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Among the contenders in the new generation energy storage arena, all-solid-state batteries (ASSBs) have
emerged as particularly promising, owing to their potential to exhibit high safety, high energy density and
long cycle life. The relatively low conductivity of most solid electrolytes and the often sluggish charge
transfer kinetics at the interface between solid electrolyte and electrode layers are considered to be
amongst the major challenges facing ASSBs. This review presents an overview of the state of the art in
solid lithium and sodium ion conductors, with an emphasis on inorganic materials. The correlations
between the composition, structure and conductivity of these solid electrolytes are illustrated and
strategies to boost ion conductivity are proposed. In particular, the high grain boundary resistance of solid
oxide electrolytes is identified as a challenge. Critical issues of solid electrolytes beyond ion conductivity

Received 10th April 2018, are also discussed with respect to their potential problems for practical applications. The chemical and
Accepted 4th June 2018 electrochemical stabilities of solid electrolytes are discussed, as are chemo-mechanical effects which have
DOI: 10.1039/c8ee01053f been overlooked to some extent. Furthermore, strategies to improve the practical performance of ASSBs,

including optimizing the interface between solid electrolytes and electrode materials to improve stability
rsc.li/ees and lower charge transfer resistance are also suggested.

Broader context

Driven by the necessity to reduce greenhouse effects caused by the emission of CO,, the development of new electrochemical energy conversion and storage
devices is of prime significance. Lithium ion batteries have revolutionized the portable electronics industry but may not be able to satisfy future customers’
demands in the field of large-scale energy storage systems such as electrical vehicles and power grids. In particular, safety concerns have been a long-standing
issue hindering the development of commercial liquid batteries with liquid organic electrolytes. In this context, all solid-state batteries (ASSBs) based on solid
electrolytes (SEs) can not only address safety concerns, but may also enable the use of high voltage cathode materials and Li/Na metal anodes to enable long life
and high energy density batteries. As the most important component in ASSBs, the SE determines the power density, long cycle stability and the safety of batteries.
In this review a state of art and comprehensive description of the recent developments in SEs will be given, and general descriptors to guide the design of SEs are
proposed. Critical issues of SEs with respect to their potential problems for practical applications (e.g., the chemical and electrochemical stability of SE, chemo-
mechanical effects, large charge transfer resistance at the interface) are discussed, and strategies to overcome these obstacles are also proposed.

1,2

1. Introduction alleviate the greenhouse effects caused by emission of CO,.

Owing to their high specific energy, large-scale rechargeable
The development of electrochemical energy conversion and batteries have recently become highly sought after for applications
storage devices is one of the most important challenges to in power grids and electric vehicles.”® However, the flammable,
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reactive organic electrolytes used in conventional batteries
incur severe safety issues.” In addition, although Li metal has
an extremely high theoretical specific capacity (3860 mA h g™ %),
low mass and the lowest negative electrochemical potential
(—3.04 Vvs. SHE), rechargeable batteries using Li metal have not
been commercialized because of lithium metal’s low cycling
efficiency and tendency to form dendrites during repeated
charge/discharge.>® The only exceptions are the Blue Solutions™
batteries for EVs and buses that use a polymer electrolyte that
operates at about 70 °C instead of a liquid electrolyte.

In this context, all solid-state batteries (ASSBs) based on
solid electrolytes (SEs) can not only address safety concerns, but
may also enable the use of high voltage cathode materials and
Li/Na metal anodes to allow for long-term stable and high
energy density batteries. An increase of more than 20% in
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energy density (depending on additional cathode capacity at
high voltage) can be achieved by increasing the cell voltage from
4.2V to 5 V.” Oxide-based inorganic solid electrolytes can endure
such high voltages whereas liquid electrolytes are not stable at
such very oxidizing potentials.” ASSBs exhibit additional advan-
tages including low self-discharge, versatile geometries, high
thermal stability, and thus wide operating temperature,” and
as well as resistance to shocks and vibrations.® Moreover, the
solidification of the electrolyte allows for the design of high-
voltage bipolar stacked batteries and effectively decreases the
dead space between single cells with thinner current collectors.

The SE is the most vital component in solid-state batteries -
together with the electrode materials - as it determines the
power density, long-term stability and the safety of the batteries.
To realize ASSBs that can operate at ambient and moderate
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temperatures, SEs with high ion conductivity (>10"* S em™,
better >10"* S em™* in case of thick composite electrodes),’
negligible electronic conductivity (<10~ **S em™'),° and a wide
electrochemical window'®'" are necessary. The greatest obsta-
cles to the integration of SEs into batteries are the inherently
poor ion conductivity of most SEs and the large resistance at the
interface between the SE and active material, but also chemo-
mechanical issues related to volume changes of active materi-
als. Favorable interfacial contact and chemical stability between
the SE and the electrode materials are both critical to achieve
good electrochemical performance. The electrode-electrolyte
interface particularly becomes an issue if nanostructured
electrodes are to be considered and/or if large volume varia-
tions arise during cycling.’>** The chemical stability of SEs is
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not necessarily better than that of liquid electrolytes and, in the
majority of cases, relies on kinetic, not thermodynamic factors
(as in liquid systems).

Inorganic conductors and organic polymers are the most
commonly used solid electrolyte materials in ASSBs. The former
are characterized by high ion conductivity (>10"* S em™') in
many cases and high thermal stability. Furthermore, typical
inorganic SEs are single ion conductors that preclude concen-
tration polarization effects. However, ASSBs using inorganic
ceramics often exhibit lower-than-expected electrochemical per-
formance due to their poor interfacial contact with the electrode
material.>'®> Inorganic ceramics and organic polymers differ
greatly in their mechanical properties and are thus suitable for
different battery designs. The high elastic moduli of ceramics
lead to poor processability because of their brittleness and
hardness. Nevertheless, they are appropriate for rigid battery
designs, such as thin-film batteries. In contrast, polymer electro-
Iytes are well suited for flexible battery designs owing to their low
elastic moduli. However, they suffer from other drawbacks, such
as low ion conductivity (<10 > S cm™ " at ambient temperature),
low cation transference number (¢, &~ 0.2-0.5) unless the anion
itself is tethered to a polymer and poor oxidation resistance.'®
Ceramic/polymer composite electrolytes may combine the high
conductivity of ceramics and excellent flexibility of polymers and
hence have recently attracted much attention."”

Full reviews of inorganic Li-ion conductors were published by
Knauth in 2009,'® Shao-Horn’s group in 2015,"° and Chen et al.
in 2016,”° in addition to many other shorter articles which focus
on specific classes of SEs, including perovskites*! and garnets.>>
Brief accounts of the pros and cons of solid electrolytes in battery
systems have been recently provided.”** Following the fast
progress in the search for new and optimized SEs, our current
review gives an up-to-date, yet comprehensive description of the
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recent exciting developments in inorganic solid electrolytes,
including Na-ion conductors and covering both oxide and
sulfide-based materials. Based on a survey of the previous
studies, the major factors that influence the ion conductivity
are summarized and general descriptors that govern conduc-
tivity are also proposed. Even though low-conductivity phases
(e.g- LiF) may act as relevant electrolytes for very thin film
systems, we concentrate here on bulk phases with high con-
ductivities above 10™* S em™". Finally, the chemical and elec-
trochemical stabilities of SEs against Li/Na metal and electrode
materials are evaluated, a topic that has been somewhat over-
looked except in a few recent reports.'»**> Moreover, strategies
to enhance the stability of SEs and to modify the interface
between the SEs and electrode layers are proposed.

2. Lithium ion conductors

Crystalline ion conductors exhibit better thermal stability than
polymeric materials. However, several difficulties arise for crystal-
line electrolytes that are associated with their grain boundaries
and their fabrication into thin sheets or layers. Grain boundaries
in polycrystalline conductors can lead to a locally perturbed
structure - often in conjunction with high defect concen-
trations® — which may cause a large resistive barrier and hinder
ion migration across the interface in materials with otherwise
high bulk conductivity. The transport of mobile ions across
grain boundaries thus becomes the rate-determining step. The
opposite effect can also occur: in solid electrolytes with low
bulk conductivity, a high fraction of grain boundaries (i.e., in
nanostructured materials) may improve the total conductivity
by providing better transport paths. The beneficial effect of
interfaces on ion transport is highlighted in Section 4.2.
Compared to crystalline ceramic materials, glasses are
superior in terms of isotropic conductivity and lack of grain
boundaries. From the technological point of view, glasses are
often easy to process into thin films. The use of thin film
separators can significantly reduce the internal resistance of
batteries. For practical applications, the minimum conductivity
required depends on the thickness of the separator layer.
A total Li ion conductivity greater than 10°® S em™" is required
in order to avoid having to use a separator thickness well below
one micron to minimize the IR drop across the film. Lithium
phosphorous oxide nitride (LiPON) is one of the successful
examples that has been employed in thin-film solid-state
batteries. LiPON is an amorphous phase deposited by magnetron
sputtering of Li;PO, in a N, atmosphere.>® The conductivity is a
function of the N/O ratio and deposition conditions, with the
maximum reported conductivity being ca. 2 x 107° S em™ " to
3.3 x 10°° S em ™ .*>"*' Aside from their moderate ion con-
ductivity, LiPON films exhibit very low electronic conductivities
(8 x 107" S em™ "), making them appropriate for practical
applications.>”?* LiPON can also be used as a protective layer
in conventional lithium ion batteries. Thin-film solid-state
batteries containing LiPON film as the electrolyte, Li or V,05
as the anode, and LiMn,0, or LiCoO, as the cathode display
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excellent cycling performance.*>** Another important family of
glasses is based on mixtures of Li,S and P,Ss, where conduc-
tivity on the order of 10® S cm ™" has been reported with the
addition of lithium halides.***° Interest in glasses has reignited
recently due to observations of dendrite growth through grain
boundaries in polycrystalline ion conductors such as LLZO.*”°
A particularly important advance was reported by Hayashi in
2014, where an extremely high conductivity of 1.7 x 10 > S cm™*
was reported for a Li,S-P,Ss glass-ceramic phase.*® By employing
glasses, unavoidable local mechanical pressure during cycling in
ASSBs may be better compensated, while protective interphases
are necessary in order to stabilize anode and/or cathode con-
tacts. Although this review focusses on crystalline oxide and
sulfide conductors owing to several major breakthroughs in
crystalline conductors, some discussion on glasses and glass-
ceramics is also covered here.

2.1 Crystalline conductors

A wide variety of lithium metal oxides, sulfides, phosphates,
nitrides, and halides have been shown to exhibit high ion con-
ductivities, as summarized in Fig. 1.*'"* Lil,>® Li;N,>* Li-p’-
Al,05,°>%¢ and LiSICON®" were the first studied. Although single
crystals of Li;N possess a high ion conductivity (10 > S cm " at
room temperature),’” the low decomposition voltage of Li;N°’
(0.44 V based on thermodynamic considerations) and its extreme
sensitivity toward moisture have limited its practical use.
Nonetheless, thin films of Li;N formed in situ by reaction of
Li with N, gas can be used to protect other SEs from direct
contact with Li.*® Sputtering of Cu;N followed by evaporation of
Li metal results in a Cu’/Li;N composite that has been used to
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Fig. 1 lon conductivity of several well-known solid lithium ion conductors,
including glass and crystalline conductors. The data are taken from ref. 41-52.
Reproduced with permission from ref. 41, 44, 51. Copyright (1978, 1993, 2017),
Elsevier. Reproduced with permission from ref. 42. Copyright (2001), The Electro-
chemical Society. Reproduced with permission from ref. 43, 48. Copyright (2005,
2011), Wiley. Reproduced with permission from ref. 45, 46. Copyright (2011,
2016), Springer Nature. Reproduced with permission fromref. 47, 49, 50, 52.
Copyright (2002, 2012, 2016), American Chemical Society.
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(a) A schematic of the crystal structures of LLTOs: a tetragonal structure (left) and orthorhombic structure (right). FESEM micrographs of LLTOs

sintered at different temperatures; (b) low-T LLTO (1200 °C) and (c) high-T LLTO (1400 °C). HRTEM images combined with SAEDs of (d) low-T LLTO and
(e) high-T LLTO (magnified images are given in the inset): (f) a comparison of Li* conductivities along with schematics of the domain microstructures of
the LLTO electrolytes: low-T LLTO, high-T LLTO and Li-excess LLTO. (g) Arrhenius plots of the boundary conductivities for low-T LLTO, high-T LLTO and
Li-excess LLTO measured over a temperature range of 20 °C to 70 °C. The activation energy (E.) values calculated are indicated.°° Reproduced with

permission from ref. 90. Copyright (2017), the Royal Society of Chemistry.

protect another solid electrolyte.”® Single crystals of Li-B”-Al,O5
also show excellent conductivity (3 x 10> S cm™') at room
temperature.>>>® However, this phase is unlikely to be used in
practical applications, since it is extremely hygroscopic and
difficult to prepare dry.>>>® Following this early work on Li solid
electrolytes, several classes of materials were developed. In the
following we will discuss the most important inorganic crystalline Li
ion conductors. These can be classified as LizLay;_x[1/3_2,TiO3
(LLTO, perovskite),”® LizOCI (anti-perovskite),*® Li;4ZnGeO;¢
(LiSICON),*" Liy 3Ti; ,Aly5(PO4); (NaSICON type),>* Li,;LazZr,01,
(garnet),®® Thio-LiSICON,*" LisPS;X (X = Cl, Br, I), argyrodites,®>
and Li;oMP,S;,, (M = Ge, Sn).">

2.1.1 Oxide based lithium ion conductors

2.1.1.1 Perovskite type conductors. LizLay;s x[11/3 5, TiO3
(LLTO, 0.04 < x < 0.17) and its variants have attracted
much interest because of their high bulk ion conductivities
(~107* S em™),>° negligible electronic conductivities under
normal conditions,*® and wide electrochemical windows (reported
to be greater than 8 V). LLTO has a perovskite (ABOs) structure,
with the A-sites partially occupied by Li or La. The A-site cations
are not randomly distributed, but are ordered to form alter-
nately stacked La-rich (Lal) and La-poor (La2) layers along the
¢ axis.®>”7° Previous studies have shown that the Li-ion con-
ducting behavior in the grain interior is highly dependent on
the crystal structure, composition (e.g., A-site vacancy concen-
tration, the degree of A site cation ordering, and dopants) and
structural distortions.®>”’° Li-ion jump events occur only when
adjacent vacant A-site cavities are available.”’ The Li-poor
(0.03 < x < 0.1) compositions are reported to show ortho-
rhombic symmetry (Fig. 2a), with high La occupancy in the
La-rich layer (Fig. 2d) and anti-phase tilted TiOg octahedra along
the b axis;®>7° while in Li-rich (0.1 < x < 0.167) compositions,
the symmetry becomes tetragonal’® (Fig. 2a) and the degree of

This journal is © The Royal Society of Chemistry 2018

La ordering decreases as the Li" content increases (Fig. 2¢). The
dimension of the Li" trajectory is determined by the Li" ion
concentration and the A-site vacancy. In the Li-poor LLTO, the
La-rich layer acts as a barrier to Li* diffusion in the [001]
direction because of the high La occupancy (~0.95) and low
vacancy concentration (~0.05). The 2D Li ion pathways are thus
predominantly confined within the La-poor layer.®” On the other
hand, Li-rich LLTO has relatively low La occupation (0.65)"* and
a higher concentration of vacancies and Li ions in the La-rich
layer. In the latter, the Li migration between alternating Lal and
La2 layers becomes possible, resulting in 3D conduction, at least
within certain regions.

To further improve the conductivity, efforts have been made to
substitute the A-site La®* (ref. 72 and 73) and/or B-site Ti*".”*"””
However, only the substitution of Sr**,”> Ba>*,”® and Nd*" (ref. 79)
for La*" and the partial substitution of AI** (ref. 74-76) or Ge**
(ref. 77) for Ti*" offer improvement in the bulk conductivity, which
is nonetheless marginal.

Earlier studies also found the total conductivity of LLTOs
is governed by ion transfer across the grain boundary (GB).
The latter conductivities are reported to be in the order of
107*-10"° S cm ™, which is about 1-2 orders of magnitudes
lower than that of the bulk. Scrutiny through high-resolution
transmission electron microscopy (HRTEM) reveals LLTOs have
complex microstructures: domains with different crystal orien-
tations and periodicities are observed. The relationship between
conductivity and microstructures (e.g, density, domain size, ato-
mistic structure, and composition of the domain boundaries)” %%
were recently examined. The heat-treatment temperature
affects the domain size, with a higher sintering temperature
leading to a larger domain size and higher domain boundary
conductivity (see Fig. 2b—f).°° Scanning transmission electron
microscopy (STEM) verified the existence of a large fraction of

Energy Environ. Sci., 2018, 11, 1945-1976 | 1949
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90° domain boundaries, which was proven by DFT calculations
to be detrimental to ion transfer.®* Their elimination is pre-
dicted to increase the conductivity by about three orders of
magnitude.®® As shown in Fig. 2f and g, higher conductivity is
also achieved when the Li concentration at the boundaries
increases.

The origin of the poor grain boundary conductivity in LLTO
was explored by Nan’s group.®® STEM/EELS analysis (Fig. 3a-g)
revealed that dramatic structural deviations and chemical
variations from the bulk framework can be observed at most
grain boundaries. The grain boundary resembled more of a
Ti-O binary phase, devoid of La** and more importantly, of the
charge carrier Li'; Fig. 3h schematically depicts the atomic
configuration of the grain boundary and the Li site distribu-
tion. This mechanism explains previous observations that the
introduction of Li ion conducting intergranular phases (Li,O,
LiF, Li;BO;, Li,SiO4, LLZO) may increase the grain boundary
conductivity, if the new interface between the perovskite grains
and the second phase does not act as a new barrier for Li
migration.*»?" Adding inert oxides, e.g. SiO, and Al,0; as flux
agents can also improve the conductivity of LLTO.°>°* In the
LLTO/SiO, composite, SiO, accommodates Li from LLTO grains
to form an amorphous lithium silicate which greatly enhances
the grain boundary conductivity.””> Similarly, the addition of
Al,O; formed LiAl;Og leads to a boost in both the bulk and
grain boundary conductivity.”®

2.1.1.2 Anti-perovskite type conductors. Inspired by high tem-
perature ion-conducting perovskites such as (Na, K)MgF;,”>®
KZnF;,”>°® and CsPbF;,”” a new and promising family of
“structurally-inverted” anti-perovskites, Li;OX (X = Cl, Br, I,
or a mixture of halides), was reported.*”*>*® The anti-perovskite

View Article Online
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compounds have the same space group and similar structure as
conventional perovskites (cubic, Pm3m) but with inverted cation
and anion sublattices and, hence, charges. In one representation
of the Li;OX anti-perovskites, X~ ions occupy the corner sites of
the cube, 0>~ ions occupy the body-centered site, and Li-ions
form octahedra around the oxygen (Fig. 4a).°° As noted by Ceder’s
group, this arrangement of Li ions in a bec sublattice is optimal
for fast ion conduction.”® A conductivity of 8.5 x 107> S cm ™"
(ref. 47) is exhibited by Li;OCl at room temperature.

The anti-perovskites can be structurally tailored through
chemical substitution, either by replacing Cl~ with larger Br™~
or I anions or by substituting divalent cations for Li, to give
rise to an ion conductivity above 107° S ¢cm™*.6%?%1%0 For
example, the mixed halide compound Li;OCl, sBry s presents
an improved conductivity of 1.94 x 10> S cm ', (Fig. 4b)."
Cation-substituted Liz_,,M,O0X glassy electrolytes (M = Ca, Mg,
or Ba) were prepared by Braga et al,’® and an unusually high
ion conductivity of 2.5 x 107> S em™ " at 25 °C was reported for
Li;_,,Ba,ClO (x = 0.005). We note, however, that these results
have not yet been reproduced to our knowledge, due to incom-
plete information on the synthesis. It has also been reported
that these materials exhibit low electronic conductivity
(107°-1077 S em '),°® an apparently wide electrochemical
window (>5 V,**?%1% j ¢ beyond the oxidation of CI~), good
thermal stabilities up to ca. 550 K,*”*** and more importantly,
stability against Li metal,’® but they are highly sensitive to
moisture.

The Li" ion transport mechanism in the anti-perovskites is
also under intensive debate. Based on DFT calculations, Zhang
et al®® and Emly et al'® found that anti-perovskites such
as LizOCl, Liz;OBr, and their mixed compounds are thermo-
dynamically metastable. A transition at ~150 °C was predicted,
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(a) HAADF-STEM image of a GB exhibiting both dark- and normal-contrast regions, labelled as Type | and Type I, respectively. Within the grains, a

row of atomic columns for a La-poor layer and one for a La-rich layer were indicated by green and red arrows on the left-hand side of the image,
respectively. The (001) planes of the alternating La-rich/La-poor layers (arbitrarily designated as (001) planes in image) of different regions in the grain
were marked to highlight the existence of nanodomains; (b) further magnified Type | GB feature; (c) further magnified Type Il GB feature; (d) schematic of
the atomic configuration of the Type | GB based on the HAADF-STEM images and EELS analysis, along with an illustration of the Li site distribution across
the Type | GB. EELS data of (e) La-My 5, (f) Li-K, (g) Ti-L, 3, and (h) O-K edges for the Type | GB and the bulk. The spectra were normalized to the integrated
intensity of the Ti-L, 3 edge. The normalized O-K edge of the bulk was shifted vertically for clarification.®® Reproduced with permission from ref. 88.

Copyright (2014), the Royal Society of Chemistry.
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(a) Low-barrier migration pathway for a neutral Li split interstitial in LizOCL The barriers range from 145 to 175 meV depending on the charge state

of the interstitial (neutral or +1) and host material (LisOBr or LizOCU;*” (b) Arrhenius plots of log(aT) versus 1/T for LizOCl and LisOClgsBros anti-
perovskites, including E,;*” Reproduced with permission from ref. 47. Copyright (2012) American Chemical Society. (c) Li* diffusion and corresponding
lattice dynamics, showing how the lattice adjusts during diffusion from 1 — 4; (d) alternative representation of the crystal structure of LisOCl highlighting
the formation of a vacancy and three different paths for Li* diffusion upon Ca2+—doping; (e) activation energies for different paths in (d), dopants and
temperatures calculated by DFT-GGA and the Nudged Elastic Band (NEB) method compared with the experimental values obtained in the solid-like
(Arrhenius) regime for Liz_»y0.005M0.00sOCL (M = Ca, Mg, Ba).° Elastic Band (NEB) method compared with the experimental values obtained in the solid-
like (Arrhenius) regime for Liz_240005Mo.00sOCL (M = Ca, Mg, Ba).®° Reproduced with permission from ref. 60. Copyright (2014), The Royal Society of

Chemistry.

which was later deduced to be the glass transition. MD
simulations®® showed that anti-perovskites with perfect crystal
structures are poor Li-ion conductors whereas Li vacancies and
structural disorder promote Li-ion diffusion by reducing activa-
tion energy barriers. Emly et al.' proposed a collective hop-
migration mechanism involving Li interstitial dumbbells with a
barrier of only 0.17 eV (Fig. 4a), which was approximately
50% lower than that of vacancy driven migration. However,
the high ion conductivity of lithium anti-perovskites could not
be explained by this mechanism, because of the high formation
energy of Li interstitial defects."” Later, Mouta et al'*
employed classical atomistic simulation computations to
calculate the concentration of Li vacancies and interstitials in
Li;OCl. Vacancies created by Schottky defects were predicted to
be the charge carriers in Li;OCl, since the concentration of
interstitials (i.e., Frenkel defects) was 6 orders of magnitude
lower due to the very high energy required for their formation.
Although the vacancy migration energy (0.30 eV, above room
temperature) is larger than that driven by interstitial migration
(0.133 €V), the former mechanism likely dominates ion

This journal is © The Royal Society of Chemistry 2018

conduction because of the significantly higher concentration
of vacancies. However, in LiCl-deficient materials, the opposite
was proposed to be likely true due to charge compensating
mechanisms. DFT calculations were also performed to under-
stand the role of aliovalent cation doping. Four snapshots of
the Ca-doped structure during Li hopping suggest that the
lattice dynamics cause further disorder (Fig. 4c). Doping with
higher valent cations, i.e., Ca**, Mg?*, Ba**, creates Li vacancies
in the cation sublattice and lowers the activation energy for
Li ion conduction (Fig. 4d and €).*® The deleterious role of
resistive grain boundaries on the ion conductivity of polycrys-
talline LizOCl is suggested in a recent theoretical study (namely,
the grain boundaries exhibit about one order of magnitude
lower conductivity than the bulk).'%*

Recently, Li et al.’® suggested that the as-prepared “Li;OX”
might be Li,OHX rather Liz;OX. They reported that replacing some
of the OH™ by F~ was possible. The obtained Li,(OH), ¢F, ;Cl
was claimed to be stable on contact with Li metal with an
apparent electrochemical window extending to 9 V versus
Li"/Li."® In addition, Braga et al.'®"'® reported that the existence

Energy Environ. Sci., 2018, 11, 1945-1976 | 1951
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of H' was beneficial for the formation of an amorphous glassy
phase, and a very high ion conductivity of more than 107> $ cm™*
was reported - again the synthesis was not well described, and
reproduction of the results is required.

2.1.1.3 NaSICON-type conductors. NaSICON (Na Super
Ion CONductors) type electrolytes with the general formula
Nay.,Zr,Si, P01, (0 < x < 3) were first reported in 1976 by
Goodenough and Hong.'*'”” They are derived from NaZr,(PO,);
by partial substitution of Si for P with excess Na to balance the
negative charge. Their Li analogues, LiM,(PO,); (M = Zr, Ti, Hf, Ge,
or Sn),"%™ are effectively isostructural.

The NaSICON framework is constituted by a rigid M,(PO,)*~
skeleton, which is linked by MOg octahedra and PO, tetrahedra
sharing O atoms (Fig. 5a)."*® For the LiM,(PO,); (M = Ti, Ge)

series, rhombohedral symmetry (R3c) was confirmed using
112,113

X-ray and neutron diffraction, while for compositions

View Article Online
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with larger tetravalent cations such as LiM,(PO,); (M = Zr,
Hf, or Sn), a triclinic phase (C1) of lower symmetry - induced
by the displacement of Li ions - was also reported at low
temperature.'**'® In the rhombohedral phase, two crystallo-
graphic sites are possible for Li ions: M; (6b) sites, surrounded
by six oxygens, and M, (18e) sites, which are located between
two M, positions with 10-fold oxygen coordination. In triclinic
phases, the structural distortion drives Li cations to the more
stable intermediate M, sites, which are located midway between
M, and M, sites in 4-fold-oxygen coordination.'*>**®

Among the widely studied LiM,(PO,); (M = Zr, Ge, Ti, or Hf)
materials, LiTi,(PO,); offers the most suitable lattice size for
Li ion conduction."® However, LiTi,(PO,); pellets obtained by
a conventional sintering process showed very high porosity
(34%)."*° Even the relative densities of hot-pressed ceramics
were only ~95%, resulting in a low room temperature con-
ductivity of 2 x 1077 S em™".**! The partial substitution of Ti**

b
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Fig. 5 (a) Unit cell (space group R3c) of LiTi»(PO,)s. Yellow elongated octahedra (M,/6b) are occupied by Li*; blue octahedra (12c) are occupied by Ti**;
and green tetrahedra are occupied by P5* (18e); O%~ is located at the corners of the polyhedra (small red circles, two Wyckoff positions 36f).18 (b) lon
conductivity of NaSICON structured Li ion solid electrolytes.*®* (c) MEM-reconstructed negative nuclear density maps.>? (d) Sections of bond-valence
mismatch and negative nuclear densities Lis 3Alo 3Ti17(PO4)3.>% Reproduced with permission from ref. 52, 118, 134. Copyright (2016, 2017) American

Chemical Society.
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by trivalent cations, such as AI**, S¢**, Ga*', Fe**, In**, and Cr**
in Liy R, Ti,_,(PO4); materials, improves ion conductivity.'**™**
In particular, a high lithium conductivity at room temperature,
7 x 107* S em ! was reported in the case of Li; 3Ry 5Ti-(POy,);
(R = AI*"), abbreviated as LATP.'*® Similar effects caused by
trivalent cation doping at M sites are also observed in the
LiGe,(PO,); phase and an ion conductivity of 2.4 x 10°* S em™"
can be achieved in well-known Li;,,Al,Ge, ,(PO,);, abbreviated as
LAGP."”** The incorporation of trivalent cations influences the
conductivity by increasing the concentration of mobile ions in
the framework, as well as by invoking additional interstitial
migration with lower activation energy.'*

Besides the bulk conductivity, the grain boundary conduc-
tivity was also augmented by the greater densification of the
pellet allowed by R*" substitution. The conductivities of these
compositions are shown in Fig. 5b."**

In LiTi,(PO,)s, Li ions tend to preferentially occupy the M;
sites (0, 0, 0) in the space group R3c,'"*''* as recently con-
firmed by single crystal X-ray diffraction analysis."*® A combi-
nation of NPD and synchrotron-based high-resolution powder
diffraction revealed that the partial replacement of Ti** by AI**
in LATP causes Li ions to occupy an additional interstitial
position, a Li; site (36f), that is located between two adjacent
Li1 sites. Li diffusion preferentially occurs between two adjacent
Li positions through this Li; site, forming a Li1-Li3-Li3-Lil
zigzag chains in three dimensions (Fig. 5¢ and d).**

Another effective strategy to improve the conductivity of
LiM,(PO,); is by addition of a second lithium compound such
as Li,0,""%"** LiNO;,"*® Li;PO,,"*” Li,P,0,,"** Li;BO,"” or LiF,"*®
which acts as a flux at grain boundaries, generating higher density
ceramics with improved conductivities. For example, when
20% Li,O is incorporated in LiTi,(PO,)s, the conductivity can
be improved to 5 x 10~* S em*.1**133

Superionic conducting glass-ceramics (lithium-aluminum-
titanium-phosphate (LATP) and lithium-aluminum-germanium-
phosphate (LAGP)) were first reported by the Ohara
company'*>'*® and subsequently by other researchers.'*'™'*
An extremely high conductivity of 5.08 x 107> S cm™" at 27 °C,
much higher than that of the crystalline analogue, can be
obtained by optimizing the heat-treatment conditions."** The
presence of dielectric phases (Li,O and AlPO,) - unavoidable
by-products that form during the sintering process of these
glass-ceramics which mainly segregate at the grain boundary -
have been detected and identified.'** **+1¢ AIPO, could either
block or increase the conductivity, depending on its concen-
tration and crystallite size.'**

2.1.1.4 Garnet type conductors. Ideal garnets have the general
formula A;B,M;04, (A = Ca**, Mg**, or Fe**; B = AI’*, Cr’**, Fe*”,
or Ga**; M = Si*" or Ge*") and crystallize in the space group
Ia3d, in which A, B, and M are filled with eight-, six-, and four-
coordinated cation sites in a 3:2:3 ratio, respectively. Li
garnets of the general formula Li;Ln;Te,O;, (Ln = Y**, Pr¥,
Nd**, or Sm**-Lu*") follow this stoichiometry, with Ln and Te
occupying the eight- and six-coordinated sites, respectively, and
Li fully occupying tetrahedral sites (24d). Li-ion conducting

This journal is © The Royal Society of Chemistry 2018
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garnets attracted significant interest after the first report of
LisLazM,0;, (M = Nb or Ta) by Thangadurai et al.,"*” in which
an ion conductivity of ~107®S cm ™" was achieved at 25 °C. The
Ta members were reported to be surprisingly chemically stable
to reaction with molten Li or moisture, and a wide electro-
chemical window was reported."*” Subsequently, the conduc-
tivity of LisLa;Nb,O;, was optimized by partial substitution of
La*" by K" (ref. 148) and partial substitution of Nb>* with either
In** (ref. 148) or Y**.'*° As the tetrahedral M site can not
accommodate all five Li cations, excess Li cations occupy the
six-coordinate sites (the octahedral or trigonal prismatic sites),
which are empty in the original garnet structure. Garnets
containing five to seven Li atoms per formula unit are referred
to as Li-stuffed, or Li-rich garnets.

Thangadurai et al. demonstrated that partial substitution at
the La site by divalent alkaline earth ions generates a new class
of garnet-like structures, LigALa,M,0;, (A = Ca”", Sr**, or Ba™";
M =Nb”* or Ta>*),"****! among which LisBaLa,Ta,0;, exhibited
the highest conductivity of 4 x 107> S cm™ " at 22 °C and the
lowest activation energy of 0.4 eV.">" Aside from the niobate/
tantalate garnets mentioned above, antimony-containing
garnets LisLnzSb,O;, (Ln = La, Pr, Nd, or Sm). were also
investigated."*'>* Moreover, M can be replaced by tetravalent
cations to generate Li-rich garnets such as Li;LazM,0;, (M = Zr,
Sn, or Hf).]54_157

Within the garnet family, cubic Li;La;Zr,0;, (LLZO), first
reported by Murugan et al.,"* is considered the most attractive
candidate for solid electrolytes owing to its high room tem-
perature conductivity (>10"* S em™ "), high chemical stability
against Li, and a wide electrochemical potential window. It is
moisture-sensitive, however. In cubic LLZO (space group: Ia3d),
Li ions are disordered over the tetrahedral 24d Li(1), octahedral
48¢g and 96h Li(2) sites (Fig. 6a).">® LLZO also exists in a more
thermodynamically stable tetragonal phase (/44/acd). It exhibits
a conductivity that is one to two orders of magnitude lower than
that of the cubic phase because of the fully ordered arrange-
ment of Li ions at the tetrahedral 8a sites and octahedral 16f
and 32g sites.'®® Therefore, major efforts have been focused on
using substitution strategies to stabilize the highly conductive
cubic phase through a reduction in Li content and/or an
increase in the Li vacancy concentration. The substituent AI** -
either intentionally added or unintentionally introduced from
alumina crucibles - was first found to be effective.*>'%0%3
Stabilization originates from the increased Li sublattice dis-
order owing to Li vacancies created via aliovalent substitution
of Li" by AI’".'®* However, the site preference (th