Joule

¢? CellPress

Review of modification strategies in emerging
inorganic solid-state electrolytes for lithium,

sodium, and potassium batteries

Xuyong Feng,’* Hong Fang,”* Nan Wu," Pengcheng Liu," Puru Jena,” Jagjit Nanda,*”*

and David Mitlin™*

SUMMARY

The design of solid-state electrolyte (SSE) entails controlling not
only its bulk structure but also the internal (e.g., grain boundary
and pore) and heterophase (e.g., anode-SSE reaction layer) inter-
faces. Moreover, defects are integral for establishing both the
initial all-solid-state battery (ASSB) cell performance and its ulti-
mate cycling lifetime. This topical review discusses 5 highly
promising inorganic lithium-, sodium-, and potassium-based
SSEs, providing case studies of strategies to enhance ionic con-
ductivity, tune the internal and heterophase interfaces, and pre-
vent dendrites and deleterious side reactions. The primary focus
is on garnet LLZO (Li;La3Zr,0,,), argyrodite (LisASsX, A = P, Sb
and X = Cl, Br, 1), NasAB, (A = P, Sb, As and B = S, Se), and
NASICON-type electrolytes, with several exploratory potassium
systems being presented as well. The article begins with a dis-
cussion of the superionic conduction mechanisms, which is assis-
ted by defects, topology, correlation, and disorder. The discus-
sion then shifts to the thermodynamic or kinetic phase stability
of metastable SSEs, followed by the SSE internal interfaces
(pores and grain boundaries), and finally the complex microstruc-
ture associated with the reactive boundaries between the SSE
and the metal anode and the SSE and the high-voltage ceramic
cathode. This review explores why SSE systems with highly
promising bulk ionic conductivity values do not demonstrate
comparable performance in full cells. A major cause is the
cycling-induced formation of ionically insulating but electrically
conducting new phases at both the anode and the cathode.
For the SSEs that do not rapidly decompose when contacting
the anode, site-specific variations in ionic conductivity/electrical
resistivity lead to growth of metal dendrites. In each electrolyte
class, creative fabrication strategies have been employed to
minimize, but not fully eliminate, new phase formation and den-
drites, creating ample opportunities for additional analytical and
synthesis-focused research. The emphasis of the discussion is on
the bulk doping strategies for SSEs, emerging simulation and
characterization findings in relation to SSE performance and
cell failure, and new synthesis approaches and cell architectures
to improve cycling stability. Throughout the article, outstanding
scientific questions are identified, and future research directions
are proposed.
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Context & scale

One of the greatest challenges
facing humanity is climate change,
which is brought about mainly by
the increasing amount of CO5 in
the Earth’s atmosphere. To
mitigate this problem, the world
must transit from fossil fuels to
clean, renewable, and sustainable
energy sources. This also requires
finding efficient and cost-effective
means of storing energy. Batteries
are an integral part of clean and
sustainable energy solution to
meet the global mandate for net
carbon zero economy by 2050 and
the United States’ goal for
reducing greenhouse gas
emission by 50% by 2030. General
Motor's declaration to convert all
its vehicles to electric mode by
2035 further underscores this
challenge. Lithium-ion batteries
(LIBs) have undoubtedly brought
one of the greatest benefits to
mankind by enabling the
development of miniaturized and
portable electronics and opening
the gateway toward a fossil-fuel-
free economy. Significant strides
have been achieved in the past 2
decades in the development of
LIBs with reduced cost and
increased energy density to
address the growing demands for
electrochemical energy storage.
Most recently, sodium- and
potassium-ion batteries (SIBs and
KIBs) have also attracted great
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MOTIVATION FOR SOLID-STATE BATTERIES (SSBs)

In the past two decades, lithium-ion batteries (LIBs) have made significant strides in
reducing cost, increasing energy density, and ramping up global production to
address the growing demands for electrochemical energy storage.'? For example,
the cost at the Li-ion pack level has come down from approximately $1,000 per kWh
in 2009 to $180 per kWh in 2020, with a concomitant increase in gravimetric energy
from 125 Wh/kg to 250 Wh/kg.>* Although the specific energy of LIBs has grown
incrementally at 7% per year, the recurring safety concerns associated with the liquid
organic-based electrolytes have remained and even intensified with the application
of higher-voltage higher-capacity cathodes.”® The next-generation “beyond
lithium"” electrochemical energy storage technologies should provide greater spe-
cific and volumetric energy, power, as well as long-term cyclability. Reducing the
cost of the battery systems is a key enabler for a much wider application of
renewable energy conversion based on solar and wind energies.”’~” Optimizing
the performance and improving the safety can bolster greater consumer confidence
in batteries.>'%"'? In addition, the ideal storage systems should have the flexibility to
provide energy and power on demand, be scalable, and preferably based on earth-
abundant materials to counter the supply chain and other market constraints.'?

Lithium metal-based batteries (LMBs) employ a Li metal anode coupled with a con-
ventional high-voltage ceramic or low-voltage sulfur-based cathode. The configura-
tion can achieve cell-level specific energies exceeding 500 Wh/kg,'* potentially
nearly doubling the range of electric vehicles (EVs) on a single charge."*'® However,
the use of the reactive Li metal anode, versus a conventional ion-insertion anode
based on graphite, creates substantial issues in battery safety and longevity. Hence,
there is a persistent effort in the research community to develop safe LMBs and,
more recently, sodium metal batteries (SMBs) and potassium metal batteries
(KMBs).""~?° The specific capacities of Li, Na, and K metal anodes are 3,861,
1,165, and 678 mAh/g, all far surpassing the capacity of graphite with Li at 372
mAh/g and of carbon with K and Na at 250-350 mAh/g.*° The higher capacity com-
bined with wider voltage window results in over 50% increase in the gravimetric en-
ergy versus conventional ion-insertion anodes. For example, a key state-of-the-art
LMB architecture is based on a high-voltage 811 LiNig.gCog.1Mng 1O, (NMC) cath-
ode with an energy surpassing 500 Wh/kg.? However, due to the safety concerns
of combining a metal anode with a flammable liquid electrolyte, all commercial
LMBs remain to be based on the far less energetic graphite or Si-carbon nanocom-
posites.”’?* Likewise, the emerging room temperature sodium- and potassium-
based secondary batteries employ carbon-based anodes instead.

Achieving long-term stable and safe metal anode plating/stripping performance re-
mains a key impediment for successful metal batteries, with conventional liquid
organic electrolytes remaining out of reach due to their reactivity with the metal
anode and the associated lifetime and safety concerns.?”>?® Employing solid-state
electrolytes (SSEs) rather than liquid organic electrolytes is a possible path toward
greater battery safety since most inorganic SSEs are non-flammable.?’-?® Recently,
there has been significant progress related to a number of successful solid-state bat-
tery chemistries showing reasonable cycle life and capacity retention using tradi-
tional LMB cathodes and metal anodes.?”*° The success of this technology hinges
on developing practical superionic conducting SSEs with robust electrochemical sta-
bility within the voltage window of an operating cell.*'**The future of solid-state
batteries is not limited to Li metal batteries only.**~** The progress in Na and K metal
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anodes and related solid-state ionic conductors provide a potential path for

safe SMBs and, possibly, KMBs. However, SSEs still have the propensity to develop
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attention due to their high
abundance and uniform
distribution in the earth’s crust.
Although LIBs, SIBs, and KIBs
represent a key part for the future
of battery technologies, there are
still many challenges in their
development. These include the
large volume change of the host
material during insertion/
extraction of the metal-ions, low
ionic diffusivity in solid electrodes,
and side reactions leading to the
consumption of electrolytes and
dendrite growth. Developing
practical ion-conducting solid-
state electrolytes (SSEs) with
robust electrochemical stability
against Li/Na/K metal anodes is
the key to meet these challenges
and to overcome the energy
density gap.

In this review, we focus on the
most promising SSEs emerging
from the recent research in the
field. We cover their ion-
conduction mechanisms,
experimental synthesis,
microstructure optimizations,
and, especially, their interfacial
properties with electrodes. This
review can serve as a useful
introduction to the hot topics on
SSEs and their successful
implementation into battery
systems.
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252628 in some cases,

unstable interfaces with both the anode and at the cathode,
with a greater severity than that for organic electrolytes.*” Although inorganic
SSE’s will not ignite under normal operating conditions, the systems based on sulfur
and selenium can release H,S and H,Se when exposed to moisture, leading to safety

concerns.”?™>*

This review should serve as useful tutorial not only for people entering but also for
those who are already active in the field and looking for promising microstructure-
related research directions on “hot” SSEs topics. We focus on a few of the most
promising SSE systems (Garnet Li;La3Zr,O1;, Li-argyrodite, NazAB4, and NASICON)
that have commercial possibility in larger format cells based on their bulk ionic con-
ductivity values. These SSE systems include typical oxides and sulfides for both Li
and Na, which are involved in most fundamental researches about Li/Na all-solid-
state batteries (ASSBs). The discussion and summary about these SSEs would help
understand the main issues in most of the ASSBs. General experimental and theoret-
ical considerations and approaches toward SSEs are introduced along with useful
case studies. There are numerous solid-state ionic conductors,” "¢ for example,
lithium phosphorus oxynitrides (LiPON), which are straightforward deposit and rela-
tively inexpensive.”” However, because of the low ionic conductivity, these systems
are not suitable for large battery systems in automotive applications.?® Such ionic
conductors have been widely covered in previous reviews??***7%-7? and, therefore,
will not be discussed here. This review does not appreciably discuss mechano-elec-
trochemical effects as related to large format cells and ultimately to commercial-
scale systems. Mechano-electrochemical effects have been an explicit focus of an
excellent recent (2021) perspective review article by Dasgupta, Sakamoto, and co-
workers.”® Readers are urged to consult it for unique insights regarding the role of
stress and fracture in establishing the ultimate feasibility of automotive SSE-based
batteries. For garnet Li;LaszZr,O1,, Guo and co-workers have recently (2020) given
an overview of the current progress, especially on how to improve ionic conductivity
and build high-performance all-solid-state batteries.”® Sun et al. summarized the
recent (2021) progress on Li-argyrodites regarding the synthesis, chemical struc-
tures, lithium-ion transport mechanism, strategies to improve ionic conductivity,
and chemical and electrochemical stabilities toward cathode and anode.”” More de-
tails about garnet Li;LasZr,O1, and Li-argyrodites can be found in these reviews.

OVERVIEW OF SUPERIONIC CONDUCTORS
lonic diffusion in superionic conductors
Superionic conductors (fast-ion conductors) or SSEs are solids containing some ions
with extraordinary mobility, allowing them to hop between crystallographic sites and
even act like fluid phase in a crystalline matrix formed by the other ions.”"?*?” The
classical picture of the ion transport in crystal states is depicted in Figure 1A, where a
mobile ion jumps from one site to another.? The basic hopping patterns include: (1)
The ion migrates from one site to a neighboring vacant site; (2) The ion migrates via
an interstitial site between occupied sites; (3) The ion migrates to a neighboring
vacant site closely followed by the occupation of its site by another neighboring
ion.® Composed by these individual hopping steps, the transport of a collection of
mobile ions can be measured by the “area” they explore in the structure within
certain amount of time at a specified temperature.”® This characteristic “area” is
defined by the so-called mean squared displacement (MSD), which is connected
to the ionic diffusivity (D) according to
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Figure 1. Demonstration of the fast-ion conduction mechanisms

(A) A classical picture of basic hopping modes in ionic conductors. Reprinted from Famprikis et al.,®
with permission. Copyright 2019, Nature Publishing Group.

(B) Calculated linear mean squared displacement (MSD) at four different temperatures for a lithium
argyrodite. The inset shows the computed diffusivities from the MSD by Equation 1 at the
corresponding temperatures and fitted by the Arrhenius relationship in Equation 2.

(C) Metal-vacancy-assisted ion migration in alkali antiperovskite superionic conductors, A3HO

(A = Alkali; H = halogen), where the alkali-ion (in green) at an occupied (O) site migrates to its
neighboring vacancy (V) site (open sphere) along the edge of the A,O octahedron centered by
oxygen (in red).

(D) Calculated energy barriers corresponding to the type of migration in (C) for two typical lithium
antiperovskite superionic conductors, LizOCl and LizO(BH,). Due to the orientational disorder of
the polyanion BH, in LizO(BHy), it exhibits reduced migration barrier compared with that of Li3OCI.
(E) The crystal structure of Li;oGeP,S1,. Sulfur atoms are in yellow, fully occupied lithium in green,
partially occupied lithium in green-white, (Geg sPg 5)S4 tetrahedrainred, and PS4 tetrahedra in blue.
Reprinted from Ong et al.,”” with permission. Copyright 2013, The Royal Society of Chemistry.
(F) The Li-ion (in green) migration pathway in a body-centered cubic sublattice of sulfur (in yellow)
found in Li;oGeP,S12. Reprinted from Wang et al.?’ with permission. Copyright 2015, Nature
Publishing Group.

(G) Calculated van Hove correlation functions, as in Equation 5, for a sodium antiperovskite
superionic conductor at two different simulation temperatures. Compared with the conspicuous
stripes at 600 K, the broadened and relatively fuzzy stripes at 1,000 K are due to severe thermal
disturbances on the correlational motion of Na-ions. (B) (C), (D), and (G): F.H., N.J., and D.M.,
unpublished data.

where [ri(t) —r;i(0)] is the displacement vector of the mobile ion at time t.

Figure 1B shows the calculated linear Li-ion MSD in a lithium argyrodite SSE (which
will be discussed in the following section) at different temperatures. Clearly, accord-
ing to Equation 1, the Li-ion diffusivity measured by the slope of the MSD increases
with elevated temperature. Itis found that diffusivity versus temperature follows the
Arrhenius relationship,
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D=Aexp(—E,/ksT) (Equation 2)

which is routinely used to fit to the diffusivity data points at a few temperatures to
extrapolate the diffusivities at other temperatures, as shown by the insetin Figure 1B.
Both the pre-factor A and an energy term E,, called the activation energy, are
treated as the fitting parameters. Because the ionic transport is a collective thermally
excited phenomenon, Equation 2 is featured by a Boltzmann factor seen in statistical
physics, and E, serves as a characteristic energy to measure the ease with which ions
can hop in a system. The ionic conductivity of the ionic conductor can then be ob-
tained from the Nernst-Einstein relation

o = D(Ne® / kgT) (Equation 3)

where N is the number of the mobile ions per cm®. Other symbols have their
customary meanings.

Several ionic conduction mechanisms have been found in the known Li/Na/K SSEs.
The first is defect- (e.g., vacancy, interstitial, etc.) assisted conduction. This is exem-
plified by the alkali antiperovskite superionic conductors'® A3HO (A = Alkali;
H = halogen) whose fast-ion diffusions disappear in perfect lattice.'®" As shown in
Figure 1C, ionic transport in these materials involves the direct hopping of the al-
kali-ion to its neighboring vacant site along the A,O octahedral edges in the struc-
ture. The energy barrier for such hopping, as shown in Figure 1D, corresponds to the
activation energy of the material.

The second type of ionic conduction is topology-assisted diffusion. This is exempli-
fied by the lithium sulfide Li;0GeP,S12, as shown in Figure 1E, which exhibits a very
high room temperature ionic conductivity of 12 mS/cm.”? Itis found that Li;0GeP,S1
is featured by a body-centered cubic sublattice of sulfur, allowing the tetrahedrally
coordinated Li-ion by sulfur to hop between the neighboring sites via a large trans-
port channel,®" as shown in Figure 1F. On the other hand, lithium sulfide with a face-
centered cubic (fcc) or hexagonal closed packed (hep) sulfur sublattice exhibits a
much lower ionic conductivity.?’ Other examples include the mixed-anion antiper-
ovskites, such as Li3OClg sBros'%° and Na3SClg s(BClgos.'°? Due to the different
sizes between the halogens (Cl versus Br) or the halogen and big polyanion (Cl versus
BCly), the accommodation of the bigger anion in the lattice creates additional chan-
nel space around the smaller anion for metal-ions to transport, thus enhancing the
ionic conductivity of the material.'%

The third type of ionic conduction is correlated collective motion of the metal-ions. If
there is strong interaction between the neighboring metal-ions, such as found in
Li1oGeP,S12 (LGPS), cubic LisLasZr,01; (LLZO), and Liy 3Alo 5Ty 7(PO4); (LATP),
multiple meta-ions would migrate collectively, effectively flattening the energy bar-
rier. One way to measure the correlated motion is to calculate the diffusion (D) of the
charge center of all the metal-ions in Equation 4 against the diffusion (D) of individual
metal-ions in Equation 1:

1 1 ?
D, = lim N

TN .
Hwﬂ< NZ;ﬂ”m N _ri(0) ). (Equation 4)
The Haven ratio is defined as D/(ND.), and its inverse, called the correlation factor,
measures the average number of metal-ions moving together in the system. The way
to quantitatively evaluate the collective modes is to study the distinct van Hove time
correlation function defined as

¢? CellPress

Joule 6, 543-587, March 16, 2022 547




¢? CellPress

1

Go(r, ) = (30, 3l + r(0) = r(v]) (Equation 5)

which measures the probability of finding, at time t, another ion at distance r; given
the fact that the firstion atrjatt = 0. G4(r,t =0) is the pair distribution function of the
structure. G4(r =0,t) measures the probability of one ion being replaced by another
in time t. An example of the calculated van Hove time correlation function for a so-
dium antiperovskite superionic conductor is given in Figure 1G, where significant
values of Gy are found at r=0 and around 4 A. The former suggests that one Na-
ion will quickly fill the vacant site left by another in a timescale of 1 ps. The latter sug-
gests that the neighboring Na-ions (with distances in 3.5-4.5 A) are likely to move
together in the system. There is also some correlational motion between the Na-
ion and its second nearest neighbors, as indicated by the narrow stripe around
7 Ain Gg.

The fourth type of ionic conduction is disorder-assisted migration, such as phase
amorphization, anion disorder, and orientational disorder of polyanions. It is found
that promoting amorphous phases in some materials (e.g., Li3PS4) may lead to a
degenerate ground state for the Li sublattice so that the Li ions can rearrange into
different sites with relatively low energy cost.'®* Different anion species with similar
ionic radii swapping their sites can also reduce the activation energy and enhance
the ionic conductivity of a material, as found in alkali antiperovskite and argyrodite
conductors. Other examples include the SSEs containing polyanions, such as BF4 ™,
B1oH122~, and PS43~ in LizSBFy, LisBioH1o, and LizPSa, respectively. Upon thermal
excitation, the polyanions can form an orientationally disordered rotor phase, which
can create a number of energetically frustrated sites for metal-ions to explore, result-
ing in a reduced activation energy (as demonstrated in Figure 1D with LizO(BH,)
versus LizOCl) and enhanced ionic conductivity of the material.’%>~"%”

Phase transitions in super ionic conductors

There is a wide range of solids with superionic phases, including the one as simple as
Agl. However, most of the fast-ion conducting phases only exist at high tempera-
tures, and the challenge is to discover or tailor the chemical compositions that
provide superionic conduction at ambient conditions.'% For practical solid-state
battery applications, SSEs should have a room temperature ionic conductivity over
1 mS/cm and activation energy below 0.4 eV."%? However, only a few classes of
lithium conductors can satisfy the above criteria , and these are all metastable in their
ground states due to the relatively weak interactions between the metal-ions and the
anions in the system. Therefore, to access good Li/Na/K ionic conductor phases and
enhance their properties under ambient conditions, techniques that can modify the
thermodynamic or kinetic phase stability are important.

Heteroatom doping represents a path toward achieving modified thermodynamics,
as long as the dopants are retained in their targeted occupancy sites. Consider the
standard free energy relation: AG = AH-TAS, where G is Gibbs free energy, His the
enthalpy, and S is the entropy. Therefore, it may be observed that at elevated tem-
peratures, the entropy contribution due to various defects becomes important. En-
tropy will be increased with the introduction of heteroatoms into the lattice due to
the corresponding vacancies generated by aliovalent substitutions. For aliovalent
atom doping, the associated extra vacancies or interstitial ions would further in-
crease the entropy. In addition, heteroatom doping will affect the lattice and the en-
ergy of the elevated-temperature structure. For crystals, the lattice energy is defined
as the change in the energy of the system of atoms and molecules when a crystal is
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Table 1. Summary of representative Li and Na superionic conductors with different structures and their transition temperature

Transition
Chemistry temperature (°C)  Low-temperature structure High-temperature structure Doping strategy
Li;PSe 210""° Pna2; (orthorhombic) a = 14.076 A F43m (cubic) a = 9.9926 A LigPSsX (X = Cl, Br, I)'"®
b=6917 (230°C)""® Li7 35Si0.35P0.6556 '/
c=9.955""° Li7.3Si0.3P0.7S6' "/
NasZr,Si,PO, 147'18 C2/c (monoclinic) a = 15.586 R3c (rhombohedral) a = 9.029 Na3 4Zr;Siz 4Po ¢O12' 7
b =9.029 c=22.974 (247°C)124 NaZr,P30,,'%°
c=9,209 Na3 oY 2Zr1 5Si,PO1 (139.5°C)'?"
B=1237%124
LiBH, 110'% Pnma (orthorhombic) a = 7.141 Pésmc (hexagonal) a = 4.323 A 3LiBH,:LiCl (=72°C)'*
b =4.431 c=7.037 A (262°C)'%* 3LiBH,4-LiBr (= 68°C)'%?
c = 6.748 (—48°C)'* 3LiBH,-Lil'#?
Na3PS, 260'% P42;c (tetragonal) a = 6.952 143m (cubic) a = 7.070 A Na3SbS, (100-120°C)'%¢
c=17.076""* (327°C)'%° NazPSe,'?’
Na3PS, 510""* 143m (cubic) a = 7.070 (327°C)'*° Fddd (orthorhombic) a = 6.606 A =
b=11714A
c=20.738 A (550°C)""*
Li,OHCI 60'%8 P4mm (tetragonal) a = 3.913 Pm3m (cubic) a = 3.917 A (60°C)'?®  Li;OCI'®
c=3.919 (40°C)'%® LisOBr'®

Li;LasZr,O15 177" 141/acd (tetragonal) a = 13.134

c=12.663""
Li10GeP,S12 100'3° P4,/nmc (tetragonal) a = 8.718 P4,/nmc (tetragonal)
c=12.635"% &)

1a3d (cubic) a = 13.03 A (247°C)'**

n 129
Ll6,75L332r1.75Tao.23912
Liz_3,AlLa3Zr,0Oq;

formed from the free ionic forms of the components in the gas phase.’'® A change in
valence and lattice parameters would affect the lattice energy, with larger-sized het-
eroatoms stabilizing the elevated-temperature phases. Conversely, heteroatom
doping may further promote the instability of the elevated-temperature phase at
lower temperatures.’'" Therefore, choosing appropriate doping ions and doping
amount is a complex undertaking, requiring extensive experimental verification
and guidance from theoretical simulation.

It is found that many superionic conductor phases are defect-enriched and/or
possess ion disordering on the lattice sites. A defect-enriched structure is a key
feature of Li;oGeP,S12 and LiyALTiz P3Oq2 systems”''? and in cubic
Na3PS4. " However, the generation of defects/disorder requires extra energy.
Due to entropy consideration, the more disordered structure can be thermodynam-
ically stable at only relatively high temperature. Although the stability at ambient
temperature can be kinetic retained, the energetic preference is for these structures
to decompose to other more stable-lower entropy structures. For example, the
simulated phase stability of LijpGeP,S1, shows that LijgGeP2S1, will decompose
to more stable Li;GeS,4 and LisPS, at low 'cemperatures.w'1 131714 Table 1 summarizes
the structures of several representative Li- and Na-based superionic conductors and
the associated structure transition temperatures. It may be observed that most of
these “special” structures will transform into another more thermodynamically sta-
ble but less conductive structure at low temperatures. Therefore, it is easier to
find fast-ion conducting structures at elevated temperatures. The challenge is
then to stabilize the elevated-temperature structure at room temperature or even
lower to retain the necessary ionic conductivity. For most achieved metastable supe-
rionic conductors, the phase transition temperature does not significantly exceed
room temperature (e.g., 473 versus 300 K). Otherwise, there is too much of a driving
force for decomposition, and the metastable phase does not survive.

There are several ways to fabricate metastable superionic conductors, in the process
tuning the thermodynamic stability or extending the kinetic stability.”*® For
example, nanostructuring increases the surface energy and thus the total free energy
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Figure 2. Phase transitions in superionic conductors

(A) Evolution of the phase transition temperature T, with nanoparticle size. Reprinted from Makiura
et al."* with permission. Copyright 2009, Nature Publishing Group.

(B) Arrhenius plots of the ionic conductivities of ball-milled LiBH4-SiO, composites in different
mixing ratios. Reprinted from Choi et al."*® with permission. Copyright 2016, The Royal Society of
Chemistry.

(C) Arrhenius plots for ionic conductivity of nanoporous $-Li3PS, (line a), bulk g-LizPS, (line b), and

bulk y-LizPS4 (line c), reprinted from Liu et al."*’ with permission. Copyright 2013, American

Chemical Society.
(D) Indexed X-ray diffraction pattern of LiBH,4-Lil at 25°C, with the inset showing the change in unit

cell volume as a function of mole fraction of Lil. Reprinted from Maekawa et al.'?” with permission.

Copyright 2009, American Chemical Society.

of the material, opening the possibility of having the nanostructured elevated-tem-
perature phase remain stable at ambient temperature.’** In principle, as long as the
nanoscale crystalline size is preserved, the disordered structure remains thermody-
namically favored. This effect is lost if microstructural coarsening occurs during
cycling or storage, which in itself is a thermodynamically favored phenomenon.
Therefore, kinetic stabilization plays a key role, whether it is for preventing the
decomposition of a metastable elevated-temperature phase or for preventing the
nanostructured phase from coarsening. For example, Makiura et al. reported that
for Agl, the transition temperature (T) from conductive o phase to 8 and y poly-
morphs decreases with decreasing mean nanoparticle size, leading to a progres-
sively enlarged thermal hysteresis when performing thermogravimetric stability
(TGA) tests.'®* Per Figure 2A, the stabilization effect became pronounced when
the particle size was reduced to 11 nm. As another example, authors reported that
the LiBH4 nanoconfined in mesoporous silica MCM-41 scaffolds (4 nm pores) deliv-
ered an impressive ionic conductivity of 0.1 mS/cm at 313 K, which is three orders of
magnitude higher than that of the bulk LiBH, at the same temperature.' Solid-state
’Li nuclear magnetic resonance (NMR) analysis on the nanostructured borohydride
revealed an enhanced ionic mobility, similar to the elevated-temperature hexagonal
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P63/mmc superionic LiBH, phase.”* The superionic borohydride was believed to be
present at the SiO; interface because a significant portion of the structure trans-
formed into the equilibrium low-temperature phase while the conductivity re-
mained. The enhanced ionic conductivity may also be an interfacial effect. With
only ball milling SiO, and LiBH,4, the ionic conductivity increases to 107* S/cm at
room temperature (Figure 2B)."%¢ Liang et al. prepared nanoporous g-LisPSs with
much more favorable ionic conductivity than that of the bulk Li3PS4. These results
are shown in Figure 2C."*’ It is not obvious how nanoporosity could affect the
bulk thermodynamic properties of this material, making it feasible that metastability
and interfacial transport are responsible for the enhancement.

For example, LiBH4 normally exists as an orthorhombic structure at room tempera-
ture and transforms into a hexagonal structure above 110°C."?? The transition tem-
perature is reduced with halides (I, Br~, CI7) replacing BH4 ™. As shown in Figure 2D,
a 25% replacement of BHs~ by |7 (3LiBH,-Lil) decreases the phase transition
temperature to below room temperature, stabilizing the elevated-temperature
superionic conductivity for ambient operation.'?? Heteroatoms with a larger size,
e.g., I” versus Br~ and CI~, are more effective in lowering the phase transition tem-
perature. This has been attributed to expanded lattice with larger size anion doping.
When the lattice is expanded by heating or ion doping, the low-temperature phase
becomes less stable and will transform into the elevated-temperature phase. The
role of substituting ions in the instability of the distorted lattice may be viewed as
an application of the Goldschmidt's tolerance factor, which was originally employed
for the doped perovskite structure. A summary of representative Li and Na superi-
onic elevated and low-temperature structures is provided in Table 1; the table
also shows the doping additives employed to reduce the transition temperature.

Holistic aspects of SSE performance in ASSB cells

There are other important transport parameters that are relevant to the performance
of a SSE, in addition to the solid-state ionic diffusion activation energy and diffu-
sivity. This is especially the case when the SSEs are implemented into complete
ASSB, i.e., when system has to perform over many cycles. SSEs have the propensity
to develop unstable interfaces at both the anode and at the cathode, in some cases,
with a greater severity than that for organic electrolytes. Figure 3 provides a sche-
matic of deleterious cycling-induced void formation and dendrite growth at the Li
anode/SSE interface in an ASSB. Parallelly, the figure also illustrates the deleterious
cycling-induced reaction of the ceramic cathode with the SSE, leading to SSE oxida-
tion and the loss of transition metals from the cathode, degrading its structure. The
volume changes of cathode also increase the interface resistance between active
materials and solid electrolytes. On the anode side, the void formation during
discharge reduces the interfacial contact area. This reduction in area focuses the
ionic current upon charging, raising the local current density and facilitating solid
electrolyte reduction and dendrite formation. Both issues remain as key material sci-
ence challenges for the realization of ASSBs. The cathode reactions lead to rapid ca-
pacity and voltage decay in the battery, whereas the anode reactions lead to the
same effect plus the possibility of electrical shorting.

The volume of both electrodes may change significantly during the charge/
discharge cycle. A good SSE should be able to reversibly deform to accommodate
such volume change and keep a close contact with the electrodes, which is essential
to maintain the battery capacity and cycle performance.'%"3%"“C This “pliability” of
the SSE can be calculated from its elastic constants, assuming that there is negligible

plastic deformation of the SSE during charging and discharging. For example, the

¢? CellPress

Joule 6, 543-587, March 16, 2022 551




¢? CellPress Joule

Figure 3. Interfacial problems of sulfide-based solid-state electrolytes in lithium ion all-solid-state
battery

Overview of challenges for sulfide-based solid-state electrolytes (SSEs) in full high-voltage all-
solid-state battery (ASSBs). Failure entails void formation and dendrite growth at the anode/solid
electrolyte (SE) interface. It also entails the reaction of the SSE with the ceramic cathode, leading to
one or a combination of SSE-cathode mechanical separation, formation of ionically insulating,
electrically conductive reaction products, and the leaching of transition elements from the
cathode.

elastic constants of a cubic material are proportional to the square of the slope of the
acoustic branches along certain high-symmetry directions in the reciprocal space
and can be extracted from the computed phonon dispersion relations.'*? If the
SSE only exhibits very low-energy acoustic modes, the slope of its acoustic branches
and, hence, its elastic constants are expected to be small. This can lead to low
Young's modulus of the material, as seen in most soft sulfide SSEs with Young's
moduliin the range of 18-25 GPa."*” Besides a low Young's modulus, typical flexible
materials often have a Poisson’s ratios in the order of 0.1. SSEs with such metrices are
likely to make better contact with the electrodes in a battery cell. Sulfides are also
plastically soft, “flowing” around the harder ceramic cathode particles and leading
to better contact both initially and after cycling-induced volumetric changes. Ox-
ide-based SSEs are significantly more elastically stiff and plastically hard, creating
interfacial contact problems during both fabrication of the ASSB and subsequent
cycling. For a polycrystalline SSE, large grain size is favored for high ionic conductiv-
ity.'*" However a larger grain size in a thin SSE specimen (i.e., same order of magni-
tude dimensions) may lead to more profound stress concentrations at few grain
boundaries, resulting in greater localized cracking. The high elastic modulus of ox-
ides may help to physically block metal dendrites if they grow by penetrating the
bulk structure.** However, as will be discussed, dendrites often grow along defect
paths, such as internal pores and grain boundaries, where the localized electric fields
thermodynamically favor metal nucleation. In this case, bulk SSE elastic properties
would be less relevant for their propagation.

A hierarchy of models have been developed to evaluate the chemical and electro-
chemical reactions between the SSE and the anode/cathode. These include
methods considering only the fast-ion diffusion of the alkali-ions, of multispecies
equilibria at the interface, and of explicit interfacial simulation using ab initio molec-
ular dynamics (AIMD)."*® The first two methods are computationally affordable and
based on the assumption that the alkali-ions are the main diffusive species inside a
SSE and at its interfaces. This assumption is reasonable because, unlike liquid elec-
trolytes with both mobile alkali cations and counter-ions, SSEs only have mobile al-
kali-ions with an ion transference number >0.99. The SSE can be treated as an open
system to the alkali-ion of interest. In this case, the phase equilibria at the electrode/
electrolyte interfaces can be estimated using a grand potential phase diagram
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construction.”** When the battery is fully charged, the SSE is subject to the maximal
electrochemical potential. The alkali metal anode at high chemical potential acts as
an alkali source, and the cathode at low alkali chemical potential acts as an alkali sink.
Based on this model, the alkali uptake against the cell voltage can be calculated us-
ing the available stable phases in the Materials Project database.'** The predicted
phase equilibria at different voltage regions can then show the intrinsic electrochem-
ical stability window (ESW) of the SSE against the alkali metal. It is also found that the
practical ESW of an SSE could be much higher than the calculated intrinsic values. If
the interface decomposition product phases are good insulators with poor electric
conductivity, they can effectively passivate the SSE leading to a high overpoten-
tial."*> The third method of AIMD considers the kinetics of all compositional ions
at the interfaces. However, it is computationally intensive because it involves the
construction of a large structure model containing layers of electrode materials,
SSE, and, possibly, buffer layers of the materials in between. The structure and
chemical stabilities of the simulated interfaces after a reasonable simulation time
(~ hundreds of picoseconds) can be evaluated by comparing the radial distribution
functions of the interface with those of the possible decomposition phases in

database.'*®

GARNET LLZO (Li;La3Zr,04,)

Structure and ionic conductivity of garnet LLZO

Garnet LiyLa3Zr,04; (LLZO) is a well-explored superionic conductor SSE due to its
favorable ionic conductivity and kinetic (not thermodynamic) stability relative to Li
metal and ceramic cathodes.”*"*""°° There are two crystal structures of LLZO,
tetragonal phase (t-LLZO) and cubic phase (c-LLZO). These structures are illustrated
in Figures 4A and 4B, respectively.”*%"*" The space group of the tetragonal structure
LLZO is 144/acd with a lattice constant of a = 13.134(4) A and ¢ = 12.663(8) A,"*°
whereas the space group of cubic structure LLZO is la3d with a lattice constant of
a=13.03A(520K)."? In both t-LLZO and c-LLZO, Zr** occupies the ZrO4 octahedral
site and the larger diameter La** occupies 8-fold coordinated LaOg dodecahedra.
The difference between these two structures is in the Li* sites, which is the primary
reason for the difference in the ionic conductivity. In t-LLZO, all the three Li* posi-
tions (Li1 located at tetrahedral 8a, Li2 located at octahedral 16f, and Li3 at octahe-
dral 329g) are fully occupied,”” whereas in c-LLZO, two kinds of Li* (Li1, tetrahedral
24d, Li2, octahedral 96h) are only partly occupied. For c-LLZO, positions of Li1 and
Li2 are close to each other (1.602 A). The repulsion between lithium ions with such
short distance makes it impossible to fully occupy the adjunct sites. For example,
the Li1 site is occupied with the two adjacent Li2 positions being vacant, and the
lithium ions will migrate along this path (from Li1 site to the adjacent empty Li2
site or vice versa). Besides the enriched vacancies and the short jump distance, it
has been found that the collective motion of strongly correlated Li ions in ¢-LLZO
also contributes to its superionic conductivity.'”® According to high-resolution
solid-state NMR, a third Li* located at 48g octahedral site was identified in
Li7_ox—3yAlyLazZr, W,0q, (0 < x < 1)."°2 In addition, Li—°Li exchange spectra in-
dicates a correlation between the octahedral (96h) and tetrahedral (24d) sites, which
means that Li+ jumps between 96h and 24d. These results confirm the lithium migra-
tion pathway in LLZO, which is along 24d—96h—48g—96h—24d.""?

The ionic conductivity of the ¢c-LLZO is two orders of magnitude above that of the
tetragonal phase, but the t-LLZO structure is more stable at room temperature. Em-
ploying density functional theory (DFT) simulations, the authors demonstrated that
the phase stability of t-LLZO is determined by a simultaneous ordering of the Li
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Figure 4. Structures and phase transitions in garnet Li;LasZr,04,

(A) Crystal structure of tetragonal Li;LazZr,O4; (LLZO). Reprinted from Awaka et al."*% with
permission. Copyright 2009, Elsevier Inc.

(B) Crystal structure of cubic LLZO. Reprinted from Awaka et al.">" with permission. Copyright 2011,
The Chemical Society of Japan.

(C) In situ X ray diffraction (XRD) analysis of Li;La3Zr,O15, showing the evolution of the structure with
heating.

(D) Plot of undoped and Ta-, Nb-doped lattice parameters versus temperature, highlighting
doping-induced stabilization of the cubic structure. Reprinted from Adams et al.'”” with
permission. Copyright 2012, The Royal Society of Chemistry.

ions on the Li sublattice and a volume-preserving tetragonal distortion that relieves
internal structural strain.">® The authors also demonstrated that high-valent doping
(AP at Li* site®" or Nb>*/Ta®" at Zr** site'?”"°*7%%) will introduce vacancies into
the Li sublattice, which reduces the Li-ion population and Li-ion Coulombic repul-
sion in the framework and stabilizes the elevated-temperature cubic phase by
reducing the free energy gain from ordering. The critical temperature for cubic
phase stability is lowered as the Li vacancy concentration is increased, with the cubic
structure being favored as the vacancy number per formula unit is increased to 0.5
and above.

The authors combined simulations and experimental analysis to examine the

correlation between structure and ion mobility in Li;_,Laz(Zr, xM,)O, (x = O,
0.25; M = Ta®*, Nb>")."?? It was demonstrated that pentavalent doping enhances
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ionic conductivity by increasing the vacancy concentration and reducing the Li
ordering. Moreover, at elevated temperatures, the Li is gradually redistributed to
the tetrahedral sites up to a site occupancy factor equaling 0.56. The in situ XRD
analysis demonstrated that the tetragonal to cubic phase transition occurred above
177°C for Li;LazZr,045. These in situ XRD results and obtained lattice parameters are
illustrated in Figures 4C and 4D. Above the phase transition temperature, the (211)
and (112) peaks from t-LLZO merge together due to the higher symmetry of c-LLZO.
High-valence Ta>*/Nb°* doping at the Zr** site successfully reduced the phase tran-
sition temperature, with no transition to tetragonal phase at room temperature. This
isillustrated in Figure 4D, which demonstrates the effect of doping on the lattice pa-
rameters as a function of temperature.

Chemical stability of garnet LLZO

One disadvantage of LLZO is that it is known to degrade in humid air and form reac-
tion layers when exposed to air.'>*"'¢ The reaction between LLZO and moisture is
conceptualized according to Equations 6 and 7:

Li7La32rzO12 + X Hzo g Liy,XHXLa3Zr2012 + x LIOH (Equation 6)

LIOH + 1/2 CO, — 1/2 Li,CO3 + 1/2 H,O (Equation 7)

The Li*/H" exchange has a strong negative impact on the ionic conductivity of the
LLZO.">*1%¢ In addition, the Li,CO3 formation layer blocks ion transfer at the inter-
face,’” leading to a major increase in the interface resistance.'*® First-principle cal-
culations showed that the work of adhesion between Li and Li,CO5 (0.1 J/m?) is less
than that between Li and LLZO (0.67 J/m?), leading to increased wetting contact
angle (142° versus 62°) and interfacial resistance (400 versus 2 Q/cm?)."? The
Li,COj3 can be removed by wet polishing followed by heating at elevated tempera-
ture (>500°C), leading to a reduction of interfacial resistance from 400 to 2 Q/cm?.1%7
Li,COj3 on the surface of LLZO also affects the ionic transport through the polyeth-
ylene oxide (PEO)-LiTFSI polymer and LLZO interface because the Li,COj3 layer
acts as a barrier for charge transfer."®’-*9 With Li,COj3 on the surface, the area-spe-
cific resistance (ASR) between LLZO and PEO can be up to 14.57 kQ-cm?, which can
be reduced to only 0.20 kQ-cm? after removing Li,CO3 at 700°C."¢°

Reaction between garnet LLZO and Li metal anode

Another issue with LLZO is its reactivity with the lithium metal anode. When in con-
tact, excess Li* is able to occupy the Li sites in the cubic LLZO, according to the
following equation:*?

2L + V5 (LLZO) —2Lii(LLZO) + VS(LLZO) (Equation 8)

The back filling of Li* makes the cubic LLZO unstable at room temperature, making it
gradually transform into a tetragonal LLZO. This conclusion is directly supported by
electron energy loss spectroscopy (EELS) and the associated schematic shown in
Figure 5A."*° The evolution of the oxygen K-edges in the EELS spectra demon-
strates this transformation, where ~ é nm interface layer of LLZO becomes tetrag-
onal. Further decomposition to ZrO, compounds at the LLZO/Li interface also occurs
under such reducing conditions (0 V versus Li/Li*). This conclusion is based on DFT
simulations and separately on analysis of the X-ray photoelectron spectroscopy
(XPS) spectra of the interface |ayer.“ﬂ'“"2 As a positive attribute, however, the inter-
phase layer derived from the reaction between LLZO and Li is kinetically stable,
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Figure 5. Stability of garnet Li;La3Zr,04, against Li metal
(A) Oxygen K-edge EELS line scan data of c-LLZO-Li interfacial layer as a function of distance in nm. Reprinted from Ma et al.’*® with permission.
Copyright 2016, American Chemical Society.

(B) SEM image of dendritic Li metal nucleated at the grain boundaries of LLZO. Reprinted from Cheng et a
Ltd.

(C and D) Lithium platting/stripping performance of LLCZN and LLCZN@LAO in Li symmetric cells at different current densities. Reprinted from Song
et al.'®* with permission. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(E) SEM image of the contact of a garnet surface with molten Li. Reprinted from Han et al."®”

1'% with permission. Copyright 2016, Elsevier

with permission. Copyright 2017, Nature Publishing Group.

ensuring that the bulk c-LLZO material remains unchanged even after extended con-

tact with Li metal.’#®

Dendrite growth with garnet LLZO

A major secondary problem for LLZO in contact with Li is dendrite formation and
growth, which can lead to battery short circuits during extended cycling.'®® During
ongoing charging-discharging, the Li* ions migrate between the anode and cathode
through the solid electrolyte.’®” With a fully homogeneous solid electrolyte having a
constant ion diffusion resistance, the reduction of voltage would be linear from the
cathode to the anode.’®® The voltage away from the anode would always be larger
than O V versus Li/Li", making it thermodynamically impossible to form Li dendrites
inside the solid electrolyte. However, the lower ionic conductivity at grain bound-
aries and pores leads to an enriched Li* concentration and a cathodic overpotential
sufficient for metal nucleation.'®>"'”=""" There is also an additional ionic resistance-
enhanced electrical conductivity due to the reaction layer(s) formed at the anode-
SEE interface. This would further exacerbate the non-uniform field distribution and
drive metal nucleation away from the anode. Parallelly, there may be enough elec-
trical conductivity around such sites to allow for the local reduction of Li* to form
the dendrites. Due to this combination of process-enhanced cathodic overpotentials
and localized electrical conductivity, the metal dendrite formation on LLZO is a ma-
jor impediment toward its utilization on full battery cells. Cheng et al. have directly
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observed that Li metal propagated along the interconnected grain boundaries in the
polycrystalline Lig 25Alg 25La3Zr,Oq, ceramic electrolyte.'®® Figure 5B illustrates this
phenomenon, with the SEM images showing the Li metal decorating the grain
boundaries. Qi et al. developed a phase-field model to examine the impact of
excess surface electrons on the Li dendrite growth morphology in polycrystalline
LLZO.""? The model successfully explained the experimentally observed dendrite
intergranular growth and revealed that the trapped electrons may produce isolated
Li metal nucleation, leading to a sudden increase of Li-dendrite penetration depth.

The local overpotential is affected by site-specific ion diffusion limitations (space-
charge-layer effects,’”? defect relaxation, and resistance polarization) and localized
current density variations.**'’* Solid electrolyte defects, such as grain boundaries,
pore surfaces, and other interfaces, typically possess lower ion diffusivity than the
bulk crystal,"”® leading to site-specific concentration polarization.”” Parallelly,
SSEs may possess an increased electrical conductivity than the bulk crystal, still be-
ing low but now sufficient to allow the reduction of Li ions to Li metal.’’® In fact,
Wang et al. revealed that electrical conductivity is one important condition for the
formation of dendrites.”® Once electrically shorted, there is a mixed electron-ionic
conduction, leading the charge-discharge curve of a symmetric Li/SSE/Li cell to
be relatively flat with minimum polarization.?® An increasing charging current density
would favor both effects, promoting a greater localized cathodic overpotential due
to diffusional limitations and increasing localized electron current density. Dendritic
lithium has been observed in LLZO solid electrolytes, which has a relatively high elec-
trical conductivity of 5.5 x 1078 S/cm at 30°C.?° By contrast, the electrical conduc-
tivity of LIPON is measured to be in the 107> to 10~ "2 S/cm range."’” This helps to
explain why Li dendrites have not been reported in the LiPON electrolyte.

It should be pointed out that dendrite formation in SSE electrolytes is a complex pro-
cess that is not fully understood."’* Lithium growth and penetration through solid
electrolytes is fundamentally different from the conventional dendrite growth in
liquid electrolytes.*” According to the Monroe and Newman model, dendrite
growth can be suppressed if the shear modulus of SSE or separator is twice the shear
modulus of lithium (4.8 GPa at 298 K).'** Several SSEs are reported to possess rela-
tively high elastic modulus, such as garnet-type Li;LazZr,O, (LLZO) (= 100 GPa),'’®
B-LisPS4 (10-12 GPa)."”” However, Li dendrite can still form and propagate in these
high-strength solid-electrolyte (SE)-based batteries.”® It is likely that the interface
kinetics are non-uniform, depending on the localized variations in surface chemistry,
reaction layers that may be present, grain boundary orientation, pores, impurities,
etc.’*"* This creates major challenges in predicting or controlling the dendrites
in experimentally synthesized SSE materials, which are naturally full of defects
such as pores and grain boundaries and contain voids at the anode-SSE interface.
Based on such understanding of dendrite formation, targeted strategies can
improve the operating current density and cycle life of ASSBs.?>*? These include
reducing the levels of porosity and grain boundary area, which minimizes the grain
boundary ionic resistance. Akimoto et al. successfully fabricated large size garnet-
type Liz_xLaszZro_«Nb,O1; single crystals without grain boundaries and voids using
flotation zone method."®° As a result, this single-crystal Li;_,LasZr, Nb,O;, deliv-
ered a total ion conductivity of 1072 S/cm at room temperature and a critical current
density (CCD, the largest current density allowed without shorting) of 0.5 mA/cm?;
both values are considered quite favorable.

Decreasing the electrical conductivity is another effective way to suppress dendrite
formation, especially at interfaces, grain boundaries, and pores, where dendrites are
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most likely to form.'®* 81772 Qj et al. simulated the performance of surface modified
LLZO with an insulating layer of Li,PO;N, showing that this approach is effective in
suppressing dendrite formation.’® Pan et al. reported that a 5 nm layer of LIAIO,
(LAO) coated onto the grain surfaces of LLZO prior to sintering results in an
improved CCD for the onset of dendrite growth from 0.4 to 0.75 mA/cm?. These
findings are illustrated in Figures 4C and 4D."'®® It was found that when the external
voltage was less than 0.4V, the electrical conductivity was constant. However, as the
voltage was increased to over 0.5V, the electrical conductivity of the SSEs also grad-
ually increased.’®® The change in conductivity was =1.25 x 1078 S/cm at 0.3 V
to 3.59 x 107° S/cm at 1 V (LLZO) and =5.2 x 1077 S/cm at 0.3 V to 1.01 x
1078 S/cm at 1V (LAO-coated LLZO). It was argued that the increased electrical con-
ductivity originated from the grain boundaries because the polarization voltage was
sufficiently large (around 0.5 V in total) to make them electrically conductive. After
coating a 5 nm thin insulating buffer layer of LIAIO, (LAO) at the grain boundary,
the electrical conductivity was effectively reduced, leading to an increased CCD.
As Figures 2D and 4C indicate, the measured CCD was 0.75 mA/cm?, whereas for
the baseline pristine LLCZN, this value was 0.4 mA/cm?.

Hu et al. reported that atomic layer deposition (ALD) grew 5-6 nm layer of Al,O3 on
the surface of LLZO, leading to a significant decrease of interfacial impedance, from
1,710 to 1 @ cm?.'®® Experimental and computational results reveal that Al,O3
coating enables the wetting of metallic lithium in contact with the garnet electrolyte
surface. The lithiated alumina interface allowed for a more effective Li-ion transport
between the lithium metal anode and garnet electrolyte, as illustrated in Figure 5E.
With the significantly reduced interfacial resistance after the ALD Al,O3 modifica-
tion, the symmetric Li/SE/Li cell was cyclable at a current density of 0.2 mA/cm?
for tens of cycles. By contrast, the baseline specimen without the ALD modification

short circuited at only 0.1 mA/cm?."

Reaction between garnet LLZO and the cathode

The electrochemical window of LLZO based on first-principle simulations indicates
that LLZO is unstable above 2.91 V versus Li/Li*."**"%? However, the cyclic voltam-
metry of Li/LLZO/LLZO+C/Pt cell indicates that LLZO starts to be oxidized at4 V. The
increased voltage compared with theoretical predictions can be explained by kinetic
impediments toward decomposition, leading to a large overpotential. XPS results
indicate that the molar ratio of O to Zr decreases from 7.6 to 4.9 when charging to
4.5V, which confirms that O, was released during charging.'®” However, this oxidi-
zation was kinetically sluggish, especially after the passivation layer of zirconium and
lanthanum oxides formed.'® According to the cyclic voltammetry of Li/LLZO/
LLZO+C/Pt cell, the oxidization of LLZO with releasing O, was suppressed after
the first cycle, with less than 1 pA peak current versus 5 pA for the first charge pro-
cess.'®? ASSB with LLZO electrolyte and LCO cathode can still cycle for over 100 cy-
cles with high-capacity retention (98%)."83 Other cathodes such as LiFePO, (=3.4 V)
and S (=2.2 V) with lower potential versus Li/Li" are also compatible with LLZO elec-
trolyte."®* ASSB of LiFePO,/LLZO/Li retains over 130 mAh/g capacity after 50 cycles
(65°C, 200 pA/cm?), whereas for S/LLZO/Li battery, 800 mAh/g capacity can be re-
tained after 60 cycles (65°C, 200 pA/cm?)."®®

Employing LLZO for fabricating high-power all-solid-state batteries remains a chal-
lenge, even with an ionic conductivity close to 1 mS/cm. As shown in Table 2, an
ASSB with Li metal anode, LLZO solid electrolyte, and LiCoO, cathode obtains a ca-
pacity of 0.274 mAh/g at a low current density of 2 pA/cm?.'%* The key impediment
to faster rate performance is the resistance of the cathode-LLZO interface, as
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Table 2. All-solid-state batteries (ASSBs) based on LLZO solid electrolytes (LLZO represents Li;La3Zr,045, LCO represents LiCoO,, LLZNO
represents Nb-doped LLZO, LLZTO represents Ta-doped LLZO, NCA represents Ni and Al co-doped LCO, LLCZN represents Ca and Nb co-doped
LLZO, LALZWO represents Al and W co-doped LLZO, and NCM represents Ni and Mn co-doped LCO)

Temperature and Loading Capacity

Electrolyte Cathode Anode  current (mg/cmz) (mAh/g) Cycles Ref.

LLZO LCO Li RT, 2 uA/cm? = 0.274 3 186

LLZNO LCO (PLD) Li 25°C, 3.5 pA/em?  0.27 127 100 187

LLZO LCO@Li,COj3 + Lip 3Co.7Bo 303 + Li 25°C, 0.05C 1 94 100 147
LLZO@Li,CO;

LLZTO LiFePO, + C + CPEO + LiTFSI Li 65°C, 0.1 C 2-3 141.5 200 84

LLZTO NCA + PEO + LiTFSI Cu 60°C,0.1C 3 0.5 mAh/cm? 50 i

LLCZN S soaked with 1 M LiTFSI in Li 22°C,0.2 mA/cm? 7.5 470 32 e
DME/DOL (1:1 by volume)

LLCZN with Al coating LiFePO, soaked with 1 M LiTFSI in Li 20°C, 0.1 mA/cm? - 120 100 183
EC/DEC (1:1 by volume)

LLCZN with Si coating V,0s + CNT Li 100°C, 50 mA/g 0.2 125 27 92

LLCZN with Ge coating LiFePO, + Gel electrolyte Li 25°C, 1C = 138 100 185

LALZWO with graphite coating ~ NCM + Super P + LiTFSl in PY14TFSI  Li RT, 0.5C 2 128 500 193

LLZTO with HCl treating LiFePO, + Super P + ionic liquid Li 30°C, 0.1C 2 120 150 o

reported by Yoshida et al.'® The authors employed LiCoO,/LLZO pellet/Li metal ar-
chitecture, measuring the total impedance of the cell to be 1 MQ."%* The excessive
interfacial resistance, in turn, may be attributed to one or a combination of several
factors, including poor physical contact, (electro)chemical instability, stress, and
space-charge layer.'"” Directly depositing the cathode onto the LLZO,"®® high-tem-
perature sintering,'®” or filling the gap between the cathode and the LLZO with sec-
ondary soft and ionically conductive electrolytes (PEO polymer electrolyte,
Li».3Co.7B0.303 glass electrolyte etc.) can reduce the interfacial resistance.'*?-5%182
For example, Ohta et al. deposited LiCoO, on the surface of LLZNO by pulsed laser
deposition (PLD). The total resistance of this Li/LLZNO/LiCoO; battery was reduced
to only 700 Q versus the typical 1 MQ (Table 2)."*"%¢ However, the areal capacity
remained relatively low (3.5 pAh/cm? versus typical 3 mAh/cm? of 18650 cell'®)
due to the mass loading of the cathode (0.27 mg/cm? versus typical 20 mg/cm? of
18650 cell'®®).

Sintering at high temperature can improve the contact between LLZO and cathodes,
but most cathodes would react with LLZO at high temperatures and form an inter-

face layer between them. Chiang et al.'®’

used X-ray photoelectron spectroscopy,
secondary ion mass spectroscopy, and energy-dispersive X-ray spectroscopy to
track the reaction between LLZO and LiCoO,. Results indicate significant cation
interdiffusion and structural changes when heating above 300°C. LayZr,O7,
Li,COj3, and LaCoOj3 are identified as decomposition products with synchrotron
X-ray diffraction and X-ray absorption spectroscopy. This interface layer between

LLZO and LiCoO, contributed to an 8-fold increase in interfacial resistance.'®”

Wang et al. incorporated glass electrolyte (Liz 3Co.7Bo.303) into the cathode layer,
which reduced the interfacial resistance between LLZO and LiCoO, (LCO), achieving
the favorable performance listed in Table 2."7LCO, LLZO, and Li.3Co 7B 305 glass
electrolyte with weight ratio of 58: 30: 12 were mixed with ethyl cellulose as a binder
and a-terpineol as the solvent to prepare the electrode slurry. The slurry was then
coated on the surface of LLZO pellet and then vacuum-heated at 100°C to remove
the solvent. The LLZO-supported cathode composite was then heated at 700°C to
improve the contact of solids. The total resistance was reduced to 300 Q-cm?
through this approach. The button cell was cycled at 25°C and a current density of
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0.05 C, with 1 mg/cm? mass loading and 94 mAh/g capacity retained after 100 cy-
cles. Another strategy is to incorporate polymer electrolytes into the cathode
layer."® The mechanical softness of polymers gives the composite electrode an
improved physical contact with LLZO, with the total resistance being reduced to
95 Qat 65°C."** However, the low ionic conductivity of polymer electrolytes restricts
the operating temperature to above ambient, allowing for cycling at 65°C."® A bat-
tery with LiFePO,4 + C + CPEO + LiTFSI composite cathode (2-3 mg/cm2 LiFePOy),
300 um LLZTO solid electrolyte, and Li metal anode was cycled at 65°C and 0.1 C. It
delivered a reversible capacity of 142 mAh/g after 200 cycles, as shown in Table 2."%*
Wachsman and Hu tuned the garnet solid electrolyte and the Li metal by forming an
intermediary Li metal alloy that dramatically improved the wettability of the garnet
surface and reduced the interface resistance by more than an order of magnitude.'®
For the baseline LiyLa, 75Cag.25Zr1 75Nbg 2501, (LLCZN) /Li, the ionic resistance was
950 Q cm?, whereas for surface-engineered garnet/Li, the resistance was 75 Q cm?.
That seminal study provided new paths to address the garnet SSE wetting issue
against Li and, as a result, obtained a more stable cell performance.'®® The same
two authors demonstrated a flexible ceramic textile based on the garnet-type
conductor Li;La3Zr,Oq2."7° The unique highly flexible SSE showed a number of ad-
vantageous properties, including a lithium-ion conducting cubic structure, low den-
sity with multi-scale porosity, and a high surface area to volume ratio.

Outlook for garnet LLZO

The superionic conductivity (~ 1 mS/cm) at 25°C, and the wide (kinetic) electrochem-
ical window of LLZO makes it a promising solid electrolyte. Significant work has been
done to improve the ionic conductivity and reduce the interfacial resistance between
LLZO and various electrode materials. However, the CCD for most LLZO electrolytes
is less than 1 mA/cm?, which is only C/3 for a typical areal capacity of 18650 cell
(3 mAh/cm?)."4*1%¢ |n addition, several other issues also restrict a broader utilization
of LLZO for solid-state batteries. These include the following issues. The interface
resistance between cathode and LLZO is still as high as hundreds of ohms at room
temperature, which strongly limits the power density of the ASSB. The maximum
room temperature charging rate achieved with an LLZO SSE in a full battery has
been reported as 0.05 C, with only 1 mg/cm? mass loading and 94 mAh/g capac-
ity."” The thickness of LLZO pellet is still over hundreds of micrometers, which
needs to be reduced to gain a higher energy density. For most ASSBs with LLZO pel-
let, the thickness of LLZO is at least 200 pum to guarantee its
strength.'4/-184.186.189.190 Ta56 casting followed by sintering is a salable way to pre-
pare ceramic films from several millimeters to less than 100 um."””""?® Doeff et al.
fabricated LLZO film with a thickness of 25-44 pm with tape casting.'”’ The precur-
sors of LLZO, Li,COj3, polyvinyl butyral, and benzyl butyl phthalate were added to
alcohol and acetone solvents, subsequently ball-milled for 48 h to homogenize
the suspension, and then tape cast onto a Mylar sheet. After drying, the green
tape was peeled from Mylar and punched to 22 mm disks. The tape was then placed
between graphite foils, which were in turn placed between two alumina plates for
mechanical support. The entire stack was heated at 1,070-1,090°C for 1-2 h under
Ar for densification. Sintered samples were reheated at 840°C under zero grade air
to remove carbon. With this thin film, Li/LLZO/Li symmetric cell showed a total resis-
tance of only 35 Q-cm?. However, a short circuit occurred when the current density
was increased to 0.2 mA/cm?.'”’ Due to the fragility of the thin ceramic samples,
applying pressure may have caused cracks and thus led to the short circuit.

In addition, the highly reactive Li metal anode would bring major difficulties in
handling and manufacturing, leading to high fabrication cost. In principle, a Li metal
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anode may be unnecessary for Li-containing cathodes. Such “anode-less” or
"anode-free” configuration would also reduce the total volume and mass of a
solid-state battery. Compared with cells with graphite anode, anode-less cells will
save about 50% volume, effectively doubling the cell's specific energy. Even
compared with thin Li metal, the cell volume is still reduced by 23% when going
anode-less.'”® Therefore, anode-less ASSB architectures in which the Li anode is
formed in situ during the first charging step are technologically favored.'’*"?? Saka-
moto et al. designed an ASSB with Cu foil current collector, Ta-doped LLZO (LLZTO)
solid electrolyte, and Ni, Al co-doped LiCoO, (NCA) cathode.'”® The LLZTO with a
thickness of 2 mm was polished with 1200 grit sandpaper and then Cu current col-
lector was attached to the LLZTO. The Cu was laminated to LLZTO under a pressure
of 3-6 MPa and heated at 700°C in Ar for 5 min. NCA with 3 mAh/cm? capacity and
about 35% porosity was casted on the other side of LLZTO as the cathode. Then,
PEO-LITFSI electrolyte was infiltrated into the cathode porosity by heating and
pressing the PEO under 4.2 MPa and 80°C. With enhanced contact between Cu
and LLZTO under pressure of 3-6 MPa and heated at 700°C, Li from NCA cathode
would deposit between LLZTO and Cu. The ASSB cell was cycled with current of
0.1 C at 60°C, with 0.5 mAh/cm? capacity being retained after 50 cycles (Table
2)."%° The relatively low capacity of 0.5 mAh/cm? for the ASSB versus 3 mAh/cm?
for the cathode is likely due to the instability of PEO and the associated interfaces:
The total resistance increased from 90 Q-cm? on the first cycle to 200 Q-cm? after 50
cycles. A cell based on Cu/LLZO/Li was cycled at 0.05 mA/cm? (0.85 mAh/cm?)
without a discernable increase in cell impedance.'?? This indicates that an anode-
less ASSB based on LLZO should be viable. Table 2 provides examples of the ASSBs
that have been achieved using LLZO and related SSEs.

LI-ARGYRODITE (LicASsX)

Structure and ionic conductivity of Li-argyrodite (LigASsX)

Unlike rigid oxide-based SSEs, soft sulfide-based electrolytes show better compat-
ibility with electrodes, which can operate at room temperature in ASSBs. Among
those sulfides, Li-argyrodite (LigASsX, A = P, Sb, X = Cl, Br, I) is attracting substantial
attention due to its ionic conductivity of over 10 mS/cm and improved stability over
the sulfide-based superionic solid electrolytes, such as Li;oGeP,Sq,. 16751997203
There are two different structures of argyrodite-type Li;PSs The orthorhombic
(Pna2,) phase illustrated in Figure 6A is stable at room temperature. The face-
centered cubic (F43m) phase illustrated in Figure 6B is stable above 210°C.""7:%%*
In both elevated-temperature and low-temperature structures, P>* is located in
the tetrahedral site surrounded by four S~ (PS,4). However, the Li* ions take different
sites in the two structures. In the low-temperature structure, Li* ions are fully occu-
pied in seven different sites, namely five tetrahedral, one trigonal, and one linear,
being ordered and frozen at these sites.’'® In the elevated-temperature phase, there
are two different Li* ions with high mobility partially located in 24g and 48h. Fig-
ure 6C illustrates the ionic conductivity of Li;PS, at variable temperatures, also illus-
trating the phase transition occurring between 450 and 500 K. The activation energy
changes from 0.16 eV at low temperature to 0.35 eV at elevated temperature.

The elevated-temperature cubic phase can be stabilized by cation doping at the P>*
site with Si**/Ge**""” or anion doping at S~ site with halides.""®"?7?°" Four types
of cations with different valence and radius were considered to replace P>*.""’
Experimental results indicate that more than 10% of Si** or Ge** doping can stabi-
lize the high-temperature (HT) phase, whereas B3* and AI** cannot.'"” This should

be attributed to the radius and valence of doping ions, B%* (0.11 A) and APt
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Figure 6. Structures and phase transitions in Li-argyrodite

(A-C) (A) Low-temperature (LT) structure of Li;PS,, (B) high-temperature (HT) structure of Li;PS,, and (C) Arrhenius plot demonstrating different
temperature dependencies of the conductivity corresponding to the HT-LT phase transition of Li;PS,, reprinted from Deiseroth et al.”** with
permission. Copyright 2011, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(D) Schematic illustration of the jumps between the lithium positions; doublet jump (48h—24g—48h), intra-cage jump (48h—48h), and inter-cage jump
(48h-48h), reprinted from Kraft et al.”*° with permission. Copyright 2017, American Chemical Society.

(E and F) ab initio molecular dynamics (AIMD) simulation of Li-ion probability densities of Li,PSsCl without s2-/Cl- mixing at 4d sites, and with s2-/Cl-
mixing 7:1 at 4d sites. Reprinted from Feng et al.'”” with permission. Copyright 2020, Elsevier Inc.

(0.39 A). A large difference in radius and valence versus P>* (0.17 A) makes doping
more difficult. DFT calculations indicate that the energy difference between the
elevated-temperature phase and the low-temperature phase (AE = Eyy — E7) be-
comes negative with Si** or Ge** doping but remains positive with B** and AI**
doping. This means that the elevated-temperature phase should be stable at
room temperature with Si** and Ge** doping.""” Certain amount of anion (CI~,
Br~, or I7) or cation (Si**or Ge**) insertion into the Li;PS, lattice can increase the dis-
order and reduce the phase transition temperature to below room temperature.

In the cubic (F43m), two Li* positions at 24g and 48h were identified by neutron
diffraction and NMR, which are both partially occupied.”'®'”? Isotope exchange
(°Li-Li), combined with ¢ 7Li NMR experiments, indicate that Li* at both 24g and
48h contribute to the ion conduction.’?? When applying current on Li||Li,PSsCl||Li
symmetric cell, éLi from Li metal is forced to diffuse through Li,PSsCl and ’Li in
LisPSsClis replaced by éLi. The Li* ion transport path can be determined by checking
changes of ¢ 7Li signals from different Li* sites. For Li,PSsCl, °Li at both 24g and 48h
get enhanced, whereas ’Li is reduced, which means Li* ions diffuse through both
24g and 48h."%7 As shown in Figure 6D, there are three types of Li* jump modes
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in the cubic phase; 48h-24g-48h doublet jump, 48h-48h intra-cage jump, and 48h-
48h inter-cage jump.””® The inter-cage jump is the most important jump mode,
which contributes to the long-range ion diffusion. However, the inter-cage jump dis-
tance is the longest among these three, which makes it less likely to happen, limiting
the ionic conductivity.””® A factor that can promote the inter-cage jump is the disor-
der between S at 4d site and halide at 4a site. For example, S at 4d site and | at 4a
sites in LigxPSsl are fully ordered due to the difference in ion radii (2.2 A for I and
1.84 A for S$?7). Marvin et al. found that introducing Ge at the P site
(Lig+xGexP1_4Ssl) will induce anion disorder at 4d and 4a sites (3% anion disordering
with x = 0.6), improving the ionic conductivity from 107® S/cm for LigPSs! to
5.4 mS/cm for Lig 4Po.4Geo 65s1.2°" The role of anion disorder was also confirmed
by AIMD simulations of LisPSsCl."” Figures 5E and 5F show the probability densities
of Li* ions obtained from AIMD simulations. The simulations confirm that in ordered
LisPSsCl, ionic diffusion is mostly isolated surrounding the S site (4d) but becomes
nonlocalized with partial occupancy of CI™ at free S?~ site.'”” Furthermore, Nazar
et al. found that Li* cation site disorder in Lig.xM,Sb1_,Ssl (M = Si, Ge, Sn) is also
important for ion conduction.?®? In the LisSio 7Sbo 355! sample, two more Li* ion po-
sitions (second 48h and 4d site) were detected. The additional delocalized Li-ion
provides intermediate interstitial positions (local minima) for Li* diffusion and acti-
vates concerted ion migration, leading to a low activation energy of 0.25 eV and ul-

tra-high ionic conductivity up to 24 mS/cm after sintering (Lig 6Sio 6Sbo 4Ssl).2%

Temperature-dependent ’Li spin-lattice relaxation rate (SLR, 1/T;) measurements
were used to quantify the intrinsic Li-ion jump frequency of Li,PSsCl.?" The jump fre-
quency is given by 1/7, where 1 is the average residence time for the subsequent
jumps. When 1/T4 reaches a maximum as a function of temperature, 7w, equals
1 and the jump frequency of LisPSsCl was calculated to be 9.80 x 102 s~'.2%% With
the same jump frequency at a maximum SLR, the sample requiring lower tempera-
ture has higher ionic mobility.?°® Based on the Bloembergen-Purcell-Pound (BPP)
model in the fast-motion region (t-we < 1), Lis_xPS5_xCl1.4x samples with larger T,
relaxation time suggest faster Li* ion motion.'?%-?%7

Reactions between Li-argyrodite (LisASsX) and Li metal anode

Unfortunately, argyrodite also suffers from electrochemical instability both in full and
symmetric cells. Figure 7A shows the X-ray diffraction patterns of LixPSsCl after
plating and stripping until short circuit.”’® A symmetric cell of Li/LisPSsCI/Li was
cycled with a current density of 75 pA/cm? and pressure of 25 MPa for about 20 cy-
cles (40 h in total), resulting in a short circuit. The X-ray diffraction patterns shown in
Figure 7A highlights the decompositions of Li¢PSsCl after reaction with Li metal, with
LiCl, LiSP4, and Li3P7 phases being observed.?’® These phases are Li* ion conduc-
tors but electrical insulators, kinetically suppressing further decomposition of
Li¢PSsCl. However, the relative stability of this interface does not prevent the growth
of dendrites and may in fact accelerate the process by making the LizsPSsCl/Li inter-
face highly heterogeneous in terms of geometry, ionic diffusivity, and mechanical
properties. It also does not prevent the formation of interfacial voids. At low rates,
however, the Li,PSsCl/Li interface remains relatively stable.

Dendrite growth with Li-argyrodite (LicASsX)

Bruce et al. reported that the symmetric cells based on Li/LisPSsCl/Li cycled at cur-
rent less than the critical current for stripping (CCS) without void formation and with
stable polarization.” Here, CCS is defined as the current density above which Li is
stripped faster than it is replenished at the Li/SE interface, resulting in void forma-
tion. Cell resistance was maintained at around 14 Q-cm? after 100 cycles with a
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Figure 7. Stability and battery performances of Li-argyrodite

(A) X-ray diffraction pattern of LisPSsCl of post-cycled (and shorted) Li/LisPSsCl/Li symmetric cell, under a stack pressure of 25 MPa, reprinted from Doux

et al.”’? with permission. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(B) Schematic of the Li metal/Li,PSsCl interface cycled at a current density above the critical current for stripping, reprinted from Kasemchainan et a

with permission.
Copyright 2019, Nature Publishing Group.

(C) In situ X-ray computed tomography image of the Li metal-Li,PSsCl interface after 5 cycles at 1.0 mA/cm?, with a stack pressure of 3MPa.s

(D) Cross-sectional SEM image of the same architecture but with a Ag-C nanocomposite layer between the Li and the LixPSsCl, reprinted from Lee

et al.3p with permission. Copyright 2020, Nature Publishing Group.

|25

(E) Cycling performance and Coulombic efficiency (CE) of the Ag-C|LisPSsCIINMC prototype pouch cell, tested at 3.4 mA cm™ between 2.5 and 4.25V

versus Li*/Li at 60°C.*°

pressure of 7 MPa and a current density of 1 mA/cm?.%° In that study, the increase in
cell resistance was attributed to the formation of voids at the interface, leading to a
reduced contact area. This mechanism is illustrated in Figure 7B.?”> When the strip-
ping current density removes Li from the interface faster than it can be replenished,
voids are formed. Such voids would accumulate during cycling, resulting in a contin-
uously increasing interfacial resistance. Figure 7C shows the in situ X-ray computed
tomography images of cycled Li metal/LisPSsCl interface, which confirms the forma-

tion of voids at the interface with a current density of 1 mA/cm?2®

and pressure of 3
MPa. The strong pressure dependence indicates that void filling is a creep process,
although it is not known whether dislocation motion is involved or whether it is diffu-
sional creep only. Void formation is also associated with dendrite formation and re-
sulting short circuit from the latter. When voids form at the Li,PSsCl/Li interface, local
current density is increased, leading to dendrite formation and growth upon
repeated plating. This occurs even when the overall current density is considerably
below the threshold for dendrite formation on plating. The role of external pressure
was also investigated, and the results indicate that the applied pressure to cells dur-
ing cycling is a key factor governing CCS.?® Voids form at a stripping current of 1 mA/
cm? and dendrites form after several cycles with a pressure of 3 MPa but cycles very
stable with higher pressure of 7 MPa. Considerable pressure may be required to
achieve high current densities in solid-state cells. Further possible factors, such as
surface chemistry, microstructure, adhesion, and mechanical properties of both Li
metal and solid electrolyte, may warrant an investigation as they impact the CCD
on stripping.

Dendritic formation can be minimized by regulating Li deposition on the current col-
lector and the associated metal wetting behavior.*° As the baseline, Li metal poorly
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Table 3. Examples of all-solid-state batteries based on argyrodite solid electrolytes (NCM represents to Ni, Mn co-doped LiCoO,, LTO represents to
LisTisO12, NBR represents to nitrile butadiene rubber)

Loading

Temperature and (mg/ Capacity
Electrolyte Cathode Anode current cm?) (mAh/g) Cycles Ref
Lis.P0.4Geo.6Ss! NCM + SE LTO + SE 60°C and 0.05 C 34 99.3 50 20
Lis7PS4Cly 3 NCM@LiNbO5+ SE In RT and 0.75 mA/cm? 7 15.3 100 212
Li7.255i0.25P0.7556 TiS, + SE Li RT and 0.1 C = 150 10 "
LigPSsCl NCA@LINbO; + C +SE Li RT and 0.1 C 3.55 120 229 210
LisPSsCl + acrylate-type NCM@LZO + SE + C + PTFE  Ag + C + PVDF 60°Cand 0.5C 32 130 1,000
binder
LisPSsCl Li,S + SE + Super P In RT and 0.568 mA/cm? 6 310 37 213
LisPSsCl S+C+SE Li-In RT and 0.064 mA/cm? 3.4 450 50 214
LisPSsClo.3Fo.7 LCO@LINbO3 + C +SE Li RT and 0.13 mA/cm? - 90 50 215
Lis.25PS5.25Clo.75 LCO@LINbO3 + C +SE Li 60°C and 0.15 C = 102 50 216
Lis7PS47Cly 3 NCM@ LiNbO; +SE In RT and 0.2 mA/cm? 10 100 86 217
Lis.7Si0.7Sb0.3Ss! TiS, + C + SE Li-In RT and C/5 5-6 240 130 202
LigPSsClo.sBro.s- NCM + C + NBR and Graphite + NBRand ~ 30°Cand 0.1 C 8.5 128 100 218
infiltrated infiltrated with SE infiltrated with SE
polyimide
LigPSsCl NCM@LiNbOs+ C + SE + Li 30°C and 0.05 C 4 100 100 219

Binder

wets the stainless steel (SUS) collector, leading to dendritic Li deposition.30 In the
presence of the Ag—C nanocomposite layer (5 um), dense and uniform Li deposits
(25 pm) are formed between the Ag-C layer and SUS substrate, per Figure 7D.
The authors proposed that that the Ag improves the ionic conductivity and lowers
the nucleation energy of Li metal by forming Ag-Li alloy, which results in the uniform
Li deposition.

Reactions between Li-argyrodite (LisASsX) and the cathode

Dedryvere et al. analyzed the decompositions of Li¢PSsCl in the LiCoO,/LisPSsCl
composite cathode layer.?’" The authors employed XPS depth profiles starting
from the cathode layer to the solid electrolyte. It was observed that LisPSsCl is
oxidized into elemental sulfur, lithium polysulfides, P,S, (x > 5), phosphates, and
LiICl when charged to over 4 V versus Li/Li". Moreover, the decomposition of
Li¢PSsCl at the cathode varied with depth from the current collector to the solid elec-
trolyte, depending on the two kinetically limiting factors. If the ionic transport within
the electrode is the limiting factor, the electrochemical reaction closer to the solid
electrolyte is faster than to the current collector. If electron conductivity is the
limiting factor, the electrochemical reaction is faster near the current collector. In
the LiCoO,/LixPSsCl/Li-In half cell with 90 pm cathode layer, 570 um electrolyte
layer, and 130 pm anode layer, the maximum decomposition of LisPSsCl was
observed 10 um from the current collector and 80 um from the solid electrolyte.
This indicated that electron conductivity was the main limiting factor for the decom-

position of Li,PSsCl.”""

Without the addition of carbon additives, the decomposition of Lis ¢Po.4Geg ¢Ss! in
an ASSB with Ni, Mn co-doped LiCoO, (NCM) cathode can be suppressed.zm The
cell with a 160 um NCM + SE composite cathode, a 450 um Lig ¢Po.4Geq Ss! solid
electrolyte, and 340 pm LisTisOq, (LTO) + SE composite anode was able to cycle
at 0.25C for 50 cycles at 60°C. The capacity increased from 88.8 mAh/g at the onset
to about 100 mAh/g after about 5 cycles and remained at 99.3 mAh/g after 50 cycles.
This resultis illustrated in Table 3. The total resistance after 50 cycles was only about
15 Q, making it state-of-the-art from that perspective.”?' Sun et al. also fabricated
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ASSB without carbon in the cathode while employing In as the anode (NMC+SE/
Lis 7PS47Cly 3/In).2"% The capacity decayed to 15.3 mAh/g after 100 cycles when em-
ploying a current density of 0.75 mA/cm? (Table 3). The impedance increased from
the initial 50 Q to 150 Q after 100 cycles. An effective way to stabilize argyrodite elec-
trolytes is surface modification of cathode by ion conductors but electron insulators,
such as Li»ZrO5 and LiNbO3.2730:132:205 por example, Lee et al. coated NMC cath-
odes by sol-gel method with a uniform 5 nm Li,ZrO3 coating layer.*° This signifi-
cantly reduced the decomposition of Li,PSsCl at the cathode side. A battery based
on Li»ZrO3-coated NMC cathode, LisPSsCl solid electrolyte, and Ag/C anode was
able to cycle 1,000 times at 0.5C within a voltage window of 2.5-4.25 V versus
Li*/Li at 60°C, with 89% capacity retention, per Figure 7E.*°

A key advantage of sulfide-based solid electrolytes is the superior mechanical pro-
cessability compared with oxide-based electrolytes. The softness of sulfides makes it
possible to fabricate the solid electrolyte layer by cold pressing, as shown in Table 3.
For laboratory evaluation, bulk-type ASSB based on sulfides can be fabricated by
cold pressing two electrodes on both sides of the electrolyte.”®” A full ASSB based
on sheet-type sulfide solid electrolyte can be prepared and would provide higher
energy density than bulk-type batteries.*® With proper binder and solvent, the ar-
gyrodite layer can be made as thin as 30 um.*° This is achieved through a casting
method analogous to electrode film processing. To minimize the influence of the
solvent on the electrolyte and obtain a higher conductivity, the solvent is generally

220,207 221

non-polar, such as toluene®”" and xylene,*° with the binder being soluble in

the solvent. Different binders have been used in preparing thin solid electrolyte
layers, such as oppanol®?’ or acrylate-type binder.*° For example, Lee et al. added
1 wt % acrylate-type binder to Li¢PSsCl with xylene solvent to prepare 30 um thin
LisPSsCl electrolyte layer.>® Combining a 100 pm Li,ZrOz-coated NMC cathode
and 5-10 um Ag-C thin layer anode, the ASSB achieved an energy of 998 Wh/L
and a lifetime of 1,000 cycles with only 11% capacity loss (Table 3).%° These exciting
results pointed to the feasibility of achieving practical ASSBs, namely, combining
high ionic conductivity sheet-type solid electrolyte with a high-voltage, high-capac-
ity ceramic cathode in an anode-less/anode-free configuration not requiring sec-
ondary Li metal.

Coating cathodes with solid electrolytes from solution is one way to improve the
contact between cathode and solid electrolyte. Jung et al. prepared a composite
LCO film by infiltrating solution-processable Li¢PSsCl into conventional LCO film
(LCO + carbon + PVDF binder).??* Argyrodite LisPSsCl was dissolved in anhydrous
ethanol as the solid electrolyte precursor. Conventional LCO film was dipped into
the LisPSsCl solution, followed by drying in an Ar-filled dry box and subsequent
heat treatment at 180°C under vacuum. Then, this composite cathode film was
cold pressed under 770 MPa.??? The ASSB using this composite cathode, LizPS,
solid electrolyte, and Li-In alloy anode delivers a capacity of 141 mAh/g (30°C)
compared with 118 mAh/g for the LCO composite electrode prepared by dry mixing
LCO, carbon, and SE in the same ASSB.??” The higher capacity for the infiltrated
composite cathode is attributed to more intimate contact between LCO and
Li,PSsCl, enabled by the solution processing.?* To date, argyrodite’s electrochem-
ical performance at temperatures below ambient remains unsatisfactory for practical
applications. This is normally associated with bulk and interfacial ionic diffusion resis-
tance at low temperatures, as the electrical conductivity through carbon etc. should
be relatively unaffected. For example, the interfacial resistance of Ag/C/LisPSsCl/
NCM ASSB at 25°C after charging to 4.2 V is 50 Q-cm?, whereas it is only 5 Q-cm?
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at 60°C.>° More research in this area would be highly desirable, with interfacial modi-
fication methods likely being the best path forward.

Wagemaker et al.?** reported two-dimensional lithium-ion exchange NMR to access the
spontaneous lithium-ion transport and provide insight into the influence of electrode
preparation and battery cycling on the lithium-ion transport over the interface between
an argyrodite solid electrolyte and a sulfide electrode. Interfacial resistance is shown to
depend strongly on the preparation method and demonstrated to drop dramatically af-
ter a few electrochemical (dis)charge cycles due to both losses in interfacial contact and
increased diffusional barriers. According to the 2D NMR results, increasing the contact
area between the electrode and electrolyte is helpful to reduce the interfacial resistance
for ion transfer, such as reducing the particle sizes and annealing at HT.?** Further
research with 2D NMR demonstrates the important role of space-charge layers at the
cathode-solid electrolyte interface.'”® The activation energy of cathode-solid electrolyte
interface is only 0.315 eV when it is space-charge free and increases to 0.515 eV with a
space-charge layer. Also, this work points out an important strategy to mitigate the
space-charge layer effects by reducing the local chemical potential difference at the
cathode-solid electrolyte interface.’’® In addition, space-charge layer would cause
lithium-ion accumulation at the electrode/electrolyte interface, which is directly
observed with in situ differential phase contrast scanning transmission electron micro-
scopy (DPC-STEM) technique.”"’

NasAB, (A =P, SB, AND AS AND B =S, SE)

Structures and phase transitions of NazAB,

When changing from Li to Na, the bigger size of Na™ affects the distribution sites in
SSEs and favorable diffusion paths. Moreover, the stabilities and challenges for Na
ASSBs are not the same. Here, the well-studied Na3AB4 and NASICON-type SSEs
are selected as the representatives of sodium-ion SSEs to illustrate the characteris-
tics and main problems in sodium ASSBs. NazAB4 (A =P, Sb, and Asand B =S, Se) is
a promising sodium solid electrolyte with high ionic conductivity up to 1072 S/cm at
room temperature,*’-48114.127.224-228 £ig res 7A-7C show three different structures
of Na3PS, as being stable at different temperatures. NasPS, is tetragonal (P424c) up
to 261°C, cubic (143m) from 261°C up to 510°C, and orthorhombic (Fddd) above
510°C.""*"?" In the tetragonal phase, two kinds of Na* ions occupy 4d (brown)
and 2a (pink) sites, respectively, with both sites being fully occupied. The cubic
phase is believed to be almost ordered, with Na™ ions fully occupying éb sites. How-
ever, according to the molecular dynamics (MD) simulations, the Na™ in the cubic
phase are mobile and may move off its stable site toward the neighboring Na
sites.'?® This is illustrated in Figure 8B. The orthorhombic phase is disordered with
5 partly occupied Na™ sites, per Figure 8C. Figure 8D shows the in situ synchrotron
XRD analysis of NazPS, at temperatures ranging from room temperature up to
550°C. This description highlights the temperature-dependent transitions between
the three different phases.’'” The ionic conductivity of tetragonal phase at 250°C is
0.77 mS/cm, with the activation energy being 0.42 eV. After heating to 450°C and
stabilizing the cubic phase, the ionic conductivity increases to 15.5 mS/cm, whereas
the activation energy decreases to 0.40 eV."** When heated up to 510°C, the struc-
ture transforms into orthorhombic structure. The associated ionic conductivity
changes from 40 mS/cm to 400 mS/cm, whereas the activation energy decreases
to 0.11 eV (Figure 8E).""

Sodium vacancies as well as concerted motion of Na* play important roles in the
ionic conduction of the Na3AB4 (A =P, Sb, Asand B =S, Se) system.ué'229 Both cubic
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(A-F) Structure of Na3PS, (A) tetragonal structure (X.F., N.J., and D.M., unpublished data), (B) cubic structure, reprinted from Nishimura et al.'?® with
permission. Copyright 2017, The Royal Society of Chemistry, and (C) orthorhombic structure, reprinted from Famprikis et al.""® # with permission.
Copyright 2019, American Chemical Society. (D) Temperature-controlled synchrotron X-ray diffraction of Na3PS,, logarithmic contour plot of
diffractograms in the range of 30-550°C upon heating and cooling,'" (E) Arrhenius conductivity plots of NasPS, in the range of 400-600°C,""* (F)
Identification of functional defects with tracer-exchange NMR and ?>Na solid-state MAS NMR. Reprinted from Feng et al.””° with permission. Copyright

2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

and tetragonal phases display a significant enhancement in the ionic conductivity
due to the incorporation of Na vacancies.®’??*?3%?31:23% For example, 6.25% CI~
doping at the $2~ site in tetragonal Nas_PS,_,Cly leads to Na vacancy formation.
This causes the ionic conductivity to improve from 0.05 mS/cm (tetragonal
NasPS,) to 1.14 mS/cm (tetragonal Naz.9375PS3.9375Cl0.0s25). | Further research re-
vealed the influence of two kinds of defects caused by CI™ doping in NazPS4 (Cl;
and Vj,) on Na-ion transport.””” Figure 8F shows #*Na solid-state NMR of
t-Nay gPS3 gClo» before and after the tracer exchange of Na with Li, which reveals
the importance of the Na vacancies in tetragonal Na3PS,.?*> The solid electrolyte
was sandwiched between two pieces of ’Li metal. The Li* ions are driven by a voltage
to diffuse through the solid electrolyte and replace active Na* ions on the diffusion
path. Both Na* close to Na vacancies (Na4) and CI~ (Na3) decreased in signal. This
was interpreted as Na vacancies and Na™ ions bonded to Cl™ being replaced by Li*.
It was argued that Na* vacancies, as well as CI~ with lower valence than $?~, en-
hances the mobility of Na* ions.””®> Topological analyses using open-source soft-
ware Zeo'" indicated that the introduction of ClI~ dopant leads to larger Na
channel volumes, whereas Na vacancies lead to smaller Na channels. For example,
the channel volume of Naj9375PS3.9375Clo.0625, Naz.9375PS3.875Clo.125, and
Nay g75PS3 875Clo.125 was calculated to be 924, 948, and 932 A®, respectively.225
Thus, excessive Na vacancy was actually harmful to Na conduction. Experimental
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results indicate that a small amount (<2%) of Na vacancy from thermal defect is suf-
ficient for improved conduction.””® By adjusting Cls and V;,, the highest ionic con-
ductivity reaches 1.96 mS/cm at 25°C (Na3_5PS3 gClo.2)-

Interstitial Na with Si** replacing P5* (Naz+xSixP1_+S4) will also enhance the ionic
conductivity.”** Ong et al. explained how the interstitial Na improves ionic conduc-
tion, employing MD simulation.”** The simulation results indicate that the channel
volume and correlation in Na* motion play important roles in enhancing the Na*
conductivity in this structure. With Si** doping, the channel volume increases from
863 to 879 A3 (Nas 1255i0.125P0.87554). Excess Na™ with partially occupied interstitial
sites induce Na disorder in c-Na3PS,4, which enhances Na™ motion and thus ionic
conductivity.”** In 2012, Tatsumisago et al. prepared cubic NazPS, by heating the
glass precursor to 260°C, obtaining a high ionic conductivity of up to 0.2 mS/cm
at room ’cer‘nperature.228 From the differential scanning calorimetry (DSC) results,
it was found that this cubic NazPS, transformed into the stable tetragonal phase
at 350°C. Local structure analysis employing synchrotron pair distribution function
(PDF) confirmed the metastability of the cubic Na3zPS, at room temperature.235

Doping Na3PSe, with larger size Se®~ is another approach to lower the phase
transition temperature so as to obtain a cubic crystal structure at room
temperature. Such an approach has yielded electrolytes with an ionic conductivity
of 1.2 mS/cm.'?” Cation doping with larger Ca®* at Na™ site can also stabilize c-
NasPS,, yielding cubic Naj 73Cag 135PS4.2** A strong Coulombic repulsion would
repel neighboring Na* from Ca?*. Thus, Na vacancies readily formed and trapped
Ca?*, resulting in a high migration barrier.??* Cation doping with larger size Sb>*
(Na3SbS,) decreases the phase transition temperature to 120°C."?%?3¢ More impor-
tantly, Cubic Na3SbS, delivers a uniquely high diffusion coefficient (2.077 x 10719
m?/S) and low activation energy (0.036 eV). This is due to a shorter jump distance
(2.85 A), as demonstrated by in situ quasi-elastic neutron scat‘tering.é’8 DFT calcula-
tions indicate the energy difference between t-Na3SbS, and c-Na3SbS, to be only
4.3 meV/atom, making it easier to stabilize c-Na3SbS, at room tempera‘cure.236
The t-NasSbS, is more stable when the volume is less than 375 A, whereas
c-Na3SbS, becomes more stable with larger volume.?* Doping W4 at Sb°* site
can further lower the phase transition temperature and stabilize the cubic phase at
room temperature.’’*® W®*-doped Na3SbS,; was prepared by quenching from
over 500°C (Naj gsWo 12Sb0.8854)°° or by heating at low temperature (275°C,
Nas oWq 1Sbg 9S4),* achieving an activation energy of 0.18 eV in both cases. The
ionic conductivity of Naz_,W,Sbq_,S4 reached over 30 mS/cm.*/ 48

Reactions between Na;AB, and Na metal anode

Unfortunately the interface between NazPS, (Na3SbS,) and Na metal is highly reac-
tive and not self-passivating.”*” The Na/Na3zPS,/Na cells fail due to the high inter-
face resistance rather than by short circuiting, and the sodium dendrites in Na3PS,
have not been reported.”*® Figure 9A shows the XPS spectra of the electrolyte-metal
interface after cycling NasPS, and 6.25% and 12.5% NaCl-doped NasPS..2%" It is
evident that P°* in Na3PS, converts to NasP, P, and other compounds. The Na3P
or Na3Sb phases have a low band gap (0.4 and 0.68 eV) and are able to conduct elec-
trons, making the reacted interface a mixed electron-ion conductor and hence not
self-terminating in growth.?*” At cathodic voltages, NasPS, is also unstable. Accord-
ing to DFT calculations, the equilibrium electrochemical window for Na3PS, is actu-
ally quite limited, being 1.55-2.25 V versus Na/Na*.?*” Upon charging to above 2.25
V, the Na3PS, structure will decompose to Na,PS3, NaPS;, P,S;, and S. To evaluate
the electrochemical stability of NasPSa, a liquid cell with NazPS, + C + binder,
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Figure 9. Stability and battery performances of NasPS,

(A) XPS of interface layer after cycling of Na3PSs, 6.25% and 12.5% NaCl-doped Na3PSy, reprinted
from Wu et al.”?” with permission. Copyright 2018, American Chemical Society.

(B) Schematic illustration of stabilizing solid electrolyte-Na metal interface with hydrated Na3SbS,,
reprinted from Tian et al.”*? with permission. Copyright 2019, Elsevier Inc.

(C) Rate performance of S/Na3PS4/Na;sSn, battery, reprinted from Tanibata et al.”*" with
permission. Copyright 2017, American Chemical Society.

separator + liquid electrolyte, and Na anode was charged. An oxidation reaction
began at 2.5V, corresponding to a total capacity of 300 mAh/g.”*? This high-capac-
ity indicated a nearly complete extraction of Na* ions from Na3PS, (theoretical ca-
pacity 352 mAh/g). Dendrites may grow at the Na metal Na3PS, interface. However,
the poor electrochemical stability of NazAB, results in such a rapid decay that there
is likely not enough accumulated capacity for dendrites to form. This point should be
investigated further because there is little evidence in either direction.

Due to the instability of Na3AB, against Na metal, the batteries with Na3AB, solid
electrolyte and Na anode rapidly lose capacity. Methods to stabilize the interface
include suppressing electron conductivity so as to minimize the extent of NazP
and Na3Sb formation. The in situ hydrated Na3SbS,-8H,0 plays a positive role in
stabilizing the interface between Na3SbS, and Na. As illustrated in Figure 9B, the
stabilization mechanism is the growth of electrically insulating NaH (Na,O) at the
interface due to the reaction with Na metal.?*° Sun et al. coated 50 nm Alucone
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Table 4. Summary of all-solid-state batteries based on Na3zAB, solid electrolytes (NVP represents NazV,(PO,)3)

Loading

(mg/ Capacity
Electrolyte Cathode Anode Temperature and current cm?) (mAh/g) Cycles Ref
Na3SbS, TiS, + SE Na RT and 0.11 mA/cm? 8.92 0 30 242
Na3SbS, TiS, + SE Na@Alucone RT and 0.11 mA/cm? 8.92 140 30 242
Na3PS, S+SE+C Na;sSn, + C RT and 0.013 mA/cm? = >1,000 25 241
Na3SbS, NaCrO, + SE + C Na;sSng + C RT and 0.13 mA/cm? 5.3 130 20 236
Na3SbS, Seo.557 ,@PAN@SE + C Na;sSns + C RT and 0.36 mA/cm? 1.23 280 150 243
Na3zPS4/PEO/NaClO,4 SnS; + SE + Super P Na RT and 20 mA/g - 220 40 244
composite
Na3PS, TiS, + SE Na;5Sn, RT and C/15 = 140 19 288
Naz_sPS4 5Clo 2 NVP + SE Na RT and 10 mA/g 10 80 10 225
Na3Po.62As0.3854 TiS, + SE Na-Sn alloy 80°C and 4.8 mA/g = 110 9 222
Na2.9375PS3.9375C0.0625 TiS, + SE Na RT and 0.149 mA/cm? 4 80 10 B

on Na metal using ALD, resulting in a marked reduction in the decomposition of
Na3SbS4.2*? With this protection layer, the interface resistance between Na and
Na3SbS, increased only slightly, going from 700 Q to about 800 Q after 24 h of con-
tact. The baseline specimen without the Alucone had its interface resistance increase
from 650 to 1,250 Q within the same exposure time. The baseline cell with TiS, + SE
as cathode, Na3SbS, as solid electrolyte, and bare Na as anode can only cycle for
about 15 cycles at 0.11 mA/cm?.?*? Due to this relatively short cycling regiment,
the capacity cell decayed to effectively nil (Table 4).”*% The coating layer of Alucone
on Na improves the cycle performance for which the battery capacity retains 140
mAh/g after 30 cycles.?*? Replacing Na metal by Na-Sn alloy suppresses the forma-
tion of NasP, improving the interfacial stability.”""?*" Tin is an alloying anode with
Na, forming a series of intermetallics with increasing Na content up to NajsSng. A
stable anode-electrolyte interface can be obtained with Na,Sn|Na3zPS4|NaySn sym-
metric cell.”*” The overall thermodynamic stability of these intermediate and termi-
nal phases prevents the decomposition of the solid electrolyte and is a well-known
strategy for stabilizing a range of SSEs. The issue, of course, is the marked reduction
in cell energy when an ion anode rather than a metal anode or an anode-less config-
uration is employed.

Reactions between Na;AB, and the cathode

Employing a high-voltage cathode against NazAB, also significantly limits the
cycling performance. For example, Zhang et al. employed an ASSB based on a
NaCrO, cathode with Na3SbS, solid electrolyte and an NaysSny anode.?%¢ Starting
with an initial capacity of over 250 mAh/g, only 130 mAh/g was retained after 20 cy-
cles at 0.13 mA/cm?. As illustrated in Table 4, due to the thermodynamic instability
of Na3zAB, with a high-voltage ceramic cathode, the majority of NasPS;/Na3SbS,
solid electrolytes employ S or sulfides as cathodes. Likewise, due to the thermody-
namic instability of Na3PS4/Na3SbS, with Na metal, a Na-Sn alloy anode is normally
employed.'""?*7:#%2 Tatsumisago et al. fabricated Na/S ASSBs with S + SE + C as
cathode, NazPS, as solid electrolyte, and Na15Sn,4 as anode. The cell delivered a ca-
pacity of 1,700 mAh/g based on the weight of S, when tested at a current density of
13 pA/cm?.?*" The cycling performance of this cell was quite favorable, with the ca-
pacity remaining at over 1,000 mAh/g after 25 cycles. These results are illustrated in
Figure 9C. Zhang et al. prepared a composite SeqS;,@PAN cathode with a
Na3SbS, solid electrolyte.?*® The fabricated Seg gS7 »@PAN cathode was dispersed
in Na3SbS, aqueous solution and then vacuum dried at 60°C for 24 h. The ASSB with
Sep.8S7.2@PAN@SE cathode, Na3SbS, solid electrolyte, and Na;sSn; anode
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delivered reversible capacities of 712, 585, 491, 415, and 314 mAh/g at current den-
sities of 73, 146, 292, 438, and 583 mA/g, respectively. By contrast, the capacity of
the same cathode prepared by ball milling Seg §S7.,@PAN and SE was below 400
mAh/g at 73mA/g and below 100 mAh/g at 292 mA/g. The difference in perfor-
mance of the nominally same anode-SSE-cathode architecture has significant impli-
cations for understanding the battery design based on Na3BS,.

Composite electrolytes hold promise as a method to improve the overall perfor-
mance. For example, Ci et al. prepared Na3PS;-PEO composite electrolyte with
improved electrochemical stability against Na metal.?** The ASSB with TiS, + SE
cathode, Na3PS,-PEO composite electrolyte, and Na anode was cycled 40 times
at 20 mA/g and room temperature, retaining 230 mAh/g. In addition to the intrinsic
failure modes based on the thermodynamic instability of the SSE at the anode and
cathode voltages, capacity loss may also be driven by extrinsic factors such as the
quality of the contacts made at the two interfaces. More research on other capacity
fade mechanisms for sulfide-based SSEs is important. How much of the observed ca-
pacity fade and resistance increase is actually due to contact area loss, etc.? Interfa-
cial modification strategies for improving the cycling stability should be the priority
for Na3AB,4. This system is markedly unstable at both interfaces, and despite its
outstanding ionic conductivity, it will have difficulty realizing sustainable high-rate
performance in a full battery.

NASICON-TYPE NA SOLID-STATE ELECTROLYTES

Structures and ionic conductivities of NASICON

The stability against Na metal and high-voltage cathodes limits the application of
sulfide-based SSEs in high energy density ASSBs. NASICON-type SSEs are more sta-
ble than sulfides but display a significantly lower ionic conductivity, thereby limiting
the fast-charge performance of ASSB cells. NASICON-type Naj,Zr;P3_,SixO12 (0 <
x < 3) was reported as a sodium-ion conductor by Goodenough in 1976.'?° At most
compositions, the structure is rhombohedral, except in the range of 1.8 < x < 2.2,
where a distorted monoclinic space group exists at room temperature. Figures 10A
and 10B illustrate the structure of the monoclinic and rhombohedral NASICON,
respectively.”*® In both structures, Si*" and P>* occupy the tetrahedral site sur-
rounded by 4 O? ions, whereas Zr** takes the octahedral site (6 O?~ ions).?*’ Fig-
ure 10B shows the rhombohedral phase, which contains two Na sites, Na1 at 6b and
Na2 at 18e.2*¢ For monoclinic phase, two Na sites would split to three, with Na1 at
4d, Na2 at 4e, and Na3 at 8f(Figure 10A).%“¢ In both structures, the Na sites are partly
occupied, with variable Na concentration.”*® 2Na NMR experiments indicate that
the long-range diffusion pathways in NASICON are three-dimensional, whereas
the local atomic-scale Na* ion motion is two-dimensional.?*? The fitting of *Na
NMR spin-lattice relaxation times (T;) with a BPP model (3D diffusion) works at a
low-temperature region but is poor at HT region. On the other hand, a 2D diffusion
model fitting is in good agreement with NMR data, indicating a 2D local ion motion
and 3D diffusion path for NASICON.”? Figure 10C shows the XRD pattern of
Na3Zr,PSi;O4, at variable temperatures, highlighting the phase transition from
monoclinic to rhombohedral structure at about 150°C.""#?*¢ Impedance measure-
ments also highlight a reversible change in the activation energy from 0.35 eV at
room temperature to 0.21 eV at above 150°C, which is associated with the phase

transition."'®

The rhombohedral phase can be stabilized at room temperature by adjusting the Na
content, with x < 1.8 or x > 2.2 in NapZrP3_,S5i,012."2% Colomban et al.
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Figure 10. Structures and phase transitions in Na3Zr,Si,PO>

(A and B) (A) Low-temperature monoclinic (C2/c) and (B) High-temperature rhombohedral (R-3c) structure of Na3Zr,Si,PO1y, reprinted from Oh et al.?*®
with permission. Copyright 2019, American Chemical Society.

(C) In-situ-generated XRD patterns of Na3Zr,Si,PO, up to 200°C.***

investigated the lattice change of rhombohedral Nay,,ZroP3_,Si,O1, (0 < x < 3) at
170°C.%" Its was observed that with x going from 0 to 3, there is a continuous in-
crease in a, going from 8.8 Ato 9.2 A, whereas c increases from 22.8 A (x = 0) to
23.0 A (x = 2) and then decreases to 22.3 A (x = 3). The stability of the rhombohedral
phase was then related to the lattice parameter c. As capproaches 23.0 A, the distor-
tion along its direction induces the conversion to the monoclinic phase.?*° Cation
doping at the Zr** site also affects the phase transition temperature, such as
Na3 2Y0.2Zr1.85i2PO12 (Te = 139.5°C) and Nas 2Cop2Zr1.8Si2PO1 (T = 148°C)."”
When the x in Naj,.Zr,P3_,SixO12 is equal to 2.4, the structure becomes rhombohe-
dral and the bulk ionic conductivity reaches 15 mS/cm at room temperature. This is
comparable with liquid electrolytes. Even with the contribution to grain boundary
resistance, the total ionic conductivity can reach 5 mS/cm.""?

Similar to LLZO solid electrolyte, NASICON solid electrolytes also display a high
grain boundary ionic resistance, typically in the 10° Q range.?*" Pores and otherwise
poor physical contact between the SSE particles are an important reason for this,
with single crystals eliminating the issue.'® High ionic resistivity also originates
from the low purity of the grain boundaries, with single crystals eliminating this issue
also. Secondary phases at the grain boundary will significantly affect the grain
boundary resistance, in some cases, leading to an improvement in the total ionic
conductivity. Luo et al.?*? introduced a secondary phase of Mg-doped
Naz sMgg.25PO4 with high ionic conductivity of 0.047 mS/cm (300 K) into the grain
boundaries of NASICON. As a result, the grain boundary resistance was reduced
from 2,000 to 500 Q. As discussed previously, the side reaction between LLZO
and LiCoOs at high temperatures, and the associated formation of an intermediate
reaction layer, dramatically increases the interfacial resistance.'®’ In addition, impu-
rities and second phases at grain boundaries may also lead to a higher charge trans-
fer resistance. When sintering at high temperatures, oxide-based SSEs can partially
decompose, forming Li,O in LLZO and LizPOy4 in NASICON. For sulfides, it is more
feasible to reduce the various ionic resistances through external pressure and a more

complete densification.”*?

Reactions of NASICON with Na metal anode
Ab initio simulation indicates that the thermodynamic window of NasZr,Si,PO,; is
from 1.1 to 3.6 V versus Na/Na.?>* This means that any achieved practical stability
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Figure 11. Stability and battery performances of Na3Zr,Si,PO1,
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(A) Schematic illustration of the interfacial reaction products at the Na,MnFe(CN), cathode interface, reprinted from Gao et a with permission.

Copyright 2018, Elsevier Inc.

(B-D) (B) Schematic illustration of the interfacial reaction products at the metal anode interface,”” (C) Cycling performance of the Na,MnFe(CN),/
Na3Zr,Si,PO15/Na cell at 0.5C rate,””” (D) Schematic illustration a NasZr,Si,PO1,-based trilayer electrolyte. Reprinted from Lu et al.49 with permission.
Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(E) Cycling voltage profiles of the NazZr,Si,POq,-based trilayer electrolyte, as well as of the baseline conventional NazZr,Si,PO1,-based stack.”*°

against Na metal or ceramic cathodes is a kinetic effect, one that may be enhanced
through interfacial modification. Figures 10A and 10B show the decompositions of
Naj+xZroP3_,Si O, at the Na metal interface and the cathode interface. In both
cases the primary constituent is NaO,, as determined by depth profiling of time-
of-flight secondary ion mass spectrometry (TOF-SIMS).?>® The fact that this phase
is formed at both anodic and the cathodic voltage indicates that, at least in
part, the process is chemically rather than electrochemically driven. The
electrical insulator NaOy suppresses further reaction between NASICON and the
electrodes, making the interface relatively stable.?®® At elevated temperatures,
Na14xZr2P3,SixO12 (x = 2 and 2.2) is more reactive with Na and degrades faster
than at ambient temperature.”’ However, extended stability at elevated tempera-
tures is possible. As illustrated in Figure 11C, a solid-state battery based on
Na;MnFe(CN)4/NazZr,Si,PO4,/Na cycled over 200 times at 0.5C at 60°C retained
89.2% of the initial capacity (110 mAh/g).

The interfacial resistance between NASICON and both the Na metal and the cath-
ode is high, being over 1,000 Q.7*%?°"2%¢ |n fact, the interfacial resistance between
NASICON and Na metal can be more than 10,000 Q-cm?.?*° To reduce the interfa-
cial resistance, SnO, was coated on the surface of NASCICON by impregnating it
with 0.5 M SnCly solution and calcining at 500°C in air for 1 h. With the SnO, inter-
facial layer, the wettability of molten Na metal was improved and the interfacial resis-
tance was reduced to 270 Q-cm?2.7*° Goodenough et al. heat-treated NASICON at
380°C to improve the wettability of the Na metal, resulting in the reduction of inter-
facial resistance.””® Without the heat treatment, liquid Na metal remained on the
NASICON pellet surface as a nonwetted bead. After heating at 380°C for 3 min, a
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black layer on the surface of NASICON was formed. The sodium metal then spread
out over the surface of the NASICON pellet, indicating that the black interlayer pro-
motes wetting. XPS analysis combined with XRD indicated that the black layer was an
amorphous phase, with Zr**, P3*, and Si** reduced by Na metal.?*® After the heat
treatment, the total resistance of Na/NASICON/Na symmetric cell decreased from
4,000 Q to about 350 Q.%°° Interestingly, when there is an increase in the Si** content
(Na3z.4Zr3Siz.4P0 O12), the interfacial resistance between Na and NASICON is quite
low (4.1 Q-cm?), which may be due to the wettability effect as well.’ 19

Metal dendrite growth with NASICON

The formation of Na metal dendrites in Naj,,ZroP3_,5i,O1> has been examined in
some detail."""?*° Similar to LLZO, the grain boundary resistance and interfacial
resistance between Na and NASICON plays an important role in dendritic formation.
However, with this electrolyte, the dendrite issue seems to be less severe. With a
relatively high ionic conductivity of up to 5 mS/cm and low interfacial resistance of
4.1Q-cm?, a symmetrical cell of Na/Na3 4Zr,Siz 4Po ¢O12/Na can cycle at a current
density of 0.6 mA/cm? and total capacity of 1.8 mAh/cm? for 300 h, without short cir-
cuit and apparent polarization."'” Figure 11D illustrates the schematic of the trilayer
Ca-doped Na3ZrySi,PO;, solid electrolyte, with Na metal infiltrated into the
pores.”?® The trilayer solid electrolyte pellets were prepared by a simple compress-
ing method. Corn starch was homogeneously mixed with the NASICON powder with
a weight ratio of 60:40 as precursor for the porous layer. The mixture was co-pressed
on both sides of the pure NASICON at 120 MPa and then sintered at 1,230°C for 5 h.
With SnO; coating and improved wettability, Na metal was melted and infiltrated
into the porous framework. The porous electrolyte with increased surface area low-
ered the local current of the plating Na metal on the solid electrolyte and increased
the total CCD. Per Figure 11E, the baseline trilayer based on the bulk-type electro-
lyte will short circuit at 0.1 mA/cm? after about 50 cycles. By contrast, the porous
electrolyte will survive 300 cycles at 0.3 mA/cm? without short circuit.

Reactions of NASICON with the cathode

The interfacial resistance of Na3V,(PO,4)3/NASICON/NazV,(PO,4)3 symmetric cell was
measured to be about 10,000 Q.2 A composite electrode of NazV,(PO,); was pre-
pared by ball milling 49 wt % NazV2(PO4)3, 49 wt % NASICON, and 2 wt % acetylene
black at 200 rpm for 2 h. Polyvinyl alkyl acetate alcohol and 2, 2, 4-trimethyl-2, 4-pen-
tanediol mono isobutyrate binder were added to form an electrode slurry, which was
then screen-printed on both sides of NASICON solid electrolyte. Finally, the sym-
metric cells were sintered by hot pressing at 700°C for 5 h at 65 MPa.”®' As shown
in Table 5, the discharge capacity (based on positive electrode) is 60 mAh/g after
2 cycles at 10 pA/cm?.?®" To reduce the interfacial resistance at the positive elec-
trode, polymer electrolytes may be added, resulting in composite architec-
ture.”>>?°® For example, researchers mixed CPMEA/NaTFSI polymer electrolyte
with NaTin(PO,); cathode.?*® This composite cathode was combined with NASICON
and a Na metal anode to create a trilayer. The cell underwent 25 cycles at 65°C, re-
taining 110 mAh/g. When the current density increased to 1 C, the capacity
decreased to 75 mAh/g. The capacity recovered back to 95 mAh/g when the current
switched to 0.5 C. A PEO/NaClO, polymer electrolyte was also added to
Na,MnFe(CN), cathode to make a composite cathode layer.?>> Combining with
NasZr,PSi,O1; solid electrolyte and Na anode, this cell demonstrated a favorable
discharge capacity of 121 mAh/g at 60°C under 0.5 C for the first cycle, whereas
maintaining 108 mAh/g after 200 cycles.””> The Na,MnFe(CN)4 cathode cycled in
liquid electrolyte (1 M NaClOy in propylene carbonate (PC): fluoroethylene carbon-
ate (FEC) = 95: 5 volume ratio) delivers a discharge capacity of only 119 mAh/g at the
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Table 5. All-solid-state batteries based on NASICON solid electrolytes (NVP represents Na3V,(PO,)3, NVCP represents Cr doped NVP, EC
represents ethylene carbonate, DEC represents diethyl carbonate)

Loading
Temperature (mg/ Capacity

Electrolyte Cathode Anode and current cm?) (mAh/g)  Cycles Ref.
NasZr,PSi,O15 NVP + SE + C Na3Vo(POy)s + SE + C  25°C and 1.2 pA/em? - 60 2 2
NasZr,PSi,O15 NaTiy(POg4); + CPMEA + NaTFSI Na 65°C and 1C 2 75 60 256
NasZr,PSi,O1> Na,MnFe(CN), + C + PEO + NaClO, Na 60°C and 0.5 C 3 108 200 228
Nas»Cag.1Zr1.9PSi»012 NVP + C + PEO + SCN + NaClO, Na in SnO, modified RT and 1C 8.92 95 500 230

porous SE
Na3 4Zr,Pg ¢Siz 4012 NVP + SE + C and sintered at 750°C NVP + SE + C and 28°C and 0.25 C 0.14-1.4 90 10 e

sintered at 750°C
Na3Zr,PSi,01,/PEO- Na,MnFe(CN), + C + PEO-NaClO;  Na 60°C and 0.5 C 3 90 300 27
NaClO,4
composite
Na3Zr,PSi,O1,/Na,yB,0; NVCP + C + PVDF + SCN + NaClO; Na RT and 100 mA/g 2-3 75 200 228
NasZr,PSi,O15 NVP soaked with 1 M NaClOy in Na 80°C and 0.5 C - 76 100 259

EC/DEC (1:1)

Na3 4Zr1.9ZNno 1Sz 2P0 s FeS, + SE + C Na 60°C and 0.5C 1 133 300 260

O4,@poly dopamine

first cycle and decays to only 35 mAh/g after 200 cycles (room temperature and
0.5QC).

Sun et al. mixed NazV,(PO4); and PEO/NaClO, polymer electrolyte, and extra suc-
cinonitrile (SCN) additive.”*° The SCN additive with low melting point (57°C) im-
proves the ion diffusion between electrodes and solid electrolytes, making the
ASSB able to cycle at room temperature and high rate of 1 C. The capacity retains
94.9 mAh/g after 500 cycles (Table 5).7*° The above results are presented in Table 5.
In general, the advantages and disadvantages of NASICON is similar to LLZO. Both
possess high ionic conductivity and good kinetic electrochemical stability. There-
fore, future materials design aspects for NASICON research includes interfacial
methods to increase the CCD with increasing electrical resistance and ionic conduc-
tivity at interfaces and grain boundaries.

Potassium solid-state electrolytes: Direct comparison with sodium and lithium

Due to its large ionic size (1.38 A), potassium has difficulty migrating in solids. This
leads to less possible structures for K solid electrolytes, as shown in Table 6. For Li
conductors, the small size of Li* ions (0.76 A) makes for a facile migration through
small triangular O3 metastable sites, which are common in oxides materials.”®" For
Na conductors, the larger size of Na* (1.02 A) makes it difficult to diffuse through
triangular O3 metastable sites but possible through quadrangular O, sites
(B-Al,03,°® NayZn,TeOQy).?? Similarly, for K conductors, the K* has difficulty in
migrating through the quadrangular Oy sites but may diffuse through hexagonal
O, e.g., K,Fe 05,%¢ or octagonal Og sites, e.g., hollandite.?® These two paths
are illustrated in Figures 11B and 12A. The O or Og sites, however, are not common
in solid oxides and only exist in some special structures. In addition, the Og or Og
sites normally exist in only one or two directions, leading to 1D or 2D conductors.
Figure 12C shows the K* ion conductivity along a axis and c axis at variable
temperatures. 4> At 350°C, the conductivity along a axis is 102 S/cm, whereas it is
only 10° S/cm along ¢ axis.*® In both hollandite and K;Fe,O7, adjacent K* sites
are very close to each other, being 1.14 A in KoFe,O5 and 2.97 A in hollandite.
The short distance leads to two effects: one is that the adjacent positions cannot
be occupied completely, and the other is that ion migration is relatively easier.
The ionic conductivity of polycrystalline K;Fe,O7 is 50 mS/cm at room temperature.
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Table 6. Comparation of Li, Na and K inorganic solid-state electrolytes

Charge Coordination Diffusion Energy cost for Li/Na
carrier lon radius numbers path stripping (eV/atom)
Li* 0.76 A 3 or 4 in sulfides, Triangle 0.259 (001), 0.192 (110),

4 or 6 in oxides 0.106 (111)
Na* 1.02 A 6,70r8 Quadrangle 0.139(001), 0.183 (110),
9
0.106 (111)

K* 1.38 A 8,9o0r12 Hexagon -

The ionic conductivity reaches 350 S/cm along the a axis in a single crystal, with an
activation energy of 0.08 eV. Figure 12D illustrates the cyclic voltammetry results of a
K/K;Fe,O7/Pt cell, which only shows one pair peak centered at —0.77 and 0.78 V,
corresponding to potassium plating and stripping. This indicates that K;Fe,O5 is sta-
ble at a broad window from 0 V up to 5 V versus K*/K. Superionic conductivity and
good electrochemical stability makes the full cell of KFeFe(CN)s/KyFesO5/K able to
cycle at high rates up to 250°C, as illustrated in Figure 12E.

The larger size of Na* and K* limits the possibilities of oxide-based SSEs. However,
the cations with large size and expanded lattice are helpful for obtaining 3D superi-
onic conductors. For Li-NASICON-type SSEs, the cation A in LiAy(POy); are Ge**
(0.53 A) and Ti** (0.605 A) with small size, whereas in Na-NASICON, the transition
metals change to Zr** (0.72 A). This expands the lattice parameter from 8.495 to
9.029 A (a) and 20.814 to 22.974 A (c) with the same rhombohedral structure.''?'"®
Meanwhile, partly replacing P>* (0.17 A) by Si** (0.26 A) helps to optimize the ionic
conductivity in Na-NASICON.""? The expanded lattice makes it possible for Na* to
diffuse through triangular O3 metastable sites. On the other hand, larger size anions
or anion clusters would help in the design of superionic conductors for Na* and K*.
LiBH, with BH, ™ anions can form a superionic conductor above 110°C, and this struc-
ture can be stabilized at room temperature with 25% Lil doping.'”” However, for
NaBH,4, no such superionic transition happens before melting.”*> For Na
compounds, NayBigHio or NazBizH;, with larger polyanions also show a
phase transition at about 100°C. This is illustrated in Figure 12F. The superionic
conductivity phase can be stabilized by mixing BioH122~ and BioHi02~
(Nax(B1oH10)0 5(B12H12)0.5).2°42%¢ Similar superionic structure forms when the size
of cation and anion are matched, with reation/ranion approximating to 0.3. Thus, K
compounds with larger polyanions, such as K;B,H,, (n > 10), may exhibit a superionic
conductive phase at high temperatures, which could potentially be stabilized at
ambient. This remains a highly fruitful but unexplored topic for future research. In
addition to larger size, paddle wheel effect with polyanions also promotes fast-ion
conduction, which also helps to create fast diffusion path.’%*?¢’

The requirement for Li, Na, and K SSEs to develop high-performance ASSBs should
be similar, such as high ionic conductivity, good chemical/electrochemical stability,
and good compatibility to electrode materials. However, most single SSEs do not
meet the requirements of high-performance ASSBs. Tailoring SSEs to meet different
requirements in various systems is an important way to develop high-performance
ASSBs. These include the incorporation of polymer phases to improve the compat-
ibility between oxide SSEs and electrodes; coating oxide ion conductors on cath-
odes to enhance the electrochemical stability of sulfide SSEs; and SSEs with similar
local chemical potential to the cathodes to further decrease the interface electronic
resistance. It is well recognized that the larger volume changes associated with Na
and K cathodes and the greater reactivity of the Na and K metal anodes both bring
about faster cycling-induced failure. For example, Wang et al.”*® calculated and
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Figure 12. Potassium SSEs and their performance in ASSBs

(A) Structure of KoFes0; solid-state electrolyte, reprinted from Yuan et al.,*® with permission. Copyright 2018, The Royal Society of Chemistry.

(B) Structure of hollandite (K, TigO1), reprinted from Feng et al.,*® with permission.

Copyright 2019, The American Ceramic Society.

(C-F) (C) Arrhenius conductivity plots of K,Fe,O7 along the crystallographic a and ¢ axis,*¢ (D) cyclic voltammetry curve of the K/KyFe O7/Pt cell, % (E)
galvanostatic charge and discharge curves of the KFe,(CN)o/K;Fe,O7/K cell at different rates,*® (F) Geometries and approximate relative sizes of BH, ™,
B1oH102™, and By,H22~ anions, each shown from top and side views, reprinted from Udovic et al.,?** with permission. Copyright 2014, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

compared the energy for Li/Na stripping (Table 6). The relatively low energy for Na
stripping suggests an easier removal of Na atoms at local spots. This would promote
the formation of pinholes during fast discharging, leading to the deterioration of the
metal-SSE interface. In general, the Na-based and K-based ASSBs are nowhere near
as mature as Li-based ASSBs. Although there are less interfacial modification strate-
gies that are currently available, there is more room for new innovative solutions,
some of which may be directly burrowed from the lithium literature.

Future outlook and outstanding research questions

Several key outstanding research questions and potential future research directions are
evident. None of the SSEs are thermodynamically stable within the full metal anode-
ceramic cathode voltage range. As this review emphasized, the kinetic control of inter-
faces is of key importance in advancing all SSEs. A parallel key challenge is to quantify
the structure and composition of these interfaces for both the anode and cathode,
including at the lower voltage S-based cathodes that still react. One general research
thrustisto further investigate the structure of the metal dendrites and the associated solid
electrolyte interface (SEIl). Specifically, it would be fruitful to understand the metal
dendrite in SSE growth dynamics as a function of a broader range of electrochemical
test parameters than what has been analyzed to date. For example, what are the mech-
anisms of Li, Na, and potentially K dendrite growth in SSEs at industrially relevant high
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current densities, such as 3-5 mA cm™2? Itis likely that the fast-charging metal nucleation
and growth mechanisms are substantially different than what is obtained at, for example,
0.5 mA cm~2. Moreover, how do the SSE-anode and SSE-cathode interfacial decompo-
sition products evolve with the total plated capacity, extended cycling, test temperature,
staticaging at open circuit potential (OCP), etc.? The role of anode-SSE and cathode-SSE
interfacial modification at this broad range of electrochemical conditions should be
further examined as well. It is conceivable that the reaction products at low charging
rate, wetting behavior and mechanical integrity of SSE-electrode, metal nucleation dy-
namics, etc. are modified by high current densities.

The details about the SSE-anode and SSE-cathode structure may be obtained by a com-
bination of post-mortem analysis of the cycled and subsequently disassembled cells,
and in situ/operando methods with dedicated transparent (light optical, conventional
and high-energy X-rays, neutrons, etc.) cell architectures. Globally averaged interface
structure and chemistry can be obtained by methods such as XPS and TOF-SIMS,
whereas local structure can be obtained by site-specific methods such as cryo-stage
TEM. Advanced analytical techniques would be useful in further quantifying the various
roles that the tuned structure-chemistry interfacial layers may have in promoting stable
cycling. Can enhanced electrochemical wetting be directly confirmed at all test condi-
tions and after extended cycling? Site-specific cryo-stage transmission electron micro-
scope (TEM) may be able to uniquely identify SSE heterogeneities that lead to preferen-
tial metal dendrite growth at these sites. Other scientific issues to be investigated are the
role of localized Joule heating in dendrite and SEI formation, as well as the role of SSE,
anode, and cathode in dissipating the heat.”*” SEI and cathode electrolyte interface
(CEI) growth are associated with an increase in the interfacial resistance of the electrode,
which manifests itself as an overpotential that increases with cycling. During cycling, this
polarization is dissipated as localized heat. For the low melting Li, Na, and K metal and
their SEl structures, there should be significant localized micro or even nanoscale thermal
effects, which warrant further study. Both ion transfer and heat transfer across the SEl re-
quires further modeling and experimental attention.

The mechanical-electrochemical coupling between the multiple SSE phases, as well as
between the SSE and anode and cathode are important. More fundamental research
is needed there, including the use of emerging nanomechanics methods such inert-at-
mosphere nanoindentation. These may be used to probe the elastic response, the
flow strength, and the toughness and the creep deformation properties of those inter-
faces. Importantly, these parameters need to be understood not only in the as-synthe-
sized state but also (more importantly and much more challenging) during various stages
of lithiation, sodiation, or potassiation. It is expected that at different states of charge,
the anode-SSE and cathode-SSE interface will have a distinct set of mechanical proper-
ties. This is especially true for the anode-SSE interface in cases, such as when anode-free
configuration is employed, when the reservoir of metal is limited, and/or when there is a
dynamic reaction layer that is formed at the SSE-anode interface. The community is still
struggling to understand the role of creep deformation versus instantaneous toughness
in establishing the integrity of the SSE-anode interface. These include the effects of
charging rates, cycling temperature, and externally applied stress in both mechanical
separation of the cell interfaces, and in the extrusion of dendrites through the SSE.

There appears to be a significant opportunity to incorporate polymers with electro-
chemical, chemical, and structural functionalities into the SSE architecture. There is
work already in this area with ample additional opportunities in terms of novel Li, Na,
and K SSE architectures, as well as analytical work to understand the polymers’ com-
plex role in improving performance. In a conventional liquid battery, ions move fast
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through the cathode particles, which are immersed in the liquid electrolyte. The
cathode electrode particles in all-solid-state batteries are separated into isolated in-
dividuals by the binder and carbon, which is not conducive to ion transport. The ion
transport channels between the cathode particles could be reconstructed by intro-
ducing polymer with salt into the cathode architecture. A layer of soft polymer film
between the rigid SSE and electrode may also, in parallel, buffer the cycling-induced
stresses. Compared with the ceramic solid electrolytes, a flexible ceramic/polymer
composite SSEs may be easier to fabricate into a thin membrane with a thickness
less than 30 um, an ideal thickness for practical SSE cells. The ceramic/polymer
may also serve as an additional high ionic conductivity interface, potentially boost-
ing the rate performance of the cell. However, it should be noted that a hybrid
organic-inorganic SSE may offer compromised performance in terms of reaction sta-
bility, ionic flux uniformity, and even dendrite prevention. More work is needed to
understand the performance and safety trade-offs in such hybrid systems.

Adding secondary organic-liquid or ionic-liquid electrolytes is another important way to
address the electro-mechanical instability between the SSEs and the electrodes,”’® being
most utilized for rigid oxide SSE, ceramic cathode interfaces. As summarized in Tables 2
and 5, quasi-solid-state batteries with liquid additives can reach high electrochemical
performance, which is more attainable compared with “pure” ASSBs. Although liquid
electrolytes can improve the contact between electrodes and solid electrolytes, they
also bring additional deleterious interfacial reactions. The charge transfer resistance of
the liquid electrolyte/solid electrolyte interface is significant.””% In order to achieve prom-
ising electrochemical performance at variable temperatures, further research is needed
onmethodologies to reduce these charge transfer resistances. Another pointis to reduce
the total amount of liquid electrolyte in the ASSB cell so as to improve the overall device
safety.
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