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TOPICAL REVIEW — Fundamental physics research in lithium batteries
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1. Introduction

Chemical energy storage, including lead acid batteries,
nickel system batteries, and lithium ion batteries (LiBs), is
considered to be the most promising energy storage technol-
ogy for industrialization.!'l Among these, LiBs have many
advantages such as light weight, high energy density, high
power density, and long life, and they are overwhelmingly
preferred by designers for use in portable electronic devices
such as cell phones and laptops.[!>! However, overcharging
or short-circuiting can lead to high temperature and result in
fire or explosion due to the presence of flammable organic
electrolytes.!!*! Fires and explosions of LiBs have been re-
ported throughout the world. The developments of electric ve-
hicles (EVs) and large-scale energy storage devices for new
kinds of power stations greatly expand the market for LiBs,
meanwhile, stricter safety requirements apply to LiBs. Since
large numbers of LiBs are packed together in EVs or power
stations, fire or explosion in an LiB could be disastrous. Safety
has become the main obstacle for the wide application of LiBs.
To meet this issue, all-solid-state lithium batteries (ASSLiBs)
have entered the field.

An ASSLiB is composed mainly of cathode, anode, and
solid electrolyte, as developed during the latter half of the 20th
century.*3] ASSLiBs have a simpler structure than the tradi-
tional LiBs, and the simplified structure with a solid electrolyte
enables higher energy density.®! Solid electrolytes not only
conduct Li* ions but also serve as the separator, as shown in
Fig. 1. In ASSLiBs, no organic liquid electrolyte, electrolyte
salt, separator, or binder is required, which dramatically sim-
plifies the assembly process.!”l The operational principle of
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ASSLiBs is no different from the traditional LiBs. In the
charge process, lithium ions deintercalate from the cathode
material and transport to the anode through the electrolyte,
while electrons drift to the anode by the external circuit.
Lithium ions combine with electrons to form more complete
lithium atoms. The discharge process is just the reverse./!!

At present, ASSLiBs fall into two categories according to
the electrolyte:®! polymer-based ASSLiBs with polymer solid
electrolytes and ASSLiBs with inorganic solid electrolytes.
The advantages of polymer-based ASSLiBs include greater
safety, easy preparation, and flexible shape.'”! However, many
problems remain to be solved, such as the instability of the
electrolyte/electrode interface, the narrow temperature range
of polymers, and the poor mechanical stability.'>!!] By
contrast, inorganic solid electrolytes are non-flammable and
highly stable mechanically.!”! The replacement of liquid elec-
trolytes with inorganic solid electrolytes is considered to be
the ultimate solution for the safety issues.!'?! Also, inorganic
ASSLiBs have a wide electrochemical window, which could
be operated under high cut-off voltage.

The four fundamental problems in ASSLiBs, shown in
Fig. 2, are:

e changes of volume and stress in materials during the
charge—discharge process, which affect the cycle life and
safety;

e ion and electron migration of electrode materials, which
affects specific capacity, specific power, and cycle life;

e ion migration of electrolytes, affecting specific capacity,
specific power, and cycle life;

e solid-electrolyte/electrode interface structure, affecting
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Fig. 1. Schematic illustration of traditional lithium ion battery and all-solid-state lithium battery.!!]
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Fig. 2. The fundamental problems in ASSLiBs.

specific power, cycle life, specific capacity, and self-discharge.
The last two points are characteristic scientific problems
of ASSLiBs and will be discussed in detail in this review.

2. Solid electrolytes

Solid electrolytes, also called superfast ionic conduc-
tors, are solid materials that exhibit a conductivity compa-
rable with liquid electrolytes at working temperature, i.e.,
> 1072 S-cm™!
electrolytes conduct ions, and the charge carriers could be

, and the activation energy is < 0.5 eV. Solid

cations, anions, or ion defects; however, solid electrolytes’
electron conductivity is negligible.

The temperature dependence of ion conductivity in solid
electrolytes normally follows the Arrhenius law: o7 =
0oexp(E,/KsT), where T, ©,, E,, and Kp are the absolute
temperature, an exponential factor, the activation energy of ion
migration, and the Boltzmann constant, respectively. A linear
relation should exist between 1go T and (1/T).

2.1. Oxide electrolytes
2.1.1. Perovskite type structure

Perovskite is a general term for a structural family of in-
organic materials with the structure of CaTiO3, 131 which has a

general formula of ABO3 with alkaline rare or earth metal ions
in A sites and transition metal ions in B sites. The ideal per-
ovskite has cubic symmetry with the space group Pm3m. The
B cation and the A cation are 6-fold and 12-fold coordinated
with the oxygen anions, respectively, as shown in Fig. 3.

A series of LiscLay 3, TiO3 was synthesized with Li and
La occupying the A positions. Inaguma et al. synthesized
LiscLay 3, TiO3, which exhibited a conductivity exceeding
1073 S:em™!

high ion conductivity of perovskites has aroused strong in-

at room temperature (RT).['*) The abnormally

terest among researchers. The structure of Liz,Lay /3, TiO3
depends on the composition and the preparation conditions;
tetragonal, cubic, or orthogonal structure could be obtained.
The conductivity of perovskites is affected mainly by the
atoms in the A position, since the size of the Li diffusion chan-
nel is determined by the A atoms. Furthermore, the occupa-
tion of high-valence La in A positions results in A vacancies,
and Li ions transport by the vacancy mechanism. However,
LiscLay 3, TiO3 is not suitable for use as an electrolyte, since
it is unstable when in contact with lithium metal. Lithium can
quickly intercalate into the lattice of Liz,Lay 3 ,TiO3 and re-
duce Ti** to Ti**.
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Fig. 3. Structure schematic of perovskite type electrolytes.

2.1.2. NASICON type structure

The compounds NaM»(PO4)3 (M = Ge, Ti, Zr) were stud-
ied as early as the 1960s.I">! The structure was named NASI-
CON (sodium (Na) super (S) ionic (I) conductor (CON)) in
1976, after the modifications Naj,Zr>SiyP3_,O12 (0 <x <
3), which exhibited high Na ion conductivity, were synthe-
sized and characterized by Goodenough and Hong et al.!'®!
NASICON compounds have a general formula of AM,(BO4)3,
where the A site is occupied by alkali atoms (Li*, Na™, K*),
and the M site is occupied by tetra-valence ions (Ge**t, Ti*t,
Zr*t). The NASICON structure belongs to the R3¢ space
group, and the skeleton structure consists of MOg octahedra
and BOy tetrahedra. The BOy4 tetrahedra and MOg octahedra
connect with each other by sharing corner O atoms, and form
a three-dimensional rigid framework, which contains intercon-
nected channels for A ion diffusion, as shown in Fig. 4. There
are two kinds of positions for A ions, called Al (octahedral va-
cancies) and AII (tetrahedra vacancies). The A ions diffuse in
the structure by jumping between Al and AIL.

Lithium superfast ionic conductors are obtained with oc-
cupation of Li ions in A sites. Lithium ion conductivity in
NASICON structure is related to the channel size, and high
conductivity is obtained only when the channel size and the
ion size match.['”l Subramanian et al. reported very low
conductivity of LiZrp(POy4)s, but it could be remarkably im-
proved by substitution of (Hf, Zr, Ti, Sn).["®2% The high-
est conductivity is exhibited by LiTip(POy4)s3, indicating the
importance of the match between diffusing ions and channel
size.['”] The highest lithium ion conductivity was obtained
for LiTio(PO4)3 with an optimum cell volume of 1310 A3.
The LiTiy(PO4)3 based system has been extensively investi-
gated due to its high ion conductivity. The ion conductivity of
LiTip(POy4)3 could be further enhanced with the substitution
of M3t for Ti**. Aono et al. studied the conductivity of the
Lij+,Tip—xM(PO4)3 (M = Al, Cr, Ga, Fe, Sc, In, Lu, Y, La)
system, and the conductivity was increased more than one or-
der of magnitude.[21J In particular, Al substitution was most

effective, and a maximum conductivity of 7x107* S-cm™!

was obtained at 298 K for Lij 3Tij7Aly3(POy4)s3.12!! Mori-
moto et al. prepared Lij3Tij7Alp3(PO4)3 by mechanical
milling, and its conductivity reached the order of 10* S-cm™!
at RT.[??] With the same preparation method, Xu ef al. pre-
pared a slightly different composition of Lij 4Alp 4Tij ¢(PO4)3
with conductivity of 5.16x10™% S-cm~! at RT.[*! They also
synthesized Lij 4Al 4Ti; ¢(PO4)3 by spark plasma sintering;
it possessed nano-grains with almost theoretical density,!
and a very high conductivity of 1.12x1073 S-cm™! was
obtained. 23

The Lij;,Al:Gey—(POy4)3 (LAGP) system has been in-
vestigated due to its high electrochemical stability and wide
electrochemical window.[?>! At x = 0.5-0.6, it was reported
to exhibit high conductivity and low activation energy at
RT.?1 Li; 5Alg5Ge; 5(PO,)3 glass-ceramics were prepared

27,28

to improve the conductivity,?’?8] and the high conductiv-

ity of 6.2x107* S-cm™! was obtained. In recent years,
some interesting results on the NASICON structure solid
electrolytes have been obtained in our group at Ningbo In-
stitute of Materials Technology and Engineering, Chinese
Academy of Sciences.>*! At present, the third generation (G3)
of Lij sAly sGe; 5(PO4)3 based microcrystalline materials has
been prepared at 100 kg scale, and the ion conductivity of G3
reaches 6.21x10™* S-cm™!. The relative density of G3 is over
97%. Figure 5(a) exhibits the ion conductivity of three gen-
erations (first, G1; second, G2; and third, G3). Values of the
activation energy E,, calculated by fitting the Arrhenius equa-
tion, are 0.39 eV, 0.36 eV, and 0.34 eV for G1, G2, and G3
Li; sAlysGe; 5s(PO4)3 at RT, respectively. Figures 5(b)-5(d)
present SEM images of Lij 5Aly5Ge; 5(POy4)3 based micro-
crystalline materials. It can be seen that the grains of G3 are
more uniform.

In summary, NASICON-structure fast ionic conductors
exhibit high RT ion conductivity, high chemical stability, and
a wide electrochemical window, and they are suitable for use
as solid electrolytes in high voltage ASSLiBs. The future de-
velopment will focus on optimization of the preparation pro-
cess, enhancement of grain boundaries and grain conductivity,
raising density to further improve RT ionic conductivity and
expand the application fields.

Fig. 4. Structure schematic of NASICON type electrolytes.
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Fig. 5. (a) Temperature dependence of three generations’ ionic conductivities and (b)-(d) SEM images of three generations of

Li; 5Alp 5Ge; 5(PO4)3-based microcrystalline samples.[24]

2.1.3. Garnet type structure

The garnet structure has a general formula of A3B,Si301,
with space group Ila-3d, where A is an eight-coordination
The first Li-
containing garnet structure LisM>Ln3O1p (M = W, Te) was
studied by Kasper et al. in 1969.1°1 A new type of garnet
structure, LisLazM>01, (M = Nb, Ta) was found by Mazza
in 1988,13%1 where Li occupies the 24d position in the tetra-
hedra and the 48g position in the octahedra,*!l as shown in

cation, and B is a six-coordination cation.

Fig. 6. It exhibits high Li*-ion conductivity and a wide elec-
trochemical window.? LisLazM,01, (M = Nb, Ta) exhibits
a conductivity of 107% S.cm~! at RT, and the activation en-
ergies of LisLazNb,O1, and LisLa3TayO;; for ionic conduc-
tivity are 0.43 eV and 0.56 eV, respectively.*?! The ion con-
ductivity of LisLazM»O1, (M = Nb, Ta) could be improved by
the substitution of La with low-valence ions (Ca, Sr, Ba).[33-3]
Among these substituted LigALa;M>01, (A = Ca, Sr, Ba) ma-
terials, LigBalayTayO;, possesses the highest conductivity,
4x107> S-cm™!, and the lowest activation energy, 0.40 eV.
Besides La replacement, M (M = Nb, Ta) has also been re-
placed by In or Zr. LissLasNb; 75Ing25012 exhibits a con-
ductivity of 1.8x10™* S-cm™! at 50 °C. Weppner et al. syn-
thesized cubic-structure LizLazZr,O1, in 2007, which has the
highest conductivity of 3x10™* S-cm™! and the lowest ac-
tivation energy of 0.3 eV for garnet structure materials. 3]
By contrast, tetragonal structure LizLa3Zr,Oj, has the bulk
Li*-ion conductivity of 1.63x107® S-cm~! and the grain-
boundary Li*-ion conductivity of 5.59x 107 S-cm ™" at 300 K
with a high activation energy of 0.54 eV in the temperature
range of 300-560 K.371 They explained the large difference
in conductivity by considering order—disorder arrangements.

The tetrahedral and octahedral sites are completely ordered by
Li atoms and vacancies in tetragonal Li;LaszZr,O1,, while the
cubic LiyLa3Zr,O1» shows a complicated Li-vacancy disor-
dering on the tetrahedral and octahedral sites.l*’! The tetra-
hedral structure is stable at RT, and transforms into a cubic
structure between 100 °C and 150 °C. However, the high-
temperature cubic phase could be made stable at RT by Al
doping, which arises from the distress of Al,O3 during the re-
action process. 3%

The conductivity of Li;LazZr,O1, could be further en-
hanced by the substitution of other metals for Zr. Muru-
gan et al. synthesized cubic Li7gglaz Y 06Zr1.94012 with a
conductivity of 8.1x10™* S-cm™! at RT.?) The replace-
ments of La*t with Ta>* or Nb>* could also increase the
conductivity over 8x10™* S-cm~!, and the activation energy
is 0.22-0.35 eV.[*042] The highest conductivity of garnet-
structure compounds is obtained in Lig sLazZr; 75Tep25012,
which reaches 1.02x 1073 S-cm~! at RT.[*3

¢ La ® M ©0

@ Li

Fig. 6. Structure schematic of LisLazM,01, (M=Nb, Ta).
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2.2. Sulfide solid electrolytes
2.2.1. Li,S-SiS, system

Kennedy was the first to synthesize the Li;S-SiS;
solid electrolyte in 1986, using a melting-quench method.
It exhibited ion conductivity in the range of 107° to
1073 S-em~1.[4+%] Anhydrous Li,S and SiS; were fixed with
a molar ratio of 3:2, and the mixture was doped with Lil and
calcinated at 950 °C for 1 h in Ar atmosphere. The composi-
tion of 0.6(0.4SiS,—0.6Li,S)-0.4Lil was found to exhibit the
highest conductivity, 1.8x1073 S-cm™!, with activation en-
ergy of 0.28 eV. Since then, Li,S-SiS, based glass electrolytes
have been widely investigated to improve the ion conductivity

[46-491 Morimoto et al. prepared

and electrochemical stability.
amorphous Li>S—SiS, by high-energy ball milling.’% Sam-
ples exhibited conductivity of 1.5x10™* S-cm~!. Kondo et al.
reported the Li»S—SiS; system doped with LizPO4, which ex-
hibited a conductivity of 6.9x10™* S-cm™!, and stability with

regard to electrochemical reduction was highly superior.[4®]

2.2.2. Li;S—P;,S;5 system

A new crystalline material family, lithium superionic con-
ductors (thio-LISICON), was found in the Li,S—GeS;—P,S5
system by Murayama et al. in 2001.5!) The thio-LISICON
structure of Lis_Ge;_,PxS4 is classified into three regions:
region I: (0 < x <0.6), region II: (0.6 < x < 0.8), and region
III: (0.8 <x < 1.0), as shown in Fig. 7.

Due to their high ionic conductivity, LiS—P>S5 sys-
tem lithium ion conductors are extensively studied. Ac-
tually, the conductivity of Li,S-P,Ss stable phases pre-
pared from solid phase reaction is very low.[>?] However,
the Li»S—P>Ss amorphous phases prepared by mechanical
milling or melt quenching exhibit higher conductivity, and
the conductivity of the Li;S—P,Ss system could be further
improved with the formation of crystalline phases by glass
crystallization.5>33] The enhancement of Li*-ion conductiv-
ity in the glass-ceramics is attributed to the precipitation of the
meta-stable crystalline phase. >3] 80Li,S—20P,S5 (mol%) and
75Li,S-25P,S5 (mol%) were prepared by high-energy ball-
milling and subsequent heat-treatment.>*! The conductivity of
80Li>S—-20P,Ss (mol%) reached around 103 S-cm™!.1%! The
composition 75Li,S-25P,Ss (mol%) could exhibit several
structures depending on the preparation conditions. LizPSy
has been prepared by high-temperature solid reaction.>® 8-
LisPS4 was obtained above 190 °C, and transformed to -
Li3PS4 below 190 °C.0% B-Li3PS, is a highly ion conduc-
tive phase, while y-Li3PS4 is a low ion conductive phase.
However, the high-temperature phase -LizPS4 can be sta-
ble at RT with a porous structure.’”) The conductivity of f3-
LisPS4 is about 1.6x10~* S-cm™! and could be improved
to 6.3x10™* S-cm~! with Lil doping to form a new phase

of Li;P,SgI.’8 Moreover, the conductivity of thio-LISICON

structure Li3PS, could reach 1.0x 1073 S-cm™~!.05%
92 e
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Fig. 7. Composition dependence of lattice parameters in
Lis—,Ge|_xP,S4, determined by XRD measurements. The lat-
tice parameters plotted in the figure are based on the parent lattice of
the LISICON with a x b x ¢ cells.5!

However, the chemical stability of the Li;S-P»Ss sys-
tem is low, and the system is prone to react with moisture to

[60.61] The substitution of oxides in LiyS—

generate HpS gas.
P,S5 was observed to increase its chemical stability. [®!] Fur-
thermore, the presence of oxygen atoms in Li»S-P>Ss5 was
reported to decrease the interface resistance between oxide
electrodes and sulfide electrolytes.[©>%3 The Li*-ion conduc-
tivity of 70Li,S—30P,Ss could be further improved by oxide
substitution.®*) Minami er al. reported on a 70Li,S-30P,S5
system with P»S3 and P,Os substituted, respectively.[**] When
P,S3 was substituted, the glass-ceramics with 1 mol% P,S3
exhibited the highest conductivity, and the conductivity in-
creased 29% compared with the pristine sample.[®*! When
P,Os was substituted, the highest conductivity was obtained
at a substitution amount of 3% P,0Os, and the conductivity in-
creased 10% compared with the pristine sample. The substi-
tution effects of LizPO4 are similar to those of P,S3, which
could be related to their complex substitution mechanism. 47!
Moreover, the meta-stable phase Li;P3S;; has the high-
est conductivity of 3.2x1072 S-cm™! in the 70Li,S—-30P,Ss
system. 52! Recently, Seino ef al. prepared meta-stable phase
Li7P3S11 by hot pressing, and the conductivity was as high as
1.7x107% S-cm~!.[63]

Recently, a new structure, LijoGeP>S1, (Fig. 8) was first
synthesized in 2011; it has an extremely high ionic con-
ductivity of 1.2x1072 S-cm™!.1%] The discovery of the new
structure LijgGeP,S1, electrolyte resulted in a wide range of
fundamental studies on ionic mobility in bulk materials and
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promoted the development of next-generation batteries.>%¢7]
However, since Ge is very expensive, Roling et al. synthesized
Li;oSnP;,S1,, replacing Ge with Sn.[%8] Although the RT con-

(a) & (b)

&

v
(Ge/P)S,

&

&  Lis, GO

ductivity of LijoSnP,S15 is only 4x 1073 S-cm™!, obviously
lower than that of Li;oGeP,S12, the cost of the raw materials
is reduced by a factor of ~ 3.
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Fig. 8. Crystal structure of LijgGeP,S;,>. (a) The framework structure and lithium ions that participate in ionic conduction. (b)
Framework structure of Lij0GeP,S15. (c) Conduction pathways of Li* ions. [66]

3. Electrode materials for all-solid-state lithium
batteries

3.1. Cathode materials

The specific capacity of cathode materials currently
in use is less than half that of negative electrode materi-
als. Therefore, high-capacity cathode materials are neces-
sary for lithium-ion batteries with higher energy densities.
The most commonly used cathode materials in all-solid-state
lithium batteries can be classified into two categories based
on the cell potential.[®”) One is lithium transition-metal ox-
ides, with a potential of 3.5-5 V, which are considered to
be viable candidates for ASSLiBs because of their highly
reversible intercalation/deintercalation reaction and high op-
erating potential.  They include LiCo0,,[""! LiNiO,,["!]
LiNig.Cog.15Alg,0502,1"* LiNig 33C00.33Mng 330,173
LiMn, 04,7 and LiNig sMn; 504.13! The other one is sulfur-
based materials (S and Li>S) and metal sulfides (M,S,, M gen-
erally being a transitional metal) with a potential below 3.0 V,
such as Li;S,7% Li,S-C,"" S-C, 18] Li,S—Cu, ! TiS,, 18V
FeS,181] FeS,, 182! and NiS. 83841

3.1.1. Lithium transition-metal oxides

Lithium cobalt oxide Layered LiCoO, was the first
commercialized cathode material used in the traditional LiBs,
and it is also widely studied in ASSLiBs. Bare LiCoO; in
ASSLiBs generally suffers from small energy density and low
rate capability, due to the large interfacial resistance caused
by the space-charge layer effect,!!?>#] structural degradation

originating from mutual diffusion of elements,3%87] or poor
electrode/solid electrolyte (SE) interface contact.!’%88] Takada
et al. pointed out that electron-insulating and ion-conducting
oxide materials (LiNbO3,891 LiyTisO;5,['21 Ta03[%2) as a
nanoscale coating layer on LiCoO, could suppress the forma-
tion of a space charge layer and notably improve the power
density of LiCoQO,. Further, Xu et al. reported an easy way
to construct the buffer layer with low electronic conduction
by post-annealing. Their results indicate that a self-formed
buffer layer with Al element enrichment on the surface of
LiAl,Co;_,O, particles also could suppress the formation of a
space charge layer.[%3! Oxide coatings also improve the high-
voltage performance of LiCoO; in ASSLiBs by suppressing
the interfacial resistance between LiCoO; and SEs at a high
cutoff voltage of 4.6 V (vs. Li/Li") (Fig. 9),1°1 which could
further enhance the energy density of ASSLiBs. In addition,
Tatsumisago et al. reported that LiCoO; coated with elec-
tronic conductive coatings such as NiS or CoS could also im-
prove the electrochemical performance of LiCoO,.37! They
ascribed the poor performance of bare LiCoO; to structural
degradation originating from mutual diffusion of elements at
the interface!*87! rather than the space charge layer. Besides,
Woo et al. reported that a uniform nanoscale Al,O3 layer de-
posited on LiCoO, by atomic layer deposition could also ben-
efit the cyclic performance of ASSLiB by reducing the forma-
tion of an interfacial layer."°!]

In addition, coating SE on LiCoO, particles by pulsed

1170881

laser depositio or in situ wet coating in solution!®>%31 is
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a direct way to improve the lithium-ion conducting paths be-
tween electrode and SEs. LiCoO; coated with Li,S—P»>S5 SE
by pulsed laser deposition showed a stable reversible capac-
ity of 133 mA-h-g~! for use as a cathode in the all-solid-state
cell.’% However, the effect of wet coating SE on LiCoO; was
limited, due to the low conductivity and unevenness of the SE

coating layer.[9>%3]

5T T T T

Cell voltage/V (vs. Li—In)
w
1

Cell voltage/V (vs. Li)

/

Noncoated

SiO,-coated

Li,SiO,-coated 12

! 0 50 100 150 200
-1

Capacity/mA-h-g
Fig. 9. Charge—discharge curves of all-solid-state cells, In/80LiyS—
20P,Ss glass-ceramic/LiCoO, with uncoated, SiO;-coated, and
Li;SiO3-coated LiCoO,. The current density and cutoff voltage are
0.13 mA-cm~2 and 4.6 V (vs. Li), respectively.[*!

Lithium nickel cobalt manganese oxide First reported
by Ohzuku er al., LiNij/3Co;,3Mn;;30; is a very attrac-
tive cathode material for conventional LiBs because of its
high capacity and good cyclic performance.[®* Among all
the Li-Ni—-Co—-Mn oxide positive electrode materials, bare
LiNij ;3Co1/3Mn; 30, showed the highest discharge capac-
ity and capacity retention in ASSLiBs using the sulfide-based
SE."!l The Li-In/LijoGeP»S12/LiNij/3Co;/3Mn /3 battery
developed in our group!®> showed results similar to those re-
ported by Kitaura et al.,[”!) exhibiting initial charge/discharge
capacities of 150.3/114.5 mA-h-g~! at a current density of
0.11 mA-cm~2 between 2.0 V and 3.68 V (vs. Li-In). Re-
cently, LiNi; 3Co;/3Mn; /30, surfaces modified with coating
layers presented promising performance in ASSLiBs.[73-96-981
Iwasakil’®! first coated LiNi; 13C01/3Mny 30, with LiNbOs,
followed by depositing a thick, dense film on the LATP Li™-
conductive glass-ceramic sheets. As a result, the obtained
ASSLiB of Li/LiPON/LATP-sheet/NCM-composite-film/Pt
showed a discharge capacity of 152 mA-h-g~' (3.0-4.2 V,
0.025 C, 333 K) and cycled for 20 cycles. Similar to LiCoO,
cathodes, the oxide coating layers are effective in decreas-
ing the interfacial resistance between LiNi;3Co;/3Mn; /302
LiAlO;-coated
LiNij ;3Mn; ;3Co; /30, electrode assembled with amorphous

and the sulfide-based solid electrolyte.

solid electrolytes Li3PS4 showed an initial discharge capac-
ity of 134 mA-h-g~! and retained a capacity of more than
124 mA-h-g~! even after 400 charge-discharge cycles at a cur-

rent density of 11 mA-g~!.%7]

Aluminum-doped lithium nickel cobalt oxide Ni-based
cathode material LiNig gCoq.15Alg.0502 (NCA) is regarded as
a promising cathode in ASSLiBs because of its higher ca-
pacity, higher rate capability, and lower toxicity compared
to LiCoO, cathodes.!””! The pristine NCA in ASSLiBs with
80Li,S—-20P,Ss SE exhibited a large interfacial resistance,
partly due to the surface-adsorbed carbonate impurities. Heat-
ing NCA powder at 250 °C in a vacuum could eliminate
the obstacle of charge transfer at the cathode/SE interface
and improve the initial capacity.[*”! Besides the surface im-
purities, the highly developed space-charge layer at the in-
terface of NCA and SE is the main reason for the high in-
terfacial resistance. Similar to LiCoO,, a thin buffer layer
of LigTisO12,7 LiNbO3,1%! or Li;0-Zr0, "1 coated on
NCA can suppress the formation of high-resistance layers. An
ASSLiB of In/70Li,S—-30P,Ss/LisTisO1,-coated NCA exhib-
ited discharge capacities of 150 mA-h-g~! and 110 mA-h-g~!
at current densities of 0.5 mA-cm~2 and 10 mA-cm™~2, re-
spectively (1.5-3.6 V, 25 °C), somewhat higher than those of
LiC00,.17?! Recently, Ito et al. fabricated a 1 A-h class pure
solid state battery with Li,O-ZrO, coated NCA as the cath-
ode. The battery retained 80% capacity after 100 cycles (0.1 C,
25 °C). Although the cell performance is still not sufficient for
EV applications, this achievement indicates the feasibility of
NCA cathodes in bulk-type ASSLiBs. 10!

Lithium manganese oxide Besides the layered-structure
lithium transition metal oxides, spinel structured LiMn,Og4
is another important cathode material for lithium-ion batter-
ies. LiMn,Oy4 as a cathode in an ASSLiB exhibited a lower
discharge capacity, but smaller irreversible capacity and bet-
ter cycle performance than those of other lithium transition-
metal oxide cathodes.l’!l All-solid-state In/LiMn,O, cells
with 80Li»S—20P,Ss as solid electrolyte!’* showed an ini-
tial discharge capacity of 55 mA-h-g~! at a current density of
0.064 mA-cm~2 (2.4-4.6 V vs. Li/Li"). After the charge pro-
cess, the interfacial resistance between the LiMn, Q4 electrode
and the solid electrolyte was identified, possibly caused by the
reaction between LiMn;Oy4 and the solid electrolytes or by de-
composition of LiMn;O4 during cycling. Coating techniques
for LiMn, Oy are effective in suppressing the Mn diffusion in
ASSLiB. The interfacial resistance between LiMn,O4 and the
electrolyte decreased when the LiMn, Oy particles were coated
with amorphous LisTisO1,. A higher discharge capacity was
obtained in the cell with lithium-titanate-coated LiMn,O4 than
that with uncoated LiMn;Oy4 at current densities in the range
of 0.064 to 2.6 mA-cm~2.1102]

3.1.2. Sulfur-based materials (S and Li;S) and metal
sulfides (M.S,)

In order to improve the energy density of ASSLiBs, uti-
lization of active materials with high capacity is effective. Sul-
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fur and lithium sulfide are regarded as promising cathode ma-
terials for lithium batteries due to their high theoretical capac-
ities of 1672 mA-h-g~! and 1168 mA-h-g~!, respectively./1%3]
However, the two major limitations of these two materials are
the essential low electronic and LiT-ion conductivities, and
capacity fading because of high dissolution of lithium poly-
sulfide into the liquid electrolyte during the electrochemical
reactions.[!%4! Formation of nanocomposites of sulfur or Li>S
with various forms of carbon is a useful strategy to improve
the electronic conductivity. These nano-sized active particles
could simultaneously provide short diffusion lengths for Lit

s.[77] As to the issue of solubility of the lithium polysul-

ion
fides, replacing the traditional liquid electrolytes with inor-
ganic SEs seems to be effective. Sulfur-based materials or
metal sulfides could be employed as cathodes for ASSLiBs
due to their good interface compatibility with sulfide-based
solid-state electrolytes and mild operating voltages. %%
Tatsumisago’s group reported a series of S-nanocarbon
and LipS-nanocarbon composites as cathode materials in all-
solid-state cells using Li,S—P>S5 as SE. [77.79.106] The sulfur or
Li;S cathodes for all-solid batteries were prepared primarily
by high-energy mixing or ball-milling of sulfur-based materi-
als with conductive carbons and solid electrolytes. The smooth
and adhesive interface among the three components can be re-
alized at nanoscale by mechanical milling. For example, the
composite cathode prepared by ball milling a mixture of sulfur,
activated carbon, and amorphous SE of Li; sPS3 3 exhibited a
reversible capacity as high as 1600 mA-h-g~! after 100 cycles
at 1 C current density at 25 °C (Fig. 10).!'%7] The ex situ sul-
fur K-edge x-ray absorption fine structure measurements sug-
gested that the ideal electrochemical reaction LisS <+ 2Li+ S
proceeded in the ASSLiB, probably due to the suppression of
the formation of polysulfides in the electrolyte.['% Lithium
sulfide as a prelithiated cathode is an ideal high capacity elec-
trode material for ASSLiBs, the use of which avoids the direct
use of metallic lithium as the anode. Recently, Nagao et al.
found that Li,S electrodes prepared by high-energy planetary
ball milling exhibited excellent cycling stability with high ca-
pacity of 700 mA-h-g~! in ASSLiBs.!"”] They further inves-
tigated the reaction mechanism of Li;S electrodes, the mor-
phology and structure of reaction products in ASSLiBs. It was
found that all Li, S particles changed completely to amorphous
sulfur during the first charge process. However, at the first dis-
charge process, amorphous sulfur derived from Li>S nanopar-
ticles with sizes less than 10 nm formed crystalline Li,S, while
S derived from Li,S with a larger size resulted in intermedi-
ate crystalline Li,S,, which caused a large initial irreversible
capacity.’®l Therefore, the formation of a continuous and in-
timate solid-solid interface between electrolyte and electrode
and the miniaturization of the active particles at nanoscale are
important to the realization of the high energy density and ex-

cellent cycling stability of sulfur-based ASSLiBs. Lin et al.
also pointed out that the reduction of particle size improves
the ionic conductivity of nano Li;S by two orders of mag-
nitude compared to the bulk Li,S. Moreover, the ionic con-
ductivity of nano Li;S can be further improved by four or-
ders of magnitude by forming a core—shell structure of nano
LiS@Li3PS4. Excellent cyclability and rate capability of this
nano Li,S coated with high ionic-conductive Liz PS4 were re-
alized in ASSLiBs.!!%”]
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Fig. 10. Cycling performance of all-solid-state lithium sulfur (Li/S) cell
containing an AC-based positive composite electrode, at 1.3 mA-cm~2
(1 C) at 25 °C. The weight of the positive composite electrode is 1.2 mg.
The cut-off voltage is kept between 0.5 V and 2.5 V (vs. Li-In).[107]

Compared to sulfur or Li, S, metal sulfide nanoparticles or
nanocomposites of carbon with metal sulfides, such as FeS, 8]
TiS,,139 NiS, 3 NiS-VGCF (vapor grown carbon fiber), 84!
MogSsg, and CuxM06Sg,y[“0] have similar interfacial stability
and high capacity with sulfur-based solid electrolytes. More-
over, they exhibit better rate capability and cyclability be-
cause of relatively higher electronic conductivity. For exam-
ple, NiS nanoparticles synthesized in high-boiling solvents ex-
hibited a large capacity of 680 mA-h-g~! after 20 cycles at
0.13 mA-cm~2.183] To improve the rate capability of ASSLiBs,
NiS-VGCF-SE composites were prepared by coating the elec-
trolyte 80Li,S-20P,Ss onto the NiS-VGCF composite using
pulsed laser deposition to form continuous lithium-ion and
electron conduction paths for the NiS active material. As a re-
sult, NiS-VGCF-SE composite showed a reversible capacity of

430 mA-h-g~! at a higher current density of 1.3 mA-cm™2.[84

3.1.3. Anode materials

Lithium metal In theory, ASSLiBs with inorganic solid
state electrolytes free from flammable components and hav-
ing high mechanical strength can incorporate lithium metal as
an anode and take advantage of maximizing its energy den-
sity. However, the internal short circuits caused by abnormal
lithium dendritic growth and the electrochemical reaction of
the SEs with lithium metal both limit the application of lithium
metal anodes. Nagao ef al. found that lithium metal tends to
grow in the voids and along the grain boundaries of Li>S-P»Ss
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SE pellets during cycling in a bulk-type solid-state cell.l!!!]
Shin et al. reported that the structure of Li,S—-GeS,—P,S5 is
severely changed at low voltage ranges because of the reduc-
tion of element Ge. > The poor chemical stability of the SE in
contact with lithium is also found in Li4SnS4 because of the re-
duction of tin. In order to address this issue, modifying the sur-
face of the electrolyte or passivating the Li electrode to achieve
good compatibility with metallic lithium has been tried. The
3LiBH4-Lil is a viable protective coating layer on LisSnSy to
improve its compatibility with lithium electrodes.!!'?! Modi-
fying the surface of metallic lithium by N, gas can suppress
the side reaction between LizPO4—Li,S—SiS; SE and lithium
metal electrode.!!'3! It seems that using lithium metal as the
anode material in ASSLiBs will remain a challenge unless sig-
nificant progress is made in electrolyte composition, surface
modification, and pelletized microstructure of SEs, or an ef-
fective protective layer on Li foil is achieved.

Lithium alloys Lithium alloys (e.g., Li-In, Li-Si, Li—
Al) anodes are good alternatives to replace lithium metal in
ASSLiBs, owing to their safety and high capacity. Lithium-
alloy anodes have a charge/discharge mechanism involving al-
loying and de-alloying (xLi* +xe™ +M < Li,M).
these alloys, Li—In alloy has a flat voltage plateau at 0.62 V

(vs. Li/Li*) for Li,In (0 < x < 1), fast charge transfer kinetics,
[114,115
n.

Among

and reversible electrochemical reactio I The relatively
high working voltage of Li—In anode can efficiently avoid the
deformation of SEs. As a result, Li-In alloy is the most com-

monly used anode in ASSLiBs.[70:72:84.106]
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Fig. 11. Discharge—charge curves of the cell, Li—In/graphite using
Li3PO4—Li;S-SiS, glass (a) and Lil-Li;S-P,Ss (b) as electrolyte.
The right vertical axis shows the potential of the working electrode
vs. Li/LiT calculated by adding the potential of the counter electrode
(0.62 V vs. Li/Li*) to the cell voltage.[!!8!

Graphite
lation/deintercalation potential plateau, below 0.2 V (vs.
Li/Li*), and theoretical capacity of 372 mA-h-g~!, has been
successfully used as anodes in commercial LiBs. It is also a
possible anode material for ASSLiBs with sulfur-based SEs.
Graphite exhibits high reversibility in ASSLiBs with LiySs—
P,S;5 [99.10L116.117] gpd LiI—LiQS—PZSSUlSJ as SEs. However,
some SEs tend toward electrochemical reduction when in con-

Graphite, having a low Li'-ion interca-

tact with graphite at low potential!!'®11°1 Li,S—GeS,-P,Ss
with high Li*-ion conductivity is not compatible with graphite

because of the reduction of SEs. Takada pointed out that this

(18] Similarly, the

is probably due to the reduction of GeS,.
LizPO4-Li»S-SiS; system goes through an irreversible reac-
tion because of the reduction of SiS,.!'!8! The reduction of
electrolyte at the surface of graphite causes a large irreversible

initial capacity of ASSLiBs (Fig. 11).

4. Electrolyte/electrode interface phenomena

The basic problem of all solid—state lithium batteries is
their low power density, which results from the large charge
transfer resistance at the interface between the electrode and
the solid electrolyte. In addition, the rate capability, coulom-

(120 and cycle stability are also closely related

bic efficiency,
with the interface.[>®!?!l Electrochemical impedance spec-
troscopy (EIS) is a powerful tool to characterize the interfa-
cial resistance in ASSLiBs.[7>3%105] Hayashi ef al. systemat-
ically investigated the interface of In/ Li,S—P,Ss/LiCoO, cell
in ASSLiBs with EIS, finding that the impedance profile at
the charge state is composed of one intercept point in the high
frequency region and two semicircles in the medium and low
frequency regions, corresponding to the resistance of the solid
electrolyte layer, the resistance in the positive electrode layer
(interfacial resistance between LiCoO, and Li,S—-P,S5 solid
electrolyte) and the negative electrode layer, respectively. 6]
The interfacial resistance in the electrode layers accounts for
more than 60% of the total resistances. Hence, in order to im-
prove the low rate capability, high overpotential, and large ini-
tial irreversible capacity of ASSLiBs, it is necessary to reduce
the total resistances of the cell. In particular, improvement
of the properties of electrode/electrolytes interfaces would en-
gender a low interfacial resistance and improve the electro-
chemical performance of ASSLiBs. Specifically, the main
challenges inherent in the interface between an electrode and
a solid electrolyte are: (i) small contact area, (ii) side reactions
by element co-diffusion, (iii) impediment of ion diffusion by
space charge layer, and (iv) interface stress induced by volume

changes.

4.1. Contact area between electrolyte and electrode

Formation of a favorable solid—solid interface between
electrode and electrolyte is crucial to achieve excellent per-
formance in solid-state batteries.[**!22] Two useful tactics are
mechano-chemical preparation of nanocomposite electrodes
and formation of electrolyte on active material by softening
the electrolyte or by pulsed laser deposition coating, as shown
in Fig. 12.16%)

For the nanocomposite electrodes, the mixture process
has an obvious effect on the capacity, and the complete mix-
ture benefits the capacity by increasing the contact area be-
tween electrode and electrolyte.!!>3! The nanocomposite elec-
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Fig. 12. Schematic of several approaches to form good electrode/electrolyte interfaces.[6!

trodes can be prepared by ball-milling, which not only in-

but also induces the formation of
[80,124]

creases the contact areal”’!
an amorphous interface layer to enhance the capacity.
Nanocrystalization of electrodes can also effectively improve
their rate capability.['%%123] In addition, a favorable solid—solid
interface can be prepared by softening sulfide glass electrolyte
at its glass transition temperature.'!>0] Besides, the coating of
a highly conductive SE on active material particles is a promis-
ing technique to form an effective electrode—electrolyte inter-

face and a lithium-ion conducting path in the composite. 38!

4.2. Interface diffusion

Sakuda et al. characterized the interface of LiCoO; and
Li;S—P,S5 with transmission electron microscopy and ob-
served mutual diffusions of Co, P, and S at the interface.[8¢]
They proposed that an interfacial CoS layer is formed dur-
ing the charge—discharge process, resulting in the increase
of interface resistance and therefore decreasing the discharge
capacity.['?”l A Li,SiO3 buffer layer could improve cycle
stability and high-rate performances by hindering element
diffusions.!?8] To justify this assumption, they coated LiCoO»
with CoS and NiS respectively, and found that the interface
resistance is reduced by each of these coatings, which implies
that the presence of a thin CoS layer is not the cause of the
large interfacial resistance between LiCoO, and Li,S—P;Ss.
Thus, degradation of the solid electrolyte and/or the LiCoO;
electrode at the interface is considered to be the main cause of
the large interfacial resistance. Thin CoS and NiS coatings act
as buffer layers that suppress degradation at the highly reac-
tive interface between charged LiCoO; and Li,S-P,S5 solid
electrolyte.[gﬂ Besides electron-conductive metal sulfides,

ion-conducting oxide materials, such as LiNbO3, [89-1001 1 ,0—
710,110 1i;0-Si0,,128] LiyTis01,,['>7?! and Ta0;,[6%)
were also coated on oxide cathode materials by a wet-chemical
method or atomic layer deposition in order to suppress the
chemical reactions between the sulfide electrolytes and the ox-
ide cathodes. Similar interface diffusion is found between ox-
ide electrolytes and oxide cathodes, and the similar surface
coating modification of Nb layer was chosen to reduce this

interfacial resistance.[129:130]

4.3. Space-charge layer

For the interface between an oxide electrode and a sulfide
solid electrolyte, Takada et al. attributed the rate-determining
step of the battery reactions to ionic transport at the interface
rather than bulk in the battery components,[’-12.728%.131.132]
They assumed that only Li™ ions are mobile in the all-solid-
state lithium batteries, with no side reaction at the interface.[”!
Ionic conductors often exhibit anomalous transport properties
at their surface or at their interface with various other materi-
als. Such phenomena are attributed to a space-charge layer
at the surface or the interface that has different mobile-ion
concentration from the bulk, as shown in Fig. 13. Since the
thickness of the space-charge layer is around 10 nm, such
anomalous ionic conduction is considered to be an example
of nanoionics.!!33! To be specific, depletion of lithium in the
sulfide SE side is triggered by the large difference of Li*-ion
chemical potential between the oxide cathode and the sulfide
electrolyte. Because the high potential of the cathodes depletes
the lithium ions, such high resistance will not be found at the

anode/electrolyte interfaces, which also could explain the low
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Fig. 13. Schematic illustrations of interfacial Li concentration. The
equilibrium concentrations expected by the conventional model and in-
dicated by the present calculations for the LCO/LPS interface ((a) and
(c)) as well as the LCO/LNO/LPS ((b) and (d)). The Li concentrations
in panels (e) and (f) describe the expected changes at the initial stage of
charging for both interfaces proposed in the calculation. !

LCO LPS

resistance at the interface of a sulfide electrolyte and a sul-
Takada et al.
space-charge layer, evidenced by the potential slope at the ini-

fide electrode. suggested the existence of a
tial stage of charging in the voltage profile. Subsequently, the
distribution of lithium ions was calculated by computer mod-
eling, which further proved the existence of a space-charge
layer.®) They pointed out that one way to reduce the in-
terfacial resistance is introducing a buffer layer to shield the
sulfide solid electrolyte from the high potential of the ox-
ide cathode. The surface coating suppresses the formation of
a lithium-depleted layer at the interface to reduce the resis-
tance. The layer interposed between the oxide electrode and
the electrolyte should have the following characteristics: an-
ions of buffer layer materials with large electronegativity and
lithium-ion conductor but electron insulator. An amorphous
oxide lithium-ion conductor would be a good candidate for

12,62.89.97.1001 Takada et al. also investigated

the buffer layer.|
the influence of the thickness of the coating layer on the in-
terfacial resistance by EIS.[”-!?l The results indicated that the
interfacial resistance of LiCoO,coated by an LisTisO1, layer
with a thickness of 5 nm was 20 times smaller than that for
uncoated LiCoQ,, and the rate capability of the ASSLiB was
improved effectively. Space-charge layers also exist between
oxide electrodes and oxide electrolytes, and a Li depletion
layer or accumulation layer can form depending on the chem-

[134

ical potential of electrode and electrolyte.'**! For example,

Li/Li3 ,PO3 gNg»/LiCrg o5Nig 45Mn; 504_g batteries showed
poor electrochemical performance because of the huge resis-
tance at the electrolyte/electrode interface caused by a large
interface electric field generated by the large electric poten-
tial difference between electrolyte and electrode. However,
the resistance was reduced by loading dielectric nanoparti-
cles of BaTiO3 on the surface of LiCrygsNig4s5Mn; 504_g5.
As a result, the BaTiOs nanoparticle-modified battery
of Li/Liz P03 gNy/LiCrg o5Nig45Mn; 504_5 demonstrated
an improved rate capability with discharge capacity of
100 mA-h-g~! at 8 C rate.!””!

4.4. Interface stress
changes

induced by electrode’s volume

When LiCoQO; is lithiated/delithiated, the volume of
LiCoO; changes repeatedly. This change occurs uniformly
So the
electrode-solid electrolyte interface is stressed by the change

throughout the electrode, including the interface.

of LiCoO; volume, and the stress increases the local distor-
tion at the electrode, increasing resistance for the charge trans-
fer reaction. An oxide electrolyte buffer layer NbO, film is
introduced between electrolytes and electrodes, which could
effectively reduce the change of Co—O bonding, and thus de-
crease the interface stress.!'*%1 As to the electrode materials
with massive volume change during charge and discharge,
such as S and Li»S (~179% volumetric expansion during lithi-
ation from S to Li,S!8%), constructing a nanocomposite struc-
ture of sulfur or Li,S is a good strategy to address the stress
problem. The nano-size active materials could relieve the
stresses induced by the volume during cycling. At the same
time, carbon materials could act as a buffer phase to the vol-
ume change.7®1%8] In film ASSLiBs, an effect of mismatch
strain caused by the lattice expansion and contraction of elec-
trode materials can cause high stress concentration along the
interface, eventually yielding cracks around the interface. In-
troduction of amorphous layers with high ionic conductivity at
the interface could suppress the interface separation as well as
the consequent increase of the interfacial resistance.!!3]

5. Fabrication and evaluation of all-solid-state
lithium battery

In recent years, great progress has been made in
ASSLiBs, mainly in addressing the electrode/electrolyte in-
terface problems and elevating their energy and power
densities.[%° A great many patents about all-solid-state lithium
batteries have emerged, centering on preparation of the solid
state electrolyte, surface modification technologies, and bat-
tery fabrication technologies.

Toyota Motors, for example, has been working on all-
solid-state lithium batteries for many years and regards it as
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a medium-term advanced battery solution. A prototype all-
solid-state lithium battery, shown in Fig. 14, was unveiled
in 2010. The prototype incorporates lithium cobalt dioxide
(LiCo0,), graphite, and sulfide as the positive electrode, neg-
ative electrode, and solid electrolyte, respectively. Four sets
of positive electrode layers, solid electrolyte layers, and neg-
ative electrode layers are laminated, and the average voltage
of the battery is 14.4 V (3.6 V x4). The battery can output a
voltage of 16.26 V (4.065 V per layer) immediately after it is
charged. In order to address the high interface resistance, a ce-
ramic layer is coated on the surfaces of the positive electrode
materials.

s.[136]

Fig. 14. Toyota Motors’ all-solid-state lithium batterie:

In addition, Idemitsu Kosan Co., Ltd. exhibited an A6-
size laminated ASSLiB in 2010. The battery, with inorganic
sulfide electrolytes, is safer and features high-temperature per-
formance, resistance to overdischarge, and potentially higher
energy density than the traditional LiBs with liquid elec-
trolytes. The positive and negative electrodes in this prototype
A6-size battery are the same as those of mainstream LiBs. The
A6-size battery with cells connected in a series has an out-
put voltage of 14—16 V. The solid electrolyte membrane used
is about 100 wm thick. Idemitsu Kosan plans to reduce the
thickness to 10-20 um to lower the resistance and is searching
for electrode materials that are compatible with the electrolyte.
And, in theory, it is possible to increase the gravimetric energy
density to 300 W-h/kg.

Samsung R&D Institute Japan, in cooperation with Sam-
sung Electronics Co., Ltd., developed a 1 A-h class ASSLiB
using a Li;O-ZrO,-coated NCA cathode, an artificial graphite
anode, and a sulfide based electrolyte (80%LiyS—20%P,Ss) in
20141191 The standard-type single cells are fabricated by the
wet printing method, and the 1 A-h class all-solid-state battery
consists of three parallel stacks of the single cells. The inter-
face resistance between NCA and sulfides is significantly re-
duced by the Li,O-ZrO, coating, and the total cell resistance
is approximately one quarter that of a cell without the coating.
The battery displays 82% and 85% capacity retention after 100

cycles at 25 °C and 60 °C without any artificial external pres-
sure, which convincingly demonstrates the high temperature
stability of the all-solid-state battery. In subsequent work,!137]
the electrochemical performance of large size ASSLiBs was
further improved by using sulfide electrolyte with high ionic
conductivity and thinner electrolyte layers, as well as an opti-
mized fabrication process.

Recently, interesting results have been obtained in our
group regarding the development of all-solid-state lithium
batteries, including cathode materials, inorganic solid state
electrolytes, and surface modification between electrode and
electrolyte.!:?1 All-solid-state lithium batteries with A-h-
class capacity have been successfully prepared by direct
cold pressing using sulfide electrolytes and surface-modified
LiCo0O;-based cathodes. The cathode delivered a discharge-

specific capacity of 120 mA-h-g~!

, almost as high as that of
the traditional LiBs. The interface resistance has been reduced
to 8 mQ-cm~2, which is on the same level as Toyota Motors’

prototypes.

6. Conclusions and perspectives

Although ASSLiBs based on inorganic solid electrolytes
have clearly demonstrated their great possibilities for electric
vehicles and large-scale energy storage systems, further de-
velopment is still required to improve their energy density,
rate capability, and cycling stability, while ensuring excellent
safety. Actually, they are still far from being commercialized
for industrial applications, which requires systematical studies
and will be a complicated process.

Making ASSLiBs usable outside the laboratory involves
multiple factors such as solid electrolytes, electrodes, inter-
face properties, and construction design. The high cost and
very small production scale of solid state electrolytes with high
ionic conductivity hinder the application of ASSLiBs. Mean-
while, ASSLiBs still suffer from inferior power density and
poor cycle life, due to the high transfer resistance of lithium
ions between the electrodes and solid electrolytes. Thus, at
this stage, the direction for research exploring ASSLiBs for
commercial applications is to develop new cathodes based
on the conversion reaction mechanism with low or even zero
strain and energy levels well matched with the electrolytes. All
of these together are expected to yield new material systems
with high capacity. In addition, the use of lithium metal in an-
odes will be another thrust of ASSLiB development. Another
is the design of novel SEs with high lithium-ion conductivity at
room temperature and wide electrochemical window. Mean-
while, future SEs should show excellent chemical stability in
the presence of metallic lithium. Also, new methods should be
proposed to reduce the interfacial resistance between the elec-
trode and electrolyte. Finally, the optimal combination of dif-
ferent fabrication processes and equipment automation as well

018802-12
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as device design are necessary for the realization of ASSLiBs

with high capacity, low cost, and high yield.

In summary,

scientific and technical research on

ASSLiBs is progressing gradually. The current achievements

indicate that ASSLiBs with high energy density are promis-

ing candidates for large-scale energy storage and even electric

vehicle applications.
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