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Complex Hydrides for Electrochemical Energy Storage

Atsushi Unemoto, Motoaki Matsuo, and Shin-ichi Orimo*

Complex hydrides have energy storage-related functions such as i) solid-state

% hydrogen via the following decomposi-
tion reaction, 24l

hydrogen storage, ii) electrochemical Li storage, and iii) fast Li- and Na-

ionic conductions. Here, recent progress on the development of fast Li-ionic
conductors based on the complex hydrides is reported. The validity of using
them as electrolytes in all-solid-state lithium rechargeable batteries is also
examined. Not only coated oxides but also bare sulfides are found to be appli-
cable as positive electrode active materials. Results related to fast Na-ionic
conductivity in the complex hydrides are presented. In the last section, the
future prospects for battery assemblies with high-energy densities, and Mg
ion batteries with the liquid and the solid-state electrolytes are discussed.

1. Introduction

Complex hydrides consisting of a metal cation and a complex
anion are represented by the formula, M(M'Hn). Here exam-
ples of the metal cation, M, are Li*, Na*, Mg?*, and so forth, and
those of the complex anion, M"Hn, are [BH,]", [NH,]", [AIH,]",
[AlHg]*", and so on.[!]

LiBH, is a typical complex hydride formed by ionic bonding
between Li* and complex anion, [BH,4]". Despite the conventional
applications of LiBH, in chemical processes as a reducing agent,
energy storage-related functions such as i) solid-state hydrogen
storage, ii) electrochemical Li storage, and iii) fast Li- and Na-
ionic conductions are focused on the class of the materials.

i) Solid-state hydrogen storage: This is the most classical
energy-conversion related function. LiBH, possesses high
gravimetric and volumetric hydrogen densities compared to
the other hydrogen storage materials.l'™* LiBH, experiences
the phase transition from low-temperature (LT) phase (or-
thorhombic structure with a space group of Pnma, shown in
Figure 1a) to high-temperature (HT) one (hexagonal struc-
ture with a space group of P6;mc, shown in Figure 1b) at ap-
proximately 390 K. LiBH, releases approximately 13.8 mass
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LiBH,=LiH + B + 3/2H, (1)

Despite its high hydrogen density, slow
dehydriding and rehydriding kinetics in-
terfere with its practical application. To en-
hance the slow dehydriding and rehydrid-
ing kinetics, researchers have proposed the
introduction of additives.l’) Confinements
in structured carbons®! as well as the in-
troduction of the intermediate reactions
with the reactive medial'®"! are also re-
ported to be effective measures.

ii) Electrochemical Li storage: Oumellal et al. first reported
the reversible electrochemical conversion reaction of the
redox couple, MgH,/Li.l'l Tt exhibits a reversible capacity
of 1480 mAh g! at an average voltage of 0.5 V versus Li/
Li*.1"8-20] Developments have extended not only to other metal
hydrides, that is, TiH,'*?!Jand AlH;,?" but also to transition-
metal-based complex hydrides such as Mg,FeHg, Mg,CoHs,
and Mg,NiH,.?223l These materials exhibit higher theoretical
gravimetric and volumetric capacities than the conventional
graphite negative electrode (Figure 2). The electrochemical
conversion reaction of the transition-metal complex hydrides,
as exemplified by Mg,FeH, proceeds as in the literature.[?223]

Optimization of the composite electrode structure need to
be addressed to mitigate the overpotential accompanied by the
slow conversion kinetics.??
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Figure 1. Crystal structures of a) LT phase and b) HT phase of LiBH,.["®]
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Figure 2. Gravimetric and volumetric capacities of metal hydrides and
metal complex hydrides compared with those of graphite and other nega-
tive electrode materials. Reproduced with permission.l?2 Copyright 2011,
International Association of Hydrogen Energy.

iii) Fast Li- and Na-ionic conductions: One of the important chal-
lenges in the field of battery research is the development of
fast ionic conductors because this class of materials enables
the assembly from micro-?4 to bulk-typel?>~*] all-solid-state
rechargeable cells, which allows the broader applications.
With this background, various solid-state electrolytes have
been developed so far, however, the materials showing suf-
ficient ionic conductivity as well as good stability in the volt-
age ranges for battery operation are limited to a few cases.l?8l
Therefore, novel solid-state electrolytes are urgently required
for the development of future generation batteries. Since
the discovery of fast Li-ionic conduction in the HT phase of
LiBH,,?l we have developed numerous solid-state electro-
lytes based on the complex hydrides that exhibit fast Li- and
Na-ionic conductions.3%

Herein, we briefly report recent progress in the develop-
ment of the complex hydrides that exhibit fast Li-ionic conduc-
tion. All-solid-state Li rechargeable batteries were subsequently
assembled using coated-LiCoO, and TiS, positive electrodes,
and LiBH,-based electrolytes. The validity of the use of the
complex hydrides as electrolytes in a rechargeable battery was
examined on the basis of charge-discharge measurements. In
the following section, our recent development of fast Na-ionic
conductors based on the complex hydrides is summarized.
We discuss the future prospects for the development of high
energy density rechargeable batteries, and Mg-ion batteries that
use nonaqueous and solid-state electrolytes based on the com-
plex hydrides.

2. Rechargeable Li-lon Battery Development Using
Complex Hydride-Based Fast Li-lonic Conductors

Complex hydrides are now considered possible candidates as solid-
state electrolytes in all-solid-state rechargeable batteries. In addition
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to fast Li-ionic conduction, the advantages of the use of complex
hydrides as rechargeable battery electrolytes are as follows,
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1) Light weight: Densities of the complex hydrides are lower
than those of oxides and sulfides (Table S1- S4, Supporting
Information). It is advantageous for the development of light
weight devices, and allows the increased concentration of the
active materials in composite electrodes.
High compatibility with Li and Na electrodes: The complex
hydrides form a reversible and stable interface with Lil?%31]
and Na electrodes333l during metal deposition and strip-
ping, and battery operation. In addition, the ac impedance
spectra of Li and Na symmetric cells consist of only one semi-
circle attributed to the electrolyte resistance. Giving a uniaxial
pressure by a spring in an electrochemical cell is sufficient to
form the reversible interface between the complex hydrides
and metallic electrodes.?%31-33]
3) High chemical stability: The complex hydrides have wide po-
tential windows. They are stable in not only reducing envi-
ronment but also oxidizing one such as at potentials greater
than 5 V vs Li/Li*3% and 6 V vs Na/Na*.33 As will be de-
scribed in the following subsections, the all-solid-state cells
assembled using the LiBH,-based solid-state electrolytes
could be operated at least for 10-30 charge - discharge cycles
with high Coulombic efficiency. This implies that the com-
plex hydride-based solid-state electrolyte is stable during the
battery operation.
High thermal stability: Due to the strong covalency between
the metals and non-metals with hydrogen in a complex ani-
on, decomposition hardly proceeds even at higher tempera-
tures.l'4
5) Easy to form the electrode/electrolyte interface: The forma-
tion of a preferable interface consisting of the active mate-
rial and electrolyte particles by simple uniaxial pressing is
straightforward owing to the highly deformable nature of
the complex hydrides. Details of this feature are discussed
together with the microstructure observations of the cross-
section of the composite positive electrode in the next section.

r

*

First, we present our recent development related to fast Li-
ionic conductors. Then, in the following subsequent section,
we report our recent works on the all-solid-state Li rechargeable
battery assembly.

2.1. Fast Li-lonic Conductors

LiBH, undergoes a phase transition at approximately 390 K.
The HT phase exhibits fast Li-ionic conductivity of greater than
2x 1073 S cmL2T as shown in Figure 3 (the numerical data are
summarized in Table S5, Supporting Information). Large band
gaps with approximately 6 eV both in the LT- and HT-phase
of LiBH,/*% suggests the negligible contribution of the elec-
tronic conductivity in that material.

The primary approach for the development of solid-state
electrolytes is to stabilize the HT phase of LiBH, in the lower
temperature region even at room temperature. This stabiliza-
tion could be achieved through the partial replacement of the
complex anion, [BH,]™ (0.205 nm), by iodide-ions, I" (0.211 nm).
Accompanied by the increasing of the I~ doping level, the
phase transition temperature monotonically decreased.l’!>%
As a result, the solid-solution, Li(BH,);_,I,, maintains the
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Figure 3. Electrical conductivities of various Li-ion conducting solids as
functions of the inverse temperature: a) LiBH,,?° b) Li,(BH,)3Cl,B43I
) Lig(BHsLPY d)  Lig(BH,) (NHp)3, P ) Liy(BHy) (NH,),
£) LIAIH,, BV g) LisAlHg B h) Lis (NH,),1B7i) LINH,,B81j) Li,Mg(NH),, 3
k) Li,Ca(NH),,B8 1) Li,NH,B8120 m) Li;0GeP,S;,,2% n) Li;PsSy;
(glass-ceramics),* o) Li,S-SiS,-Li;PO, (glass),*"*d p) Lig 325Geo25Po.7554
(thio-LISICON),3 q) Li-beta-alumina,*l r) Li;,Zn(GeOy), (LISICON),1 !
5) Li34Lag51TiO204,1*"3% 1) LisLayZr,01,#” 1% and u) Liy 3Alp3Tiy 7(PO,)3
(LATP) 1481

hexagonal phase of LiBH, (fast Li-ion conduction phase) even
at room temperature when x exceeds 0.25. And then, the
solid-solution, Liy(BH,)3I, exhibits fast Li-ionic conductivity
of 2 x 10> S cm™ at 300 K.B*>-3 This phenomenon might
be due to increased neighboring distance of [BH,]J* and
induced lattice anharmonicity by the partial substitution of I~
instead of [BH ][>

We extended our research and development to the pseudo-
ternary system consisting of LiBH,-LiNH,-Lil.3%3] As a
result, we successfully developed the complex hydrides that
exhibit fast Li-ionic conductivity including Liy(BH,)(NH,),
Liy(BH4)(NH,);B and Li3(NH,),1.B7) The former two com-
pounds exhibited noticeably fast Li-ionic conductivities of
2 x 10 S cm™ at 300 K with activation energies of 0.56 and
0.26 eV, respectively.

Li-alanates, LiAlH, and Li;AlH,, formed by ionic bonding
between Li* and [AIH 4]~ or [AlH]*, respectively,121-12% are also
fast Li-ionic conductors.Y The former and the latter exhibited
the Li-ionic conductivities from 2 x 10 S cm™ to 5 x 107 S
cm™and 1 x 107 to 2 x 107 S cm™, respectively, from room
temperature to 393 K.

With the complex hydrides developed to date, possible mech-
anisms for fast Li-ion conduction are discussed on the basis
of results related to conductivity measurements at ambient!?’]
and ultra-high pressure,’”l NMR spectroscopic measure-
mentsl?%343658] first principle molecular dynamics (FPMD)
simulationsP*% and spatially resolved Raman scattering.[®!l
The details are provided in a separate paper.3’
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In addition to the above report, Myrdal et al. have recently
suggested that formation of the Frenkel pairs, that is, V';; and
Li; by the Kréger-Vink notation,!®” plays important role in the
fast Li-ionic conduction in the pseudo-binary system, LiBH4-Lil,
based on the results of density functional theory (DFT) calcula-
tion coupled to quasi-elastic neutron scattering (QENS).53 The
similarity was reported in the fast Li-ionic conductor, LizN.[3]

Ley and co-workers recently reported the fast and a single Li-
ionic conduction in LiRE(BH,);Cl (RE = Ce,13¥l La, and Gd[!*9).
Despite the existences of the unreacted starting materials and
the byproducts (RECI;, LiCl, etc.), the materials exhibited high
Li-ionic conductivities (1 x 10, 2 x 10, and 1 x 10* S cm™!
for RE = Ce, La, and Gd, respectively, at 293 K) with a suf-
ficiently small contrition of electronic conductivity (less than
107 S cm™)."3 The fast Li-ionic conductions in these materials
might be caused by the existence of the disordered Li-site with
the occupancy of 2/3, and the continuous paths for Li-ions in
their framework similar to Li;(GeP,S;,1**) and Na,(BH,4)(NH,).5?

Yamauchi and co-workers recently examined the effect of
LiBH, addition to 0.75Li,S-0.25P,S5 glass electrolytes on the
Li-ionic conductivity.®yl The addition resulted in an increase in
the electrical conductivity (1.6 x 1073 S cm™) and a decrease in
the activation energy (0.21 eV) than the 0.75Li,S - 0.25P,S5 glass
electrolyte, whose Li-ionic conductivity and activation energy
are 2.7 x 107 S cm™!and 0.26 eV, respectively. An all-solid-state
TiS,/Li cell could be stably operated for at least 5 charge—dis-
charge cycles with a high TiS, utilization ratio of approximately
200 mAh g! at 298 K. The study provided a novel design prin-
ciple for the development of the electrolytes for use in recharge-
able Datteries.

2.2. All-Solid-State Li Rechargeable Battery Assembly Using a
Coated-LiCoO, Positive Electrode

Takahashi and co-workers first examined the applicability of
LiBH, as a solid-state electrolyte in rechargeable Li-ion bat-
tery.®! They used a 4 V-class LiCoO, positive electrode and
Li negative electrode for the cell assembly and then the bat-
tery performance was evaluated at 393 K. At this temperature,
LiBH, stays in the HT phase with a fast Li-ionic conductivity of
approximately 2 x 107 S cm™L.1%]

Although LiBH, exhibits good compatibility with Li elec-
trodes,3% direct contact of LiBH, with LiCoO, leads to a high
interfacial resistance that exceeds 8000 Q cm?; this resist-
ance has been attributed to the reaction between LiCoO, and
LiBH,.l%! This problem can be overcome by using a 25 nm thin-
interlayer of amorphous Li;PO, between LiCoO, and LiBH,
(Figure 4). As a result, the interface resistance was reduced to
approximately 16 Q cm?, LiBH, therefore contributed to the
stable charge—discharge cycle performance.

Figure 5 shows typical charge-discharge profiles obtained at
393 K and 0.065 mA cm™. The initial discharge capacity was
89 mAh g!. Then, the 30th discharge capacity was 97% of the
initial one.

This result suggests that LiBH,-based complex hydride elec-
trolytes accept the high voltage oxide-based positive electrodes
by suitable surface modification, similar to sulfide-based fast Li-
ionic conductors.[66-6%]
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Figure 4. a) Cross-sectional scanning electron microscope (SEM) image
and b) a surface scanning probe microscope image of a LiCoO, thin-film
coated with an amorphous Li;PO, layer. The thicknesses of the LiCoO,
and Li3PO, layers were 250 and 25 nm, respectively. Reproduced with
permission.l®l Copyright 2013, Elsevier, Inc.

"30th 2nd | 1st

Voltage / V

LiCoO2 | LINbO3 | LiBHa | Li
393 K, 0.065 mA cm2
2 T T T T

0 50 100 150 200
Specific capacity / mAh g

Figure 5. Charge—discharge curves of a cell with a 25 nm-thick LiCoO,
thin-film. Reproduced with permission.®°l Copyright 2013, Elsevier, Inc.
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Figure 6. Cross-sectional FIB-SEM image of a TiS,-LiBH, positive
electrode.

2.3. Bulk-type All-Solid-State Rechargeable Li Battery Assembly
Using TiS, Positive Electrode

To further examine the validity of the use of complex hydride-
based fast Li-ionic conductors as electrolytes, we assembled a
bulk-type all-solid-state lithium rechargeable battery. In this
study, we chose a layered dichalcogenide, TiS,,"*7?! as the posi-
tive electrode.

Figure 6 shows a cross-sectional scanning electron micros-
copy equipped with focused ion-beam (FIB-SEM) image of a
TiS,~LiBH, composite positive electrode. The entire surface of
TiS, is covered by LiBH, powders, and is thus expected to form
the three-dimensional active material/electrolyte interface in
the composite positive electrode. Uniaxial pressing is sufficient
to form a favorable interface because of the highly deformable
nature of both materials, resulting in the high TiS, utilization
ratio during battery operation as discussed below.

The electrochemical intercalation and deintercalation of Li-
ions into TiS, and from Li,TiS,, respectively, proceed as,/”%7172

TiS, + xLi* + xe” =Li,TiS, (3)

Equation 3 predicts a theoretical capacity of 239 mAh g
when x varies from 0 to 1. Figure 7 shows typical discharge—
charge profiles of the bulk-type all-solid-state Li rechargeable
battery operated at 393 K and 0.1 C (i.e., 10 h required for full-
charge). During the initial discharge-charge cycle, a remark-
able irreversible capacity with a low Coulombic efficiency was
observed. The Coulombic efficiency then recovered to almost
100 % after the second cycle. The second discharge capacity
was approximately 200 mAh g~!, corresponding to the TiS, uti-
lization ratio greater than 80 %. This high TiS,-utilization ratio
is achieved because of the highly deformable nature of LiBH,
and TiS,, resulting in the formation of a favorable ion trans-
port interface between TiS, and LiBH, phases in the composite
positive electrode.

To examine the origin of the irreversible capacity in the ini-
tial discharge—charge cycle, we performed crystal structure
analysis of TiS,, LiBH,, and TiS,~LiBH, before and after the

Adv. Funct. Mater. 2014, 24, 2267-2279
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Figure 7. Typical discharge—charge profiles of a bulk-type all-solid-state
Li rechargeable battery operated at 393 K and 0.1 C. TiS,, LiBH,, and
Li metal were used as the positive electrode, solid-state electrolyte and
negative electrode, respectively.

heat treatment at 393 K for 2 h by powder XRD measurements
at room temperature. Regardless of the presence or absence
of LiBH,, the XRD patterns of TiS, powders were assigned to
those of the CdI,-type structure with a space group of P3m1.7’]
As summarized in Table 1, negligible differences were observed
between TiS, (x = 0 in Li,TiS,, open circles in Figure 8) and
TiS, in the TiS,-LiBH, mixture before heat treatment. This
similarity implies that simply mixing TiS, and LiBH, powders
with an agate mortal and an agate pestle does not affect the
crystal structure of TiS,. On the contrary, the lattice constants
of TiS, increased by the heat treatment as shown by the open
squares in Figure 8.

Dahn and Haering have systematically investigated the lat-
tice parameters of Li, TiS, as a function of x (Figure 8).2 The
lattice parameters of the TiS, powder agreed with previously

Table 1. Lattice constants of TiS, and LiBH, powders before and after
the heat treatment at 393 K for 2 h.

Composition TiS, (S.G.: P3m1) LiBH, (S.G.: Pnma)

Tis, a=0.34061(2)
¢=0.56986(7)
TiS;-LiBH, a=0.34064(2) a=0.7174(1)
before heat treatment ¢=0.57004(4) b=0.44329(8)
¢=0.6801(1)
TiS,-LiBH, a=0.34365(2) a=0.7171(1)
after heat treatment ¢=0.61901(5) b =0.44307(8)
¢c=0.6798(1)
LiBH, a=0.71772(8)
b =0.44354(5)
¢=0.68029(9)
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Figure 8. Lattice constants of Li,TiS, as a function of x. Closed symbols
are obtained from the literature. The open symbols are evaluated for TiS,
and TiS,~LiBH, composite positive electrode after the heat treatment at
393 K for 2 h. Reproduced with permission.l’2l Copyright 1981, Elsevier,
Ltd.

reported results. Then, the concentration of Li, that is, x in
Li,TiS,, in the TiS,-LiBH, composite powder after heat treat-
ment was determined by the lattice parameter, a. The corre-
sponding x was approximately 0.67, implying that the specific
capacity was near 160 mAh g%

As shown in Figure 7, the initial discharge capacity was
around 90 mAh g~!, which is close to the theoretical capacity
(239 mAh g') minus the estimated specific capacity due to the
reaction between the TiS, and LiBH, powders (160 mAh g™!).
This result suggests that the irreversible capacity is essentially
caused by the solid-state reaction of TiS, and LiBH, powders
owing to high-temperature operation of the cells, that is, at
393 K. Gas analysis by mass spectrometry in Ar flow at elevated
temperatures suggested that hydrogen started to desorb at
373 K. The molar ratio of the TiS,~-LiBH, composite was 11:89,
indicating that the solid-state reaction is limited near the TiS,
and LiBH, interfaces, and the Li species uniformly distribute in
TiS, because of its high diffusivity.

Notably, capacity fading is quite small during battery opera-
tion. Even after 30 discharge—charge cycles, the discharge
capacity remains as high as 200 mAh g!. This result suggests
that the TiS, phase is stable despite the reducing nature of
LiBH,. Nearly 100 % Coulombic efficiency during battery oper-
ation suggests that the solid-state reaction and subsequent des-
option of hydrogen from LiBH, hardly proceed during the long
term discharge—charge cycling.

Interestingly, the bulk-type all-solid-state cell operated stably
at least for 30 cycles despite the reaction between LiBH, and
TiS, in the composite positive electrode due to high tempera-
ture operation. It is well known that the decomposition route
of LiBH, is complex and it is expected that Li,B;,H;,/M747
and Li,B;oH;o”! are formed as the intermediate compounds
during thermal decomposition. Although the decomposition
route of LiBH, in the composite positive electrode was unclear
in the present study, the intermediate compounds including
Li,By,H,M747) and Li,BygHyo”®! are expected to be formed at

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Typical discharge—charge profiles of bulk-type all-solid-state
lithium rechargeable batteries. TiS,, Lis(BH;)l, and Li-In alloy were used
as the positive electrode, solid-state electrolyte and negative electrode,
respectively. The operating temperature and C-rates are a) 393 K and
0.05 C, and b) 363 K and 0.02 C.

the TiS,/LiBH, interface. The evaluation of the ionic conduc-
tivities in such the intermediate phases are highly required to
clarify the pathways of Li-ions from LiBH, into TiS, as well as
the interfacial reaction mechanisms during battery operation.

We extended the assembly of the bulk-type all-solid-state Li
rechargeable cell using the Liy(BH,);I solid-solution. Halide-
doped LiBH, is also a promising candidate as the solid-state
electrolyte in the lithium rechargeable batteries.?*3! Among
LiBH, doped with Li-halides,'2#125134-136] the Li,(BH,);I solid-
solution exhibits fast Li-ionic conductivities of 2 x 107 and
6 x 107 S cm™ at 393 and 363 K, respectively.l34l

Figure 9a,b shows typical discharge—charge profiles at
393 Kand 0.05 C (i.e., 20 h required for full charge), and 363 K
and 0.02 C (i.e., 50 h required for full charge), respectively, for
bulk-type all-solid-state lithium rechargeable battery assembled
using the Li,(BH,);I electrolyte. Although irreversible capacity

Adv. Funct. Mater. 2014, 24, 2267-2279
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Figure 10. Electrical conductivities of various Na-ion conducting solids
as functions of inverse temperature: a) Na,(BH4) (NH,),2% b) Na,(NH,)
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was observed during the initial discharge-charge cycles similar
to the cell assembled using the LiBH, electrolyte, high TiS,
utilization ratios were attained at both operating temperatures
after the second discharge. The second discharge capacities
were 215 and 200 mAh g at 393 K and 363 K, respectively,
and the tenth discharge capacities were 205 and 185 mAh g7!,
respectively. Contrary to the cell assembled using LiBH,, a
slight fading of the discharge capacities was observed at both
temperatures. The long term stability as well as the origin of
the discharge capacity fade need to be investigated in the future
study.

The results shown in this study demonstrates the applica-
bility of the complex hydride-based solid-state electrolytes in
rechargeable batteries. Power density evalua-
tions as well as studies on the stability of the a
electrolytes during the battery operation, and
the compatibility between the various posi-
tive electrodes and the electrolytes are cur-
rently in progress.

3. Fast Na-lonic Conductor
Development

Despite the variety of fast Li-ionic conduc- BHs
tors, the number of solids that exhibit fast
Na-ionic conductivity is limited (Figure 10).
From the view point of material abundance,
the development of Na-ionic conductors is
an emerging technological challenge. In this
section, we discuss the fast Na-ionic conduc-

tivities of the complex hydrides. vacancies.®
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3.1. Pseudo-Ternary System, NaBH,-NaNH,-Nal

To develop complex hydrides that exhibit fast Na-ionic conduc-
tivity, we first developed the complex hydrides on the basis of
the pseudo-ternary system consisting of NaBH,-NaNH,-Nal3?
(see Tables S2 and S6 for the data related to the crystal struc-
tures and the conductivities, respectively).

The pseudo-binary system, NaBH, and Nal'*l has the
NaCl-type structure with a space group of Fm3m. The lattice
constant, a, linearly increases with increasing of the Nal con-
centration in NaBH,, as summarized in Table S2 (Supporting
Information), and the Na(BH,)'™ I, solid-solution is then
formed, similar to the LiBH,-Lil system,34 as the crystal struc-
ture shown in Figure 11a for x = 0.5. The pseudo-binary system,
NaNH,-Nal, provides equimolar compound, Na,(NH,)I, whose
crystal structure is shown in Figure 11b. It has the AgN;-type
structure with a space group of Ibam.

NaBH, and NaNH, also have equimolar compound,
Na,(BH,4)(NH,).328081 Somer et al. have performed detailed
crystal structural analysis, which revealed that the compound
experiences an order-disorder transition. The HT phase con-
sists of the K3SO4F-type structure, which is an anti-perovs-
kite-type structure with a space group of Pm3m as shown in
Figure 11c. The LT phase has an ordred perovskite-type struc-
ture with a space group of Phcm.3%8% Reportedly, the transition
from the LT to HT phases is very fast at 371 K, but the reverse
transition is quite slow.®% Actually, the powder XRD patterns
of the synthesized Na,(BH,)(NH,) prepared via the mechanical
ball-milling technique suggested that Na,(BH,)(NH,) stays as
the HT phase.?? This result also supports the observation that
the phase transition from the HT to LT phase hardly occurs.[®"!

Unlike Na,(BH,)I and Na,(NH,)I in the nominal formula,
the HT Na,(BH,)(NH,) phase allows an occupancy of Na-
sites less than unity. One-third of Na-ion sites of the Na,(BH,)
(NH,) HT phase are disordered Na-ion vacancies.% Therefore,
Na,(BH,)(NH,) exhibits fast Na-ionic conductivity based on the
vacancy diffusion mechanism.B3282 Actually, among the com-
plex hydrides investigated in the NaBH,-NaNH,-Nal pseudo-
ternary system, the HT phase of Na,(BH,)(NH,) exhibited the
fastest Na-ionic conductivity from room temperature to 423 K,

Figure 11. Crystal structures of a) Nay(BH,)I, b) Nay(NH,)I, and c) Na,(BH,)(NH,) (HT
phase).?? One-third of Na-ion sites in the Na,(BH,) (NH,) (HT phase) are disordered Na-ion
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as shown in Figure 10. At 300 K, the Na-ionic conductivity of
Na,(BH,)(NH,) is 2 x 106 S cm~1.132

The dc conductivity of the Na-symmetric cell, measured by
the steady-state current under a constant voltage, was 1.5 x
107 S cm™ at 333 K. This result agrees with the bulk conduc-
tivity measured by the ac impedance measurements, implying
that the Na,(BH,)(NH,) electrolyte and the Na electrodes form
a reversible interface. On the other hand, the dc conductivity of
the Mo-symmetric cell exhibited the conductivity of less than
107 S cm™! because it forms a blocking interface for Na-ions.
These results conclude that Na,(BH,)(NH,) is a single Na-ionic
conductor.

Cyclic voltammograms were obtained by a two-probe tech-
nique using Na and Mo electrodes to examine the potential
window of Na,(BH,)(NH,). The Na,(BH,)(NH,) electrolyte is
stable even at a high voltage of 6 V vs. Na/Na* and shows Na
dissolution and striping with high Coulombic efficiencies.*?
The latter result suggests that the Na,(BH,)(NH,) electrolyte is
highly compatible with the Na metal electrodes.

3.2. Na-Alanates, NaAlH, and Na;AlHg

The complex anions, [AlH,]” and [AlH]*, are ionically bond
with Na* to form NaAlH, and Na;AlHj, respectively.[121:126-128,141]
The crystal structures of NaAlH, and Na3;AlH are shown in
Figures 12a,b, respectively. Na-alanates exhibit noticeably fast
Na-ionic conductivities, as shown in Figure 10 (Tables S2 and
S6 for the data related to the crystal structures and the conduc-
tivities, respectively).

Na3AlHg had higher Na-ionic conductivities and smaller acti-
vation energies than NaAlH, in the investigated temperature

a% b a

Figure 12. Crystal structures of a) NaAlH,'25'4] and b) Na;AlH.['2%l
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range. The conductivity varied from 6.4 x 107 to 4.1 x 10~
S cm™! from room temperature to 433 K. The activation energies
of Na;AlHg and NaAlH, were 0.62 and 0.79 eV, respectively.*!!
We noted the tendency for the absolute conductivity and the
activation energy of Na;AlHg to be higher and lower, respec-
tively, than those of NaAlH,, similar to Li;AlHg and LiAlH,, as
summarized in Tables S5 and S6 (Supporting Information).

Figure 13a shows ac impedance spectra of Na- and Mo-sym-
metric cells obtained at 363 K. In ac impedance spectra, a semi-
circle appeared in a complex plane when the spectra were col-
lected using the Na-symmetric cell. In contrast, a spike newly
appeared in a lower frequency range when the symmetric cell
was assembled using Mo blocking electrodes. These results imply
that the semi-circle that appeared in the impedance spectra rep-
resents the electrolyte resistance. Figure 13b shows the current
profile under a constant voltage. Noticeably, high steady-state
currents were observed for NaAlH, and NazAlH at 353 K when
Na-electrodes were used. The dc conductivities for Na;AlH, and
NaAlH, were 2.3 x 10 and 1.4 x 107® S cm™, respectively, which
are consistent with the bulk conductivities measured by the ac
impedance measurements. The dc conductivity substantially
decreased when the symmetric cells were assembled using the
Mo-electrodes. They were 1.9 x 107 and 3.8 x 107 S cm™ for
Na;AlH, and NaAlH,, respectively. Van Setten et al. have per-
formed computational calculations on the electronic structures
of NaAlH, and Na;AlH¢. They reported that the band gaps are
6.4 and 3.9 eV, respectively.®®l These results imply that both
NaAlH, and Na;AlHj are single Na-ionic conductors.

Efforts are devoted to investigate the defect structure and the
Na-ion vacancy diffusivities in Na-alanates by the computational
techniques. Contrary to NaAlH,, the diffusion paths in Na;AlH,
are complicated. Na;AlHg has eleven inequivalent jumps attrib-
uted to the two symmetry-inequivalent Na-
sites, Nal (2b) and Na2 (4e), and the different
orientation of [AlHg]~ unit.®*#% Michel and
Ozolins revealed that the formation energy of
the Na-vacancy, V'y,, in Nal site of Na;AlHg
is lower than that in NaAlIH,.®% They also
revealed that the Na-vacancy diffusion coef-
ficient in NajAlHg is larger than that in
NaAlH, in the temperature range from 250-
400 K (The former and the latter have 1.19 x
10712 and 4.96 x 107! m? s7!, respectively, at
400 K, evaluated by the kinetic Monte Carlo
simulations).®! These might result in the
higher Na-ionic conductivity in Na;AlH4 than
in NaAlH,.

Considering these results, it is expected
that the complex hydrides that exhibit fast
Na-ionic conductivity are also applicable in
bulk-type all-solid-state rechargeable bat-
teries similar to those exhibiting fast Li-ionic
conductivity.

4. Future Prospects

In the previous section, all-solid-state Li
rechargeable Dbatteries were assembled

Adv. Funct. Mater. 2014, 24, 2267-2279
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using the complex hydride-based solid-state electrolytes. Not
only coated-oxides but also bare-sulfides are applicable as the
positive electrode active materials. Stable charge-discharge
performance validated the device concept. The fast Na-ionic
conductivities in the complex hydrides suggest the possibility
of an all-solid-state Na rechargeable battery. In this section,
future prospects for the development of the high energy density
rechargeable batteries, and the rechargeable Mg-ion batteries
using the liquid and the solid-state electrolytes based on com-
plex hydrides are briefly described.

4.1. High Energy Density Rechargeable Battery Development
using Sulfur Positive Electrode

One of the important technological challenges of the all-solid-
state Li rechargeable battery is the use of an elemental sulfur
positive electrode. This is because a Li/S redox couple has high
theoretical capacity of 1672 mAh g7}, and the average discharge
voltage of 2.1 V versus Li/Li*®”l However, this redox couple
cannot be simply applied to a conventional rechargeable battery
using an organic liquid electrolyte. The insulating nature of
sulfur lowers the sulfur utilization ratio. In addition, the lithi-
ated products, i.e. lithium polysulfides, are highly soluble in
conventional organic liquid electrolytes, resulting in the sulfur
active materials loss, and the redox shuttles.[®88

This issue can be addressed using a solid-state electrolyte.
Nagao et al.’% and Kobayashi et al.®l have individually dem-
onstrated bulk-type all-solid-state Li-S batteries. By using the
sulfur-acetylene black composites and sulfide electrolytes, they
achieved stable discharge—charge cycles with a high specific
capacity of 900 mAh g!. Nagao et al. recently assembled a Li-S
rechargeable battery using a thio-LISICON electrolyte, the com-
posite sulfur-mesoporous carbon (CMK-3) positive electrodes,
and a Li-Al negative electrode. They realized the high discharge
capacity more than 1200 mAh g! after 30 charge-discharge
cycles.0293]

Considering these results, the combinatorial use of a com-
plex hydride-based solid-state electrolyte and a sulfur-structured
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carbon composites® 1% is effective in achieving stable bat-

tery operation. In addition, the complex hydride-based solid-
state electrolytes that are highly compatible with the reactive
electrodes such as lithium?>3! and sodium[3?33 are expected
to enhance the energy density of the bulk-type all-solid-state
Li/S1%3 and Na/SI7610%] batteries using the positive electrodes
with lower redox potentials. The techniques for the confine-
ment of the borohydride-based hydrogen storage materials into
the structured carbons!® would open a route for the design of
novel materials to overcome the aforementioned technological
issues.

4.2. Nonaqueous and Solid-State Mg-lonic Conductors

Mg-ions are also important ionic carriers for next genera-
tion batteries because of their high volumetric capacity of
3832 mAh cm™, their improved safety and the abundance
of Mg metal. One of the challenges to realize a rechargeable
Mg-ion battery is the development of suitable electrolytes.

Mohtadi et al. proposed a Mg-ion conducting nonaqueous
electrolyte based on Mg(BH,),.l'’" Contrary to conventional
electrolytes that contain halides,'%71% halide-free Mg(BH,),
enabled notable cycle performance as shown in Figure 14,
where the Chevrel positive electrode, MogSg, and a Mg negative
electrode were used for the battery assembly. Investigation of
the sources of the overcharge and the capacity fading!'* as well
as the overpotential would be fruitful to achieve the better bat-
tery performance. Their study provided a novel design principle
for nonaqueous electrolytes for Mg-ion batteries.

With respect to developments in solid-state electrolytes with
Mg-ionic conductivity, the number of reports is very limited.
Figure 15 shows Mg-ionic conductivities as functions of inverse
temperature reported in previous studies. Ikeda and co-workers
have reported the Mg-ionic conductivity in MgZr,(PO,)s, which
has a B-Fe,(SOy4); (NASICON)-type structure with monoclinic
symmetry (¢ = 0.8895 nm, b = 0.8851 nm, ¢ = 1.2425 nm,
B =90.60 deg., V =0.9782 nm? and D = 6.51 g cm™3).[108-110]
The enhanced conductivity was induced by partial substitution
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Figure 14. Charge—discharge profiles with a Mg negative electrode, a
Chevrel-phase positive electrode for 3.3 molar LiBH,/Mg(BH,), in DME.
Reproduced with permission.'® Copyright 2012, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

of Nb into Zr-sites of MgZr,(PO,)e.[''Y Imanaka et al. have also
investigated the fast Mg-ionic conductivity in composites con-
sisting of Mg(Zr,Nb)4(PO,)¢ and Zr,0(PO,),.[112-114

Recently, Higashi and co-workers have reported the fast
Mg-ionic conductivity of 1.0 x 10° S cm™! in Mg(BH,)(NH,)
at 423 K (with log(Ay,./S cm? K) = 15.8, and Eymg2+/€V =
1.60). This value is higher than Mg(BH,), of the order of 1 x
10 S cm™ at that temperature (with log(Aygy,/S cm™ K) =
10.9, and E, gy, /eV = 14.1).5] Noritake et al. have determined

T/K
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Figure 15. Electrical conductivities of various Mg-ion conducting
solids as functions of inverse temperature: a) Mg(BH,)(NHy),l'!
b) Mg(BH,), " ) MgZr,(PO,)e """ d) Mgy 4ZrPeOzq +
0.4Zr,0(POy), (composite),"213] e) Mg ;(ZrygsNbg15)PeO24 "' and
f) Mg1.1(Zro.s5Nbo.15)4P6O24.4 + 0.4 Zr,0(PO,); (composite).['14]
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a
Figure 16. Crystal structure of Mg(BH,4) (NH,).[®!

the crystal structure of Mg(BH,)(NH,) at 453 K as shown in
Figure 16 (i.e., a tetragonal structure with a space group of I4,,
a = 0.5814(1) nm, ¢ = 2.0450(4) nm, V = 0.6913(2) nm3, Z = 8,
D = 0.9966 g cm~3).11% The Mg-ionic conductivity of Mg(BH,)
(NH,) is higher than those reported earlier for the solid-solu-
tion!'%%111 and the composites!!'?1'4 when the conductivities
are extrapolated in the lower temperature region.

They pointed out in that Mg(BH,)(NH,) has a Mg zigzag
chain, and tunneling structure in the a—b plane. Their compu-
tational calculation results suggest that Mg(BH,)(NH,) has two-
dimensional migration paths perpendicular to the c-axis, and
allows the formation of the Frenkel pairs that contributed to the
precursor state for the Mg migration. They observed the revers-
ible Mg deposition/striping on platinum electrodes, and the
high oxidative stability at greater than 3 V vs Mg/Mg?*. In addi-
tion, they observed the reasonable open circuit voltages using
the Mg/S, Mg/FeS, and Mg/Ag,S cells (1.4 V, 1.2V, and 1.3V,
respectively, vs Mg/Mg?*) compared to the results of the density
functional theory (DFT) calculations.'”]

Ikeshoji and co-workers examined the effect of partial
replacement of [BH,] by [AlH,] and halide-ions upon ion
dynamics in Mg(BH,), by a FPMD simulation.®214% Mg-ions
stay inside the tetrahedral cage consisting of four [BH,]-units,
and one [BH,]-unit is shared by the two tetrahedral cages. This
results in the coordination number of hydrogen to Mg-ion of 8.

To realize the fast Mg-ionic conduction, the displacement
of Mg-ions beyond the tetrahedral cage, and the stabilization
of such Mg-ions in the transition state in a space outside the
tetrahedral cage are essential. This can be expected only when
one of the [BH,J is replaced by larger [AlH,] that retains the
numbers of hydrogen coordination to Mg-ions. The large dis-
placement of Mg-ions cannot be expected even though [BH,]
is replaced by the larger I-ion. Another scenario to realize the
Mg-ionic conduction is expected to be caused by the large cage
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deformation. This might be resulted in the movement of Mg-
ions to the center of hexahedral cage, combined by two-tetrahe-
dral cages. When one can realize such deformations continu-
ously, the Mg-ionic conduction may take place.l'*0]

The above results suggest that the preparation of the complex
hydrides is a possible approach for realizing the solid-state fast
Mg-ionic conductions, and thus, the all-solid-state Mg recharge-
able battery developments. The use of the Mg/S redox couple as
mentioned in the previous subsection is effective in enhancing
the energy density of Mg rechargeable batteries.[>>11]

5. Conclusions

In this paper, we summarized the recent progress in the develop-
ment of complex hydride-based fast Li- and Na-ionic conductors.
The complex hydride-based fast Li-ionic conductors are applicable
as bulk-type all-solid-state lithium rechargeable battery electro-
lytes when coated-LiCoO, and bare TiS, are utilized as positive
electrode materials. We described the future prospects for the
development of high energy density rechargeable batteries as well
as Mg ion batteries in the last section of this paper. The findings
related to the fast ionic conduction in the complex hydrides would
open the novel design principles of the next generation batteries.

8. Experimental Section

Preparation of Electrolytes: Commercially available powders of
LiBH, (>95 %, Sigma-Aldrich) and Lil (99.999 %. Sigma-Aldrich) were
used as received. The Lis(BH,)3l solid-solution was synthesized via
the mechanical ball milling technique.’ Powdered LiBH, and Lil
were weighed in a stoichiometric ratio, and then, ground using an
agate mortar and an agate pestle. The mixture was transferred into a
Cr-hardened steel vessel with 20 SUJ2 balls with a diameter of 7 mm.
Mechanical ball milling (P-7, Fritsch) was performed for 5 h at a rotation
rate of 400 rpm under an Ar atmosphere. X-ray diffraction (XRD)
patterns of the powders that resulted from mechanical milling were
collected using CuKo. radiation at room temperature. The Lis(BH,)sl
solid-solution was found to consist of a single phase of the HT phase
of LiBH,. Prior to the assembly of the all-solid-state rechargeable battery,
the LiBH, and Lis(BH,);! powders were ground using an agate mortar
and pestle in an Ar-filled glove box.

Bulk-Type All-Solid-State Li Rechargeable Battery Assembly: TiS; (99.9 %,
Sigma-Aldrich) was used as the positive electrode active material. Li and
Li—In alloy were used as negative electrodes in the bulk-type all-solid-
state rechargeable battery with LiBH, and Lis(BH,)sl, respectively, as
the electrolytes. The positive electrodes were prepared by mixing TiS,
powders with LiBH, or Lis(BH4);! using an agate mortar and pestle.
The weight ratio of TiS,:solid-state electrolyte was 2:3. The weight of the
composite positive electrode was 6.0 mg. The positive electrode and
20 mg of LiBH, or 30 mg of Lis(BHy);l powders were placed together
into an 8-mm-diameter die, and then uniaxially pressed at 240 MPa. The
resultant compact was placed into a stainless steel vessel, and then, a
Li film or a Li-In bi-layer film was placed opposite the positive electrode.
For cells using Li—In negative electrodes, the cell was heated at 393 K for
a few hours to proceed the formation of a Li—In alloy. Discharge—charge
characteristics were evaluated by applying a constant current mode.
The evaluation of the all-solid-state battery assembled using LiBH,
was conducted at 393 K and 0.1 C in the voltage range of 1.6-2.7 V
at 0.1 C. The evaluation of the battery with the Lis(BH,);! electrolyte
was conducted at 0.05 and 0.02 C at 393 and 363 K, respectively, in
the voltage range of 1.15-1.9 V. A cross-sectional view of the positive
electrode, TiS,~LiBH,, was observed by field-emission scanning

Adv. Funct. Mater. 2014, 24, 22672279

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

electron microscopy (SU9000, Hitachi High-Technologies Corporation)
equipped with a focused ion beam (FB2200, Hitachi High-Technologies
Corporation). To examine the reactivity between LiBH, and TiS,, powder
XRD measurements were conducted for TiS,, LiBH,, and TiS,—LiBH,
composites before and after heat treatment at 393 K for 2 h in an
Ar-filled environment at room temperature. The lattice constants were
determined by using the TREOR program.['"’]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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