked frameworks, where Li must hop along a tetrahedral
given the improved understanding of alkali-ion conductiwctahedraltetrahedral pathF{gure 1%%'® Many sulde

ity’*® #**and the large number of discovery projects going osuperionic conductors with low activation energy, such as
worldwide?* #29 Li-P;S;; and LigGeRS,, indeed have a bcc anion framework.

3.2. Accelerated Development of Fast lon Conductors The screening power of the anion stronglgta the cation

.. mobility. For materials with the same structure betedit
Parts a and b &figure 14how the recent progress made in Li anion species, such as the argyrodite-type matgP@ELi

and Na-ion conductors. The ionic conductivity of many of these d LiPSCl, sul des usually exhibit higher ionic conductivities

conductors, such as garnet-type materials, argyrodite-t ; oy
materials, and LISICON materials, approaches or even surpa ad omde%ff This can be understood because the 't”“gef ar_ld
more polarizable sulfur anions better screen the interaction

that of currentl sed liquid electrolytesl@? S . . .
cm Y 20621:3"230 2613,/A\|tl;10ugh ;ggtl Na-ion con)(/jucto(rns such asPetween cations in the structural framework (such asime P
. S® ) and the migrating cation {lor N&). It seems that for

-ALO; and NASICON-t ge materials predate many of the” . . ; ; .
recent Li-ion conducto?r‘éz,v %6the discovery of novel Na-ion Many systems, replacing a monatomic anion with a polyanion

conductors stagnated until 2012 when several novel Na-igisC improves conductivity. This may be because the higher
conductors were derived from their Li counterparts. Very higf9ree of freedom of a polyanion provides another way to screen
ionic _conductivities up to 70 mS émhave now been he moving ion andatten the energy landscape. For example,
demonstratedf 8248249257 279 Although ionic conductors ~theionic conductivity of sodium antiperovski®XgX = Cl,
using working ions other than Li or Na (such as Mg) hav®', | €ic.) can be increased by 4 orders of magnitude by
been investigat&d2®* none of these materials have achievecsubstituting the halide anion with the, Bgtoup’ _
high enough ionic conductivity for room-temperature ASSB Depending on the transport mechanism, the cation vacancy
applications. and interstitial defect concentration can be another important
While a complete understanding of superionic conductivity fgctor in determining the ionic conductivity of materials. This
not yet available, some factors that enable high catidiefect concentration can usually be tuned by aliovalent doping.
conductivity have been established. In genera, emergy For example, Ca doping can be used to create Na vacancies in
landscape, where the displacement of the working ion orgybic NaPS to obtain a room-temperature ionic conductivity
causes a small change in structure energy, iséldoereatea  of 1 mS cm**®3and Zr doping has been reported to increase
low activation energy. One wayetten the energy landscape is the ionic conductivity of LiTaSjBy introducing interstitial Li
to keep the coordination changes along thesidn path ions?** While the eect of carrier concentration on the ionic
minimal. Wang et al. used this argument to rationalize why bodyenductivity can be well understood from dilutesdin
centered cubic (bcc)-like anion frameworks, where Li caeory, some superionic conductors show a more unusual
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dependence of conductivity on carrier concentration. It appedoss during plating/stripping, possible interfacial reactions, and
that in some materials with very high Li content, the structurei propagation through the conduétdf>**%*%° Most of
becomes very cation-crowded, pushing Li into high energy sitdgse mechanical and chemical interfacial instabilities increase
SucH'Li-stu ed’ materials have a lower activation barrier for Lithe overpotential, resulting in lower energy density and capacity
motion as the ion is already in a high energy position. Fdade. Finally, practical cells will also require very thin SE
example, the well-known metrtype ionic conductor separators that are easily processed and handled, and high
Li;LagZr,0;, exhibits a ionic conductivity of 0.3 mS’em cathode loading, which are issues that have onl))/ been partially
whereas materials with the same garnet-type structure but lowddressed so far by the sciertommunity°%*°° 2
Li concentrations, dliasNb,0O;, and LiLaTe, 04, exhibit 3.3.1. Intrinsic Stability of SEs.The electrochemical
much lower ionic conductivities. As showingore 16, asthe  stability window of SEs is crucial because it limits the operating
Li concentration increases from3 tox = 7 in a garnet-type  voltage of the cell. During cell cycling, the SE experiences
Li,LaM,0,, (M = Te, Nb, Zr), more Li ions are pushed to the di erent Li/Na chemical potentials at various interfaces (e.g., Li
high-energy octahedral sites minimize the interaction metal anode, current collector, conductive carbon additives,
between adjacent Li ioff§.As a result of the higher Li site electronically conductive cathode). Because Li or Na ions are
energy, the energy barrier along the Lisihn path is greatly very mobile in the SE, the SE readily decomposes at these
lowered with higher Li conteffigure 16).2%*In addition, Mo interfaces when the applied Li/Na chemical potential exceeds
and co-workers argued that the strong mobile-ion interactidheir cathodic/anodic stability limits in the conductor,
resulting from their high concentration can lead to multi-iomgenerating decomposition products with poor ionic conductiv-
correlated migration with a reduced migration energy Farrier. ity 2323?*While early claims of very high anodic stability were
These Li-excess‘ti-stu ed’ materials provide a new route for made for some SEs; itis now clear that many conductors are not
the design of superionic conductors. intrinsically stable against the cathode and/or anode. Limited

While no complete theory of superionic conductivity igeaction rates may make such instabilitiesildito see with
available, many factors that favor high Li mobility have cleadgnventional experimental techniques, but they are nonetheless
been identied. These ideas can assist in the more rapi@mportant for evaluating the long-time cycle life of solid-state
experimental or computational discovery of fast ion corbatteries. For example, in the conventional semiblocking planar
ductors®* 222 making it likely that new fast ion conductors electrode setup for cyclic voltammetry (CV) measurements, the
will surface in the coming years. However, for a fast iotontact between the conductor and the electron source is much
conductor to function well as a solid electrolyte, other propertissnaller than in a composite cathode architecture, leading to a
also need to be optimized and should be considered in futuvery small current signal in CV scans. This led to aaigni
materials design exercises. As we will discuss in the followaivgrestimation of the stability windows gGERS LGPS)
section, both the chemical and mechanical properties of the 8E., 0 5 V)*° LPS3*329%297 Na,PS,?"® and LiLaZr,0,,
are also crucial for ensuring the stable cycling of ASSBs.  (LLZO).****9% 3% |n contrast, a more accurate stability
3.3. Challenges Facing ASSBs window can be experimentally det_ermined by mixing electronic

. o ] _ conductors (such as carbon) with the conductor, thereby

Even with the availability of several possible excellent iofdgoviding a suciently large reaction front over which electrons
conductors, realizing high-energy-density ASSBs with long cye provided. When this approach was applied, the reduction of

life must overcome several other sceemiind engineering | GPS was observed to start at 1.6 V against Li metal, and its
issues, as showrrigure 17These challenges include chemical,gxidation was observed at 2.7%8°' consistent with

mechanical, and processing issues. Many SEs decomposg,&retical calculatiof?s.
react with cat_hod(_e active r_naterials when chg\rged to_high V0|tagl3|igh-throughput density functional theory (DFT) calcula-
or upon cosintering at high temperaftif€S” In addition,  tions have enabled large-scale computational screening of
contact loss between the cathode and SE can occur duedgctrolyte stability, with thedings showing good agreement
cycling-induced volume changes of the cathode mat&ffal. with experimental results in most cZ88% The calculated
The use of a Li metal anode results in additional issues ofcontgﬁbi”ty windows irFigure 18indicate the oxidation and
reduction limits of selected conductors representierg i
material families. It is clear that the stability of a SE strongly
depends on the material chemistry. Currently, there is no fastion
conductor that possesses both high oxidation and low reduction
limits.

3.3.1.1. General Trends in Electrochemical Stability of SEs.
The combination of experiments ansttprinciples calculations
has led to a better understanding of the stability of conductors in
di erent 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 maximurrigure 18). 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 stat&ure 1B,c shows the calculated
oxidation stabilities of various ternary compounds vétbial
anion chemistrié8? Not surprisingly, uorides exhibit high
Figure 17 Schematic illustration of the major issues in ASSB. oxidation stability because of the high electronegativity of the F
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Figure 18lonic conductivity of selected conductors and the corresponding calculated oxidation and reduction limits. An ideal SE (shown as the bar c
the left side) should present ionic conductivity higher tha8 &t * (conductivity of typical liquid electrolytes), stability with Li metal anode, and
wide stability window that spans the full cycling voltage range.

Figure 19(a) Potential prae in a ASSB cell. VB stands for valence band, and CB stands for conduction band. Thendariataeise chemical

potential of lithium (as a neutral component, in black) and the electric potential (in red), respectively. Reproduced with permg¥ion from ref
Copyright 2019 Wiley. (b,c) Cathodic and anodic limits for seledtédXternary compoundbi(= cations presented in ttgure X=N, O, S, or

F). Reproduced with permission fron86&f Copyright 2017 Wiley. (d) Maximum Li atomic fraction versus oxidation limit for the 411 selected
polyanionic oxides. A poirtandy) in the pro le means that all polyanionic oxides with an oxidation kuithifyher have a maximum Li atomic

fraction ofy. LiPQ; exhibits the advantages of excellent high-voltage stability and a low migration barrier and thus is marked by the black arrow:s
Reproduced with permission fronBf Copyright 2019 Elsevier.
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ion. High oxidation limitsalve also been reported for
polyanionic oxide materials in which the strong covalency of
oxygen with the nonmetal cation(s) in the polyanion leads to a
decrease in the energy df Gtates 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 stabilitj°* Sul des, however,
usually exhibit poor stability against oxidation, consistent with
the more facile oxidation of tife in. Thus, the incorporation
of a sulde SE in a composite cathode that needs to be charged
to high voltage faces great challenges. For example, a much lower
Coulombic eciency was observed in ASSBs using a LPS
electrolyte than in liquid cells using a JdMn,Cao, 0,
(NMC811) cathodé®’ which is related to the irreversible
decomposition of sules 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®*®
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 potentidl.Such
stu ed’ materials are thus more susceptible to Li extraction and
exhibit a low stability against oxidation. This can be systematigure 20Phase diagrams of (a) 4l O, (o) Li Al S, (c)Li Al
cally observed in polyanionic oxides where increasing theR.iand (d) Li Al N systems. Li-stable phases that are electronic
atomic fraction sigmiantly decreases the oxidation limit insulating and that are electronic conductive are colored green and red,
(Figure 16). Given that a low Li fraction in turn indicates a respectively. The bottom bar represents the phase equilibria with Li
large Li migration distance, which negativeltsathe ionic ~ Metal as afunction of anion and cation atomic fragtarix,, where
conductivity, a trade-chetween conductivity and oxidation passivating and nonpassivating ranges are colored green and red,

I~ . . . . _respectively. The blue dots and dashed arrows indicate decompositions
stability of solid conductors must be considered in the design §f | example composition with Li metal. Adapted with permission

new CO“dUPFO'?@? . _ from ref302 Copyright 2017 Wiley.
The stability against the reduction of a conductor (or any

alkali-containing compound) is mostly controlled by the
presence of nonalkali reducible cation(s). In general, conirmetallic phase is generated when reacting with Li. This result
pounds containing late-transition-metal cations exhibit worgan be attributed to the stronger covalent bonding between
stability against reduction than those without these cationsitrogen and metal cations. As a result, nitrides usually have
whereas a low reduction limit can be observed in conductdesver cathodic limits than oxides,des, or uorides with the
containing alkali, alkali-earth, and lanthanide cations. Feame metal.
example, as shown figure 1B, LiYFR is predicted to be 3.3.2. Chemical Reactivity with Cathodes and Coat-
reduced at 0.364 V against Li metal as opposeiite Livhich ings. A thermodynamically stable cathadectrolyte pair is
can be reduced at 3.130 V. This explains the unique stabilityrafe in ASSBs, and chemical reactions between the cathode and
some of the antiperovskites, such §3CLi LkSBR and SE have been characterized after battery cycling. For example,
Na,BH,;NH,, because they contain no reducible cations. But thisobalt from LCO cathodes has been observediszdito the
lack of cations to protect the anions through the hybridizationPS electrolyte and form an inteudion layer as thick as0
mechanism explained previously leads to very poor intringin after charging the battery to 3.6 V vsnLi(Figure
anodic stability. The presumed intrinsic stability of LLZO21a)3°%°” Although some reactions may be kinetically slow,
against Li metal is consistent with it only containing La and Zr @isey accelerate when high-temperature sintering is involved. In
non-Li metals. addition, at high states of charge, the driving force for such
Even though the anion in the SE does not usually changeactions increases sigantly through what should be more
valence in a reduction process against the anode, anigppropriately referred to as a combined electrochemical/
chemistry can indirectlyezt the cathodic stability of SEs. In chemical breakdowff: At high voltage, the low Li chemical
particular, nitride anions have been shown to be highlgibene potential in the cathode can lead to Li extraction from the solid
by stabilizing some metal ions to a lower potential againstectrolyte and the oxidized reaction products in the SE then
reduction. In addition, even when they decompose, they oftémrther react with the cathode matéfial.
form nitrides that passivate Li m&taUpon reduction with Chemical reactivity is wigeobserved between many
lithium ternary nitrides LM N more often create electroni- thiophosphate electrolytes and layered oxide cathodes such as
cally insulating products in contrast to the metalliMLi  LCO®*°’and NCM?®’ The reaction is primarily driven by O/S
compounds that are usually generated upon lithiation of the Liexchange between the SE and cathodes, forming transition metal
M X systems whefis one of the other anion chemistries. For sul de and phosphate compoutits?**'°and these reactions
example, as showrFigure 2d, the lithiation of the LIAl N are exacerbated at high states of cif&tgmek et al. reported
compound (LJAIN,) results in passivating productgILAIN, that although no chemical reaction could be detected between
or Li;AIN,), as opposed to other LAl X (X=F, O, S)system  LiNip {0y Mn, 10, (NCM-811) and -LisPS after 48 h upon
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Figure 21.Cross-sectional scanning transmission electron microscopy (STEM) images and energy-dispersive X-ray specttesaipy line pro
LiCoOJ/Li,S P,S; interface (a) without and (b) with %i0; coating, which were collected after the initial charge. Reproduced with permission
from ref307. Copyright 2010 American Chemical Society.

Figure 22Interface schematic and examplesefait types of the interface between a SE and metal anode. Reproduced with permission from refs
333 335 Copyright 201822013%**and 2016 American Chemical Socigty.

mixing, PQ species were detected in the cell afterrdie  energies are usually much smaller than those of the reaction
chargé®” Such chemical reactions will lead to interfaciabetween a sule electrolyte and an oxide catHGee>"
resistance growth and capacity loss over time. However, incorporating oxide electrolytes usually requires
Compared with sule electrolytes, oxide SEs are generalladditional processifif, such as cosintering, in situ cathode
more stable with oxide cathodes thamlelBEs. The reaction synthesis, or thilm deposition for improved cathode/SE
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contact. These processes promote the intsiain of elements (X = Cl, Br, 1)7*****and LiOX (X = Cl, Brj** are good
and can form new compounds between the SE and cathodsgamples; they form electronically insulating products such as
Tremendous @rt has been devoted to decreasing the sinteringisN, Li,S, LiP, and LiO, upon reduction or decomposition.
temperature of oxide electrolytes to mitigate these issues, whithwever, there is a limited pool of such SEs that exhibit both
will be discussed in the later section. good Li metal compatibility and high Li-ion conductivity. To
The introduction of a coating layer on the cathode particles gevent strong reaction with alkali metal anodes, most solid
the preferred way to prevent undesired reactions between t@nductors require the addition of arélly constructed
cathode and the SE. For example, despite the driving force forgssivation layers.
O exchang®?the introduction of a LiNbQcoating reduces An arti cial passivation layer can be constructed through the
the interface resistance betweerndsiglectrolytes and oxide introduction of elements that generate stable binary compounds
cathodes such as L&® and LiMnO,**® by orders of  after reaction with Li/Na metal. For example, high-dose
magnitude at room temperature. This improvementis attributegdtrogen doping in materials has been predicted to beibéne
to a relatively high electrochemical stability and the lowor Li metal stability in many LM O ternary systems such as
reactivity of LiNb@with oxide cathodé®’A LiNbOsis also  Li Mg O, Li Al O, and Li Ti 03% LisSN was also
predicted to have reasonable stability witteselectrolyte§?> predicted to passivate Li metal through the generatigN of Li
Similarly, the range over which cobalistis out from LCO  and LS*° Oxygen or halide doping was demonstrated to
into LPS was demonstrated to be reduced wheiBi@;Li  stabilize the interface between daulconductors and Li
coating was appliedFiure 2a,b)*°” Other ternary oxide metaf*3*?° 328 |t was also recently demonstrated that one
coatings such as LiT#6' and LiZrO;**°have been shownto  can introduce hydrates on the surface of the electrolyte pellet
have analogous protectiveats. In addition to a low reactivity through controlled air exposure and form a passivating interface
with the cathode and electrolyte, a good coating material shosfgble with metal anodés.
also exhibit electrochemical stability (against Li extraction) upAnother concern at the Li met8E interface is the loss of
to the highest cathode operating voltage. It was recentijterface contact. Several recent reports have shown void
demonstrated that agBj;0;5 coating provides moreegtive formation at this interface, particularly when high stripping
protection than a 4rO; coating, which was observed to current densities are appfied*** While high stack pressure
degrade at the typical NMC charging voftatéghlightingthe  has been shown to be able to suppress this loss of COtitimct,
importance of good intrinsic oxidation stability of the coatinds not practical for large format cells. An alloying anode layer has
material. also shown beneial eects toward more uniform Li
Apart from some ternary-metal-oxide coatings, recent higpkating:>**>*
throughput computations indicated that polyanionic oxide 3.4.1. Dendrites in ASSBsLi metal is prone to penetrate
compounds can er the best combination of excellent even hard solid conductors and short the cell. While this
electrochemical and chemical stability and good ionighenomenon is often referred tddendrite formatidnit is
conductivity. Three compounds 4B, LiTi,(PO,); and not clear yet whether the mechanism is the same as in liquid
LiPO, were spectally highlighted as cathode coatings thatelectrolytes where accelerated growth occurs at a protrusion tip
show great potential for improved performance relative to thegcause of current focusing. However, to remain consistent with
of state-of-the-art coatirigdt should be noted that despite the the prevalent terminology in the AS8B, we will use the term
protection of the cathode/SE interface by cathode coatings, tféendriteShere to refer to Li protrusions into the solid-state
contact between the SE and other electron sources (e.g., car8Rductor. Currently, this is a sigant problem for practical
and the current collector) cannot be protected unless the Swlid-state batteries with a Li metal anode because high energy
particles are also coated, which would be challenging as suél¢asity cells will require a very thin solid separator layer (see
coating can sigmiantly decrease the overall ionic conductivity=igure 1R Hence, to create cells that do not short over
of the SE mixed in the cathode composite. Hence, while cathdd¢ndreds of cycles, any tendency for Li penetration into the SE
coatings will reduce the degradation of the SE in a composiigeds to be eliminated. The dendrite growth in SEs is complex as
cathode, further study is required to understand if it can realfy mixes mechanical and chemical issues, electron and ion

lead to cells that combine low conductor and carbon loadirgPnductivity, microstructure, and interface roughness and
with very low capacity fade over hundreds of cycles. contact issues. It is currently not even clear that one of these

3.4. Interfacial Stability with Li/Na Metal Anode ;nne;g}:nﬂisgsgsgxw ;R?otiz'h?glg] ultiple factors may conspire to
The use of Li/Na metal anodes is essential for ASSBs to achievit was previously expected that SEs would block dendritic
a high energy density. The strong electropositive charactergpbwth because of their high elastic and shear moduli and high
these alkali metals makes the stability of any SE in contact wiflkion transfer number. In 2005, Monroe and Newman modeled
them challenging. Degradation is most likely when the S&Limetal/polymer SE interface and demonstrated that dendrite
contains a reducible cation, which in some cases leads torartleation can be mechanically suppressed when the shear
electronically conductingompound in the degradation modulus of the SE is more than twice that of Li fiétal.
products Figure 223 ¥ When in contact with a reaction However, the mechanical perspective derived from this model
product that is electronically connected to the current collectdigr dendrite suppression may not be simply transplanted to
the SE will remain exposed to the full reducing chemicather ASSBs that use inorganic SEs, and itis now accepted that a
potential of the Li metal anode, and the reaction will continudéarge shear modulus is not sient to prevent dendrite

The most established mitigation strategy is to form a passivatjpgnetration in inorganic SEs. For example, the critical current
interface when incorporating Li/Na metal in ASSBs. Somdensity for dendrite formation at room temperature is much
conductors can be functionally stable with Li metal through lawer in some inorganic SEs such as LLZO (0.95mA
self-passivating mechanism. Lithium phosghorus oxynitride ?)**” **°and LPS (0.41 mA cm?3*"***?than in liquid
(LIPON) as shown itFigure 229 3% Li;P,S,,**® LigPSX cells (4 10 mA cm?,**** even though both of the SEs
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Figure 23Di erent mechanisms proposed for dendrite propagation in a garnete& Qedss-section images of a fractured LLZO pellet after
shorted by dendrite, showing the Li propagation through grain boundaries. lllustration of the location of fractured surface (al), SEM image of the
accumulated at grain boundary (a2), and SEM image of the overall web structure in cycled LLZO (a3). Reproduced with perraission from ref
Copyright 2017 Elsevier. (H14) optical microscopy image of subsurface lithément within the single crystal garnet SE. A redgiian view

showing a Vickers indent and associated corner-cracks, from one of which a lithiamentkels grown. (b2,b3) Transverse views of the solid
electrolyte showing the leaf-like morphology of the lithium faetahts that have penetrated into, or completely through, the single crystal garnet
SE. (b4) Magnied optical microscopy image of the leaf-like growth morphology of a lithiuthethetakck, taken in transverse view. Reproduced

with permission from réf#5 Copyright 2018 ECS. (cd3) Correlations between cumulative charges (orange line) and the accumulated NDP counts
(green dots) in the total region (surface and bulk) of the LICIZD/Cu cell tested at 25C (c1), 60°C (c2), and 100C (c3). Reproduced with

permission from r&6Q Copyright 2019 Springer Nature.

possess much higher elastic and shear moduli than Li metal. Tgrigpagation, an argument that is strengthened by inhomoge-
also suggest that critical current density may not be the best waspus Li plating observed at surface défélctsreased Li-ion
to measure the intrinsic resistance of an SE to Li penetratiaii. usivity at the grain boundaries has also been claimed to be a
The contact area between the Li anode and an SE is generadigison for the dendrite formaftith®*° although this is not
poorly characterized, and it is likely that around areas of contattvious given that bulk conductivity in ionic conductors is
the local current density is sigantly higher than the already very high. Unlike in low conducting solids, it cannot be
macroscopically averaged current density. presumed that grain boundary conductivity is higher than bulk
There are multiple other mechanisms that have beetonductivity in SE materials.
proposed to explain the dendrite formation and growth in Another recently proposed mechanism attributed the growth
ASSBs. One possible mechanism is that Li dendstes of Li inside LLZO and LPS pellets to their electronic
nucleate dhot-spotson the rough surface of the SE separatorconductivities after monitoring the dynamic evolution of the
and then propagate along the grain boundaries and/or througihconcentration prdes in di erent SES.° A higher electronic
the connected pores or preexisting microcracks in the SE. Ascamductivity in the SE pellet was shown to correspond to a
example, in 2017, Sakamoto et al. observed intergranularhigher rate of Li deposition within the SE pellet, suggesting that
dendrites that preferentially deposited along the graian internal electron network in the SE assists dendrite
boundaries of LLZOFgure 2a1 a3)?** However, Li propagation. For example, as showrignre 281 c3, an
dendrites were also observed in a LLZO single ¢fy$tal, increased Li plating within the SE pellet (therdihce between
leading to a widespread discussion on whether grain boundarptsl charge and Li plated at the counter electrode) was detected
the main structural feature that promotes dendrite propagaticas the SE electronic conductivity is increased by rasing the
Di erent critical current densities have been measured in singksmperature. The electronic conductivity in the SE canlead to Li
crystal LLZO pellets with dirent defect sizes and densities onmetal deposition in voids or possibly in grain boundaries. If and
the surfaceRigure 2B1 b4)>*°suggesting that other factors when these deposited Li inside the SE interconnect, the cell will
such as surface morphology also play a role in dendribe shorted. Although the electronic conductivity should always
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be minimized in SEs, a threshold for the electronic conductivitpntact and reduce the interfacial resist@h@imilarly,
that initiates dendrites is not known and must be furthepolymers such as poly(ethylene oxide) (PEO) have been used
investigated. to improve the interfacial contact in oxide-SE-based composite
3.5. Practical Considerations for Full-Cell Fabrication cathode%?flwll Further rgsearch to identil_‘y a binding material

o ) ) o _ with good ionic conductivity and low melting temperature could
In addition to the interfacial stability issues, many practicgbsylt in better particlparticle contacts in oxide-SE-based
challenges remain for the large-scale production of ASSBsthode composites.
Unlike Na/K- or multivalent (Mg, Ca,...)-ion batteries, which \aintaining the mechanical integrity of the composite
will likely be fabricated using a method similar to that for currerdsthode and intimate contact between the active material and
LIBs, ASSBs require substantial mations to the well-  Sg s another challenge because of the volume change of the
developed LIB production processes. As illustratigdia 17 cathode particles during cycling. Crack and void development in
reaching high energy density in ASSB fabrication requires @mposite electrodes has been observed in ASSB, which almost
increase in the cathode loading, improvement of thgertainly contributes to capacity dé¢%j%" Reducing the
interparticle contact, and reduction of the separator thickneggthode particle size and developing low-strain or zero-strain
Existing ASSB fabrication methods still havelties meeting  cathode materials are two potential routes to decrease the
these requirements. ) cathode surface displacement during cycling and improve the

'3.5.1. Composite Electrode Morphology. To achieve  mechanical stability, although small particle size of the cathode
high energy density, the optimal electrode composite morph@lray lead to lower cathode utilization when not matched with
ogy should be dense with intimate cathode/electrolyte contaggnaller SE particle sfZe.
and with minimal SE. In traditional LIBs, the |IQU|d electrolyte The cathode |oading must be increased to reach h|gh energy

ows and lls all the pores in the composite electrode, ensuringensity (seemigure 1R Current cathode loadings in the
good contact with active material particles. However, in ASSBgrature are typically 600 wt % and are not high enough to
long-range Li dusion requires crossing solid partjgdeticle  realize a high energy density in ASS8S>">Several studies
boundaries and therefore requires intimate papacteEle  have separately shown that the particle sizes of the cathode
contact. Achieving such intimate contact is not trivial becauggtive material and SEat the morphology of the cold-pressed
most of the inorganic SEs do not easily defofnowt. cathode composite and the full-cell perforniati¢é.®’”

Mixing the active material and SE and pressing the electrofligcording to recent work, the ratio of the cathode to conductor
mixture with the separator is the most common approach fsarticle size rather than the absolute particle size of each
make a composite electrode at the lab scale. This methodcismponent is the critical paraméter.
particularly suited for sde SEs because their low yield Methods by which the cathode components are mixed has
strength allows them to undergo large deformation under 1@flso been found to inence performance. Slurry mixing of the
MPa level pressure and thus form a dense cathode/Slamponents, as in traditional LIB cathode fabrication, has been
composité”®*** **° However, the pressing pressure must beshown to worse performance than dry mixing for AS$Bis
selected carefully because low pressure will result in highding was attributed to the additional binder used in slurry
porosity and insicient contact, and high pressure could lead tanixing, which may impede the ionic percolaffdmerefore, a
cracking of the cathode particfés?’ ASSB composite cathode may require the use of no binder or

The development of solution-processedes@Es has made  alternative binders that are also ionic conductors. Higher-energy
improved cathode/SE contact possible through solution coatiggy mixing methods such as ball milling have been shown to
or in Itrating method&>***° **°Solution coating of a thin SE  provide a more homogeneous cathode composite and better
layer on the cathode particle allows better cathode/SE contagiectrochemical performance than the hand-mixing rfféthod.
and results in sigmiant improvement of the cell perform- 352, Thin Solid Electrolyte Separator.The porous
ance>*%+%2 Similarly, inltrating liqueed LgPSCI SE into  polymer separators in state-of-the-art LIBs are typically thinner
conventional slurry-casted composite LIB cathodes resultstitan 10 m to maximize the volumetric energy density. As
intimate cathode/SE contact. Full cells fabricated using théhiown inFigure 13 the thick SE separator layer (several
in ltration method were able to fully utilize the cathodehundreds of micrometers) used in current ASSBgaighi
(LiCoO,) capacity with only 30 vol % SE in the cathode reduces their volumetric energy densities. For ASSBs to achieve
composite, outperforming dry and slurry mixed compositeuch higher energy density than current LIBs, a thin separator
cathodes®® However, solution processing has only beerpreferably <50m) is required.
demonstrated with LiC@Owhich exhibits good electronic ~ Many thin-Im fabrication methods have been applied to
conductivity and does not require additional conductivguccessfully produce thin SE separators at the lab scale, including
additives. Applying these solution-processing methods to tredio fre uency magnetron sputteting®* pulsed laser
state-of-art cathode materials (such as Ni-rich NMC) Wouldepositio%f32 38%and atomic layer depositiGa.*®’ Although
require additional erts to incorporate conductive additives such advanced methods can produce very this
such as carbon. (submicrometer in many cases), high cost, and low throughput

Achieving good cathode contact is more challenging for oxigesvent their applications in large-scale productions. Thin SE
SEs than for sule SEs. Oxide SEs such as LLZO do not defornseparators can also be made by tape casting, which is a scalable
easily under pressure because of their largesymadglus  process and widely used in current LIB production. Less-than-
( 140 GPa) and hardness8( GPa)®* *° While high-  100- m-thick tape-casted SEs have been demonstrated for
temperature sintering can densify pellets, it can also caugeh oxidé® and sulde’®® SEs. It should be noted that a
unwanted reactions between the cathode and SE, resultingdansication step is required after tape casting, and the
high interfacial resistance and poor cell perforitaitéahe densication method will der for oxide (sintering) and sté
addition of an ionic-conductive low-melting-temperature bindécold-pressing) SEs. Incorporating polymer binders oldsca
such as LBO; has been shown to improve the cathode/SEduring slurry casting, although slightly lowering the ionic
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conductivity of the separator, has also been shown to greaflye core promise of higher energy density with multivalent
improve the mechanical properties and processability of the B&teries is tied to the possibility of utilizing multivalent metal
thin Im29%%73 anodes. Whereas conventional LIBs generally adopt lower-
3.6. Outlook for ASSBs energy-density graphite anodes to avoid cell shorting caused by

: . . . e dendritic growth of lithium metal, multivalent metals are less
The improved safety and potential leap in the volumetric ener ne to dendrite formation and, thus, multivalent batteries can

extenaive seaich forfast o conductors has not only resuited 01 (S compromise between energy density and Safety.
y ‘Several multivalent electrochemical systenf, (O,

many superionic conductors but also led to an expand%i or N3+ o : .
understanding of the structural and chemical factors governifid ’ AP, etc.) have been studied; however, the discussion
presented here will be limited to Mg and Ca battery chemistries

lon transport in solids. ith a greater focus on Mg because of the larger body of work
With these advancements in ionic conductivity, the chemicqf"' &9 . 9 . 9 y
gllable. While isolated*Ahtercalation has been demon-

and mechanical stability of various interfaces in ASSBs Sited in one svstéRe many examples ofAlntercalation
become the main concern for the stable cycling of ASSBS.”, - y smany P .
ely involve cointercalation of solvent or anion molecules.

Although the search for a promising SE with good conductivi ilitv oF A .
( >10 %S cm?) and both good cathodic (stable with Li metal) S€¢ause the mobility o Al even more challenging than that
the divalent ions systems we will not discuss themtitther.

and anodic (>4.5 V) stabilities remains ongoing, other metho . : S
have been used to alleviate these interfacial issues. Cath aé)atte”es have also received attéfitioe to their ability to

coatings can stabilize the cath@fe interface and allow the CPS'at€ In agueous elegtrolytes, but their inherently lower
use of SEs beyond their intrinsic stability windows. However, th ltage limits energy densityzn has a reduction potential of

o ; .76 V vs SHE, whereas those of Mg and C&&@é V vs
SE decomposition at other electron sources could still ? ' .
detrimental to the long-term cyclability of ASSBs. Li met HE and 2.87 V vs SHE, respectivélhus, both Mg and Ca

dendrite formation is another challenge for high—energy—dens%emismeS have promise for the realization of high-energy-

ASSBs. It is clear that high mechanical strength alone can psity multivalent batteries but Ca electrolytes will need to be

prevent dendrite growth, and thea of other factors such as 9cveloped to support stable metal cycling at these lower
gducing potentials, which has already provenltfor Mg

the electronic conductivity and separator microstructure mu pot

be further investigated. metal.
The practical issues associated with ASSB fabrication mai

arise from the diculty in making and retaining intimate

niv0 maximize the potential energy density of multivalent
ba?{teries, three Mg and Ca cell design requirements must be

particle particle contact. For the composite electrode, formin{€t: (1) Metal anodes must be used as they have higher
ravimetric and volumetric energy densities than current Li-ion

an intimate interface between the SE and active material with , .
rcalation anodés°*(2) Electrolytes that are compatible

a side reaction is challenging, particularly for mechanically h4? b » | b
SEs such as garnet oxides. To reduce the separator thickn&{§ all battery components over a wide voltage range must be
opted. Finally, (3) cathodes with @ently high voltages

binders could be used to improve the mechanical stability of t . . -
b Y 4he- at least >3 V vs MAY), capacity, and multivalent-ion

obility must be used to achieve the desired energy density at

signi cant modications to the current LIB production process '€asonable cycling rates. Given these criteria, the remainder of
are expected for ASSB fabrication. this section will focus on examining the materials-level progress

Finally, there are also several unexplored and less obvi fid remaining challenges for Mg and Ca anodes, nonagueous
potentials benés of ASSB. Can they, for example, work with!duid organic electrolytes, and cathodes. . .
di erent cathode chemistries that might have been discarded f?]-rro more quantitatively understand the materials design
their reactivity or solubility problems in liquid electrolytes$hallenges, we have evaluated the impact on cell level
Cathodes that use Mn as an electrochemically acti\rerformance using a basic cell mpdeI.The reSL_JIts from various
elemerf®“° may in particular be of interest for ASSBs as thei@N0des and cathodes are showrigore 25andFigure 26
redox metal is abundant and inexpensive bett som the respectively. The objective of this analysis is not to determine
solubility of MA" in the liquid electrolyte. With so many accurate cell-level energy densities of various multivalent
problems and opportunities, it can be expected that, if successhBemMs as the model assumptions fail to account for cell-design

ASSBs will go through multiple iterations of improvement. optimizations required to maximize the performance of any new
multivalent battery. Rather, these comparisons serve to provide a

thin SE separator. Although the processing conditions will v
depending on the mechanical properties of the SE us

4. MULTIVALENT (MG AND CA) BATTERIES fair metric for illustrating theext of active material selection

) on cell-level energy density and assess the viability of reaching
4.1. Introduction targets such as 750 WH and 350 Wh kd.*® **Assumptions
Multivalent batteries have been pursued as high volumetfiwr the electrolyte, separator, current collectors, and electrode
energy density alternative to LIBs. Although it isudi to properties were derived from similar components used in LIBs,

compete with the gravimetric energy density of lithium activend are outlined in more detail in Sgporting Information
materials, as lithium is one of the lightest elements in thEhe impact of various anodes was evaluated by using cell models
periodic table, multivalent chemistries may have an advantagth hypothetical Mg and Ca cathodes with densities of 4.2 g
with respect to volumetric energy density. Each multivalent i@m 2, average voltages of 3.1 V (vs Mg/MgCa/C&"), and

carries multiple charged™ wheren > 1), yielding larger  capacities of 165 mAhtdor Mg and 175 mAh §for Ca.
capacity when the same number of working ions is stored irfaese values result in a cell-level volumetric energy density of
given electrode volume compared with monovalenMbiis (750 Wh L* when paired with a Mg or Ca metal anode. Hence,
such as lithium. This argument for multivalent ions onlpne can also think of these hypothetical cathodes as design
translates into higher capacity when an electrode materialtasgets for multivalent battery research. When comparing
limited by insertion site availability but not by redox capabilitcathodes, a metal Mg or Ca anode was assumed to assess the
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cathodts e ect on full cell energy density. These resultsxon  and no conclusive statements regarding Ca dendrite growth can
that using a metal anode and a cathode above 3V is requireddoifar be made. The most concrete source for the claim that Cais
multivalent batteries to compete with LIBs on energy densityless prone to dendritic growth is a comparison of Ca8@Cl

4.2. Mg and Ca Anodes Li-SOC} primary battery systefH%However, the Casystemin

this study exhibited a very low Coulombiciency (5%), and

4.2.1. Metal A El iti f . .
etal Anode Electrodeposition and Surface versible Ca electrodeposition was not demonstritéd.

Morphology. One advantage of multivalent batteries is derive .
from their Eotential to cycle metal anodes without dendrit or both Mg and Ca systems (especially Ca systems), more

formatiort®> “%°Although all metals can grow dendrites at highngorous investigations are needed to fully establish the range of

enough current density or if deposition is inhomogeneous due§4C¢!ing conditions under which Mg and Ca metal anodes can

geometric eects or passivation, avoiding dendrite formation apPerate without dendrite formation.

reasonable current density is critical to overcome the safeéﬁ'z'z' Alternative Mg and Ca Anodes Compromise
hazards from shorting thakat Li-metal batterig&?#0? 403 ergy Density. Cycling of metal anodes with incompatible

The characteristic surface morphologies associated with Li Aigetrolytes or electrolyte contamllrllsants, such as watgr and O
Mg deposition at current densities of 0.5, 1.0, and 2.0 A cmc@n 1ead to undesired reactitfis® To overcome these
have been compared with scanning electron microscopy (SEfi§ues: alternative Mg and Ca anodes have been investigated, as
(Figure 2%3°2 Mg deposition was performed in a Grignardt ey can generally be com_bl'ned w!th conventional electrolytes,
such as Mg(TFSJ)n acetonitrile or diglyme. Examples of these
alternative anodes include bismuth-based (Bi)‘afld\étin-
based (Sn, SnSb) alldys?*® 28 and titanate-based
(LisTisO1, NaTiO;) anode¥™ “**for Mg systems, and tin-
based (Sn) alloy& “3*for Ca systems, several of which are
discussed in greater depth in a review focused on Mg anode
electrolyte interfaces by Attias é€%ah comparison of the
specic capacity and capacity density (at the fully discharged
state of the electrode material) of these Mg and Ca anode
alternatives is compared Riigure 2&. The experimental
reduction potentials are reported except for th8iCalloy, 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

Figure 24.SEM images of Li (left column) and Mg (right column)

morphology after deposition at 1.0 mA2a@hmagnication of 508 thought to transform into the n and MgShy phases, was
(top row) and 5000 (bottom row). Reproduced with permission from determined by taking the weighted average of these products.
ref392 Copyright 2010 Elsevier. This data was then combined with the hypothetical cathodes

specied earlier to determine the cell-level gravimetric and
volumetric energy densitiesigure 2b. For comparison, the
reagent-based electrolytehyé magnesium chloride and cell-level energy density for a Li-graphite anode paired with a
dimethyl aluminum chloride in tetrahydrofuran), while LINMC622 cathode is also included (see Supporting Information,
deposition was performed in a conventional electrolyte soluti®@upplemental Note &ir further details).

of LiPR in EC/DEC. In contrast to the dendritic growth of Li It is apparent from the cell-level dafgure 26 that every
observed at low current density (<1.0 mA?;nuniform anode alternative has a sicgmitly lower sped-gravimetric
round-shaped Mg deposits were formed without any dendriti@apacity and volumetric capacity than the metal anodes,
morphology??Further evidence of the practical viability of Mg con rming that multivalent batteries with these alternative
metal anodes has also been provided with cyclic voltamme#iiyodes do not @r a signicant energy density increase over
cycling of Mg against platinum working electrodes, and mosiBs. While investigation of anode alternatives may beiblene
impressively with coin cells where a Mg metal anode was cycled the electrochemical evaluation of other Mg or Ca cell
against a M#losS; Chevrel cathode more than 2000 components, future researcres should be dedicated to
times?® 399 improving the stable cycling of Mg and Ca metal anodes, which

Although multivalent metal anodes are less prone to dendrisgovide the best path forward for high-energy-density multi-
formation than Li metal, ensuring smooth metal plating remaiRglent batteries.
a technical bottleneck for both Mg and Ca systérvky
dendritic growtt?*or cell failure, attributed to shorting from a
Mg metal anod®>have been reported. Such issues may arise 4.3.1. Monovalent vs Multivalent Electrolytes. The
when electrolyte decomposition leads to the formation dfelection of suitable multivalent electrolytes must consider
ionically insulating layers on the Mg surface. Local penetratisaveral unique challenges not encountered in LIBs. In
of these insulating layers can then lead to very high local curreatnmercial LIBs, commonly used nonaqueous electrolytes
density and dendrite formation. form an ionically conducting, and electronically insulating,

Ca electrodeposition is even more challenging than Mspurface layer (known as a solid electrolyte interphase or SEI) on
because of the greater reducing potential of Ca and the similae graphite anode. In contrast, Mg and Ca tend to form very
tendency for the decomposition of conventional electrolytes sable and ionically insulatin% surface structures when exposed
trigger the formation of ionically insulating layers on the met& oxygen and/or watét**4**3*3% Furthermore, the higher
anode surfaé8%°’ As a result, only a few reports exist on thecharge density of multivalent ions leads to the formation of
stripping/plating of Ca metal at room temper4fiifé® “** specic solvation structures with larger desolvation energy

4.3. Mg and Ca Liquid Organic Electrolytes

X https://dx.doi.org/10.1021/acs.chemrev.0c00767
Chem. RexXXXX, XXX, XX¥XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.0c00767/suppl_file/cr0c00767_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00767?fig=fig24&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00767?fig=fig24&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00767?fig=fig24&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00767?fig=fig24&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00767?ref=pdf

Chemical Reviews pubs.acs.org/CR

Figure 25(a) Theoretical gravimetric capacities (blue dotted bars) and volumetric capacities (orange striped bars) and reduction potentials vs SHi
(green solid bars) of various Mg and Ca anodes compared with those of Li-ion graphite anode. (b) Estimated cell-level gravimetric (blue dotted ba
and volumetric (orange striped bars) energy densities determined using the parameters given in the text.

barriers, thereby resulting in sluggish interfacial kinetics. Finaltyvs Mg/Md* with nearly 100% Coulombic @ency’”®
the design of Mg electrolytes that are stable across a laigesearch erts then focused on expanding the electrochemical
operating voltage window has historically focused on improvistability window of electrolytes and avoiding the formation of
their low anodic stability as it greatly limits the maximunsurface layers that block Mg conduction. Thests éed to
cathode voltage. However, it has recently been proposed thatiteremental improvements using halogen-based electrolytes
presence of partially reducetsigecies resulting from the two- such as thée‘all-phenyl compl&éx(APC) electrolytes
step charge transfer process required for divalent me{@hMgCl, , and PRAICL , with di erent proportions in
electrodeposition (M M M) a ects the cathodic THF), which are magnesium organohaloalumiiatasd
stability of the electrolyte and must also be considered as partradrganic magnesium aluminum chloride complex (MACC)
the desigf®’ These issues highlight the greater complexity aflectrolytes (mixture of Mg@hd AIC}in DME or THF)#°
the charge-transfer, transport, and decomposition mechanidraser, See et al. vexd that chloride ions enhance Mg
in multivalent electrolyte systems compared with those in dieposition by depassivating the electrode stirfaimavever,
systems. The following section will cover several critical lessotiser reports have suggested that chloride ions can catalyze the
learned from improving Mg electrolytes regarding the anodedeposition a8dtransition metals, such agGund Fé**4? 444
electrolyte interphase, solvation structures, anodic and catho8pecically, Cl was observed to stabilize the intermediate
stability, and corrosiveness. These lessons can be more bropadlyially reduced Cuspecies and therefore facilitated* Cu
applied to other multivalent electrolytes such as Ca systerdsposition. A similar mechanism may also account for the
which are in an earlier stage of development. success of Mg electrolyte systems with chloride ions, especially
4.3.2. Progress in Mg Electrolytes.4.3.2.1. Anode considering the MdCl complexes formed in these sys-
Electrolyte Interphasslg electrochemical depositionwas ~ tems?%37
reported using Grignard-derived electrolytes in the early 20thinterphase engineering has been proposed as another strategy
century’®® By the end of the 20th century, the best Mgto enhance reversible Mg electrodeposition through careful
electrolyte performance reported was achieved using 0.25dglsign of a layer between the electrode and electrolyte. In a
Mg(AICLBUEL), in tetrahydrofuran (THF), with reversible recent study, Son et al. constructed this type o€iarti
stripping and plating of Mg and a maximum stable voltage of 2rRerphase with a polymerim composed of thermally cyclized

Y https://dx.doi.org/10.1021/acs.chemrev.0c00767
Chem. RexXXXX, XXX, XX¥XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00767?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00767?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00767?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00767?fig=fig25&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00767?ref=pdf

Chemical Reviews pubs.acs.org/CR

polyacrylonitrile and Mg ttioromethanesulfonate that was First-generation magnesium organohaloaluminate electrolytes
elastic, Mg conducting, and electronically insuldfinghe su ered from unfavorable oxidation because of the wé&ak Al
authors demonstrated improved cycling stability when thionds, which break viaH eliminatiori****° The anodic
polymeric Im was applied to Mg metal particles cycled with astability of these electrolytes is limited to 2.2 V vs Mf¥Mg
V,05 cathode in Mg(TFSJ)PC. The polymer-coated anode and has been gradually improved through substitution or by
cell retained 70% of its capacity while the capacity of the basptimizing the anion structuf&*°? *>* For example,
anode cell quickly decayed to zero due the formation &f a MgMuldoon et al. substituted some phendPH) groups in
passivating interphase from electrolyte decomposition at thMag,( -Cl);-6 THF)[BPh] with uorocarbon (CgFs) groups
anode. This report presents promising evidence for improving form Mg( -Cl)3-6 THF)[B(CgFs)sPh], which increases the
cycling performance by coating anode particles with protectim@aximum stable voltage from 2.6 to 3.7 V vs M@/Nige
and ionically conducting layers. electronegativity of thaorocarbon group ectively decreases

4.3.2.2. Solvation Structurd@$ere has been a body of work the HOMO level of the anion, which increases its stability
to better understand multivalent-ion solvation structures, arajainst oxidation and correlates with increasing the anodic
readers are referred to a review on multivalent electrolytendow of the electrolyt&’ At present, one of the best groups
solvation structures by Rajput et al. for a more in-depth summanfyelectrolytes in terms of anodic stability has been reported is
of these computational and experimental researtdi & In carbaclosalodecaborate-based Mg electrolytes. For example,
multivalent electrolyte systems, the conducting ions generailg[(HCB,,H,)] » exhibits excellent stability between 0 and 4.6
favor stronger associated solvation structures, vwadththe V vs Mg/Md@* with a Coulombic eciency of 96% when tested
bulk electrolyte transport properties as well as interfacialith a platinum working electrode. High-throughput computa-
transport. For example, conducting ions can exifieas tional screening of possible substitutions revealed that the
ions; referring to conducting ions surrounded by solventinodic stability could be further improved by including electron-
molecules (in theinst solvation shell) with no shared solvent withdrawing groups, such as;CF, and NQ*°® The
molecules with associated ions. They can also &isttast electrochemical window was increased by 300 mV to 4.9 V vs
ion pair$ when a counter-charged ion is present inréte ~ Mg/Mg?* (without sacricing cathodic stability) using Mg-
solvation shell éaggregatés more than one counter-charged [(FCB;4H17)], a uorinated variation of the cadbase
ion is present. A comparison of monovalent and multivaledbdecaborate, when tested against a Pt electrode.
TFSI salts in diglyme electrolytes characterized by X-ray4.3.2.4. Stability Against Reductiomo improve the
scattering and molecular dynamics simulations led to theectrolyte cathodic stability and enable reversible multivalent-
conclusion that sigmiantly more contact ion pairs and metal-ion stripping and plating, a more complete understanding
aggregates are present in multivalent electrolytes than in thedn be attained by considering all the species involved in the
monovalent counterpatf§.Contact ion pairs and especially two-electron transfer proces${M M*  M). For example,
aggregates are typically believed to hinder ion transport aekctrolytes with Mg(TFSI3alts fail to support reversible Mg
decrease the overall ionic conductivity because of the larger siteetrodepositichi> During plating, the solvated divalent ion
and desolvation barriers of these comgfé%ésTherefore, must undergo a transient, partially charged valence state (e.g.,
designing electrolytes based on this understanding of solvatdg' or C&) as it approaches the metal surface. The process is
structures is critical to improving the ion-transport properties éindamentally derent from that of monovalent systems (e.g.,
multivalent electrolytes. Li and Na), where no intermediate reactive cation state exists, as

Promising results have been reported for electrolytes baseane-electron transfer is sient for plating. Rajput et al.
upon salts that contain anions which weakly coordinate with Mgpupled rst-principles and atomistic simulations to show that
Weakly coordinating anions are believed to result in solvatitime partial reduction at the multivalent cation center (€., Mg
structures with little or no ion pairing that better support Mg Mg") competes with the charge-transfer (plating) process
electrodeposition because the anion is less exposed and activates surrounding solvent and salt molecules (e.g., the
undesirable reactions with the Mg cation during the platingFSI anion, which becomes highly susceptible to decom-
process and decreases the desolvation p&trdtyexample, a  position)?>® More recently, Seguin et al. investigated the
Mg[B( p)4, (where p is OC(H)(CF),) electrolyte with  decomposition pathway for this proposed mechanism for a
weakly coordinated [Bf),] anions exhibits high anodic number of organic solvents including glymes, sulfones, and
stability (>4.5 V), high ionic conductivityld mS cm'), and acetonitrile (ACN) using rst-principles simulatiofrs.
reversible Mg electrodeposifiGh Similarly, another Mg-  Although the glymes exhibited reasonably similar, high barriers
[TPFA], electrolyte (where TPFA is AI(OC(J§.,) with for decomposition, the sulfones exhibited the lowest barrier and,
the weakly coordinating anion [TPFAjas proven to have notably, ACN readily accepts the electron from the partially
reversible Mg electrodeposition with a high oxidative stability cfduced Mg hindering ecient Mg plating. The authors
>5 V against Pt as w&lfIn these electrolytes, it is believed the further emphasized that although most of the solvents exhibit
anionis electron-withdrawing gdfroups are bengal because exergonic bond dissociation (i.e., they tend to decompose
they weakly coordinate with Mg which improves Mg strippingthermodynamically), in the case of the glyme series, the required
plating from a kinetics standpoint, protects the anion frorenergy barriers kinetically limit decomposition. In future
possible parasitic Meelated decomposition reactions, andelectrolyte designs, the thermodynamics and kinetics of all
0 ering good oxidative stability. The favorable solvatiosolvent and salt molecules when interacting with both stable
structure is one aspect proposed to contribute to the successions (e.g., Mand C&") and partially reduced cations (e.g.,
of these Mg electrolytes. Mg" and C4) should be considered.

4.3.2.3. Stability Against Oxidatidvultivalent electrolytes 4.3.2.5. Cell Component Compatibiliypart from electro-
with high anodic stability would enable the use of high-voltadge ion transport and electrochemical stability issues, the
cathodes, which our cell-level analysis shows to be a criticatrosive nature of some Mg electrolytes has presented a
factor to achieve multivalent batteries with high energy densithallenge. It has been demonstrated that electrolytes containing
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halogen ions (such as Cére corrosive, which results in the 4.4. Mg and Ca Cathodes
degradation of common current collector materials such as Cug.4.1. Prominent Mg and Ca Intercalation Cathodes.
Al, and stainless sté€f!**To avoid these issues, boron-basedimprovements in electrolytes for Mg are creating urgency for the
electrolytes have been proposed as a more promising alternagiggelopment of higher voltage cathodes. The basic cell model
to halogen-based electrolytes for Mg batteries. Examples inclpeeviously discussed indicates that a cell-level energy density of
the previously discussed catbsalodecaborate class of 750 Wh L! can be reached with a 3.1 V/175 mAhMg
electrolytes (Mg[(HCBH,4)] , and Mg[(FCBH17)],) and a cathode and a 3.1 V/181 mAH §a cathode. The same cell
tris(2H-hexauoroisopropyl) borate (THFPB)-based electro- model was applied to select multivalent catho8ieguire 26
lyte, which has a stability window i@ V vs Mg/M§" with a
Coulombic eciency of 99.8% without current collector
corrosiorf>¥°%29Wjith these demonstrated successful exam-
ples, more advanced boron-based Mg electrolgiesre
future development direction for Mg electrolytes with high
stability, fast electrodeposition, and less corrosion.
4.3.3. Development of Ca Electrolytes.There has been
signi cantly 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(gi@and Ca(BF),, were unsuccess-
ful because of the formation of reaction layers on the Ca metal
anode that block Ca conduction. Reversible Ca electro-
deposition was long believed to be impossible until Ponrouch
et al. recently demonstrated thest partially reversible
stripping/plating of Ca with Ca(Bkcontaining ethylene
carbonate and propylene carbonate at elevated temperathigure 26.Measured average working voltage (vs MgidigCa/

(100 °C), albeit with electrolyte decomposition byproductsca?+ depending on the battery chemistry) and gravimetric capacity for
such as CaFand Ca(OH) accumulating upon extended demonstrated Mg cathodes (orange circles) and Ca cathodes (blue
406 triangles). Estimated cell-level iso-energy density curves are shown for

Cycllng. TWO. years later, Wang et al. repqrted tse both Mg (orange solid lines) and Ca (blue dashed lines). The cathodes
reverfélgle cycling of Ca at room temperature with Qa@H  tor which reversible cycling was only demonstrated at elevated
THF."™" This success was attributed to the spontaneougmperatures (>3) are labeled with an asterisk The calciated
formation of Caklon the Ca metal, which formed a protective Prussian Blue average voltage vs €at@a estimated by using the
layer instead of an ionically insulating one. A later study on ttfeermodynamically calculated CaSn voltage of 0.8 V v§*Ga/Ca
electrodeposition of Ca on Au and Pt working electrodes wigfjust the experimentally reported average voltage which used a Sn
Ca(BH,), in THF electrolytes provided further insight into the 2n°de (which the authors assume forms a CaSn alloy).
importance of CaHin the mechanism for Ca electro-
depositiori®® The authors proposed that the formation of Energy density was determined by assuming a density of 4.2 g/
CaH, originates from dehydrogenating the Cg(Btaltrather ~ cn? for all materials, a value comparable to that of Chevrel
than any derivates from solvent decomposition. MogS;. A remarkable fact is that the capacity density (i.e., the
The number of publications reporting room temperature Camount of charge stored per cc) with&$pinel cathode (275
electrodeposition continues to increase. A mennated  MAh/cc)isabout 50% higher than the equivalent number for Li-
alkoxyborate Ca electrolyte Ca(B(®h) ,-4DME (where hp ion systems. Thl_s dqt_a further coTs that increasing the_
represents CH(GJ,) was reported with an anodic stability of cgthode voltage |s_cr|t|cal for multivalent batteries to achieve
>4.1 V vs Ca/C4 in DME although prolonged cycling was Viable energy density. _
limited by cell failure from dendrite groW/tThe low initial As extensive reviews have already been written on Mg
Coulombic e ciency and evidence of the codeposition of CaFcathqde%,' we qnly briey discuss here some .Of t_he best
reinforce the detriment of ionically insulating surface layers. THEICtioning materials, and fundamental mobility issues for

: multivalent-ions in solids.
authors concluded that the formation of ,Oa&ks from 4.4.1.1. Chevrel Mgo.S, and MgMogSSe. The Chevrel

electrolyte anion decomposition and cycling could be improve(it|ase (MgMoT,, where T = S, Se, or their combination)
. . . . 6l g - ’ ’ ’
by forming a more ionically conductive SEI, such as Ca hich consists of a lloctahedral cluster insideg;@de, was

Inspired by its.analogous Mg variation,_Ca{Bm in_DME the rst state-of-the-art Mg cathode class for room-temperature
was also studied and exhibited reversible deposition of Ca. Eling with a theoretical capacity of 129 midtd.1 \27>%

room temperature with an oxidative stability >4.5 V. While alofa st functional Mg metal battery used a Chevigdjs;
Coulombic eciency of 80% was observed with cyclic(o < x < 2) cathod®®® in an electrolyte of 0.25 M
voltammetry (after ve conditioning cycles with lower \q(AICLBUEL), in THF. Only 75 80% of the Mg could be
Coulombic eciency), the authors also reported symmetricextracted which was attributed to the limited Mg mobility in a
cell cycling for more than 250 h. However, evidence of Cafaction of the working-ion sites resulting from the ring-trapping
codeposition (although a smaller amount at 7%) was also foupféchanism specito the Chevrel structute. Theoretical

in this electrolyte systént. While the remarkably rapid studies showed that substitution of S with Se increases the lattice
progress in Ca electrochemistry since 2015 is quite compellisgze and distorts the geometry of the structure to disrupt the
designing around forming a suitable aneletrolyte  ring-trapping mechanisfi’®>and Chevrel Miyl0,S:Se was
interphase will be key in further advancement of Ca electrolytedgveloped as the best cathode in this material class with an initial
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capacity of 110 mAh gat 1.1 V vs Mg/M§ in 0.25 M calciated tin as the anode, and 0.2 M Ga{PFa nonaqueous
Mg(AICLBUEt), /THF as the electrolyf€! Attempts to 3.7 EC:PC electrolyte with cell voltage limits of ¥.
increase the voltage of the Chevrel compounds have not bdatercalation of Ca into the Prussian Blue structure was
successful. experimentally veed for the rst cycle using ex situ XRD,
4.4.1.2. Layered NMGS and MqTiSe. Reversible Mg EDX, and XANES measurements showing a lattice expansion
intercalation has been demonstrated in both layefeidyiy and contraction of the crystalline structure with intercéidtion.
and layered M§iSe*°>(0 < x < 0.5), with average voltages of The initial capacity measured was 80 mAlI{8§% of the
1.2 V (TiS) and 0.9 V (TiSg vs Mg/Mg** and gravimetric  theoretical capacity of 100 mAH gand an insertion voltage of
capacities of 115 mAh*dTiS,) and 110 mAh d¢ (TiSe) 3.4 V against Ca metal was determined using cyclic
using APC/tetraglyme as the electrolyte. It should also be notgdltammetry. The capacity sigantly decreased in thest
that although 85% of the theoretical capacity for layered TiSE5 of 35 shown cycles.
(130 mAh g%) could be obtained by cycling at room 4.4.2. Cathode Multivalent-lon Mobility. The poor
temperature, only 48% of the theoretical capacity of layer&@nsport of multivalent ions in solids has been idérdas
TiS, (239 mAh g?) could be extracted even atr6D one of the main hurdles for multivalent cathode materials. The
4.4.1.3. Spinel M@LS,. Multiple spinels (M#,X,, where 0 high charge density of desatl ions leads to stronger
<x<1,Bisatransition metal, and X = O or S) have been studiedectrostatic interactions with the intercalation host and raise
as Mg cathodes. The most promising electrochemical perforthe barrier for motion. This ect can be more prevalent at
ance so far reported is for VigS, at 60°C with an average higher concentration of the multivalent ion due to the added
voltage of 1.1 V (vs Mg/MQ and capacity of 190 mAh'g repulsion between them. The stronger interaction between
which a(gproaches 80% of the theoretical value (239 mAhultivalent ions is also more likely to lead to ion vacancy
g 9).#6%%°" The best results were obtained with a Mg metabrdering when the concentration of the working ion becomes
anode cycled at a rate of C/5 betweenD&V in an APC/  high enough. Such ordering will create an additional energy
THF electrolyte. Similar to thedings for layered NiGS,, barrier for motiofi’%’°While many factors can contribute to
testing at an elevated temperature of@G0Omproved the  poor transport, the focus has been on understanding how to
electrochemical performance of spingTiy&.*°* lower the intrinsically high barriers for divalent ion hopping in
4.4.1.4. Other Mg Cathodés addition to the Chevrel class, materials. It has been estimated that the migration barriers for
layered Tigand TiSg and spinels, several other Mg cathodereasonable dision of the working ion at room temperature
materials have been studied; however, reversible Mg intetust be below 525 meV for micrometer-sized particles or below
calation has not been unambiguously proven with materiaB50 meV for nanosized partiélé§*#%%* For comparison,
level experimental characterization in nonaqueous liquid orgattie theoretically calculated migration barriers for the materials
eIectroI?/tes. These other materials include layerediscussed inthe previous section are 270 meV for Mg in Chevrel
V,0.,2 290461468 _M00,,27409%70 and olivine sili-  Mo0gS,*®?>1060 meV for Mg in layered J1&*2*650 meV for
cate%z471 474 (e.g., FeSiQ MnSiQ, CoSiQ). They have Mg in Ie}lyered TiSA®° and 550615 meV for Mg in spinel
been excluded from further discussion to focus on cathodes withS,.*°%**® The high migration values for Mg in layered TiS
stronger experimental evidence demonstrating their relevameel spinel 15, underscore the fact that these materials are
for full cells with Mg metal anodes and nonaqueous liquiimited by their ion mobility and thus require elevated

organic electrolytes. temperatures to yield high capacities and reversible Mg
4.4.1.5. Layered-CgMoQ;. Room-temperature reversible intercalation.
Caintercalation has been demonstrate€@MoO; (0 <x < Two strategies have been proposed in the literature to address

1), which consists of nonplanar double layers ofgsMoOthe issue of solid-state mobility in multivalent cathodes: (1)
octahedra. Intercalation of Ca into the molybdite structuranion substitution with larger, more polarizable atoms, and (2)
was experimentally vexd for the rst cycle using ex situ XRD, improving the understanding of thea of the coordination
Raman, EDX, and XPS measureé&fitS.Cabello et al.  environment in the host lattice.
measured a gravimetric capacity ofl80 mAh g* and an 4.4.2.1. Anion SubstitutioNultivalent-ion mobility can be
average voltage of 1.3 V vs C&/Gsing a Swagelok-type three enhanced by the use of large, highly polarizable anions in the
electrode testing setup with voltage limits o2®5V vs Ca/ host structure. This strategy improves the mobility in two ways:
Ca&* in 0.5 M Ca(TFSh in 1,2-dimethoxyethane (DME) (1) more polarizable anions increase the screening of the
electrolyte with Ca metal embedded in steel meshes as tmeiltivalent ions and (2) larger anions increase the cell volume,
negative electrode and pseudoreference elétibaje.et al. both of which reduce the electrostatic interaction between the
also performed electrochemical testing of this material withultivalent-ion and host latti€égure 27%hows the ect of
cyclic voltammetry but with 0.5 M Ca(Tk81acetonitrileand  anion substitution on the ab initio calculated Mg and Ca
achieved a higher capacity of 120 mAhlhough itis unlikely — migration barriers in the Chevrel Mg layered Tix and
that the TFSI/ACN electrolyte is stable against Ca metal. Thepinel MX, structures (where X = O, S, and Se).
authors attributed part of their measured capacity to irreversibldn general, the datafigure 28hows that migration barriers
structural damage and electrolyte decomposition; however, littlecrease as the polarizability of the anionincreases (O < S < Se).
further evidence was presented to rigorously support either Tfie computed migration barriers in;Skare lower than in
these clainfs?® MoS; for both Mg and C4? consistent with the better
4.4.1.6. Prussian Blue,8mFe(CN)In 2015, Lipson etal.  performance of MiglogSSe over that of MgMosS; in Mg
reported that Ca can intercalate in the manganese hexacyarells:>* The layered Ti-compounds shows a simitst @s
ferrate (MnFe(CNyor MFCN) Prussian Blue structure (8 <  layered TiSeshows better electrochemical performance at
< 0.5), where the transition metal is connected bylonds, room temperature than layered,fi$ These experimental
forming a cubic cage-like structifeCycling tests were observations are supported by the calculated migration barriers
performed using desodiated MnFe(CH$ the cathode, of>1060 meV for Mg in layered Fi§***and 650 meV for Mg
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. N . i . . Figure 28A qualitative representation of thecént Mg (top) and Ca
Figure 27.Mg and Ca migration barriers foredent anions in the  (yottom) migration barrier pres observed in oxide (orange) and
Chevrel and spinel structure and layered filotted using data from g de (blue) spinels. The graphics of connected tetrahedra and
ref 480 482484 486 The calculated barriers are based on thegctahedra show the change in coordination environment of the working

migration of a single cation in an empty host structure. The dashed ling§ (circle colored red) as it moves along the migration path in the
at525and 650 meV indicate the migration barrier limits for micrometegine| structure.

and nanosized particles, respectively.

mind that the anions with high polarizability are also more easily

in layered TiSE% In the spinel, improvements in changing oxidized”*which may limit the voltage of the cathode.
from O to S is only seen for MF**#**#°The high migration 4.4.2.2. Host Lattice Coordination Environmditite idea
barrier in MgMn,O, is consistent with experimental observa-that a atter energy landscape will promote higher mobility has
tions of limited deintercalation (<3% Mg) at room temper-led to a second design strategy in which coordination changes
ature’*®” Substituting S for O in the Cr spinel lowers the along the multivalent-ion migration path are optimized. The
computed Mg migration barrier from 637 meV ifO4@, to strategy relies on the idea that all cations have a preferred
566 meV in MgCr,S,. Even though these barriers indicate thecoordination environment (6 for Mg, 8 for Ca, and 4 fot"Zn),
possibility of Mg deintercalation at room temperature, very litthrhich has been corroborated by an analysis of a large number of
capacity has been reported for®fg, even at 55 and 90 compounds in the Inorganic Crystal Structure Dafdbkse.
°C.*®8The limited capacity of the spinel®igS, has yettobe  mobility can then be enhanced bgling structures where the
explained but may be related to the competition between Cr aadtivated state is close to the preferred coordination (lowering
S oxidation in this compoufid Similar trends for the ect of its energy), and the stable site does not have the preferred
anion substitution on migration barriers have also been reportedordination (increasing its energy). From this perspective, the
for chalcogenide spinels, with a number afesidelenide, and  spinel is a perfect dision host for Mg but is terrible for
telluride variations considered for use as Mg conductors for safic?*****8* The cation arrangement in the spinel creates
electrolyte$®* electrostatic conditions which make the tetrahedral site

SurprisinglyFigure 27indicates that the Ca migration extremely favorable. The path fo'Mg migrate between
barriers increase in spinels when replacing oxygen with the mtateahedral sites goes through an octahedral site wher& the Mg
polarizable sule anior’®**®Cindicating that factors otherthan ions experiences its most favorable coordination, thereby
screening also imence mobility. This ect is related to the lowering the migration barrit.Zr?* on the other hand
relative energy of the tetrahedral and octahedral site in spinptefers 4-fold coordination, and as a result its energy increases
and is illustrated iRigure 28In going from MyO, to Mn,S,, when it migrates through the octahedral site. Indeed, the
the octahedral site energy fofNiglowered with respectto the computed barrier for Ziis typically 200300 meV higher than
tetrahedral one. This equalizing of the site energy, together with M¢?* in oxide spinef§® This coordination ect on the
the better screening at the activated state, lowers the migratlmarrier has also been documented in other crystal structures and
barrier, but for G4 the energy lowering of the octahedral siteis currently one of the most powerful criteria with which to look
when going from O to S is so pronounced it sits well below thfer host structures with good multivalent-ion mobility. As shown
tetrahedral site in Cal#), which leads to a sigoant increase  in Figure 29the migration barriers are higher if the multivalent
in the barrier. ion is intercalated into a coordination environment where the

This example illustrates that good mobility not only requiresiultivalent ion is very favorable, as it is morttifor the ion
good screening by the anion but alsd site energy landscape. to migrate out of the favorable (and thus more stable) site.
The latter condition makes the=et of chemical substitutions However, starting with the mobile ion in less favorable
and volume changes on the multivalent-ion mobilityidio coordination may lead to more facile site disorder in synthesis
intuitively predict. While larger volume may reduce the overalt upon cycling, as has been argued for the §pinels.
interactions between species, as the example ofNh®La 4.4.3. Challenges in Synthesizing Mg and Ca Cathodes
shows it can also lead to greater inhomogeneity of the enengith Low Migration Barriers. A number of other promising
landscape, thereby increasing the barrier. Structural disordathode structures with low migration barriers for multivalent
e ects such asinversion in spinels have also been argued to caurseli usion have been predicted but have beeculdito
low mobility*°° Although substituting more polarizable anionssynthesiz&> “**There is an inherent challenge in synthesizing
leads to better screening of the multivaletst-@actrostatic  compounds in which the working ion is located in an unfavored
interactions, and in general a lower barrier, it needs to be kepioordination environment site, and in many cases cathode
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operating voltage window for Mg electrolytes. While consistent
progress in understanding novel challenges in Mg electrolytes
has led theeld to the development of several nonhalogen 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, there continues 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 kd.

Figure 29 Mg and Zn migration barriers in various spinels and other From a research perspective, one of the mostimportant areas

structures grouped by stable insertion site coordination nunff Progress that has evolved with the advancement of Mg
ber?80 482488492 The calculated barriers are based on the migratiofPatteries is an improved understanding of electrochemical

of a single cation in an empty host structure. The dashed lines at 5REdCesses at the molecular and atomic scale. Applying strategies
and 650 meV indicate the migration barrier limits for micrometer anderived from LIBs only resulted in limited successes in
nanosized particles, respectively. multivalent batteries because they often failed to account for
the challenges spexio the electrochemistry resulting from the

) stronger interactions inherent to more charge-dense, multivalent
compounds that can cycle’Mgns have been derived through jons. For example, the multistep charge-transfer process
soft-chemistry routes from other compounds. For examplgwolved in divalent metal electrodeposition requires electro-
MosS; is synthesized by leaching Cu from G@MSasisthe  |ytes that can withstand decomposition against partially reduced
TiZSl_ spinel, which is obtained by oxidative removal of Cu frorgng highly reactive "Mspecies. Understanding theedknt
CuTi,S,*°%** It appears that none of the best Mg-cathodetypes of solvation structsr and complexes present in
materials are synthesized in the discharged state (i.e., contaimfifitivalent electrolytes is the key for improving ion transport
the Mg ion). Some materials have been predicted to have gogdmultivalent electrolytes. It has also beecuttito identify
mobility as metastable phases, but have not been successfliyerials that can facilitate multivalent-ion solid-staséoa,
synthesized. For example, postspinels were previousgddentignd overcoming this limitation is critical to identifying better Mg

as a promising class of Mg cathode materials because of theird@\y Ca cathodes. Many of the mechanisms that control
migration barriers (e.g. 2D0 meVy.”’However, ithasbeen performance in multivalent batteries are simply more complex
challenging to synthesize these materials because of the high those in monovalent chemistries. Therefore, a molecular-
pressures required for their direct synthesis and/or ion-exchangg atomic-scale understanding of these mechanisms informed
needed to achieve the Mg-containing mdtetianother by complementary advanced experimental characterization
material of interest is MgMRO,5 which has the lowest techniques with computational calculations and simulations is

reported calculated Mg migration of 80 i&Vin needed to rationally inform improvements to multivalent
MgMo,P;0,5 edge-sharing M@Qoctahedra are intercon- patteries at the materials level. Although Ca electrochemistry
nected by predominantly corner-sharing Mu@onal s much less explored and still in sigmitly earlier stages of

bipyramids, Mo@tetrahedra, and RQetrahedra. The low development than Mg eleahemistry, the accelerated
migration barrier is believed to be attributable to the facilgeyelopment of Ca batteries is anticipated with this improved
rotation of the corner-sharing P@roups, which can ynderstanding of electrochemical processes at the atomic and
accommodate the Mg at elient positions as it moves within  molecular scale.

the host lattice to maintain a constant coordination environment Mg and Ca cathode candidates that reach the required energy
of 4 along the migration péffi. According to ab initio  density and electrochemical performance targets have yet to be
calculations, this materials is not a ground'stareq despite  identi ed given the greater challengeniting materials with

the promising low migration barrier, this structure has not beejyy cient Mg or Ca mobility. The following two design strategies
synthesized. to reduce migration barriers will be useful in this ongoing search
4.5. Summary and Outlook for Multivalent Batteries for Mg and Ca cathodes for high-energy-density multivalent

Although neither Mg nor Ca batteries are poised to overtal@atteries.

LIBs with the materials that have been reported to date,(1) Multivalent ions lead to stronger electrostatic interactions
signi cant advancements in multivalent batteries have been ~ petween the working ion and host lattice than Li ions.

made since results for thet reported prototype Mg battery Using larger, more polarizable anions such as sulfur
were publlshed in 208%.For example, the maximum stable instead of oxygen, which can better screen the Charge-
voltage of Mg electrolytes, which can support reversible cycling  dense multivalent ion, can improve the structural stability

with Mg metal anodes, has increased from 2.2 V vs Mg/Mg and increase the cell volume.

using Grignard-derived electrolytes such as MAAMEL) in o _ _ ) _
THFto>3.5Vvs |\/|g/|\/|@L using a number of boron-based Mg (2) Working ions that intercalate into stable sites with

electrolyte optioris.” A better understanding of the reaction favorable coordination environments are likely to have
mechanisms and solvation structures at the molecular level, higher migration barriers. Structures with insertion sites
including complexes with partially reducédspécies, has that have unfavored coordination environments for Mg

driven the advancements responsible for increasing the (not 6-fold) or Ca (not 8-fold) are preferred.
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5. SUMMARY AND OUTLOOK materials and potential interfacial reactions in cathode

LIBs have improved greatly in terms of their energy densi;&omposites pose a sigaint challenge to reach high energy
p

cycle life, power, cost, and safety since their inventioninthe e tection of the interparticle interfaces, especially In

1970s and commercialization in 1992 by 86mhich has . \ : ,
. . . - _.. thiophosphate-based ASSBs. While stable cycling of Li metal
enabled their tremendous success in various apphcat%?gsdemonstrated using a LIPON thimelectrolyte in the late

sity. An eective cathode coating is important for the

mgwg\l,rg Eﬁ:feonq%oﬁ:?grg?;ilgg (;Ilree Ijr(:ltirligl))/tec? ﬁlggt gﬁ\t/ 990s, the formation of Li dendrites is today still observed in
performa’nce cost, and scaling targets required for ener ore practical bulk-type sphd electro!ytes, including LPS_anq
storage. For ’EVS to’ reach driving distances beyond 500 km rnet. A clear understanding of the Li metal anode behavior in
ener aensity of 500 Whtlis needed at the batterv-module 'ASSBs is necessary before safe and stable cycling Li at high
| lgy 750 Wh I at th Il leveff® 5% In ad)(;ition current rate can be realized. Even though all the pieces needed to
evel (or at the cetl 1evel). ' realize high-energy-density ASSBs (Li metal anode, thin

commercial LIBs are currentiy1B times more expensive than : ;
: I 1 separator, and high cathode loading) have been demonstrated
the cost target for stationary applicationsZQMSD kWh at the lab scale, their commercialization will require further

or'lowerfo'r cost-competitive energy storage for powétyyrids engineering @rts to achieve and maintain intimate contact
With growing concerns about the availability of natural SOUrCESiween all of their components

of lithium, cobalt, and nickéf' it may be di cult for Li-ion to Mg-metal batteries remain a wild card and can potentially
scale to multiple TWh/production per year. These limitations) .\ i4a 4 unique combination of high energy density and low
are strong motivators in the search for alternative chemistries?grst as #beyond Li-iohbattery technology. The use of Mg
the next-generation mid-/large-scale batteries. Itis unlikely ko) a5 an anode, which is less prone to dendritic growth than
any given new technology will fully replace Li-ion, anqi_i, leads to higher energy densities with less safety concerns. In
alternatives should be thought of as opportunities for energygiion, the manufacturing knowledge already established by
storage to grow into applications and to a scale thatutéor  he | |B industry can be applied to reduce the costs of Mg-metal
Li-ion. The requirements of stationary batteries are quitgageries and accelerate their commercialization. However,
di erent from those of power batteries used in EVs. Long cyqig,|ivalent batteries using Mg cathodes that have been studied
life (>8000 full cycles), low cost, and high energieecy i, gate fall short of their promise as high-energy-density devices.
(>90% at system level) are the most important parameters g9y en the progress achieved in developing Mg electrolytes with
consider. NIBs and KIBs, which rely on naturally abundarf,yanded electrochemical stability windows, the most pressing
sodium and potassium resources, are likely to provide&ye for Mg batteries is the search for high-energy-density Mg
signi cant advantage in terms of cost for stationary applicatiopgthodes. In addition to voltage and capacity, evaluation of the
such as power grids. For examples, many vanadium-containiggy-state mobility must be prioritized in the search for
polyanionic cathodes (e.g., NVPF and KVPF) provide accefnproved multivalent cathsdeResearchers should also
able energy density as well as good cycling stability and rgiritize developing Mg cathodes prepared from inexpensive
performance. While vanadium cost today is high angiements to maintain cost-competitiveness with LIBs. Identify-
comparable to cobalt/nickel, the presence of unrecovered Vilfy a suitable Mg cathode and fully validating all of the cell
oil residue makes it po_tennally a_prevalent resource. HQW‘?V&Bmponents with a functional high-energy-density prototype
Mn- and Fe-based Na-ion and K-ion cathodes are more likelyg@ttery are the next most important challenges that must be
reach low cost for power-grid applications because of the usggércome to establish a Mg system as a viable beyond Li-ion
earth-abundant materials. As showRidnre 1 Mn-based  technology. Recent studies focused on Ca electrochemistry and
NASICON materials (e.g., NnTi(PO,); “°and NagMnZr- evaluating possible Ca active materials have led to growing
(PO,)5™*) and Fe- and/or Mn-based PBAs (e.g;0R@Fe- interest in assessing the feasibility of Ca batteries. These initial
(CN)6*® and K ;Mn[Fe(CN)go05) combine excellent results and the low reduction potential of Ca present a
potential for reasonable energy content and low cost. Th®mpelling justeation to further pursue Ca batteries.
energy densities of NASICONs and their analogues can beajthough the challenges faced by the reviteegdnd Li-
further increased by careful selection of the redox species g technologies (i.e., NIBs/KIBs, ASSBs, and multivalent
ne-tuning of the structures to enable maximum Naatteries) appear to be veryedent, some share the same
intercalation. To improve the stability of PBAs, a bettegcientic principles and can be studied using similar approaches.
understanding of the evolution of defects and moleg@lar H For example, understanding the structural and chemical factors
in the structure with cycling is needed. governing the ion dision in solids is not only critical for
Another driving force for the investigatidheyond Li-ioh nding SEs for ASSBs but is also integral to the search for
technologies is the need for higher energy density to meet theiltivalent cathode materials. Therefore, strategies to reduce
demands of large-scale electric transportation applicationsigration barriers, such as anion substitution with larger and
including EVs and electric aircrafts. Li-metal-based ASSB&re polarizable anions and providing an unfavorable
provide a promising path to achieve high volumetric energypordination environment for Li or Mg that promotes ion
density using established Li-ion cathodes and have attract#tdusion, can be applied in the search for both fast Li-ion
signi cant attention as automotive battery candidates for usgnductors and high-performance multivalent battery cathodes.
after 2026%° Various Li-ion superionic solid electrolytes withAnother important insight is the understanding teet ef
conductivity close to or higher than that of their liquidincreased working ion interactions. Although the layered oxide
counterparts have been developed, thereby supporting festnpounds are well suited for LIB cathodes, they cannot deliver
ionic conduction needed for high-power applications. The usetifjh energy density when used in Na/K or multivalent batteries
SEs also improves safety by avoiding electrolyte leaksind because of the increased interactions between the working ions
circumvents the need for a cooling mechanism iR°EVs. and between the working ion and the host structure. The strong
However, in practice, the relatively low loading of activBla Na/K K interaction rapidly raises the chemical potential
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vs the Na/K content in the layered structures, which results fBpecial Issue Paper
much steeper voltage curves for Na/K cathodes and, hence, a : . .

limited eneprgy density. For multivalent cathodes, the chargic;r-"S paper is an additional reviewoem. Re202Q volume

dense multivalent ions give rise to a stronger interaction with tA@Q issue 14Beyond Li-lon Battery Chemistry

host structure, resulting in poor mobility in a number of layered

oxide cathodes. Therefore, structures that can better screR0THOR INFORMATION
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