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Of the three main components in state-of-the-art Li-ion batteries (cathode, anode and electrolyte),
metal substitutions into known structures have primarily served a pivotal role in developing the cathode
and solid electrolytes only. Previously, we reviewed the role of substitutions in optimizing cathodes, and
these included multiple classes of materials that can only be commercialized with improved electrolytes
able to operate at higher potentials than liquid carbonate-based electrolytes. Solid electrolytes are
considered by many to be the path forward in this respect. In this review, we will discuss the design
principles established for solid electrolytes, as well as both the successes and limitations of using
substitutions to improve the performance metrics of highest import for critical applications such as
electric vehicles and grid storage. A massive research push is underway in order to bring all-solid-state
Li batteries to widespread use, particularly for electric vehicles, and metal substitutions are playing a
critical role in developing the solid electrolytes to the point where they will, hopefully, out-perform the
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established Li-ion batteries with liquid electrolytes. This review further emphasizes metrics that are badly
needed in further studies in order to systematically optimize solid electrolytes in a way that correlates
DOI: 10.1039/d1ma00082a well to better battery performance. Although the focus of this review article is on metal substitutions, we

also discuss a few cases where non-metallic substitutions have been needed to bring a class of
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1. Introduction

There is a global need for a safer, higher energy and power
density Li rechargeable battery due to the projected massive
boost in electric vehicle demand." If one also considers the
need for grid storage, the requirement for better batteries
becomes extremely critical. All-solid-state Li batteries (ASSLB)
have the potential to fulfill these demands by overcoming the
limitations of the commercial Li-ion battery that relies on
liquid electrolytes. In an ASSLB, the conventional flammable
organic liquid electrolyte is replaced by a nonflammable solid
electrolyte. Inorganic solid electrolyte can potentially overper-
form liquid electrolyte by facilitating the use of high potential
cathode, which were discussed in part I of this review, such as
LiNiy sMn; 50, (5 V) and LiCoPO, (4.8 V), and they also may
permit the use of Li metal anodes that represent important
safety hazards in traditional Li-ion batteries. Due to the narrow
electrochemical stability window of current liquid electrolytes,
high potential cathodes can oxidize and consume it increasing
the internal resistance;> moreover, some cathodes tend to
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materials into viability where further metal substitutions become significant.

degrade by dissolution because of the liquid nature of the
electrolyte.® In contrast, inorganic solid electrolytes with wider
electrochemical stability windows would allow the integration
of high potential cathodes and inhibit the degradation due to
dissolution.” Furthermore, it aids in developing new chemistry
cathodes such as Li-S batteries,” where solid electrolytes pre-
vent polysulfide dissolution into the electrolyte. Solid electro-
lytes are also being explored for use in Li-O, batteries.®
Although replacing the conventional carbon anode with
lithium metal increases the energy density, but dendrites can
form. The dendrite growth can be hindered by the high bulk
modulus of the inorganic solid electrolyte (ISE) at high current
densities, thus achieving high energy and power density.”
Besides these advantages, bipolar multicell stack configuration
becomes possible with ISE, as well as operation at lower
temperature where liquid electrolyte freezes.®

From the above brief discussion of the required role of ISEs,
it is clear that a number of metrics are needed to determine the
viability of a particular solid electrolyte, as illustrated in the
radar plots in Fig. 1. The requirements for a good ISE are to
have high ionic conductivity at a wide range of temperatures,
including room temperature, low electronic conductivity to
prevent short circuit and limit dendrite growth within the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Performance of different solid electrolyte materials. Radar plots of the performance properties of oxide solid electrolytes (a), sulfide solid
electrolytes (b), hydride solid electrolytes (c), halide solid electrolytes (d), thin-film electrolytes (e) and polymer solid electrolytes (f)."* Reproduced with

permission from ref. 13. Copyright (2017), Springer Nature.

electrolyte, wide electrochemical stability window and high
electrode wettability that leads to a low interfacial area specific
resistance (ASR). Other properties such as mechanical proper-
ties (some flexibility is required to accommodate volume
changes in the electrodes), and thermal stability are also
important but are not often considered in the literature and
so will not be discussed extensively in this review. The methods
used to determine the key metrics will also be reviewed later in
this article. It should be noted that the radar plot for a
particular family (say oxides) in Fig. 1 is a generalization, and
metal substitutions can have significant consequences on
multiple metrics in each radar plot. As such, the landscape
for optimizing solid electrolytes proves to be very complex, and
the need for systematic studies that consider numerous metrics
is extremely high.

One way to achieve better performance ISE is by tuning the
structures of already known ISEs with cationic/anionic substi-
tutions. Some of these structures are oxides such as perovskite,
argyrodite, Li superionic conductor LISICON-type, Na super-
ionic conductor NASICON-type, anti-perovskite or sulfides such
as Thio-LISICON, and Li;,GeP,S;, (LGPS) like structures. Such
substitutions can enhance the bulk ionic conductivity by
increasing the number of mobile Li ions® and tuning the
potential energy landscape of Li ions. There is a long list of
mechanisms involved in conductivity enhancement by substi-
tution including inducing Li sublattice disorder,"® lowering
bottleneck energy,'" or lowering the phase transition tempera-
ture to a superionic conductor phase.” Substitution can

© 2021 The Author(s). Published by the Royal Society of Chemistry

additionally influence the grain boundary conductivity and
sinterability (densification) of the ISE." The effect of substitu-
tion is not limited to these properties and may often have
unexpected detrimental impacts on other properties such as
the electronic conductivity and electrochemical stability win-
dow of the ISE. It is therefore essential to do systematic and
proper screening of multiple key ISE metrics in order to fully
determine whether a substitution is beneficial or not. Under-
standing the exact mechanism of enhancement can give us
hints for engineering better ISE such as multi-substitution.

In this review, we start by describing the different synthesis
methods of ISE. We then consider in detail the experimental
methods to be used to determine the key metrics needed to
screen solid electrolytes. Finally, we survey the role that metal
substitutions have played in the development of the various
families of known ISE structures that are still being studied
extensively for all-solid-state Li batteries. For each family, the
influence of the substitutions on the different properties of the
ISE and the underlying mechanisms are discussed. Addition-
ally, the different substitution strategies used to optimize
specific electrochemical properties are summarized.

2. Synthesis of solid electrolytes

ISEs are synthesized by various methods and can be made either
into bulk powders or thin films. The methods used to make bulk
powders include solid-state synthesis and wet-chemical methods

Mater. Adv,, 2021, 2, 2846-2875 | 2847
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such as co-precipitation, sol-gel, solvothermal, and hydrother-
mal. In the solid-state synthesis method, the reagents are
ground together by ball milling or mortar and pestle and then
pressed into green pellets for heat treatment. The drawback of
the solid-state method is that high temperatures and long
sintering times are required because the synthesis reactions
happen at solid-solid interfaces, where energy is needed to
overcome lattice energy and diffuse anions/cations.'* Usually
intermediate grinding/repelleting is mandatory to form fresh
interphases to yield pure phase materials. For instance, one
calcination step is not enough to completely react all the raw
materials in AI*" substituted Li;LazZr,Oy, (LLZO) prepared by
the solid-state method.’® Furthermore, it is not possible to
produce a dense solid electrolyte using the solid-state method
in a single heat step specially if non-oxide reactants are used
such as carbonate based reagents, because cracks and voids
form inside the bulk of the pellet during calcination; therefore,
the calcined pellets must be re-ground and repressed into
pellets for the sintering step. Thus, the calcination temperature
and the property of the calcined powder formed after grinding
influence the sintering temperature and the densification of
the final ISE. For example, varying the calcination temperature
of AI’" substituted LiTi,(PO,4); LTP electrolyte from 750 to
900 °C with the same sintering temperature increases the
relative density of the final pellet from 85% to 98%.'® Some-
times, these solid mixtures are heated under a specific atmo-
sphere; for example, heating the unsubstituted LLZO reagents
mixture under CO, can mitigate the lithium loss, thus stabiliz-
ing the cubic phase.'”” On the other hand, if volatile or air-
sensitive reagents such as sulfur are used, the mixing/pelletiz-
ing must be done in an argon-filled glovebox. The mixture can
then be sealed in a tube usually made of quartz for the heat
treatment. A carbon-coated tube is used to avoid contamination
from the tube, or the samples are placed in a carbon crucible.

The alternative methods to solid-state synthesis are all
solution based. In the co-precipitation method, reagents are
dissolved into aqueous solutions mixed and then a precipitat-
ing agent is added such as ammonium hydroxide. After filter-
ing the precipitate, it is dried, preheated, and then pressed into
pellets. The co-precipitation is less time consuming than the
other methods. However, the drawback is that all the cations
should be soluble in the aqueous mixture and do not precipi-
tate before adding the precipitator. The sol-gel method by
contrast proves to be far more versatile. The main types of
sol-gel synthesis are the citrate (Pechini method) and polymer-
ization. The citrate method involves adding citrate as a chelat-
ing agent to an aqueous solution containing the reactants.
Once the solvent volume starts to reduce, a gel forms and total
removal produces solid powder which then goes through the
same high temperature heat treatment as the methods men-
tioned above. The formation of citrate complexes facilitates
atomic scale mixing of the cations thus achieving a high
homogeneity compared to solid-state synthesis. While the
polymerization involves the hydrolysis of alkoxide reagents
followed by the condensation forming a gel that is then dried,
calcined, and pressed into pellets. The sol-gel method yields
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small size powders lowering the sintering temperature com-
pared to the solid-state method.

In the synthesis approaches mentioned above, the last step
is the sintering and many techniques have been successfully
used to perform the sintering, such as furnace heating, floating
zone (single crystal),'"® spark plasma,'”® and microwave
assisted.”® The advantage of spark plasma and microwave
assisted sintering over furnace heating is that less high tem-
perature dwell time is needed to yield a dense ISE but with less
grain size growth.>' Some synthesis methods used for a specific
family of materials such as the melt-quench method for the
glass-ceramic type solid electrolytes do not need a sintering
step where the sample is heated until melt and then quenched
to form glass after it is annealed to crystalize it into glass-
ceramic material.”* The sintering process can be done under a
specific atmosphere for instant O,-assisted sintering of a
particular garnet solid electrolyte increased its relative density
from 95% to 97% compared to the sintering conducted under
the same conditions but in air.** Usually, the sintering step
requires high temperatures (as high as 1400 °C is not uncom-
mon for ceramic oxides for example) where Li volatilization
from the sample and contaminants diffusing from the sub-
strate become critical issues to be mindful of. For example,
during the sintering of Lis,La/;) »TiO; (LLTO) at 1250 °C for
5 h the Li content drops from 0.5 to 0.3 per formula unit.**
Another concern is side reactions with the substrate. For
example, sintering LLZO pellet at 1220 °C for 12 h in an
alumina crucible causes the side in contact with the alumina
to have a 16 at% unintentional Al content.”® At high tempera-
tures, total prevention of lithium loss is not possible; thus, an
excess amount of lithium (10%) is often added to the starting
stoichiometry. The contamination from the substrate occurs
typically with alumina substrates and can be avoided by using
platinum or zirconia substrates or by using a sacrificial
powder.>>?® The sacrificial powder approach involves covering
the sample pellet with powder made of the same composition
as the sample (it also sits on a bed of this powder). This
sacrificial powder will then interact with the substrate (prevent-
ing sample/substrate contact) and lose more Li than the
sample, thereby yielding a pellet with the desired composition
and no contaminant. The composition of the prepared ISE
must then be confirmed by elemental analysis, such as induc-
tively coupled plasma (ICP).

The synthesis methods of ISE mentioned above are used to
prepare thick electrolytes (pellets) typically used for screening
of electrolytes for bulk-type all-solid-state batteries. However,
when making full solid batteries it is advantageous to make this
layer as thin as possible to maximize energy density, and a few
such cases will be discussed herein. Numerous thin-film ISE
deposition techniques have been utilized to make full solid
batteries. These are divided into two categories: chemical vapor
deposition (CVD) (e.g. atomic layer deposition ALD*”*%) and
physical vapor deposition (e.g. pulse laser deposition PLD).*°
CVD is quite common due to the versatility of this method. In
CVD, the film is formed through the reaction of the gaseous
reactants. This reaction can be driven by (1) increasing the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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diffusion of the gaseous reactants via reducing the pressure
(low-pressure CVD),** (2) plasma (plasma enhanced CVD),*" (3)
the heat induced by laser (laser CVD).**”* The other more
frequently used CVD method is the metalorganic chemical
vapor deposition (MOCVD) in which organometallic (metal
alkyl) reagents are used.** The choice of specific CVD technique
depends on the nature of the materials and the required
thickness and adhesion. An advantage of these deposition
techniques is that it allows to the construction of complicated
3D hierarchical designs. The other common method used to
form a thin layer ISE is by spin coating the precursors (sol-gel)
and then heat treating.>* Other than thin film and bulk forms
of ISE, nanostructured ISE such as nanowires and nano-
particles are being explored. These nanowires can be fabricated
by electrospinning.®® The nanostructured ISE have been used in
a polymer-ISE composite electrolyte where the ISE can act as an
ionic channel and a filler lowering polymer glass transition
temperature, thus enhancing the overall room temperature
conductivity.’” However, typically, most of the ISE screening
is done on bulk pellets and will therefore be the primary focus
of this review.

3. Screening methods for solid
electrolytes

The continued improvement of the performance of ISE is
essential for developing an ASSLB functioning at room tem-
perature and out-classing the established Li-ion batteries. The
inorganic solid electrolyte in ASSLB contributes to the total
internal ionic resistance by the conductivity of its bulk, grain
boundaries, and the electrolyte/electrode interfaces. There are
several key properties that ISE must fulfill, the most funda-
mental of which are: high ionic conductivity, low electronic
conductivity, and high stability with the electrodes under
operating conditions. This section discusses the various meth-
ods used to determine these properties and presents some
methods used to further understand the diffusion mechanisms
at play.

View Article Online
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3.1 Ionic conductivity

Firstly, an ISE should be a good ionic conductor (>10"* S cm ™)
at room temperature and an electronic insulator (<10~ '°Scm™).
It should be noted that liquid electrolytes have ionic conductiv-
ities on the order of 107> S cm ™' and many researchers consider
107 S em ! to be the minimum ionic conductivity required of
solid electrolytes to be truly competitive. Only the ion of interest
(lithium here) should be mobile with a transport number close to
one because any small electronic conductivity can cause dendrite
nucleation from the bulk of the electrolyte, especially at high
current densities (Gejectronic > 107 S em™ ' at 1 mA cm™2).*® The
total electrical (ionic + electronic) conductivity of ISE is mea-
sured using electrochemical impedance spectroscopy by scan-
ning MHz to mHz frequency range and applying 10-100 mV
potential after depositing electrical contacts on the two faces of
a polished ISE pellet. This contact can be deposited by thermal
evaporation, magnetron sputtering, e-beam evaporation, or
applying a colloidal gold paste and then annealing it.>* Other
contacts such as silver and platinum can also be used. The
acquired impedance spectrum is usually represented by a
Nyquist plot. A typical Nyquist plot of an ISE consists of high-
frequency region semicircles and a low-frequency spike as
shown in Fig. 2(a). The spectrum is fitted to an equivalent
electronic circuit. The semicircles are modeled by a resistor and
capacitor in parallel and the spike as a capacitor as shown in
Fig. 2(a). The capacitor is usually replaced by a constant phase
element to fit the non-ideal capacitance of the electrochemical
system components. The low-frequency spike is assigned to the
capacitance of the blocking electrode, while the semicircles are
assigned to the bulk and grain boundary. The capacitance of
the semicircles helps to differentiate between the bulk and
grain boundary. A typical bulk and grain boundary capacitances
are 10~ '* F and 10~ ''-10~® F respectively which are calculated
from a standard permittivity of ~10 using parallel plate
capacitor equation.*® For instance, the grain boundary conduc-
tivity in LLTO is much lower than the bulk due to the orienta-
tion of the domains blocking lithium transport from one
domain to the other.*! In contrast, in LLZO some researchers

) 4 )2.0x10'° . . : = . .
1.8x10° - 1V 35 ]
16x10°F —2V 30 ]

i —3V _2s
. of ~ ]
e - 1.4x10 B a .
a — - < 1.2x10° % 15 ]
>y Electrode € 0 S 10
© 21 Grain _ Grain polarization g 1ox107r c b 1
= boundary 3 8.0x10° k ° 1
S 6.0x10* %0 5.0x10™1.0x10” 1.5x10” 2.0x10”
F: Lty Current (A)

0 T T T —

0 1 2 3 4

Z' (@) 1 (10°Qcm?) Time (h)
Fig. 2 (a) Typical Nyquist plot for a ISE with a resolved bulk and grain boundary resistances fitted to an equivalent circuit.** Reproduced with permission
from ref. 43. Copyright (2016), Elsevier. (b) A chronoamperometry measurements at different applied potentials and the inset is a plot of the applied
potential vs. the steady-state current such that the slope is used to calculate the electronic conductivity.® Reproduced with permission from ref. 68.
Copyright (2015), Elsevier.
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found grain boundary conductivity higher than the bulk.*?
The bulk and grain boundary are not always resolved as two
semicircles. However, sometimes only one semicircle is
observed, and that is due to the property of the material or
the frequency range used for the measurement. If only one
semicircle is observed (total conductivity) with the other one
out of the measurement frequency region, then measuring the
impedance at low temperatures (—100 to —130 °C) can sepa-
rate the bulk and grain boundary conductivities.***** Prior to
studying the impact of substitutions, it is critical to correctly
assign the contribution of the bulk and grain boundary to
the total conductivity to understand the effect of specific
substitutions.

It is also important to recognize the usefulness of perform-
ing the conductivity measurements as a function of tempera-
ture. The key transitions required to enable conduction (e.g.
lithium sublattice order-disorder, defects formation) can occur
at various temperature regimes.*> For example exploring these
transitions in intrinsic ion conductors which conductivity
depends on the intrinsic defects that increase with tempera-
ture. Likewise studying the temperature dependent conduction
mechanisms of extrinsic ion conductors which conductivity is
due to substitution like doping in extrinsic semiconductor.
Typically, such data is plotted as log(aT) vs. 1/T to investigate
whether a specific ion conductor exhibits Arrhenius or non-
Arrhenius type ion conduction. The activation energy and pre-
exponential factor extracted from the Arrhenius plot are used
for comparing performances and developing solid electrolyte by
helping to understand the underlying mechanisms causing the
conduction differences. This is especially useful when conduc-
tivities are so small that they cannot be measured at room
temperature. In such cases, the impact of substitutions repre-
sents important information to develop the electrolyte but
cannot be observed unless impedance measurements are per-
formed at higher temperatures, and conductivities can then be
extrapolated to room temperature. Next, the total ionic con-
ductivity is calculated by measuring the electronic conductivity
and subtracting it from the total electrical conductivity.

Cathode | Electrolyte Anode

Decomposition layer
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3.2 Electronic conductivity

The Hebb-Wagner method is used to measure the electronic
conductivity by applying DC polarization on an asymmetric
(—)Li/SSE/Cu(+) cell with a reversible and an irreversible (ion
blocking) electrode such as lithium and copper respectively.*®*”
The electronic conductivity is calculated from the voltage vs.
steady-state current plot of the chronoamperometry measure-
ments at different voltages as shown in Fig. 2(b). The lithium
transference number can then be calculated from the ionic
contribution to the DC total conductivity obtained at ¢ = 0 s prior
to steady-state or total conductivity from the electrochemical
impedance spectroscopy (EIS) measurement. In case the investi-
gated ISE is not stable against lithium electrode the upper limit of
electronic conductivity can be measured using two blocking
electrodes instead.*® Thus, it is important for comparing the
electronic conductivity to have similar cell configuration moreover
the same applied potential because for some ISEs the electronic
conductivity is not ohmic at all applied potentials.*® Electronic
conductivity below 107'° S cm ™" is needed for dendrite free ASSLB
operating at 1 mA cm ™ 2.%®

3.3 Electrochemical stability at the anode

Besides appropriate conductivities, solid electrolytes require a
wide electrochemical stability window. Alternatively, they may
form a stable ionically conductive solid electrolyte interphase
(SEI) with the electrode. The stability against the anode is often
done vs. lithium as this is considered to be key in order for solid
batteries to out-perform Li-ion batteries in terms of energy
density. The instability against lithium metal is due to the
lithium insertion reaction forming a reduced decomposition
phase as shown in Fig. 3(b). Stability against lithium electrode
is best probed by measuring the impedance (using EIS) of a
Li/ISE/Li symmetric cell at different time intervals during
electrochemical cycling. Fig. 4 shows the interfacial resistance
between Nb®* substituted LLZO and metal electrode increases by
time, indicating the formation of an electronic conductive phase
propagating through the bulk of the electrolyte.*” The same

b)

Cathode Electrolyte Anode

Decomposition layer

Fig. 3 Two possible interface reactions: (a) lithium extraction in a closed circuit system, (b) lithium insertion that can occur in both open and close

circuits.
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Fig. 4 EIS spectra of Li/Nb-LLZO/Li symmetric cell showing the change in
impedance over a 72 h period due to the electrolyte reacting with the Li
metal electrodes.*® Reproduced with permission from ref. 49. Copyright
(2019), John Wiley and Sons.

symmetric cell is also used to study the interfacial resistance
between the lithium electrode and the ISE conditioned (sanding
dry/wet,” acid etching,> applying a coating®?) surface signifying
lithium wettability. Furthermore, the galvanostatic cycling (plat-
ing/stripping) of this symmetric cell at different current densities
can demonstrate in progressive cycles if any dendrites will form
causing shortage or if the internal resistance will continuously
increase (measured voltage at same current density increase by
each cycle), which could be due to bad electrode/electrolyte
contact or electrolyte decomposition into ion resistive phase.

3.4 Electrochemical stability with the cathode

The upper limit of the electrochemical stability window is the
tendency for lithium extraction forming a lithium deficient
oxidized interphase, as shown in Fig. 3(a). This limit has been
explored in the literature using a variety of methods. The most
common is to use a Li/ISE/Au cell using cyclic voltammetry, as
illustrated in Fig. 5(a). However, this method has been shown to
systematically overestimate the electrochemical stability win-
dow due to the limited electrical contact between the current
collector and the ISE (i.e. the poor electronic conductivity of the
ISE prevents the reactions that would otherwise take place at
the high potentials).”® The alternative method that should be
used is to make a Li/TE/ISE+CA/Au (where TE is a functional
electrolyte, ISE is the electrolyte under investigation and CA is a
conductive additive). The CA is used to increase the amount of
electronic paths such that poor electronic conductivity does not
prevent the parasitic reactions from taking place. The test
electrolyte (TE) can either be a liquid organic electrolyte®® or
the ISE under investigation as long as its ionic conductivity is
adequate. This technique systematically shows a more repre-
sentative narrower electrochemical stability window which also
fits better the computational predictions. For example, the
cyclic voltammetry of Li;GeP,S;, (LGPS) with added Pt black

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cyclic voltammetry of Li/LGPS/Au and Li/LGPS/LGPS-Pt/Pt to
investigate the decomposition at high potentials.>*®® Reproduced with
permission from ref. 69. Copyright (2011), Springer Nature. Reproduced
with permission from ref. 53. Copyright (2016), John Wiley and Sons. The
CV demonstrates stability up to the maximum potential tested (4.5 V),
while testing the LGPS as a cathode with conductive additive shows
oxidation at a potential of 2.5 V, consistent with computational studies.

shows a lower oxidation limit of 2.5 V compared to stability up
to 4 V as determined by the Li/ISE/Au CV method as shown in
Fig. 5.>° No stabilities determined by the Li/ISE/Au CV method
will be reported in this review article as they are deemed
inaccurate. It is worth to mention that electrochemical stability
window is also investigated computationally using different
approaches such as calculating the electronic bandgap and
band position which only assumes electron transfer. The other
two methods, the stoichiometry stability method and phase
stability method, present the process of stability against the
electrodes (lithium extraction/insertion) as shown in Fig. 3
more accurately by including the chemical potential of the
lithium which contains the potentials of the electrodes.>”

Finally, the solid electrolyte should have optimal mechanical
properties; for instance, it should be soft and deformable to wet
the electrode better and be able to accommodate the volume
expansion of the electrode; otherwise, if brittle, it cracks, but at
the same time, it should have enough hardness to prevent the
dendrite growth. Although the mechanical properties and
thermal stability of great importance for the ISE performance,
will not be discussed in this review.

3.5 Characterization of structures and mechanism
determination

The structure is most commonly identified by powder X-ray
diffraction. In a new crystal structure, synchrotron X-ray dif-
fraction or neutron diffraction is required to resolve the new
structure. The mechanism underlying lithium transport is
predicted by conducting neutron diffraction and relaxation
nuclear magnetic resonance at different temperatures to locate
the exact positions of the lithium ion and reveal their local
dynamics. Moreover, from the neutron diffraction data, the
Maximum Entropy Method (MEM) gives information about the
Li* diffusion pathways as shown in Fig. 6(b).>®* MEM is com-
plemented with the Bond Valence (BV) method that can provide
the path that minimizes the empirically determined valence

Mater. Adv,, 2021, 2, 2846-2875 | 2851


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00082a

Open Access Article. Published on 14 April 2021. Downloaded on 1/12/2026 4:13:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

IS

%
.

B I00"

4

%
aos
g

Fig. 6

View Article Online

Review

(a) Bond valence (BV) map of LGPS with energy threshold of AV = 0.10 v.u. (b) The lithium nuclear density map reconstructed by maximum

entropy method (MEM).>® Reproduced with permission from ref. 56. Copyright (2016), American Chemical Society.

mismatch for lithium ion diffusion. BV calculations are extre-
mely easy/cheap to perform and yield iso-valence mismatch
surface maps as shown in Fig. 6(a). From BV calculations, the
bond valence landscape (BVL) can be extracted which shows
the relative energy of the barriers that can then be compared to
the energy barriers calculated from computational simulation
and from the lithium nuclear densities. Moreover, molecular
dynamic calculations are utilized to predict the possible
mechanisms and pathways of lithium diffusion.”” All these
techniques are complemented with each other to produce a
more accurate description of lithium migration.

3.6 Impact of substitutions on solid electrolyte metrics

A great number of different substitutions into ISEs have been
performed over the years. These have been done for a variety of
reasons, we discuss the main driving forces for substitutions
into ISEs in this section. First and foremost, substitutions are
performed to improve the bulk ionic conductivity of the cera-
mic structure. The bulk ionic conductivity is governed by the
composition and crystal structure of the host framework, which
determines the potential surface landscape of the lithium
diffusion pathway. The pathways typically include at least one
bottleneck through which the lithium ion diffusion is limited.
The energy barrier of the bottleneck can be lowered by introdu-
cing larger ionic radius cations on neighboring sites in order to
increase the lattice size and thereby enlarge the bottleneck
making more room for Li to pass through.’® On the other hand,
inducing lithium sublattice disorder (partially occupied sites)
makes the lithium sites energetically equivalent reducing the
defect formation energy contribution to the activation energy.
Therefore, different lithium and vacancy distribution control
the number of mobile charge carriers leading to higher or lower
conductivity.

Substitutions can therefore impact the bulk conductivity via
a wide variety of mechanisms. We discuss these in detail in
later sections focusing on each class of electrolyte, but it is
worth illustrating a few such mechanisms here as they do occur
regardless of the electrolyte class. For example, the creation or
destruction of vacancies on the lithium site is a common means
to tune conductivity. This is well illustrated in stoichiometric

2852 | Mater. Adv, 2021, 2, 2846-2875

tetragonal LLZO garnet where lithium ions fully occupy the
lowest energy tetragonal site making the diffusion of lithium
ions very difficult but introducing vacancies, for instance, by
super-valent substitution such as the partial substitution of Li*
by Ga** perturbs the lithium distribution and makes diffusion
more facile.>® The result is two partially occupied tetrahedral
and octahedral sites, which increase the conductivity by three
orders of magnitude.*® Another common approach to tune
conductivity is to make sub-valent substitution in order to
add interstitials to the structure to create local distortion and
flatten the energy landscape of the lithium pathway.®*

Substitutions are also often made in an attempt to improve
the grain boundary ionic conductivity. In cases where the
grain boundary conductivity is low, tuning the microstructure
becomes essential. It is also important to recognize that the
presence of a secondary phase at the grain boundaries also
contributes to the total ionic conductivity (either positively or
negatively depending on this phases impact on sintering
properties).®> The presence of voids between the grains drasti-
cally lowers the ionic conductivity; hence measuring the relative
density of the materials is crucial for comparing the perfor-
mance of ionic conductors.®® The relative density of ISE also in
great measure dictates its resistance against dendrite penetration
at high current densities.** The relative density/porosity changes
by the synthesis method, sintering method/temperatures/time,
and introduction of substitutions.

Substitutions into the solid electrolyte is also often used as a
means to tune the interfacial area-specific resistance (ASR) with
the electrodes that include wettability and interphase stability.
For example, fluorination of LLZO facilitates homogenous
lithium plating and stripping cycles at different current den-
sities as shown in Fig. 7.°° It should be mentioned that
substitutions into the bulk of the material in order to impact
the surface resistance may have detrimental impacts on the
bulk properties. Often times, this approach is in competition
with the use of a buffer layer (i.e. a thin layer of a different solid
electrolyte at the surface of the cathode/anode). For example,
coating lithium cathode with lithium niobate®® and coating the
anode with alumina layer®” can mitigate the electrolyte/elec-
trode instability hence keeping the interfacial impedance low.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Galvanostatic Li plating/stripping in the Li|LGLZO|Li and the Li|F-LGLZOILi cells.%® Reproduced with permission from ref. 65. Copyright (2019),

American Chemical Society.

4. Impact of substitutions into specific
classes of ISE
4.1 Garnets

4.1.1 Structure. Garnet has the generic chemical formula
A*"3B*%,(Si0,);, with cubic Ia3d space group structure. A>*
occupies the dodecahedral sites and B*" octahedral sites,
while Si*" occupies the tetrahedral sites. However, the ionic
conductivity of garnets is poor until the Si is replaced by Li",
and the lithium content can be further increased by replacing
A*" and B®" with cations of different oxidation states forming
lithium stuffed garnets. Lithium lanthanum zirconate (LLZO)
is the most promising in the lithium-stuffed garnet-type
solid electrolytes. LLZO has the basis chemical formula
Li;Las;Zr,04, but further substitutions must be made to make
this a viable solid electrolyte. LLZO has two polymorphs:
tetragonal (t-LLZO, I41/acd space group) and cubic (c-LLZO,
Ia3d space group). The host framework of t-LLZO as shown in
Fig. 8(a) consists of La®" at two dodecahedral 8b and 16e sites
and Zr*" at octahedral 16c site. The LaOg and ZrOg polyhedra
are connected by edge-sharing while the lithium ions are
ordered by fully occupying tetrahedral 8a site and two dis-
torted octahedral 16f and 32g sites. The host framework of
¢c-LLZO shown in Fig. 8(c) consists of La®" at the dodecahedral
24c sites and Zr*" at octahedral 16a sites. The LaOg and ZrOg
polyhedra are connected by edge-sharing while the frame-
work interstitial space is accommodated by the lithium ions
and vacancies. In the ¢-LLZO the lithium ions only partially
occupy tetragonal 24d sites and distorted octahedral 96h site
as shown in Fig. 8(c). The LiO, tetrahedra of ¢-LLZO shares
face with the LiOg distorted octahedra through which lithium
ions hope (this is the bottleneck). c-LLZO has higher con-
ductivity than t-LLZO thus, stabilizing the cubic phase is a
strategy used to enhance conductivity. LLZO has a good
electrochemical stability window. Its stability against the
lithium anode is due to the formation of a solid electrolyte
interphase (SEI), which increases the interfacial resistance
slightly but also passivates the electrolyte decomposition.*® A
disadvantage of the LLZO is its air sensitivity which forms
Li,CO; increasing the interfacial resistance against the
electrodes.”®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Crystal structure of t-LLZO and lithium sites occupancy (a)°?

Reproduced with permission from ref. 102. Copyright (2009), Elsevier.
(b), Crystal structure of c-LLZO and lithium sites occupancy (c and d).1%%
Reproduced with permission from ref. 103. Copyright (2011), The Chemical
Society of Japan.

4.1.2 Impact of substitutions. Substitutions on both the
TM and Li sites have been widely used to enhance the ionic
conductivity by stabilizing the ¢-LLZO and optimizing lithium
concentration and distribution. The maximum amount of
lithium that cubic garnet structure can have is 7.5 per unit
formula with long-range vacancies ordering and short-range
ordering at 6.5 lithium per unite formula thus highest con-
ductivity can be achieves at 6.4 + 0.1.”* Supervalent substitu-
tion introduces vacancies, which stabilizes the c-LLZO by
lowering the order-disorder transition temperature. Fig. 9(b)
shows the different substitutions done on the LLZO system,
while panel (a) shows all the substitutions that are expected to
be stable based on computation. The colored border indicates
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with their corresponding total ionic conductivity (color map), and relative density (RD%).

the different substitution sites, and the fill corresponds to the
total conductivity contour. This figure clearly illustrates numer-
ous other substitutions can still be considered for the LLZO
garnet. Tables 1 and 2 summarize the results for key properties
for metal substitutions into the garnet structure. These tables
provide summaries of the impact of substitutions, and also
dramatically illustrate properties that have to date been under-
explored (e.g. the electronic conductivity in multiple substitu-
tions has not been widely studied despite the necessity to
ensure high electronic resistance to limit dendrite formation
within the electrolyte). In the rest of this section, we highlight
particular results from these tables and discuss their broader
significance for the design of advanced solid electrolytes.
Partial substitution of the Li in LLZO can stabilize the
¢-LLZO, such substitutions include AI**, Ga**, Zn**, Fe** and
these result in enhanced ionic conductivities as shown
in Fig. 9(b). At high sintering temperatures, unintentional
AP** substitution from alumina substrate can occur. Al-LLZO

2854 | Mater. Adv,, 2021, 2, 2846-2875

59,63,81,99,105-118

has been reported with ionic conductivities as high as 3.1 x
107" S em ™' at its solubility limit of x = 0.25 in
Li;_3,Al,LazZr,0,, whereas the ionic conductivity of unsubsti-
tuted LLZO is 2.0 x 1077 S cm™".”?> Gallium substitution also
stabilizes the c-LLZO by substituting at the 24d tetrahedral
lithium site and producing vacancies to preserve charge neu-
trality. As the Ga®" content increases in Li,_,Ga,La;Zr,0;, the
lattice size and bottleneck size do not change; however, due to
the Li-Ga coulombic repulsion, the vacancies around Ga**
occupied sites are inaccessible (trapped), causing the lithium
conductivity to decrease in the range 0 < x < 0.10. On the
other hand, for 0.10 < x < 0.30, the conductivity decrease
trend becomes relatively flat because the extra vacancies con-
fine percolation pathways for lithium ions motion as shown in
Fig. 10.”% In Li,_3,Ga,La;Zr,04,, the highest conductivity of
1.46 x 107% S cm ™' is achieved at x = 0.25.%° Some reports show
that Ga occupies the 96h site and stabilizes the c-LLZO with
I43d space group. Accordingly, the reason the higher ionic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of co-substitutions performed in the LLZO garnet materials. Relative density is p/po
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Oelectronic CaPaCity

Composition Synthesis method oo (Sem™) E, (eV) (Sem™) plpo (%) Cathode (MAhg™") Vae (V) Ref.
Lig 5GagoLay oSTo 1Z1,01, Solid state 5.50 x 104 0.31 1.43 x 1077 — — — — 119
Lig.66L22.945T0.06ZT1.6Sbo.4012 Solid state 8.83 x 10 * 0.26 — 95.1 LFP 157 3.75 120
Lig 775Al.05La3Z11.9255b0.075012 Solid state 4.10 x 107* 0.32 — 96.7 — — — 121
Lig375Alo 075123711 §M0o 201, Sol-gel 441 x10* 030  1.00 x 10°° 96.4 — — — 122
Li,LayZrNbg 5Yo 5012 Solid state 829 x 107 031 — 90.7 LFP 140 3.53 123
Lig.45C0.05L5.05TA0 6Zr1 401 Solution 403 x10° " - — — S 1090 2.1 124
Lig.65Gag 15123711 90SCo.10012 Sol-gel 1.80 x 103 0.29 — 93 — — — 83

Al-Lig 5sLa3Zr; 75Ta0.25012 Solid state 928 x 107* 032 — 94.1 — — — 125
Lig.045L85.0B0.02Z1.9255P0.075012 Solid state 1.53 x 10°* 025 9.47 x 1077 95 — — — 126
Lis sLagHf; 5Tag 5012 Solid state 345 x 107 044  — 93.2 — — — 127
Lig1sLasZry 75Tag 25Al9 2,01, Co-prec. 3.70 x 104 0.30 — 98 — — — 81

Lig.15La3Zry 75Ta0.25Ga0.2012 Co-prec. 4.10 x 107* 0.27 — 98 — — — 81

Li;LazZr,0;, (1.7 w%Al 0.1%Si) Solid state 6.80 x 104 — — — — — — 128
LigsLa, 95Bag 0521 75Ta0 25012 Solid state 6.50 x 1074 0.29 — 99.7 — —_ — 85

Lig1Gag 1LazZr, 55Bag 05Ty 4015" Solid state 1.02 x 1073 0.40 — — — — — 129
Lis65Gag.05Las.95Bag 05211 7500501,  Solid state 7.20 x 1074 0.28 — 99.9 LFP 146.8 3.29 85

Lig.50Las.05Bag.02Zr1.9Y0.1Alp.2015 Solid state 2.02 x 1074 — — 93.23 — — — 130
Lis 7,125 95Bag.02Z11.65Wo.35Al0. 2,015 Solid state 6.35 x 104 — — 96.32 — — — 130

“ This is the only study where a Li/Li symmetric cell was used to test stability vs. Li metal. They obtained 0.5 mA cm™%/25 Q cm®.

Table2 Summary of substitutions performed in LLZO garnets. Both ionic and electronic conductivities are included, as well as the cell configuration and
voltage applied for the electronic conductivity measurement

01po (%) Orowr (Sem™) E, (eV) Getectronic (S em™')  Cell configuration DC voltage applied (V) Ref.

4.00
4.00
1.00
1.38
1.46
3.50
5.00
7.40
6.40
1.03
1.01
6.60
1.25
1.23
5.50
4.41
3.58
4.90
1.53
1.06

XXX XXX XX XXXXXXXXXXXX

10*
107*
1073
1073
1073
10*
107*
107*
107*
10*
1073
10°*
107*
107*
10*

0.26
0.34
0.30
0.30
0.25

0.31
0.33
0.30
0.37

0.42

0.31
0.30
0.42

0.25
0.39

<& © 300K heating
® @ high-T fitting (Fig. 7a)

Composition
Lig.24Alg.24La3Z1,011.08 98
LLZO 0.9%Al —
Lis 4Gag ,LasZr,04, -
Lig.4Gag,LaszZr,0q, 97
Lig 25Gag.25La3Z1,04, 94
Lis 25Gag 25La3Z1r,04, 91
LLZO 1.7% Sr 94
Li6.75La3ZT1.75T30.25012 96
Lis 75LasZry 75T20.25012 97
Lig ;LazZr; ;Tag 304, 92
Lig 4LazZr; 4Tag,6012 -
Li6430La3ZI‘1.65W0.35012 96
LiyLa, 75Cag.25Z11.75Nbg 25012 -
Li;La, 75Ca9.252r1.75Nbg 2501, @LIAIO, —
Lie.5Gag.2La5.0810.1 21,015 -
Lig.375Al.075L23Z11.§M0g 2012 96
Lig 4LazZr; 4Ty 6015 6% MgO 95
L?549A10.2L33ZT1.75Wo.25012 94
Lig.005L.2.08Ba0.02Z11.9255b0.075012 95
Lig ;LazZry 5Nbg 4Smg 104, 94
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Fig. 10 The effect of different content of Ga substitution in LLZO on ionic conductivity and the lithium percolation pat
from ref. 73. Copyright (2015), American Chemical Society.
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conductivity of Ga-LLZO compared to Al-LLZO is due to the
different site occupation where 96h site occupation does not
block lithium long range path as it does the 24d site.”*
Compared to Ga®" substitution Zn>* likewise stabilizes the
cubic phase. In both systems, part of the compensating vacan-
cies are added to the tetragonal site while the rest added to the
octahedral site. The amount of vacancies created by Zn>" is not
enough to introduce vacancies to a non-vicinal octahedral site
as in Ga-LLZO to facilitate lithium mobility leading to more
than an order of magnitude lower conductivity. The negative
aspect of Li site substitution is that it hinders the lithium path
while deactivating the nearest neighboring octahedral site
vacancies forming defect clusters; thus, high content of sub-
stituent at this site can block the lithium path.”

Some substituents have a dual role of stabilizing c-LLZO and
enhancing sinterability. For instance, the lower sintering tem-
perature of 1000 °C for Ga-LLZO vs. 1100 °C for Al-LZZO and the
associate higher densification of the Ga-LLZO are both attrib-
uted to the low eutectic point of Li-Ga-O compounds which is
present as a liquid phase at the grain-boundaries during
synthesis.”® Dense ISEs will have enhanced ionic conductivity
and they also help impede dendrite formation. Fe** substituted
LLZO has high ionic conductivity, but it is unstable against the
lithium anode because it gets reduced to Fe*' yielding an
electronically conductive phase that propagates through the
bulk and creates a short circuit.”” This again illustrates the
critical importance of screening all key metrics in substitution
studies of solid electrolytes.

Partial substitution of Zr*" site similarly stabilizes ¢-LLZO, and
its advantage over Li site substitution is that it does not hinder the
lithium paths. Such substitutions include Ge**, Nb>*, Ta>*, Sc**. A
small amount of alkaline earth metal substitution around 0.05
likewise substitutes the Zr'' site. It expands the lattice size
because alkaline earth metals have larger ionic radii than Zr,
which causes the bottleneck size to increase, thus lowering the
motional energy. Thus as shown in Fig. 11 larger the alkaline
earth metal is higher ionic conductivity is attained.”® Alkaline
earth metal substitution also improves the sinterability by its
lower melting point compared to ZrO,."> On the other hand large

View Article Online

Review

amount of alkaline earth metal substituents around 0.5 substi-
tutes the La site.”” Ta>* substitution of LLZO stabilizes the c-LLZO
and at optimal lithium concentration of 0.6 per unit formula with
the presence of a small amount of Al from the substrate dis-
tributed at the grain boundaries shows highest conductivity of
107 S em™~.%° When Ta-LLZO is co-substituted with Ga or Al the
conductivity decreases because they occupy Li sublattice hinder-
ing their diffusion.®"

Alkaline-earth elements substitution of LLZO with contents
above 0.05 substitute the La*" enhancing the sinterability. The
density of alkaline earth element substituted LLZO increases
with the ionic radius of the alkaline earth elements.

The interphase resistance of substituted LLZO with lithium
anode depends on the nature of the substituents; for instance,
in Al, Ta, Nb substituted LLZO, when in contact with lithium
metal, Zr is reduced forming an oxygen deficient layer increas-
ing the interfacial resistance. The amount of oxygen deficient
layer forms in the substituted LLZO is as follows Ta** < Nb**" <
AI**. This interphase was explored by measuring the change in
interfacial impedance of Li/substituted-LLZO/Li at different
time intervals and complemented by XPS measurement to
explore the reduced species. Although in Nb-LLZO similar
amount of oxygen deficient interphase forms but its reduction
leads to the formation of a conductive phase that propagates
through the bulk of ISE. While in Al substituted LLZO Zr**
reduces into protecting oxygen deficient layer.”® The lithium
stability of the high ionic conductive Nb-LLZO is improved by
co-substituting with Ga.*” Multiple substitutions further
improves the ionic conductivity as shown in Table 1, such as
substituting Li* by Ga*" to stabilize the cubic phase and Zr** by
Sc®™ to increase the number of lithium ions and improve
the density. Additionally, Sc** causes local disorder of the Li
network, enhancing the local mobility.** Multi-substitu-
tion schemes are also employed, such as Lig¢5Gag.05Laz.905
Bay 0521 75Ta0.2501, that includes supervalent substitution of
Li* and Zr** by Ga** and Ta®" respectively and this stabilizes the
¢-LLZO by introducing vacancies besides Ga*" has a role of
enhancing the sinterability.®* Simultaneously, subvalent sub-
stitution La** by Ba®" increases the lithium concentration and

(b)

Ba-garnet

Sr-garnet

Ca-garnet
Mg-garnet

RT conductivity (10 S cm™)

Compounds

Fig. 11 The conductivity of different alkaline earth substitution of LLZO.”® Reproduced with permission from ref. 78. Copyright (2016), John Wiley and

(a) T(C)
120 100 80 60 40 20
" s i L
0.4 = Sr-garnet
® Mg-garnet
0.24 4  Ba-garnet
Sr-garnet-fitting
Ba-garnet-fitting
g 0.0 —— Mg-garnet-fitting
£ -0.24
23
~ -0.44
b
<)
2 0.6
-0.84
-1.0 T T T T T T T T
26 27 28 29 30 31 32 33 34
1000/T (K")
Sons.
2856 | Mater. Adv, 2021, 2, 2846-2875

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00082a

Open Access Article. Published on 14 April 2021. Downloaded on 1/12/2026 4:13:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

the bottleneck size due to its larger ionic radius. Additionally,
multi-substituion decreases oxygen deficiency. These all
enhance the lithium ion conductivity.®

The electronic conductivities of substituted LLZO are sur-
veyed in Table 2. The electronic conductivity of single crystal
Ga-LLZO is around 10~ '° S cm ™" while for the polycrystalline
material it is 107% S em ™. The higher electronic conductivity in
the polycrystalline sample is due the grain boundary and not of
the intrinsic bulk, which implies that researchers must be
mindful of the electronic conductivity in the final device and
not solely in a perfect crystal.*® Further studies demonstrate
that coating Ca-Nb-LLZO with LiAlO, before sintering lowers
the electronic conductivity from 3.59 to 1.01 x 10°® S ecm *.¥’
This illustrates (as in part I of this review) that coatings can
often be used to enhance surface properties without excess
substitution into the bulk of the materials, such that coating
methods are often in competition with bulk substitutions in
real applications. An important current drawback of LLZO is
that Li,CO; forms when LLZO is exposed to air and this reduces
the ionic conductivity.®®

Though the focus of this review is the impact of substitu-
tions, it is worth briefly summarizing here the state-of-the-art
for each class of ISE in order to consider what future role
substitutions may play. The interfacial resistance between the
garnet electrolyte and the electrodes currently limits the per-
formance of garnet based all-solid-state batteries. Different
strategies have been used to reduce garnet/Li interface impe-
dance. Some examples include using molten Li-C,*° coating
garnet with C, surface acid treatment,”® wet sanding,”® thin
layer of Ag, Sn or Ge,”®? solid polymer electrolyte interface,”
and Al,O; layer deposition.”® Similarly, the interfacial resis-
tance between garnet and cathode is high because of the rigid
nature of the garnet materials and the high cathode/garnet
interfacial instability. One way to reduce the interfacial resis-
tance is by co-sintering the composite cathode/electrolyte, but
the electrolyte and electrode should not react at that tempera-
ture; otherwise, a more resistive interface can form. For
instance, when Al-LLZO is co-sintered with LiCoO, (LCO), a
resistive interface forms due to Al diffusion at high temperature
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forming t-LLZO at the interface.”® This can be avoided by using
Ta-LLZO instead. A discharge capacity of 110 mA h g~* with
50 pA cm™ 2 current density at 50 °C was achieved in a LiCoO,/
Ta-LLZO/Li cell configuration with a composite cathode
composed of LiCoO, and Ta-LLZO co-sintered at 1050 °C. This
battery showed good performance for 100 cycles as shown in
the Fig. 12(a).’® Although the areal discharge capacity dropped
significantly at higher discharge current densities as shown in
Fig. 12(b) but it performed better than other ASSB cell config-
urations at these current densities. Other reagents can be
added to composite cathode to form an interfacial layer
between the cathode active materials and the solid electrolyte
during co-sintering. For example, formation of either a spinel
layer on a layered oxide cathode®” or Li, ;_xCo.-1xBo.;_»O3 at the
LLZO/LCO interface®® reduces the interfacial resistance. Low
melting point sintering aids, such as Li;BO3, can also be added
to lower the required sintering temperature and thereby avoid
elemental diffusion and reaction between electrolyte/electrode
that can occur at high temperatures. Another method such as
depositing a thin film of the cathode active material on top of
the electrolyte directly®'®® or with interface layer within
between, such as a thin layer of Nb is also explored but this
method has limited capacity.'®" Despite all these developments
garnet based ASSLBs continue to struggle to achieve high rate
capacity and long cycle life. Continued research and develop-
ment is required to further improve these ASSLB.

4.2 Perovskite

Perovskite materials have the generic formula ABX; and are
made of corner shared BXg octahedra and A located at dodeca-
hedral sites as shown in Fig. 13. Lithium lanthanum titanates
(LLTO) with composition LizyLas)-,TiO; (1/25 < x < 1/6)
are the most promising electrolytes in the perovskite
family because of their high bulk conductivities reaching
~107* S em . Lithium and lanthanum share occupation
of the A sites while titanium fully occupies the B sites. The ionic
conductivity of perovskite ISE is strongly dominated by the grain
boundary conductivity that is very poor ~107*-107> S cm™ %
however, substitutions can reduce the substantial grain boundary
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Fig. 12 (a) Charge—discharge capacity vs. number of cycles of the LiCoO,/Ta-LLZO/Li-In cell with a current 50 uA cm~2 between 2.4-3.6 V at 50 °C. (b)
Discharge performance at different discharge current densities.’® Reproduced with permission from ref. 96. Copyright (2019), Royal Society of

Chemistry.
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Fig. 13 Crystal structure of LLTO and the square oxygen window through
which the Li ions hope.*** Reproduced with permission from ref. 141.
Copyright (2019), Elsevier.

resistance. Table 3 summarizes the impact of substitutions made
into LLTO and the resulting effect on total conductivity. The
lattice size changes by introducing different size substituents to
the A-site such as subvalent partial substitution of La** by larger
ionic radius Sr*" expands the lattice size leading to lower barrier
energy and increases the lithium concentration by charge com-
pensation. These two factors enhance the bulk conductivity."**
Likewise, partial substitution on the b-site affects the ionic
conductivity. Similar to the other ISE families, substituting Ti**
with Ge*" increases the density of the solid electrolyte, which in
turn improves the total conductivity by improving the transport at
the grain boundaries."** On the other hand, although partial
substitution of Ti*" by Nb** lowers the bulk conductivity, it also
yields a higher grain boundary conductivity, which is the limiting
factor of LLTO total conductivity such that Nb-substitution does
improve the overall conductivity.'** A disadvantage of LLTO
electrolyte is that it gets lithiated by the metallic lithium anode
converting into conductive phase thereby preventing its integra-
tion into ASSLB with Li metal anode.

4.3 NASICON-type

NASICON-type ISEs are lithium ion conductors with the struc-
ture of a sodium super ionic conductor with chemical formula
LiM,(X0O,);. The structure, shown in Fig. 14, is rhombohedral
and can be described in the R3¢ space group. It is made of XO,
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Fig. 14 Crystal structure of LiM,(PO4)s with NASICON structure (a), an
illustration of the triangular oxygen bottleneck T1, T2 (b).**® Reproduced
with permission from ref. 159. Copyright (2018), American Chemical
Society.

tetrahedra at 18e site and MO octahedra at 12c sites joined by
corner sharing while the lithium ions fully occupy antipris-
matic 6b sites (Li1). LiM,(XO,); has many polymorphs, but the
rhombohedral structure yields the highest ionic conductivity.
Fig. 15 shows the various substitutions attempted to improve
this class of electrolytes. These substitutions are on two sites:
the X sites (P, Si) and the M sites (Ge, Ti, Sc, Zr, Hf). For the M
sites, the activation energy decreases as the ionic radius
increases due to the larger lattice with expanded bottleneck
size as shown in Fig. 16. However, when we resort to larger radii
cations such as Zr, Hf, and Sc, the expansion of the lattice
causes a structural distortion wherein Li ions move to a more
stable site (M2) and transforms the structure into monoclinic/
triniclic phases that are poorly conductive. The optimum M
substitution in terms of ionic conductivity is therefore consid-
ered to be Ge as illustrated in Fig. 15. Three classes of
NASICON-type materials have been studied with parent struc-
tures with M = Ti (LTP), Ge (LGP), and Zr (LZP). The rest of this
section discusses progress in these families.

Although LiGe,(PO,); LGP can be synthesized in the rhom-
bohedral structure without any substituents, the conductivity is
quite small (~107° S em™™"). All the Li ions occupy the 6b site
with the 18e site vacant. Fig. 15 shows that subvalent partial
substitutions of Ge** with Cr** and AI** dramatically improves
the conductivity. This is attributed to lithium ions now occupy-
ing both the 6b and 18e sites. Subvalent substitution of LGP by
A" introduces additional lithium ions to the Li3 site and due

Table 3 Substitutions in LLTO system with their corresponding total and electronic conductivities

Composition Synthesis method ~ Sintering temperature/time  Growr (S M ™) Eq (€V)  Gelectronic (S cm™Y)  plpo (%)  Ref.
Liy.5Lag sNb 04Tio.0503 Solid state 1350 °C for 12 h 1.04 x 107* — — — 143
Lig 36La0.53570.03Ti03 SOl—gel 1250 °C for 4 h 1.95 x 1073 0.3 — 97.31 141
Lig 35Lag 35570 3TiO3 Solid state 1300 °C for 6 h 2.78 x 107° 0.3 — 97.17 144
Lig.355L20.355T0.5Tig.005Al0.00503 Solid state 1300 °C for 6 h 2.05 x 107° 0.31 — 96.56 144
Li 355L80 355T0.5Ti0.005C00.00505  Solid state 1300 °C for 6 h 1.37 x 10°° 0.32 — 96.99 144
Lig.355L80.35570.3Ti0.005IN0.00505  Solid state 1300 °C for 6 h 1.97 x 10°° 0.31 — 97.15 144
Lig.43La0.56Tio.05G€0.0503 Solid state 1150 °C for 2 h 1.20 x 107° — 5.2 x 1077 — 142
(Lio.33La0.56)1.005Ti0.09Al0.0103 Sol-gel 1350 °C for 6 h 3.17 x 1074 — 2.3 x 1072 — 145
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Fig. 16 The bulk activation energy vs. the bottleneck size between Lil and
Li3 in NASICON-like ISEs.Y”* Reproduced with permission from ref. 173.
Copyright (1998), American Chemical Society.

to the repulsion with the Li1 site, the lithium ions redistribute
between Lil and Li3. This repulsion causes the volume of the
LiO¢ octahedra to increase, expanding c of the lattice, but the
size of the oxygen triangle windows T1 and T2 shown in Fig. 14
does not expand. The coulombic interaction between Lil and
Li3 pushes Li1 into Li3*, which acts as a spring flattening Li ion
energy landscape, decreasing the activation energy. Therefore
the mechanism behind the conductivity enhancement of Al-

© 2021 The Author(s). Published by the Royal Society of Chemistry

LGP is that by increasing the energy of lithium, the local
minima become less profound, thereby decreasing the migra-
tion barriers."*® Optimal AI** substitution content of 0.4 mol
per unit formula of LGP achieves room temperature total
conductivity of 1.22 x 10> S em ' which is three order of
magnitude higher than of unsubstituted LGP and is certainly of
interest in real battery applications."*” Higher substituent con-
tent increases activation energy due to the smaller bottleneck
size.'*® Further co-substituting with Y tweaks the microstruc-
ture and grain morphology producing a denser product with
lower intergrain resistance."*® Other co-substitution explored
on AI-LGP is Sr where due to its large ionic radius has limited
solubility of 0.17 per unit formula above which secondary phase
(ScPO,) forms at the grain boundary lowering intergrain
lithium diffusion. Higher Sr contents also distorts the cubic
phase as mentioned above. The optimal composition of
Li; 5Aly 335¢0.17Geq 5(PO4)3; shows higher conductivity than LGP
due to the larger Li diffusion channel size and facilitating new
diffusion channels direct 6b-36f path through which the Li
ions move in concerted fashion instead moving through 18e by
isolated single-ion diffusion.">® One drawback of LGP is that it
gets reduced when in contact with metallic lithium anodes
yielding an electronically conductive material.">"

LiZr,(PO,); (LZP) has four polymorphs which are presented
in Fig. 17. At synthesis temperature above 1100 °C, o’ triclinic
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Fig. 17 Crystal structures of the different polymorphs of LiZr,(PO,)s.2*

Reproduced with permission from ref. 174. Copyright (2017), American
Chemical Society.

phase (P1) forms which transforms into o rhombohedral phase
(R3c) at around 40 °C. Whereas the B’ monoclinic phase (P21/n)
forms at synthesis temperatures below 1100 °C and transforms
into B orthorhombic phase (Pbna) at around 300 °C. Both o and
B has ionic conductivity but o phase has higher. Thus, lowering
the transition temperature to stabilize room temperature o
phase is a promising strategy to achieve high conductivity.
Such stabilization of the R3¢ phase is accomplished by sub-
valent substitution of LZP with La*" such substitutions are
shown in Fig. 15. Moreover, the lithium concentration is
increased by neutrality preservation and due to its larger ionic
radius, the lattice size and triangle bottleneck window size
expands leading to lower migration energy. The sum effect is
enhanced bulk conductivity. It worth mentioning that different
synthesis methods can also lower the phase transition tem-
perature. For example, the sol-gel method can stabilize the
rhombohedral without any substitution by reducing the o’ to o
LZP phase transition temperature from 40 to 15 °C, yielding
total and bulk conductivities of 1.5 x 10 and 1.5 x 10™*Scm™?,
respectively.'**

LTP conductivity is enhanced by subvalent substitution as
shown in Fig. 15 such as with AI**, Cr*".'>® The mechanism of
the ionic conductivity enhancement is the same as in the
subvalent substitution of LGP. The lithium in AI-LTP moves
through the Li1-Li3-Li3-Li1 pathway which is explored by
maximum-entropy method (MEM)"** Introducing Al to LTP in
the range of 0.1-0.5 mol per unit formula increases the bulk
conductivity three orders of magnitude to reach ~107>Scem™*
which was measured on a single crystal.">® Low temperature
EIS was used to separate the bulk and grain conductivities in
polycrystalline samples of LATP as shown in the Arrhenius
plots in Fig. 18. This reveals poor grain boundary conductivity
with a high activation energy. Furthermore, Fig. 18 also shows
that LATP has a decreasing bulk conductivity when exposed to
air and the process can be reversed with heating.** Ti*'-Based
NASICON-type LTP gets reduced by Li metal into an electro-
nically conductive phase. Thus, a buffer layer is currently

2860 | Mater. Adv, 2021, 2, 2846-2875
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Fig. 18 Arrhenius plot of LATP sintered at different temperatures the blue
line corresponds to the bulk conductivity which was separated from grain
boundary at low temperatures and extrapolated to room temperature. The
green, the red line corresponds to the grain boundary and the green to the
bulk conductivity after exposing the sample to air. ** Reproduced with
permission from ref. 44. Copyright (2015), Royal Society of Chemistry.

157) in order

required (e.g. LIPON layer'>¢
to protect the LATP.

Still of interest for further study, this class of material may
yet be optimized with further substitutions. It should however
be noted that these materials are extremely rigid such that
assembly in a ASSLB is difficult and maintaining the battery
structure during operation is very difficult unless low volume
expansion electrodes are used and this greatly limits the energy

density.">®

or polymer electrolyte

4.4 LISICON

Lithium super ionic conductor (LISICON) is a family of materi-
als with the structure of Li,SiO, or y-Liz;PO, with monoclinic
and orthorhombic structures, respectively, as shown in Fig. 19.
Both are made of XO, tetrahedra (X = P, Si), but with different
orientations. The three lithium ions per unit formula of
v-LizPO, are located at the tetrahedral 8d and 4c sites. The
X0, tetrahedral site can be partially substituted by different
valence cations changing the charge carrier concentration and
lattice size, hence tuning the ionic conductivity. Table 4 shows
the resulting conductivities for the various substitutions
attempted into these structures. Here, we focus on the one
material that has a conductivity about 5 x 107> S cm™*
(W substituted Li-Ge-O) and refer a reader interested in this
class of materials to a review article explores this class more."”

Liz 70Geo.85sWo.1504 has a dramatically improved conductivity
compared to the parent Li,GeO, due to the supervalent W*"
substitution creating Li vacancies, and enlarging the oxygen
windows such that the Li-diffusion energy barrier is lower.'”®
The drawback of LISICON is that they have high conductivity
only at high temperatures; for instance Liz 5Sip 5Py 50, has a
room temperature conductivity of ~10~’ Sem *and ~10 *Sem ™

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Crystal structures of LISICON solid electrolytes.”” Reproduced with
permission from ref. 177. Copyright (2015), American Chemical Society.

Table 4 Metal substitutions performed in LISICON-type structures with
their corresponding total ionic conductivity and activation energy

Composition OTotal (S cm™) E, (eV) Ref.
Liz.6Ge.580.204 2.00 x 10°° — 178
Liz 5C00.25Ge0,4 8.40 x 10°° 0.71 179
Liz 75Geo.75V0.2504 7.50 x 10°° 0.54 176
Liz.70G€0.55Wo.1504 5.0 x 10 0.41 176
Li;PO, 5.10 x 107 0.59 180
Liz 55i0.5P0.504 1.60 x 107° 0.54 180
Li,Si0, 1.20 x 10°° 0.64 180
Liy 55i0.5Al5.504 2.30 x 1077 0.56 181
Lis 55(Geo.45510.10V0.45)O04 1.00 x 107° 0.37 182
Lis 53(Geo.75P0.25)0.7V0.304 5.10 x 107° 0.43 183
Lis 478i0.5P0.5Clo.0303.97 1.03 x 10°° 0.44 184
Liz 47G€0.5P0.5Clo.0303.08 3.70 x 107° 0.39 184

at 300 °C. At low temperature ordering of the interstitial lithium ions
decreases the conductivity. However, at high temperature the two
octahedral interstitial sites become partially occupied with weaker
interaction with the oxygen at high temperature that lowers the
activation energy. The ionic conductivity of LICISON is modest and
still needs further enhancement.

4.5 Thio-LISICON

The anionic substitution of O~ by more polarizable S>~ in the
LISICON materials discussed in the previous section leads to
orders of magnitude higher ionic conductivity ISE called thio-
LISICON. The structure of thio-LISICON is the same structure
as the LISICON only O is replaced by a more polarizable
S>~ anion. Li,GeS, has B-Li;PS, thio-LISICON structure and can
be represented in the Pnma space group. When Ge is substi-
tuted by Sn forms a solid solution Li,Ge; ,Sn,S,. Although the
introduction of larger ionic radius Sn increases the triangular
bottleneck window but does not affect the ionic conductivity
because it enhances only short-range diffusion. However, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Li,SnS, end of the solid solution shows an order of magnitude
higher ionic conductivity 1.4 x 107® S ecm™" due to the
enhanced short range diffusion combined with the reposi-
tion/redistribution of lithium ions which decreases the Lil-
Li2 distance shown in Fig. 20(c) converting their configuration
from edge shared to face shared facilitating long range diffu-
sion chain along the b-axis. Moreover, the introduction of new
partially occupied Li4 sites enables 3D conduction by connect-
ing the linear diffusion paths as shown in Fig. 20(d)."®> The low
ionic conductivity of Li,SnS, can be enhanced by substituting it
with As forming Liy ,Sn; ,As,S, (x = 0 to 0.250) solid solution
with the highest ionic conductivity being 1.39 x 107> S cm™ " for
Lis8335N0.833A80.16654- °° The advantage of the thio-LISICON
mentioned above compared to thiophosphate based ISEs that
are discussed below is their air stability because thiopho-
sphates react with moister to release H,S gas. The ionic con-
ductivity of parent B-Li;PS, increases 3 order of magnitude by
substituting P with Si. It forms a very limited solid solution
Liziy[SixP1_4JS4 (0.15 < x < 0.33) where the B-LizPS, structure
is entropy stabilized by splitting lithium site causing disorder
which flattens the energy landscape thus reaching ionic con-
ductivity of 1.22 x 107% S em™" for Liz 55[Si.25P0.75]S4. "%

Furthermore, the Li,GeS,-Li;PS, solid solution is divided
into three regions (I, II, and III), as shown in Fig. 21, according
to their superstructures caused by the different cation ordering.
In this solid solution, Lis,5Ge 5P 7554 has the highest con-
ductivity. The Li,GeS,-Li,PS, phase diagram is shown in
Fig. 22, which reveals the regions where each phase the thio-
LISICON and LGPS (discussed separately later in this review)
exists. The downside of Liz,sGeg.5P0.75S, is its instability
against lithium. Substitution of Ge by Al into Liy_1/3)Al1/3P2/3S4
enhances stability against lithium but lowers the conductivity to
8.02 x 10 * S em ™" at 25 °C.**®

This impressive class of solid electrolytes is receiving a great
deal of interest in all solid batteries, so we now briefly sum-
marize the state-of-the-art in thio-LISICON ASSLB. Alloy anodes
are widely used to integrate sulfide electrolytes in all-solid-state

Li,Ge,,Sn,S, (0= x<0.75)

RO =

Li,SnS,

c) d)
L., L.
AL A L) ‘ Li(3) ‘ Li(4)
Tetrahedral Octahedral
Fig. 20 Li ion polyhedra of Li4Ge; ,Sn,S4 (0 x 0.75) along a—b plane (a)
and a—c plane (b) LisSnS, along a-b plane (a) and a-c plane (b)*®°

reproduced with permission from ref. 185. Copyright (2019), American
Chemical Society.
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Fig. 21 The ionic conductivity of the different regions of Li,GeS4-Li,PS4
solid solution.’®* Reproduced with permission from ref. 191. Copyright
(2001), Electrochemical Society.

batteries since they are unstable against lithium anode.
Although the potential of alloy anodes still are outside the
electrochemical stability window of sulfide electrolytes, its
reduction thermodynamic driving force is lower compared to
lithium anode. Such alloying metals are Al, Ga, In, Sn, or Sb;
from this list In is the most promising because of its
ductility.'®® Moreover, sulfide-based electrolytes have a low
upper electrochemical stability window such that a buffer layer
between the cathode and electrolyte is needed. On the contrary,
it is compatible with the sulfur cathode, making it a good
candidate for Li-S batteries. Recently, an impressive areal
capacity of 7.8 mA h cm™ was obtained for a Li-S cell utilizing
LizPS, as the electrolyte (this is well above the roughly 3 mA h
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Fig. 22 Li,GeS4-Li,PS,4 phase diagram shows the thio-LISICON and LGPS
regions.**> Reproduced with permission from ref. 192. Copyright (2015),
John Wiley and Sons.
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em 2 achieved in cathodes for state-of-the-art Li-ion batteries
discussed in part I of this review). It should be noted that this
performance was obtained at a slow cycling of about C/65 (the
current density was 0.12 mA cm 2) and the capacity faded
rapidly within a few cycles, indicating that much work is
needed to further improve the performance of all-solid
batteries.'”® In Fig. 23(a) the electrochemical performance of
7.7 mg cm~” loading at different cycles is show. At higher
loadings as shown in Fig. 23(c) the gravimetric capacity
dropped due the higher polarization of thick electrode.
Although as shown in Fig. 23(b) the coulombic efficiency of
high loading cell is almost 100% for the first 10 cycles but the
charge discharge capacity dropped. Furthermore, the cell
configuration had an average voltage in the range 1.2-1.5 V,
thereby making their energy about 80% that of current Li-ion
batteries operating at average voltage of about 3.8-3.9 V (as
discussed in part I of this review). Nonetheless, these full solid-
battery results are extremely promising and will undoubtedly
encourage a great deal of further interest in ASSLB designs with
thio-LISICON electrolytes.

4.6 Argyrodite

Argyrodite has Li;PS¢ chemical formula with two polymorphs.
Fig. 24 shows both structures: the low ionic conductivity room
temperature tetragonal phase (Prna21) and the high conductivity
high temperature cubic phase (F43m). The framework of the
cubic phase is made of PS, tetrahedra located at the 4b site and
S*~ atoms located at the 4a, 4d, and 16e site while the lithium
ions are found at the interstitial sites. The cubic structure is
stabilized at room temperature by anionic or cationic substitu-
tions. Anionic partial substitution such as substituting S*~ by
halide leads to LigPSsX (X = Cl, Br, 1).'°® The introduction of
more polarizable halides softens the lattice decreasing the
activation energy. The softer lattice of LigPSsBr compared to
LigPS5Cl causes a decrease of the pre-exponential factor. In Br—
and Cl~ substitution, the structure is disordered where the 4d
S>~ site is mixed occupied S*> /X~ leading to enhanced con-
ductivity. On the other hand, LisPSsI has very low ionic con-
ductivity because of the ordered structure due to the difference
in the ionic size of >~ and I". There are three possible lithium
migration paths divided into intercage and intracage as shown
in Fig. 24. $>7 /1" disorder facilitates the intracage transport,
thus enhancing the ionic conductivity.'®* In contrast, partial
subvalent cation substitution of P°* at the 4b site by for
example, Si** or Ge'" produces solid solution Li,,M,P;_,S¢
(M = Si, Ge) where the conductivity is improved by stabilizing
the cubic phase. The ionic conductivity in these solid solutions
increases to a specific substituent content, after which
decreases.'” Both Ge*" and Si** substitution regardless of their
radius cause $> /I disorder and increase the lithium occu-
pancy at both the 24g and 48h sites which lead to stronger Li-Li
coulombic interactions causing an increase in the double jump
path and wider jump through a trigonal planer window
and intercage jump through a polyhedral window. In other
words, it flattens the potential surface; hence the activation
energy decreases.'”® Moreover, Si’" substitution expands the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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electrochemical stability window to reach 6 V. '*7 Although
LicPSsI has low conductivity as mentioned above, iodine based
interface helps to form uniform plating and stripping against
the lithium anode threby reducing dendrite formation.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Cationic substitution of P°* by Sn*" in Li,PSs is not possible
but becomes possible in LigPSsI since it has a larger lattice. The
larger lattice size caused by larger ionic radius of Sn*" com-
pared to P®' and higher lithium content in Lig,P;_,Sn,SsI
enhances conductivity. Furthermore its air stability improved
because Sn is soft acid and prefers to bond to soft base S~ in
contrast P°* is prone to oxidation where PS, reacts with water
forming H,S."”® Analogous to Lig:,M,P;_,SsI (M = Si, Ge, Sn),
thioantimonate argyrodite Lig,,M,Sb; ,SsI (M = Si, Ge, Sn)
yields an impressive ionic conductivity of 2.4 x 107> S cm ™"
for Lig Sip.6Sbo.4S5I which is among the highest reported solid
electrolyte ionic conductivities. This high ionic conductivity is
due to minor S* /1" disorder and significant lithium cation
disorder.®* The drawback of argyrodite solid electrolyte, like
other sulfur based electrolytes, is sensitivity to air where it
reacts with the water in the air to form H,S.

Due to the narrow electrochemical stability window (1.25-2.50 V)
of argyrodite type ISE,"* their integration into an ASSLB requires
ISE/electrode buffer layer. A promising argyrodite based ASSLB
configuration is LiNi,/3Mn;,3C04/30,@Lig 35120 551,05 TiO3/
LigPSsCl/Li-In, where the cathode active material is coated with
Lig 35La0.5510.05TiO; to prevent electrolyte oxidation while using
Li-In anode to prevent its reduction. This configuration exhibits a
capacity of 97 mA h g~ ' at the 850th cycle under C/3 with an
applied external pressure of 50 MPa.>*

4.7 LGPS-like

Li;¢GeP,S;, (LGPS) structure as shown in Fig. 25(b) consists of
two tetrahedral sites where the 4d site is mixed occupied by Ge/
P and the 2b site is fully occupied by P. There are four lithium

Mater. Adv., 2021, 2, 2846-2875 | 2863
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sites two of each is fully occupied and the other two 16h and 8f
sites are partially occupied making a chain along c-axis. The
fully occupied lithium octahedral 4d site connects the XS,
tetrahedra along the g-axis through edge sharing with the
tetrahedra at 4d site and corner sharing with PS,. While the
other 4c fully occupied lithium site connects the PS, tetrahedra
along the g-axis through edge sharing with tetrahedra at 4d site
and corner sharing with XS,. The lithium transport pathway is
through the chain of interstitials at the 16h and 8f sites along
the a-axis.®® These 1D lithium diffusion paths are intercon-
nected by 8f-4d-8f and 16h-4c-16h lithium paths enabling 3D
lithium diffusion as shown in Fig. 25(c).>® Although substitut-
ing of Ge** by Sn** expands the unit cell, the bottleneck size S3-
S2 shown Fig. 26 becomes smaller, leading to higher migration
energy.”®> Moreover, this substitution causes the lattice to
soften and the coulombic interaction between S and Li" to
increase because of the longer Sn-Li bond and lower

r 9
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S b
w2 4
1 1 3
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Fig. 26 lllustration of the effect of Sn**/Ge** substitution on the $S3-S3
bottleneck size and hence the ionic conductivity.! Reproduced with
permission from ref. 11. Copyright (2018), American Chemical Society.
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electronegativity making the S more electron dense which all
likewise increases the activation energy.'" Table 5 summarizes
the substitutions in LGPS like structure. The drawback of LGPS
family ISE their very narrow electrochemical stability window
because sulfur and phosphorus are prone to oxidation and
reduction, respectively. When LGPS is used with metal anode, it
degrades into Li,S Liz;P and Ge-Li alloy leading to interfacial
resistance growth. The ionic conductivity of Li,S dictates this
resistance growth. The decomposition rate of LGPS against
lithium anode extrapolates to a 4.6 kQ cm” interfacial resis-
tance within a year increasing the cell overpotential (internal
resistance).>*® Its narrow electrochemical stability window can
be resolved by adding buffer layer such as coating the LCO
cathode with LiNbO; and in situ formation of LiH,PO; on the
lithium anode.*** Substitution in LGPS has been investigated
computationally for Li;o+1MP,X;, (M: Ge, Si, Sn, Al or P, and X:
0, S or Se).>*® The anionic substitution of S*>~ by O*~ decreases
the conductivity because of its smaller ionic radius and polar-
izability compared to sulfur. This substitution narrows the
lithium diffusion path, however, moving to Se doesn’t enhance
the conductivity further which means an optimal channel size
is obtained with S>”. By contrast, the effect of cationic sub-
stitution on the ionic conductivity is small, as shown in the

Table 5 Substitutions in LGPS structures with their corresponding total
ionic conductivity and activation energy

OTotal Oelectronic
Composition (Sem™) E,(eV) (Sem™)  Ref.
Li; 0GeP,S15 1.20 x 1072 0.25 5.7 x 107° 69
Li;AlP,S:, 8.02 X 107* 0.26 — 188
Li;oSnP,S;, 4.00 x 107° — — 202
Li;oSiP,S1, 2.30 x 107% 020 — 209
thio-LISICON Li; 55Geg05P0.75S4 2.20 X 1072 0.21 2.6 x 10™° 191

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 6 The ionic activation energy and conductivity calculated compu-
tationally for different possible cationic and anionic substitutions in LGPS
structure.?°® Reproduced with permission from ref. 205. Copyright (2013),
Royal Society of Chemistry

Composition Grotal (MS ecm™?) E, (eV)
Li;oGeP,S;, 13 0.21
LizoSiPyS1a 23 0.20
Li;oSnP,S ;5 6 0.24
LioP3S15 4 0.26
Li;;AlP,S1, 33 0.18
Li;oGeP,S1s 24 0.19
Li;oGeP,0;, 0.03 0.36

Table 6.2°°> As an effort to enhance the narrow electrochemical
stability window of LGPS, partial substitutions such as Li*/Ba**
and $>7/O*~ have been performed, where the ionic conductivity
remained high and a higher electrochemical stability was
reported.’*®*”” These electrochemical stability windows are
overestimated because they were measured on a Li/SE/Au cell
that is flawed as discussed earlier, but the fact that the
substitutions yield improvements is sound.

The state-of-the-art for LGPS ASSLB is impressive. Fig. 25(a)
shows the Arrhenius plot of LGPS-like structure ISE with
different substitutions/compositions accomplished in the lit-
erature. The optimal chemical formula Lig 5,511 74P1.445S11.7Clo.3
with LGPS structure holds the record with an ionic conductivity
of 2.5 x 1072 S cm ™ *.2°® In an all solid battery with the LiCoO, +
LGPS/LGPS/Li configuration, the instability of LGPS against the
cathode and anode was resolved by buffer layers on each
electrode, thereby achieving a capacity of 113.7 mA h g~ " at
the 500th cycle at a cycling rate of 0.1C.>** Despite the chal-
lenges with air stability, this class of ISEs will continue to
receive a great deal of attention due to the unmatched ionic
conductivities.

4.8 Anti-perovskite

While all the previously discussed classes of structures have
been studied for a significant period of time that has allowed
time for significant exploration of the impact of substitution,

b)

Fig. 27

Ordered octahedra

(a) Transition from orthorhombic with ordered vacancy to cubic structure with disordered vacancy by partial substitution of "OH by F™.
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anti-perovskites represent a newer class of ISEs where the
impact of substitutions has not been explored so thoroughly.
Anti-perovskite has the same structure as perovskite with
inverted charges where oxygen occupies the octahedral B site
OLig with the lithium ions at the vertices, and the dodecahedral
A site is occupied by a halide or hydroxide with conductivity
reaching around ~107> S em™". The performance of lithium
rich anti-perovskites LizOA is enhanced by tuning the content
of A site. The conductivity enhancement moving from I" to C1™
results from the optimal radius size ratio of CI~ to O and Li
expanding the Li ion transport channel reaching room tem-
perature conductivity of 8.5 x 10™* S em™".>'® Partial substitu-
tion of the Li can tune the charge carriers concentration.
Perfect lithium anti-perovskite crystal is not conducive due to
the absence of lithium vacancies. The presence of point defects
Frenkel or Schottky (Li, deficiency) improves its conductivity.
The conductivity of anti-perovskite can be enhanced by anionic
mixing and cationic partial substitution."** Partial substitution
of Li by divalent cation such as Ba®>" incorporates vacancies into
the structure, improving the performance of the glassy ISE.>'*
Hydrogen substitution to obtain Li; ,OH,Cl lowers energy
barriers by facilitating Schottky defects formation.”'> A site
mixing can generate lattice mismatch which improves lithium
diffusion for instance, Li;OCl,_,Br, has conductivity higher
than the end members.>"* One the other B site partial substitu-
tion of O~ by S*~ produces double perovskite with lower defect
formation energy, hence improving room temperature
conductivity.>'* It worth mentioning that in all these anti-
perovskite structures, slight off stoichiometry can produce
vacancy facilitating the lithium transport through vacancy
hopping route. The ordered vacancy in Li,OHCI orthorhombic
structure at high temperature converts into cubic phase shown
in Fig. 27(a) with disordered vacancy enhancing the conductiv-
ity. The partial substitution of OH™ by F~ stabilizes the cubic
phase at room temperature and reduces the number of “"OH
groups which hydrogen hinters lithium motion; thus, the
conductivity increases.”’> On the other hand the substitutions
that introduce octahedra tilting or and distortion as shown in
Fig. 27(b) decreases the ionic conductivity.>'® The disadvantage

B

Cubic structure

Qs
Tilted octahedra Tilted + distorted octahedra

Li,SeCl

lonic conductivit

212

Reproduced with permission from ref. 212. Copyright (2018), Royal Society of Chemistry. (b) Different substitution that leads the ionic conductivity to

decrease due to the distortions.?'® Reproduced with permission from ref.

© 2021 The Author(s). Published by the Royal Society of Chemistry

216. Copyright (2019), Royal Society of Chemistry.

Mater. Adv,, 2021, 2, 2846-2875 | 2865


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00082a

Open Access Article. Published on 14 April 2021. Downloaded on 1/12/2026 4:13:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

of anti-perovskite ISE is their low oxidation potential which was
predicted by DFT calculation to be between 2.5-3.0 V,>'7*'%
which currently limits their application to low voltage battery.
We consider this class of ISE to be significantly improved by
further substitution studies, with a particular focus on the
stability against the cathode.

5. Summary and conclusions
5.1 Design principles for optimizing solid electrolytes

The impact of metal substitutions into inorganic solid electro-
lytes on electrochemical properties and the underlying mecha-
nism were reviewed. Substitutions in ISEs can enhance bulk
ionic conductivity by increasing the Li carrier concentration
and decreasing the bottleneck energy. There are a number of
important design principles that were discussed throughout
this review. These can be summarized as follows.

In order to use metal substitutions to enhance the total ionic
conductivity, this can be done either by tuning:

(1) The bulk conductivity (structure tuning):

e Tuning lattice volume by isovalent substitution to lower
the bottleneck (barrier) energy.

e Induce lattice distortion.

e Increase Li sublattice disorder through aliovalent substitu-
tion by creating Li vacancies.

e Stabilize the high-temperature ion conductive phase by
substitution.

e Create defects by aliovalent substitution through charge
compensation via introducing or increasing the concentration
of the vacancies or interstitial Li ions.

e Tweak the potential energy surface of the Li ion by
inserting Li ions into high-energy sites to activate concerted
ion migration through cation substitution.

e The inductive property of the cation substituent can
change the bond energy of Li-anion, thus lithium energy
potential landscape.

(2) The grain boundary contribution to the total conductivity
(microstructure tuning):

e Sintering additive to increase the density of the solid
electrolyte, thus enhancing the grain boundary ionic
conductivity.

e Engineer the orientation of the domains and control the
size of the grains.

It is now essential to look at the impact of metal substitu-
tions on properties other than ionic conductivity. In particular,
it is vital to obtain accurate values for electronic conductivity,
and stability at both high and low electrochemical potential.
We note in particular a lack of electronic conductivity measure-
ments for the substituted ISE in many cases and encourage the
ISE research community to measure this important metric
systematically. Similarly, the use of a Li/electrolyte/inert
metal cell measured by the cyclic voltammetry method is
deemed to be an unreliable method of measuring the electro-
chemical stability window as it has been demonstrated to give
far better stability results than in real battery operation

2866 | Mater. Adv, 2021, 2, 2846-2875
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(and computational studies). The systematic reporting of all
important metrics for solid electrolytes is therefore deemed
critical so that metal substitution studies continue to play an
important role in developing full-solid batteries.

5.2 Current challenges and future perspectives

The ionic conductivities of a number of ISE electrolytes have
reached values close to and even higher than those of liquid
electrolytes. However, their performance in full batteries
remains far behind the conventional lithium-ion battery due
to both the intrinsic property limitations and its interface
nature with the electrodes. For example, thiophosphate based
electrolytes (argyrodite, LGPS-like, thio-LISICON) have good
mechanical properties because of their formability, but their
stability against air (O, and H,0) must be improved. Moreover,
their electrochemical stability window is very narrow and they
are chemically unstable against lithium. Further studies on the
impact of metal substitutions must focus more strongly on
these properties. On the other hand, oxide base electrolytes are
more stable in air. However, their brittle nature makes them
mechanically incompatible for direct contact with the electrode
since they cannot accommodate the expansion/contraction of
the electrode. Additionally, their synthesis requires high tem-
peratures. It is unlikely that metal substitutions can play a role
in improving the mechanical properties, instead composite
electrolytes are expected to be required.

Importantly, despite the high ionic conductivity of the
present solid-state electrolytes, the electrolyte/electrode inter-
face behaves as a bottleneck, increasing the internal resistance
and lowering the critical current density. Most of the all-solid
batteries currently operate at low current densities and have
low areal capacity compared to liquid-based lithium-ion ones.
The challenge lies in understanding these interfaces better to
improve them. Results to date suggest that innovative archi-
tectures may be required to overcome current limitations.
Engineering better interfaces with both improved physical
contact (wettability and loss of contact by progressive cycles)
and chemical/electrochemical stability of the electrode/electro-
Iyte interface will be required to achieve higher areal capacities
at higher C-rates. Metal substitutions should continue to play
an important role here, especially in improving the stability of
the electrolyte, as long as substitution studies start to place a
higher importance on reliably screening these properties as
highlighted many times in this review.
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