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Complex metal hydrides have recently gained interest as solid electrolytes for all-solid-state batteries due to
their light weight, easy deformability, and fast ion mobility at elevated temperatures. However, increasing
their low conductivity at room temperature is a prerequisite for application. In this review, two strategies to
enhance room temperature conductivity in complex metal hydrides, nanostructuring and nanocomposite

formation, are highlighted. First, the recent achievements in nanostructured complex metal hydride-based
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ion conductors and complex metal hydride/metal oxide nanocomposite ion conductors are summarized,
and the trends and challenges in their preparation are discussed. Then, the reported all-solid-state batteries
based on complex metal hydride nanocomposite electrolytes are highlighted. Finally, future research di-
rections and perspectives are proposed, both for the preparation of improved metal hydride ion conductors,
as well as metal hydride-based all-solid-state batteries.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The desire to reduce our carbon footprint has led to an ongoing
search for efficient energy storage devices. Effective energy storage
would enable us to deal with the intermittent nature of most re-
newable energy sources and, thereby, use their energy output effi-
ciently [1-3]. Techniques based on hydro, mechanical, thermal,
chemical, and electrochemical systems are being considered for
large scale energy storage. Amongst these storage options, electro-
chemical energy storage, especially in rechargeable batteries, is quite
appealing. In fact, lithium-ion batteries are currently one of the most
widely used energy storage systems, with applications ranging from
mobile devices to electric vehicles. However, their implementation
for the storage of renewable electricity at large scales is hindered by
some challenges. These include their limited energy density, safety
concerns inherent to their flammable organic liquid electrolytes, as
well as the rising cost of the battery components, e.g. Li and Co [3-5].
Consequently, much research effort is directed towards the devel-
opment of new batteries beyond current lithium-ion technology.

The main goals of current research in the battery field are to
increase safety and energy density, while reducing the manu-
facturing cost. The first two goals could be reached by employing
inorganic or polymeric solids as the ion-conducting electrolytes
(instead of the conventional electrolytes based on lithium salts
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dissolved in organic solvents), resulting in the so-called all-solid-
state (ASS) battery [6-8]. Solid-state electrolytes (SSEs) are often
safer than the volatile and combustible liquid electrolytes, and in
many cases they are compatible with high capacity electrodes. This
means that the development of all-solid-state batteries can poten-
tially lead to safer batteries that store more energy.

Solid-state electrolytes with good ionic conductivity at ambient
temperature (~107> S cm™) as well as good electrochemical stability
are crucial for the implementation of ASS batteries. In recent years,
different classes of solid ion conductors have been proposed, each with
their own advantages and disadvantages [7-13]. For example, sulfide-
type SSEs display excellent ionic conductivity at ambient temperature,
but their chemical stability is poor [ 14,15]. Oxide-based electrolytes, on
the other hand, have a higher (electro)chemical stability, but their
manufacturing process is expensive and their poor interfacial contact
with electrode remains a concern [16-18]. While research has been
largely focused on oxide- and sulfide-type SSEs, complex metal hy-
drides have recently emerged as interesting alternative.

Compared to oxide- and sulfide-type ion conductors, complex
metal hydrides display several useful properties that could be bene-
ficial for ASS batteries. Research on metal hydride-based solid elec-
trolytes was initiated by the discovery of unexpectedly fast Li-ion
mobility in lithium borohydride. A few years ago, researchers from
Orimo’s group observed high lithium-ion mobility (107 S cm™) after
a reversible polymorphic transition from orthorhombic to hexagonal
phase at 110 °C [19]. Similar behaviour was later found in many other
complex hydrides as well, such as Li,B;,H;, and NaCBgH 1 [20-22]. In
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addition to the high ionic mobility above their polymorphic transition
temperature, they possess other interesting properties that make
them attractive for application in ASS batteries. Especially their low
weight, combined with a generally high electrochemical stability (up
to 3 V versus Li/Li*) and the ability to form a good interface with
electrode materials, distinguish them from most other solid-state ion
conductors [23-28].

While a high electrochemical stability and a good interfacial
contact with electrodes are essential, the ionic conductivity of a
solid-state ion conductor should also be at least 107> S cm™! at room
temperature to be successfully employed in an all-solid-state bat-
tery. Unfortunately, most metal hydride ion conductors exhibit
moderate room temperature ionic conductivity (< <1073 S cm™).
Thus, the development of strategies that enhance conductivity in
complex hydrides at ambient temperature is of major importance.
The main strategies that have been explored include ionic sub-
stitution, nanostructuring, and nanocomposite formation. The most
commonly reported method, partial ionic substitution, is based on
partial replacement of the cations or complex hydride anions with
other ions of slightly different size or electronegativity, (e.g. K*, Ca*
or I, Br’) [29-34]. A homogenous solid solution is formed, which
either stabilizes the high-temperature, highly conductive polymorph
of the hydride at RT or leads to the formation of double-anion
compounds with different crystallographic structure and enhanced
ionic conductivity at RT.

Nanostructuring and nanocomposite formation are less common
approaches to enhance room temperature conductivity in metal
hydrides. Nevertheless, these synthetic approaches are very inter-
esting. With nanostructuring, the crystallite size of the starting
material is reduced via high-energy ball milling, thereby reducing
the crystalline grain size and introducing defects and structural
disorder. Due to the introduction of defects and structural disorder,
nanocrystalline ceramics often show an enhanced ion diffusivity
compared to their microcrystalline counterparts [35]. While this
technique was initially investigated for lithium oxides, such as
LiNbOs, it has recently been shown to greatly enhance the con-
ductivity of metal hydride-based solid electrolytes as well [36,37].

Alternatively, the ionic conductivity can be enhanced by in-
timately mixing the metal hydride with a high surface area non-
conducting oxide scaffold, thereby forming a nanocomposite elec-
trolyte [38,39]. In this review, we will refer to this approach as na-
nocomposite formation or interface engineering. Note that in this
method at least two components are combined, as opposed to na-
nostructuring which involves one component. Intimate contact be-
tween the two components is often achieved with high-energy ball
milling or via melt infiltration. While this method was originally
used to improve hydrogen sorption properties of metal hydrides, in
1973 the pioneering work by Liang et al. on a mixture of Lil and fine
inert Al,O3 particles demonstrated that nanocomposite formation
can lead to enhanced ion mobility in solid ion conductors as well
[40]. The introduction of oxides in ion conductors can have different
effects, which have recently been extensively reviewed by Zou et al.
[38] In short, nanocomposite formation can lead to the stabilization
of a nanostructured superionic phase or high-temperature con-
ductive polymorph at ambient temperature, and/or the formation of
a conductive interface layer, such as a space charge region or a ter-
tiary compound resulting from reactions at the interface. Notably, in
nanocomposites, the advantageous effects of nanostructuring are
combined with the benefits of interface interactions between the
metal hydride and the oxide scaffold.

Several excellent reviews on metal hydrides for energy purposes
have been published, for example by Bannenberg [41], de Jongh [42]
and Duchéne [27]. However, the potential of nanostructuring and
nanocomposite formation as methods to enhance ionic conductivity
in metal hydrides has not been specifically reviewed. Therefore, this
review will highlight the design and fabrication of nanostructured
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and nanocomposite metal hydride-based electrolytes for ASS bat-
teries. Firstly, the mechanisms for ionic conduction in (pristine)
complex metal hydrides are described. Thereafter, the latest ad-
vances and achievements in metal hydride nanocomposite electro-
lytes are reviewed, with emphasis on lithium- and sodium
conducting compounds, in particular lithium borohydride, which is
one of the most investigated metal hydrides in the research field.
Following, the application of metal hydride nanocomposite electro-
lytes in all-solid-state batteries is discussed. Finally, the current
trends and challenges of metal hydride nanocomposites are sum-
marized, and future research directions and perspectives are pro-
posed.

2. Ionic conductivity in metal hydrides

Complex metal hydrides are a subclass of metal hydrides. They
are solids with an ionic lattice composed of metal cations, and
complex anions in which the hydrogen is covalently bound to an
atom, such as in BH4", AlHg>" and Bq,Hq»2". This class of materials,
commonly known for their application as reducing agents in organic
synthesis, has recently shown great potential in various energy-re-
lated applications. For a complete overview of their possible appli-
cations, the reader is kindly referred to general reviews on metal
hydrides as energy materials by Bannenberg et al., Mohtadi et al. and
Hirsher et al. [41,43,44] Initially, complex hydrides were proposed as
reversible hydrogen storage materials due to their ability to re-
versibly store large amounts of hydrogen under moderate conditions
[45,46]. Later, the high reversible heat accompanying hydrogenation
and dehydrogenation, sparked research in the use of metal hydrides
for thermal energy storage [47]. Over the past few years, new dis-
coveries of useful metal hydride properties revealed even more
possible applications, one of which is the application of metal hy-
drides as solid-state ion conductors.

2.1. Fast ionic mobility in LiBH,4

The consideration of complex hydrides as solid-state electrolytes
was driven by the discovery of unexpectedly fast Li-ion mobility in
lithium borohydride. At room temperature, LiBH; has a low ionic
conductivity (108 S cm™ at 30 °C), but a remarkable increase in
conductivity is observed at higher temperatures (10> S cm™ at
120 °C) [48]. This behaviour is caused by a reversible polymorphic
transition from the orthorhombic phase to the hexagonal phase at
109 °C, as schematically depicted in Fig. 1 [19]. The Nyquist plots
obtained by Electrochemical Impedance spectroscopy show only a
single arc in both the low temperature and high temperature poly-
morph, which indicates a single diffusion mechanism and limited
response from grain boundaries [49]. Matsuo et al. were the first to
confirm that the increased conductivity is related to fast Li-ion
mobility in the hexagonal polymorph using ’Li NMR measurements
[19]. In the orthorhombic polymorph, NMR spectra show broad and
small peaks, whereas in the high-temperature polymorph each
spectrum displays sharp and narrow peaks. This decrease in line-
width confirmed that the high conductivity in hexagonal LiBH, is
caused by fast Li-ion mobility [19].

To understand the origin of the fast lithium-ion mobility, the
conduction mechanism in LiBH,4 has been investigated. In the high-
temperature hexagonal phase, the Li-ions are arranged in layers in
the hexagonal plane with nearly equivalent Li sites [50]. In this
structure all Li* sites are filled and, consequently, the ionic con-
duction likely occurs via Frenkel-pair defects, i.e., Li* vacancies
combined with interstitial Li* sites [49-51]. It has been proposed
that the movement of interstitial Li* ions in LiBH,4 is accommodated
by the rotation of neighbouring BH,4 -units, the so-called paddle-
wheel mechanism [49,52]. In this way, the interstitial Li*-ions can
easily jump from one interstitial site to the next. Interestingly, the
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Fig. 1. Arrhenius plot of the conductivity of LiBH,, including a schematic representation of the phase transition from orthorhombic LiBH4 (LT) to hexagonal LiBH4 (HT) and the

Nyquist plots obtained for the respective phases*°.

diffusion energy barrier of Li interstitials in 0-LiBH4 and h-LiBH, is
similar, which means that the improvement in conductivity in h-
LiBH,4 cannot be explained by changes in energy barrier for ion mi-
gration. On the other hand, the formation energy of defects in the
hexagonal structure is substantially lower than in the orthorhombic
phase [52,53]. This results in a higher density of defect sites, hence,
the higher ion mobility in h-LiBH,4 likely originates from the lower
defect formation energy [53].

2.2. lonic mobility in borohydrides, alanates and amines

Besides LiBH,4 several other complex metal hydrides possess
interesting properties which also make them interesting candidates
for application in all-solid-state batteries. Most metal hydrides have
a low density, are easily deformed and are chemically compatible
with metallic lithium or sodium anodes or they form a stable con-
ductive interface, all of which are useful properties for solid-state
electrolytes [28,54]. Therefore, the ionic conductivity of several
other metal hydrides has been investigated as well.

Most of the initial research was focussed on metal hydrides si-
milar to LiBHy4, including LiAlH,, LisAlHg, LiNH, and Li;NH, as well as
their Na-based counterparts, NaBH,;, NaAlH; and NasAlHe.
Unfortunately, most of these metal hydrides show low ionic con-
ductivities at room temperature (<10™° Scm™) and none of them
undergoes a polymorphic transition that results in an increased Li*
or Na* ion mobility [55-62]. The highest conductivities are observed
for LizAlHg, NasAlHg and Li;NH, with conductivities of, respectively,
14-107 Sem™, 6.4 - 107 Scm™ and 2.5 - 107* Scm™. Note that
Li,NH was one of the first complex hydrides investigated as possible
ion conductor, already reported by Boukamp et al. in 1979 [58].
However, as a result of the relatively low electrochemical stability,
the interest in Li;NH decreased quickly. Due to the discovery of fast
ionic conductivity in LiBHy, interest in this compound resurfaced and
it has been investigated in more detail recently [60-62]. Similar to
LiBH,4, it has been reported that anion dynamics and a low defect
formation energy are key to achieving high ionic conductivity in the
Li-N-H system [62].

In addition to solid electrolytes based on monovalent cations (e.g.
Li*, Na*), metal hydride with multivalent ion transport such as Mg
(BH4), and Ca(BH4), have also been gaining attention lately.
Unfortunately, first principles studies on a variety of complex metal
hydrides by Lu et al. indicated slow ion transport for divalent species

[28]. For instance, pristine magnesium borohydride displays a low
ionic conductivity of 1072 Scm™! at RT. Remarkably, with specific
modifications, which will be discussed in Section 3.2.4, it is possible
to increase the conductivity by over 8 orders of magnitude [63].

2.3. Ionic conductivity in closo-borates and closo-carborates

Recently, a novel series of metal hydride solid-state ion con-
ductors has been introduced based on closo-borate and closo-car-
borate cluster anions, e.g. [BiHi2]> and [CBoHio],, depicted
schematically in Fig. 2a [20,21,64-71]. This class of materials consists
of a variety of geometrically similar (car)borate anions, which offers
a toolkit of solid-state metal hydride-based compounds with great
potential as solid electrolytes. Most closo-borates and closo-carbo-
rates undergo polymorphic transitions from ordered to disordered
phases by heating to high temperatures (e.g., 315 °C for Li;Bi,H12,
106 °C for NaCBq;Hy2). Akin to LiBH,4, these order-disorder poly-
morphic transitions are accompanied by a fast reorientational mo-
tion of the cage-like cluster anions (the paddle wheel mechanism)
and a remarkable increase in ionic conductivity. Recent ab initio
molecular dynamics calculations strongly suggest that the fast cation
mobility observed in closo-(car)borates is closely linked to the mo-
tion of the complex hydride anions [72-74]. For example, in
Na,BoH10, the reorientation and disorder of the BioH;0%" anion fa-
cilitates Na* hopping to octahedral sites, which links to the tetra-
hedral sites to form a connected network for fast ion diffusion [72].
The conductivities of LiBH4, Na;B1oH19, Na;B12H15, and LiCBgH{q are
presented in Fig. 2b [21,65,75]. Just above their polymorphic tran-
sition temperature (Tyans) both Li* and Na*-closo-borate-based ion
conductors exhibit conductivities over 0.01 Scm™. In fact, at tem-
peratures above Tyans, the ionic conductivities of some closo-(car)
borate compounds are comparable to those of state-of-the-art solid-
state ion conductors, such as LiyLa,TiO, (10~ Scm™ at 30°C) and
sulfide glass-ceramics (2 0 1072 Scm™' at 30 °C) [13,15,18].

Although the large-scale application of closo-(car)borates is
presently impeded by the complex, low-yield synthetic pathways,
recent studies have shown that it is possible to synthesize different
closo-(car)borates, e.g. NaCB;;H;> and Na,B;H;,, in a more simple
way |[76-78]. For example, Berger et al. recently demonstrated a
solution-based method to obtain MesNH[CB;H;;] in which the ap-
proximate reagents cost per gram product was reduced from ap-
proximately $70 (in other published works) to $13.44 [78]. This
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Fig. 2. (a) Schematic representation of Li*- and Na*-borohydride, closo-borate and closo-carborate compounds. (b) Arrhenius plot of the conductivity of different metal hydride
compounds. Copyright 2016 Wiley [21], Copyright 2014 Royal Society of Chemistry [65] and Copyright 2014 Wiley [75].

Graphs are adapted with permission from ref [21,65,75].

study illustrates that it might be possible to develop less expensive
production processes for closo-(car)borates. On the other hand, the
costs and safety of the solvents (e.g. DME or THF) used in the pro-
posed synthesis method were not taken into account. For the de-
velopment of large-scale synthesis routes for closo-(car)borates a
thorough and critical analysis of the costs and safety of all used
chemicals and processing will be necessary.

It is clear that these metal hydrides demonstrate high ionic
conductivities above their polymorphic transition temperature,
making them promising candidates for next-generation batteries.
However, for application in all-solid-state batteries, conductivities of
at least 107 Scm™! at 25 °C are required. The room temperature ion
conductivity of most metal hydrides is not yet sufficient and remains
inferior to other SSEs [13]. For example, the room temperature Li-ion
conductivities for sulfide-based electrolytes are in the order of 1072
Scm™!, which is orders of magnitude higher than the room tem-
perature conductivity of most metal hydride-based solid electro-
lytes. Consequently, a main challenge for the development of metal
hydride electrolytes is to extend their high ionic mobilities to room
temperature.

3. Enhanced room temperature conductivity in metal hydrides

Over the past few years different strategies to improve room
temperature conductivities in metal hydride-based ion conductors
have been explored. These strategies can be classified into three
categories, i.e., partial ionic substitution, nanostructuring and na-
nocomposite formation (or interface engineering), which are sche-
matically depicted in Fig. 3. The most common method, partial ionic
substitution, is based on replacing part of the metal hydride anions
with other anions. As a result, either a homogenous solid solution is
formed, in which the highly conductive polymorph is stabilized at
lower temperatures, or a double-anion compound is formed with
another crystallographic structure (and possibly enhanced con-
ductiyity) [30,79]. For example, ionic substitution gf BH4 (rghsa- =
2.03 A) in pristine LiBH4 with either I" (r. = 2.20A) or Br™ (rp.
1.96 A) leads to stabilization of conductive hexagonal LiBH, (Fig. 3a).
It has been observed that this method only works within the ap-
propriate solubility limits (h-Li(BH4);-x(I)x is only stable in the range
0.18 <x<0.50 [80]), and with substituting anions of the appropriate
size (Cl'substitution (r¢. = 1.81 A) in LiBH,4 does not result in stabi-
lization of h-Li(BH4);—x(Cl)x [29]). Over the past years several notable
solid solution or double-anion (and even triple-anion) compounds
have been developed, including Li(BH4)1-x(Br)x [81], Li(BH4)1-x-y(Br)x
(Cly [82], Li(BH4)1-x(NHz)x [79], (LiCBgH10)o.7(LiCB11H12)03 [83].,

Nay(CB11H12)2(B12H12) [84] and Nay(Bi2Hq2)-(B1oH10) [24]. As several
review articles have been published on this topic, we won'’t elaborate
further on this specific strategy in this review [27,34,49].

Nanostructuring and nanocomposite formation are less widely
applied strategies to enhance conductivity in metal hydride-based ion
conductors. Nonetheless, it has been established that these methods
can significantly improve ionic mobility in solid-state electrolytes. In
the former method, nanostructuring, the metal hydride is mechan-
ochemically activated by high-energy ball milling of the coarse-
grained starting material for several minutes up to tens of hours. In
general, this process reduces the grain size of the starting material to
about 5-50 nm, while introducing defects and structural disorder
(Fig. 3b). These nanostructured grains typically consists of two re-
gions, including nanometer-sized crystallites separated by a large
volume fraction of grain boundaries or interfacial regions [85,36]. The
impact of the milling process on the ion mobility is rather complex
and not well understood. In fact, while the formation of defects and
grain boundaries can be detrimental for long range ionic transport in
some fast ion conductors, poor ionic conductors that largely depend
on defect sites could benefit from defect rich grain boundaries that
enhance their ionic conductivity. In both cases, nanostructuring
clearly alters the ion dynamics in the ionic conductors. First reports on
the application of this strategy focussed on the improvement of ionic
conductivity in lithium oxides, such as LiNbOs; and LiTaO3
[35,85,87,88]. Recently, the method has also been applied to several
metal hydrides, e.g. LiBH4 and LiAlH4, and closo-(car)borate com-
pounds, including Li,B;,H;> and NaCBy;Hy; [36,37,89-92].

Nanocomposite formation also involves nanostructuring, but in
this case the solid electrolyte compound is additionally mixed with a
high surface area non-conducting oxide scaffold, such as SiO, or
Al,Os, thereby forming a nanocomposite (Fig. 3c). Close contact
between the two components is achieved by high-energy ball mil-
ling of the metal hydride with the oxide scaffold or via nanocon-
finement of the metal hydride in the nanopores of the oxide by melt
infiltration. In 1973 Liang et al. were the first to report on the ionic
conductivity of composite solid electrolytes [40]. They showed that
combining Lil with Al,05 increased the ion conductivity from 1077
Scm™! to 107> Scm™. Since then, this method has been applied to
several different ion conductors, including Agl, LiNO3; and, more
recently, LiBH, [93-95].

The enhancement in ionic conductivity upon introduction of the
non-conducting scaffold can be attributed to several effects. A short
overview of the main phenomena will be discussed here and for a
more detailed description the reader is referred to a recent work by
Zou et al. [38] Generally, multiple diffusion processes are involved in
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the formation of a highly conductive percolating path in a composite
solid electrolyte. These diffusion processes can occur within the
ionic conductor, within the non-conducting oxide scaffold and
across and/or along the conductor-oxide interface. The addition of
dispersed scaffold particles in the ion conductor introduces inter-
facial stress between the conducting and non-conducting compo-
nents, which can influence the local ion distribution. It can also lead
to the formation of a third compound at the ion conductor-oxide
interface or even induce a polymorphic transition in the conducting
component. These modifications may lead to highly conductive
compounds and hence additional conductive paths for ion transport.
To illustrate this, a schematic representation of the different ion
transport enhancement mechanisms in composite solid electrolytes
is provided in Fig. 4.

Typically, the interaction between the insulating scaffold and the
ion-conducting compound can result in local ion redistribution, or a
space-charge region, while the bulk components remain unaffected
(Fig. 4a) [38]. The modified defect thermodynamics close to the ion
conductor-scaffold interface can be described by the space-charge
model as proposed by Maier. In short, the discontinuity at the in-
terface leads to deviations from local electroneutrality and conse-
quently the formation of a space-charge zone where the

concentration of the charge carrying defects is modified and the
conductivity is influenced accordingly [96,97].

The space charge model is often used to explain an increase of
ionic conductivity in composite solid electrolytes. However, if the
local redistribution of ions is not sufficient to compensate for
structural mismatches (or large differences in chemical potential)
between the conducting and non-conducting components, chemical
reactions may occur at the interface. In this case, a third compound
is formed at the interface with a structure that is intrinsically dif-
ferent from the ion conductor and the insulating scaffold. This new
interphase compound is generally highly defected, and possibly
more conductive compared to the starting compounds (Fig. 4b) [38].
Unfortunately, few studies have been reported on this topic, likely
because the interphase compounds are difficult to characterize due
to their amorphous nature and nanometric thickness.

Besides the formation of a tertiary phase at the conductor-in-
sulator interface, strong interfacial stresses may also lead to (poly-
morphic) transitions in the ion conducting host (Fig. 4c) [38]. Some
ion conductors can exist in different polymorphs with distinctly
different transport properties. For these compounds, inclusion of
dispersed oxides may alter the stability and consequently the crys-
tallographic structure. For example, a conductive polymorph that is
normally stable only at elevated temperatures, can become stable at
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ambient temperature due to a depression of the polymorphic tran-
sition temperature. This phenomenon has been observed both in
polymer-based nanocomposites (e.g. PEO/Al,0;3 nanocomposites)
and in inorganic-based nanocomposites (e.g. Agl/AgzB0s;, nano-
confined LiBH,). Note that in the latter case a large interfacial stress
is often induced by nanoconfinement of the ion conductor in a
mesoporous scaffold. In this case, the phase transition temperature
of the confined materials (T,,) depends on the size of the confining
pore (refr) following the Gibbs-Thomson equation,

AT =T - Ty (reff) = (2 To (sz - YWI)VI) / (AHmreff)v (1)

where Ty is the bulk melting temperature, AH, is the melting en-
thalpy, v is the molar volume of the liquid and y.ys and v, are the pore
wall-solid and pore wall-liquid interface energies [98]. In general, for
each conduction enhancement mechanisms in composite solid elec-
trolytes discussed here, the interaction of the solid electrolyte with
the insulating scaffold plays a key role. This has also been observed for
complex metal hydride nanocomposites [92,99,100].

To summarize, nanostructuring and nanocomposite formation
are interesting methods that offer the possibility to improve the
electrochemical properties of metal hydrides and solid-state ion
conductors in general. The application of these methods to complex
metal hydrides has not been specifically reviewed. Therefore, the
design and fabrication of nanostructured and nanocomposite metal
hydride-based solid electrolytes will be extensively discussed in the
following sections.

3.1. Nanostructured metal hydrides

In this section the effect of nanostructuring on ion mobility in
borohydrides, i.e., LiBHy4, and closo-(car)borates, including Li;Bi5H13,
Na,B,H;2, and NaCB;1H1,, will be discussed in detail.

3.1.1. Nanostructured borohydride

Sveinbjornsson et al. were among the first to report on the effect
of nanostructuring on the ionic conductivity in complex metal hy-
drides, in this case LiBH4 [89]. In their study, pure LiBH4 was ball
milled for 2 h, after which LiBH,4 was still in the poorly conducting
orthorhombic polymorph. By combining information obtained from
XRD and impedance spectroscopy, they observed that defect-rich
microstructures had formed during the milling process. As a result,
the room temperature conductivity of ball milled LiBH, is almost 3
orders of magnitude larger than non-milled LiBH,4, which is shown in
the conductivity plot in Fig. 5a. Unfortunately, the defects that
formed during ball milling were not thermally stable, hence after
heating to 140 °C, the room temperature conductivity decreased to
1077 Scm™. Interestingly, after the thermal treatment, not all the
defects disappeared, and the ionic conductivity of the ball-milled
sample was still higher than that of the as-received LiBH,.

These results were corroborated by studies performed by Matsuo
et al., Gulino et al. and Epp et al. [29,36,92] It was confirmed that the
conductivity of LiBH, is enhanced significantly upon ball milling, but
it is not preserved after heating to 130 - 160 °C. In their study, Gulino
et al. reported a similar observation of increased ionic conductivity
and showed that the activation energy for the ball-milled LiBH,4
(0.70eV) is smaller than that of pristine LiBH, (0.91 eV), which in-
creases to 0.75 eV upon heat treatment [92]. Epp et al. studied the
effect of nanostructuring on the lithium-ion dynamics in nanos-
tructured LiBH4 with a crystallite domain size of 20 nm in detail
using Li NMR spectroscopy. Similar to previously discussed im-
pedance results, their NMR analysis indicates the presence of fast Li
ions in nanostructured LiBH4. The authors suggested that this may
be attributed to the preservation of the highly conducting hexagonal
polymorph in the interfacial regions of the nanostructured material
[36], or other structural modifications that lead to an increased
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defect concentration [92]. From these studies, it can be concluded
that nanostructuring by ball milling can induce a large increase in
room temperature conductivity in LiBH4, which results from the
formation of high defect concentration due to the mechanical mil-
ling, and possible stabilization of the hexagonal polymorph as evi-
denced by the decrease in activation energy [92]. However, as the
conductivity depends on non-stable defects, the thermal (and likely
the long term) stability remains an issue. For application of LiBH, in
an ASS battery, it will therefore be important to stabilize the highly
conductive phase formed in nanostructured LiBH,4.

3.1.2. Nanostructured closo-borates and closo-carborates

Metal hydride compounds based on closo-borate and closo-car-
borate anions, e.g., B;zHq22” and CBgH;¢", were introduced in Section
2.3. Similar to LiBHy, these compounds display high ionic mobilities
above a certain polymorphic transition temperature. Recently, sev-
eral studies have shown that their high ionic conductivity can be
stabilized at room temperature using nanostructuring. The effect of
nanostructuring on the Li-ion conductivity of Li;Bi;H, was studied
by Teprovich et al., Tang et al., and Kim et al. [37,91,101] Nanos-
tructured Li,B;,H;, was obtained after ball milling for varying times
ranging from 10 min to 20 h, in some cases followed by a thermal
treatment. To illustrate the effect of ball milling on morphology, SEM
images of pristine and ball milled Li;B1,H1, are provided in Fig. 5b (1
and 2). Despite the differences in synthesis procedures, all three
studies reported that the conductivity of ball milled LiB{;H;> is
larger compared to the pristine material. For instance, Kim et al.
determined for pristine and nanostructured Li,B;,H;, that the ionic
conductivity improves by three orders of magnitude, as can be seen
in Fig. 5a [91].

Detailed compositional characterization with ICP and a hydrogen
analyzer revealed that simple ball milling generates lithium and
hydrogen deficiencies. The authors proposed that these deficiencies
are generated via the extraction of small amounts of lithium and
hydrogen as various types of compounds such as Li, H, and LiH. On
the basis of structural characterizations, it is speculated that the
atom deficiencies lead to an increased carrier concentration, which
in turn results in an improved lithium-ion conductivity [91]. Another
explanation is the room temperature stabilization of the high con-
ductivity disordered polymorph normally obtained after the re-
versible polymorphic phase transition at 350 °C [37]. Unfortunately,
the changes induced during ball milling (either via atom deficiencies
or polymorphic phase stabilization) are not stable at higher tem-
peratures. Tang et al. reported that the enhanced ion conductivity in
ball milled Li;B12H;> is not sustained after heating to 140 °C, similar
to the behaviour observed for nanostructured LiBH, [37]. The
structure/morphology of the nanostructured material is not suffi-
ciently robust at high temperatures. Hence, for nanostructured
Li;B1,Hq> (and other nanostructured metal hydrides affected by
heating) it is essential to avoid high temperatures. In this way, sin-
tering processes that degrade conduction properties within the life
cycle of an all-solid-state battery, might be avoided.

Interestingly, nanostructured Na,Bi,H;, displays intriguing be-
haviour upon temperature cycling, different from nanostructured
LiBH4 and Li;B13H1;. Tang et al. prepared nanostructured NayBi,Hq;
by ball milling for 72 h [37]. As can be seen in Fig. 5b (3 and 4), ball
milling results in crystal grain pulverization, similar to what is ob-
served in Li;B1,H1,. Phase analysis of the nanostructured material by
Rietveld refinement reveals the presence of two phases, the ex-
pected low temperature ordered polymorph and a second, higher
symmetry disordered phase that is similar to the polymorph nor-
mally present above the order-disorder phase transition tempera-
ture. In Fig. 5a the ionic conductivities of Nay,B{,H;, pre- and post-
ball milling are compared. Clearly, ball milling leads to a profound
conductivity increase of four orders of magnitude. Remarkably, this
conductivity enhancement persists during several heating cycles,
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Fig. 5. (a) Arrhenius plot of the conductivity of pristine and ball milled metal hydrides [37,65,89,91]. (b) SEM images of (1) pristine Na;B12H;>, (2) nanostructured Na,B;,H;5 (ball
milled for 72 h), (3) pristine Li;B;,H;, and (4) nanostructured Li;B1,H;; (ball milled for 20 h). Copyright 2016 Elsevier.

Data is reprinted with permission from ref [37].

even after heating to 350 °C. Thus, compared to Li;B;,H;> and LiBHy,
nanostructured Na,B;,H;, seems to form a more stable conductive
material that is less likely to deteriorate during battery operation.

The effect of mechanical milling on the phase behavior of several
other lithium and sodium closo-(car)borate compounds, including
LiZBIOHlO- NaszHlo, LiCB]]HlZ and NaCB11H12, was probed in the
same study [37]. In general, for all investigated compounds it was
found that crystallite size reduction and disordering effects led to
the room temperature stabilization of the superionic conducting
polymorphs normally present at higher temperatures. This illus-
trates that nanostructuring is a viable strategy to induce high cation
mobilities in these metal hydride-based ion conductors. However,
for most nanostructured metal hydrides (except for Na;B,Hpz) a
large decrease in conductivity is observed after heating to elevated
temperatures. It would therefore be interesting to find a way to
preserve the nanostructured phases, for example through the for-
mation of a nanocomposite with a (non-conducting) oxide na-
noscaffold, such as SiO, or Al,Os. The influence of nanocomposite
formation (and interface engineering) on the conductivity in metal
hydrides will be extensively discussed in the next section.

3.2. Metal hydride/metal oxide nanocomposites

In the previous section, the application of nanocomposite for-
mation was proposed as a method to improve the stability of na-
nostructured metal hydrides. In addition to the nanostructuring
effects, interface interactions between the oxide scaffold and na-
nostructured metal hydride could affect the ion diffusivity in the
nanocomposites, as explained in the beginning of this chapter. In
this section, the effect of nanocomposite formation on ionic mobility
in pure metal hydrides, i.e. LiBH4, NaBH4 and Li;B1,H1;, as well as
partially ion substituted metal hydrides, i.e. LiBH4-Lil and LiBHg4-
LiNH,, will be reviewed.

3.2.1. Borohydride/oxide nanocomposites

In 2012, Verkuijlen and co-workers observed highly mobile Li*-
ions upon melt infiltration of LiBH4 in a mesoporous SiO, scaffold
(MCM-41) [102]. Their static “Li and "B NMR measurements de-
monstrated that the mobility of both Li* and BH4 is strongly in-
creased after nanoconfinement. In a subsequent study by Blanchard
et al., it was shown for the first time that confining LiBH, in the
pores of ordered mesoporous silica scaffolds leads to high Li*

conductivity of 0.1 0 1073 Scm™' at room temperature, as displayed
in Fig. 6a [95]. The Nyquist plots obtained with Electrochemical
Impedance spectroscopy measurements at 30 °C, 50°C and 80 °C
consist of single, slightly depressed semi-circles, which suggests that
the ionic conduction in the nanoconfined LiBH4, or LiBH,4/SiO, na-
nocomposite, is governed by only one diffusion process. Notably,
upon nanocomposite formation the activation energy for lithium
diffusion was reduced accordingly, from 0.55 eV (h-LiBH4) to 0.43 eV.
In contrast to nanostructured LiBH,, the conductivity of the LiBH,/
SiO, nanocomposite is very stable in time and against temperature
changes. Furthermore, the authors proposed that the high ionic
mobility originates from a fraction of the confined borohydride that
is located close to the interface with the SiO, pore walls, a con-
ductive interfacial layer of about 1.0 nm thickness (Fig. 6b) [95].
Subsequent studies confirmed that interface interactions between
LiBH4 and the mesoporous SiO, scaffold are essential to the high
conductivity in LiBH,4/SiO, nanocomposites obtained via melt in-
filtration [103,104]. However, while the formation of the interfacial
layer was verified, it was found that the thickness of the interfacial
layer is 1.9 - 2.0 nm [92,105].

The conductivity of LiBH,/SiO, nanocomposites obtained via ball
milling has been investigated as well. Choi et al. prepared compo-
sites of LiBH4 and two different types of high surface area SiO,
(MCM-41 and fumed SiO,) with high-energy ball milling. The ion
conductivity of the composites ranged from 10> Scm™' (MCM-41) to
10 Scm™! (fumed SiO,) at room temperature. Interestingly, by
employing a continuum percolation model, the conductivity of the
LiBH,4/SiO, interface layer was estimated to be 10° times higher than
that of pure macrocrystalline LiBH4 [106]. The conductive interface
layer is likely the result of a reaction between the surface silanol
groups and the confined LiBHy, as suggested by Lefevr et al. for ball
milled LiBH4/SiO, aerogel [107]. Both studies highlight the im-
portance of the interface and indicate that significant enhancement
in ionic conductivity can be achieved via nanocomposite formation,
both with melt infiltration and ball milling.

The Li-ion mobility in LiBH4/oxide nanocomposites can be im-
proved by maximizing the contact area between LiBH4 and the
oxide, or by optimizing the interaction between the components, for
example by changing the density or nature of the active surface
groups. Since the nature and density of surface groups differs greatly
between different oxide scaffolds, using a different oxide could affect
the conductivity of LiBH4 nanocomposite electrolytes. In fact, Choi
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Fig. 6. (a) Arrhenius plot of the conductivity of pristine and nanoconfined LiBH,, including Nyquist plots of the LiBH4/SiO, nanocomposite obtained at 30 °C, 50 °C and 80 °C.

Copyright 2015 Wiley.

Data is reprinted with permission from ref [95]. (b) Schematic visualization of the metal hydride-metal oxide interface layer.

et al. demonstrated that Al,0O5 is more effective in making a highly
conducting interface layer in ball-milled LiBH4/oxide nanocompo-
sites than the previously investigated SiO, [99]. The ionic con-
ductivity of their LiBH4/Al,03 nanocomposite reaches a value of 2 -
10™ Scm™!, which is twice as high as that of the LiBH,4/SiO, nano-
composite. For the LiBH4/Al,05 nanocomposite, the formation of an
interfacial layer was confirmed by near-edge X-ray absorption,
which revealed the presence of B-O bonds in the nanocomposite.
Likewise, in a recent study by Dou et al. LiBH4 nanocomposites were
prepared based on layered double hydroxides (LDHs), high surface
area materials with a high density of active surface hydroxyls [108].
By using LDHs as insulating scaffold, the interface interaction with
LiBH4 could be maximized, which resulted in a remarkable increase
in ionic conductivity. For example, LiBH4/MgAI-LDH nanocomposites
exhibited a five order of magnitude increase in room temperature
conductivity, reaching values up to 0.31 - 107> Scm™. For both stu-
dies the enhancement in conductivity could be explained by a higher
density of surface hydroxyl groups in the scaffold compared to SiO,
resulting in a more conductive interface layer with more B-O bonds
and more mobile Li ions. Note that the exact mechanism for B-O
bond formation is still under debate. It has been speculated that a
SiO-BHslLi species forms upon partial reaction of LiBH, with the
surface hydroxyl groups.
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The effect of the nature of the oxide scaffold on LiBH4 nano-
composite conductivity was explored systematically [92]. In this
study, LiBH4/oxide nanocomposites were prepared through ball
milling with various nanosized oxides, including SiO,, Al,0s, CaO,
MgO and ZrO,. In all cases, 25 v/v% of oxide was present in the na-
nocomposites. The ionic conductivity of the nanocomposites was
greatly enhanced for all oxides (Fig. 7a). Notably, preparation with
ZrO, and MgO resulted in the most conductive nanocomposite
electrolytes, with conductivities of 0.26 and 0.18 0 10> Scm™' at
40 °C, respectively. These values are more than four orders of mag-
nitude higher than that of macrocrystalline LiBH,4, and also clearly
higher than those observed for the SiO,- and Al,0s3-based nano-
composites prepared in the same manner. The activation energies
for ionic transport also depend on the oxide that is used. The lowest
activation energies, 0.44 and 0.46 eV, were observed for ZrO, and
MgO-containing nanocomposites, while the nanocomposites based
on SiO, and Al,03 show activation energies of 0.52 and 0.55eV.
Based on their results the authors deduced a set of design rules to
optimize the influence of the oxide on the overall conductivity [92].
This study demonstrates that interface engineering is an effective
strategy to improve nanocomposite conductivity, especially by
choosing the optimal oxide scaffold and optimizing overall compo-
sition. Likewise, a recent study has illustrated that besides oxidic
scaffolds, high surface area, two-dimensional layered MoS, could
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Fig. 7. (a) Li-ion conductivity of ball milled mixtures of LiBH, with 25 v/v% of different oxides. Copyright 2020 American Chemical Society. (b) Na-ion conductivity of pristine
NaCB;;H;, and NaCB;;H;, nanoconfined in a SiO, scaffold using 130% pore filling. Copyright 2021 American Chemical Society.
(a) Data is adapted with permission from ref [92]. (b) Data is adapted with permission from ref [111].
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also be considered as promising nanocomposite scaffold [109]. The
novel LiBH4/MoS, nanocomposite reported in this work exhibited a
room temperature conductivity of 10™* Scm™, further broadening
the possibilities of interface engineered LiBH4 to include sulfide-
based scaffolds as well. Note that additional studies are required to
determine which scaffold property, e.g., surface chemistry, acidity, or
physical structure (morphology, particle size and porosity), is es-
sential to the formation of a conductive interface.

While several studies have shown the profound benefits of na-
nocomposite formation on the ionic conductivity of LiBH,, studies on
other metal hydride ion conductors, such as alanates and amines, are
scarce. It has only recently been determined that nanocomposite
formation can also be applied to tune the properties of sodium-
based metal hydrides, though for these compounds the strategy
seems less effective [59]. In fact, upon melt infiltration of NaBH,4 in
mesoporous SiO, (MCM-41) a limited improvement in ionic con-
ductivity of just one order of magnitude is observed between 20 °C
and 70 °C. The small enhancement in conductivity is attributed to
the formation of NayB1,H1; in the pores of the scaffold upon nano-
confinement. Moreover, both IR and NMR analysis demonstrate the
formation of B-O bonds, similar to LiBH4/Al,05 [99]. This indicates
that like interface engineered LiBH4 an interface layer is formed at
the metal hydride-metal oxide interface, though it is not highly
conductive in the case of NaBH,/SiO, [59]. Therefore, nanoconfined
NaBH,4 might benefit greatly from the application of other scaffolds
that could introduce stronger interface interactions. Indeed, by using
MgAl-layered double hydroxides(LDHs) in NaBH4-based nano-
composites, Dou et al. were able to achieve a conductivity increase of
three orders of magnitude [108]. The hydroxyl rich surface of the
LDHs enhances the interface interaction between NaBH, and the
scaffold, thereby promoting defect formation and Na* ion diffusion.
It is thus clear that nanocomposite formation is very effective in
enhancing conductivity in both LiBH, and NaBH,4 however, espe-
cially for the latter it is important to maximize interface interaction
between the metal hydride and the non-conducting scaffolds.

3.2.2. Closo-borate- and closo-carborate/oxide nanocomposites

In Section 3.1.2, it has been shown that nanostructuring is a vi-
able technique to enhance cation mobilities in closo-borates and
closo-carborates. On the other hand, the conductivity of nanos-
tructured closo-(car)borates is not (thermally) stable and decreases
significantly after heating to high temperatures. Nanocomposite
formation might offer a way to stabilize the high conductivity in
nanostructured closo-(car)borate-based solid electrolytes.

Recently, Yan et al. prepared nanocomposites with Li;Bi;Hq,
using mesoporous SiO, as scaffold [110]. Since Li;B1,H;> has a high
melting point (T, >500 °C), the composite cannot be simply formed
via melt infiltration. Hence, a two-step synthesis method was ap-
plied in which firstly nanoconfined LiBH4 was prepared, after which
the confined LiBH4 was treated with a H,/B,Hg atmosphere at 150 °C
to form nanoconfined Li,B1,H15. It was confirmed with 1'B MAS NMR
that all LiBH4 is successfully converted to 94 mol% Li;B1,Hy> and
6 mol% Li,B1gH 0. Unfortunately, the as-synthesized nanocomposite
exhibits a low ionic conductivity of 1.0-1077 S cm™! at 25 °C, similar to
the value obtained for bulk Li;Bi,Hq, [110]. It should be considered
that the preparation method might affect the formation of a con-
ductive interface layer between the metal hydride and the oxide. As
a result, the Li,B;,H;>/oxide nanocomposite might display a limited
Li-ion mobility, in contrast to interface engineered LiBH,. This study
does not firmly resolve whether nanocomposite formation can help
stabilize the high-temperature superionic polymorph of (car)borate
metal hydrides or improve their room temperature conductivity.
Therefore, it would be interesting to compare the conductivities of
Li;B1,Hi2 nanocomposite prepared via this method, to a Li;BioHqo/
SiO, nanocomposite synthesized through other methods, such as
high-energy ball milling.
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In a recent study by Andersson et al. a novel approach was pro-
posed to prepare closo-(car)borate nanocomposites [111]. In their
work, nanodispersion of NaCB;;H1; in porous SiO, was achieved via
salt-solution infiltration followed by vacuum desolvation, an ap-
proach similar to melt infiltration. Structural characterizations with
DSC and XRD indicate that the metal hydride was confined in the
scaffold pores. This nanoconfined NaCB;;H;, phase resembled the
high-temperature superionic polymorph of bulk NaCBi;Hq;, with
dynamically disordered CBy;H;,™ anions exhibiting fast reorienta-
tional mobility. The high anion mobilities promote fast cation dif-
fusion, which yields Na-ion conductivities of 0.3-10 Scm™! at room
temperature (Fig. 7b). Notably, it is expected that the conductivity of
the NaCB;;H;>/Si0, nanocomposite can be further improved by op-
timization of the preparation method, for example by applying ball
milling or improving the solution impregnation method, as well as
tuning of the nanocomposite composition, e.g., by scaffold chemistry
and volume fraction. Nevertheless, this work demonstrates that the
formation of a nanocomposite is a viable strategy to stabilize highly
conductive phases not only in borohydride-based compounds, but
also in closo-(car)borate-based solid electrolytes.

3.2.3. LiBH4-Lil/oxide nanocomposites

In the previous sections, the application of nanocomposite for-
mation on macrocrystalline metal hydrides was discussed. However,
this method might also lead to an enhanced conductivity in ion
substituted metal hydrides, such as Li(BH4);-xIx or Li;(BH4)(NH5). In
this way, synergetic effects of both enhancement strategies (ion
substitution, nanostructuring and interfacial effects) could lead to
even greater improvement of the ionic mobility. Recently, this type
of solid-state ion conductors has been explored in detail.

In 2019, Lu et al. were the first to report on the synthesis of a
highly conductive Lis(BH,4)s3l/SiO, nanocomposite by confining the
Lil-substituted LiBH,4 into mesoporous silica (SBA-15). The authors
prepared the most conductive LiBH4-Lil solid solution, Lis(BH,)sl, as
reported by Miyazaki et al. [80] The phase composition of the LiBH,4-
Lil solid solution and the nanocomposite were characterized with
XRD. At room temperature, Lis(BH4)sI was in the hexagonal P63mc
polymorph. After melt infiltration of the Liy(BH4)sl solid solution in
the mesoporous SiO, scaffold, the corresponding diffraction peaks
became less intense [112]. This indicates that the hexagonal poly-
morph of Liy(BH4)sl was stabilized in the pores of the amorphous
SiO,. The temperature-dependent conductivities of LiBHy, Lis(BH4)sl
and nanoconfined Lis(BHy4)3l are depicted in Fig. 8a. Here, it can be
seen clearly that Liy(BH4)sl/oxide nanocomposite exhibits sig-
nificantly enhanced conductivity of 2.5:10% Scm™ at 35°C, com-
pared to the pristine Li4(BH4)sI solid solution and the nanoconfined
LiBH,4. Based on “Li solid-state NMR measurements, it was proposed
that an interface layer with a thickness of 1.2 nm between Liy(BH,4)sl
and SiO, is responsible for the fast Li-ion conduction [112]. Note that
this value is similar to the interface layer thickness of 1.9 nm cal-
culated for LiBH,/oxide nanocomposites [105]. These results reveal
that the conductivity of LiBH4 can be further improved by synergetic
effects of partial ionic substitution and nanoconfinement.

Since the conductivity enhancement in Lis(BH4)31/SiO, nano-
composites originates from the formation of a conductive interface
layer, the type of oxide could affect the nanocomposite conductivity.
Zettl et al. studied the conductivity of LiBH,4-Lil confined in meso-
porous SiO, and Al,03, where Ligy(BH,4)sl was formed in-situ during
melt infiltration in the scaffold [113]. Their study confirmed that the
interaction of LiBH4 with the oxide interface is crucial for the en-
hancement of the ionic conductivity. A preparation technique that
hindered the interaction of LiBH, with the oxide interface, whilst
still forming LiBH4-Lil in the oxide pores, was employed. In this case,
LiBH4-Lil/oxide nanocomposites exhibited much lower con-
ductivities than those in which interface interaction was possible. On
the other hand, when comparing LiBH4-Lil/SiO, and LiBHy4-Lil/Al,03
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nanocomposites, it was found that they displayed very similar con-
ductivities (1.3-10™ Scm™ at 25°C) and activation energies for Li-
ion transport (0.44 eV in both cases). It is important to note here that
the SiO, (SBA-15) and Al,03 scaffold are different in terms of mor-
phology, porosity and surface chemistry, which makes it impossible
to identify the exact influence of the different scaffold properties on
ionic conductivity. Hence, detailed NMR studies were required to
determine the underlying principles of Li*-conduction in ion sub-
stituted LiBH4/oxide nanocomposites, and the effect of surface in-
teractions on the conduction mechanism.

To this end, in a subsequent study broadband conductivity
spectroscopy and 'H, SLi, ’Li, ''B, and 2’Al NMR was used to study
structural and dynamic features of nanoconfined LiBH,4-Lil/Al;03
[114]. In particular, interfacial effects were clearly observed by 2”Al
magic angle spinning NMR. Notably, it is observed that penta-co-
ordinated Al sites of the Al,03 scaffold becomes saturated through
the formation of either Li*[AlOsI]™ or Li*[AlOsBH,4]™ species, possibly
via reaction with surface hydroxyl groups [114]. A Li*[AlOsX]” com-
plex could leave behind Li* vacancies in the surface regions, thereby
generating enhanced diffusion through hopping processes. Similar to
LiF/Al,03 [115], these percolating surface pathways would give rise
to enhanced long-range Li ion transport [114]. Such a surface-con-
trolled diffusion mechanism might be a universal feature of con-
ductor/insulator composites, in particular with Al,Os.

In a follow-up study, the authors employed variable-temperature
7Li NMR spectroscopy to quantify the effect of the conductor-in-
sulator interfacial regions in nanoconfined LiBH4/Al;05; and LiBH,4-
Lil/Al,O3 [116]. The study provided an additional proof that penta-
coordinated Al centers near the Al,O3 surfaces are involved in
creating a defect rich LiBH,4(-Lil)/Al,03 interface. It was shown that
the interfacial regions in the LiBH4(-Lil)/Al,O3 nanocomposites dis-
play extremely rapid “Li NMR spin fluctuations, which provides di-
rect evidence for fast Li* jump processes in both nanoconfined
LiBH4/Al;03 and LiBH4-Lil/Al;0s. The fact that almost no difference is
seen between the ’Li NMR spin fluctuations of the nanocomposites
reveals that the lithium dynamics in the conductive interface regions
are independent of the LiBH4 polymorph, either being orthorhombic
(LiBHy4) or hexagonal (LiBH4-Lil). Thus, the interfacial regions play a
dominant role in explaining the enhanced ion dynamics in the na-
noconfined samples, regardless of whether Lil is present or not. On
the other hand, these results do not explain why long-range ionic
transport in LiBH,4-Lil/Al,03 is faster than in LiBH,4/Al,03. Most likely,
the difference originates from the orthorhombic bulk regions in the
latter compound. As illustrated schematically in Fig. 8b, the

10

orthorhombic regions in LiBH4/Al,05 limit Li* ion transport through
long-range ion transport pathways, in contrast to the more con-
ductive hexagonal bulk regions in LiBH,4-Lil/Al,03. In summary, in
both nanocomposites the interface regions provide fast Li* diffusion
pathways, however anion substitution ensures fast Li* diffusivity in
the hexagonal bulk regions that do not benefit from interactions
with the oxidic surface regions. In this way, the combination of
nanoconfinement and anion substitution enables facile, overall long-
range Li-ion transport.

3.2.4. LiBH4-LiNH,/oxide nanocomposites

Similar to the previously discussed LiBH,4-Lil/oxide nanocompo-
sites, the combination of nanoconfinement and anion substitution
with NH;™ also results in highly conductive nanocomposites. While
this system was only concisely discussed in a previous study [113],
the LiBH,4-LiNH,/oxide nanocomposites were investigated in greater
detail by de Kort et al. [ 100] First of all, it should be noted that partial
ionic substitution with NH," leads to the formation of new com-
pounds, including Li>(BH4)(NH3) and Lis(BH4)(NH3)s, unlike LiBH,4-
Lil in which the high-temperature polymorph of LiBH, is stabilized
[79,117-119]. These new compounds have relatively low melting
points [117], e.g. 90 °C for Lix(BH4)(NH,) [119], which results in in-
teresting ion conduction properties. In general, the ionic con-
ductivity of LiBH4-LiNH, mixtures is higher than that of pure LiBH,.
Most striking is the sharp increase in conductivity between 25 °C
and 40 °C, which is attributed to the melting of the new compound
Li;(BH4)(NHy) [79,100]. At temperatures above 40°C the con-
ductivity shows negligible temperature dependence, suggesting the
formation of a superionic conducting phase [100]. Since LiBH4-LiNH,
displays different conduction behavior compared to LiBH4-Lil, the
effect of nanocomposite formation on the conductivity of LiNH,-
substituted LiBH,4 solid electrolytes might also be different.

Upon melt infiltration in a mesoporous oxide scaffold, either SiO,
or y-Al,03, the ionic conductivity of the LiBH4-LiNH,/oxide nano-
composites in enhanced. The highest conductivity of 51074 Scm™ at
30°C is obtained using mesoporous SiO, (SBA-15) as scaffold [100].
In a later study by Yang et al., similar results have been observed for
Lio(BH4)(NH,) confined in a mesoporous SiO, [120]. In Fig. 9, it can
be seen that over the recorded temperature range no phase change-
induced conductivity increase can be identified, in contrast to the
non-confined LiBH4-LiNH, mixture [100]. This suggests that the
origin of the conductivity enhancement in LiNH,-substituted LiBH,4
might be different from other complex hydride nanocomposites, e.g.
LiBH, and LiBHy4-Lil. Specifically, the conductivity enhancement
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the reciprocal temperature. For comparison, the conductivity data of LiBH4/SiO, non-
confined LiBH4-LiNH; and pristine LiBH,4 are included [100].

could be attributed not only to the formation of a highly conductive
interface layer, but also to the stabilization of (highly conductive)
molten LiBH4-LiNH, at room temperature due to nanoconfinement
effects.

Even though the conductivity enhancement might not be solely
related to the formation of a conductive hydride/oxide interface
layer, the nanocomposite conductivity could still be affected by the
properties of the mesoporous scaffold. Therefore, de Kort et al. sys-
tematically investigated the influence of scaffold properties on the
conductivity of LiNH,-substituted LiBH4/oxide nanocomposites
using metal oxides with different surface chemistry and physical
properties (e.g. porosity) [100]. The study reveals that the con-
ductivity of LiBH4-LiNH,/oxide nanocomposites is strongly influ-
enced by both the chemical and physical nature of the scaffold
material (Fig. 10). By tuning the surface chemistry (Fig. 10a) and the
pore structure (Fig. 10b) of the mesoporous oxide, the nanocompo-
site conductivity could be varied by three orders of magnitude at
room temperature. Surprisingly, the most dominant factor con-
tributing to an improved conductivity in LiBH4-LiNH,/oxide nano-
composites, is the pore volume of the mesoporous oxide (Fig. 10c).
This is in contrast to LiBH4/oxide nanocomposite, where the con-
ductivity is governed by the chemical nature of the mesoporous
scaffold. Moreover, it is observed that despite the large difference in
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conductivity, the activation energy for ion transport in the different
nanocomposites remains generally the same. The authors suggested
that the strong correlation between conductivity and pore volume
indicates that the conductivity enhancement in LiBH4-LiNH,/oxide
nanocomposites is mostly the result of stabilization of highly con-
ductive molten LiBH4-LiNH, in the scaffold pores, rather than the
formation of a conductive interface layer.

The results were further corroborated by two recent studies by
Yan et al. and Zhao et al. [121,122]. Both authors studied a similar
system to LiBH4-LiNH,/oxide nanocomposites based on hemi-
ammine lithium borohydride (LiBH40xNH3) combined with in-situ
formed nanocrystalline Li;O. Zhao et al. demonstrated that nano-
composite formation with Li,O enhances the ionic conductivity,
thermal stability, and electrochemical properties of LiBH40xNH3
(x=0.67 - 0.8) [122]. In the presence of 78 wt% of Li,0, LiBH;,0xNH3
forms a highly conductive amorphous or molten layer on the surface
of the Li,O particles. The authors attribute the stabilization of
molten LiBH,0xNH3 to the strong interfacial effect of formed nano-
crystalline Li,O, which prevents recrystallisation. It is surprising that
this highly conductive composite contains only 22 wt% of active
material (LiBH40xNH3), suggesting that Li,O might be an active ad-
ditive in this case. Similar results have been reported recently for Mg
(BH4),0xNH3 nanocomposites, in which a conductive molten state
could be stabilized with high amounts of nanoparticles (ca. 75 wt%)
resulting in a room temperature conductivity around 10~ Scm™
[63]. In the case of LiBH40xNHs3, it was suggested that the interface
layer between LiBH40xNHs; and Li;O might further promote the
migration of Li-ions. Consequently, the ionic conductivity at 20 °C
increases to 5.4 10 Scm™! and the electrochemical stability
window widened from 0.5 to 3.8V, showing that the interface ef-
fects induced a profound change in the structure and electro-
chemical properties of the composite [122].

From the works described in previous sections, it is clear that the
conductivity of monophasic (pristine), as well as ion-substituted
metal hydrides can be greatly enhanced via nanocomposite forma-
tion and interface engineering. An overview of the discussed metal
hydride-based nanocomposites and the corresponding con-
ductivities are provided in Fig. 11. The conductivity of metal hydride-
based nanocomposite ion conductors is closely linked to the prop-
erties of the scaffold materials. Both the chemical nature and the
physical properties (e.g. morphology or porosity) of the non-con-
ducting oxide can influence the overall conductivity and activation
energy of ion hopping, though the exact extent depends on the metal
hydride. It should be noted that only non-reducible scaffolds can be
used in metal hydride-based nanocomposites, as the formation of
oxygen vacancies in the oxides, through reduction by the highly
reducing hydrides, can induce electrical conductivity [92]. Further-
more, even though electrolyte conductivity has been the focus of this
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Fig. 10. Temperature-dependent Li-ion conductivity of LiBH4-LiNH, nanoconfined in scaffolds with (a) different surface chemistry and (b) different porosity. (c) Correlation
between nanocomposite conductivity and pore volume of the applied SiO, scaffold [100].
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Fig. 11. Overview of the ionic conductivity of the metal hydride-based nanocomposites discussed in this review at room temperature (T =20 - 30 °C). On the right, an enlargement
of the grey area is provided to more clearly distinguish the differences between the most conductive nanocomposites.

review, other electrolyte properties, such as electrochemical stability
window and interface stability with electrode materials, are also
important properties for practical application in ASS batteries.
Hence, in the following section several ASS batteries based on metal
hydride nanocomposite electrolytes will be reviewed.

4. All-solid-state batteries based on metal hydride
nanocomposite electrolytes

In the following sections, the applicability of metal hydride na-
nocomposite electrolytes in practical ASS batteries will be con-
sidered, by discussing all the ASS batteries based on nanostructured
and nanocomposite metal hydrides that have so far been reported.
To start, the performance of ASS batteries based on pure and par-
tially ion substituted LiBH, nanocomposites is reviewed. Next, the
implementation of nanostructured Li,B;;Hq; and other closo-(car)
borates in practical batteries will be considered. For a complete
overview of all metal hydride-based all-solid-state batteries the
reader is referred to two excellent reviews on this topic by Latroche
et al. and Duchéne et al. [27,123].

4.1. Application of borohydride/oxide nanocomposites in ASS batteries

Over the past years, pure LiBH4 has been studied as a solid
electrolyte in several ASS batteries typically using TiS, or sulfur as
cathode materials [123]. Due to the necessity of a sufficiently high Li-
ion conductivity, these ASS batteries operate at a temperature of
about 120°C to ensure the electrolyte remains in the conductive
hexagonal polymorph [124]. Since LiBH, forms a stable interface in
contact with metallic lithium, it can be incorporated in a battery
using lithium metal as anode, greatly enhancing the energy storage
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capacity [54]. The attractive mechanical properties (softness) of
LiBH4 (similar to most complex hydrides) leads to good interfacial
contact with metallic Li anode. On the other hand, the electro-
chemical stability window of macrocrystalline LiBH, has been re-
cently determined to be about 2.0 - 2.2 V versus Li*/Li [26,82]. While
this value is close to the working potential of the high-capacity
cathode material sulfur, the application of high-voltage cathodes,
such as LiCoO,, will be challenging since these operate at a higher
working potential and would, therefore, lead to the decomposition
of the electrolyte.

In 2016, Das et al. implemented nanoconfined LiBH, in an ASS
lithium-sulfur battery operating at moderate temperature, i.e. 55 °C
[125]. The battery was based on LiBH, confined in mesoporous silica
(MCM-41) as electrolyte. The electrolyte demonstrated promising
properties for battery operation, including a room temperature
conductivity of 0.1 1 107 Scm™, a cationic transport number of 0.96
and an excellent stability against metallic lithium. The studied Li|-
LiBH,4/Si0,|S-C battery was cycled for 40 cycles, at 0.03 C-rate and a
working upper and lower cut-off voltage of 3.5 and 1.0V versus Li*/
Li, respectively (Fig. 12a). From the third cycle onwards the cou-
lombic efficiency was typically 99.6% (Fig. 12b), demonstrating the
good cycling stability of the battery. After 40 cycles, the battery
delivered a high capacity versus sulfur mass of typically 1220 mAh
g1, 73% of the theoretical sulfur capacity (1675 mAh g™!). Notably,
during the first discharge, the cell exhibits a much larger capacity
than the theoretical capacity as expected from the amount of sulfur
in the cathode. This is most likely related to electrochemical reaction
of LiBH4 with the sulfur-based cathode materials, forming a solid
electrolyte interphase (SEI) layer.

A similar battery performance was reported by Lefevr et al., who
successfully applied ball milled LiBH,4/SiO, composite electrolytes in
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Fig. 12. (a) Discharge-charge profiles of a Li|LiBH,4/SiO5|S-C cell operating at 55 °C with a C-rate of C/30. (b) Specific capacity and Coulombic efficiency as a function of cycle

number for the same cell [125].
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Fig. 13. Discharge-charge profiles of Li|LiBH4/MgO|TiS; cells, (a) operating at room temperature with a C-rate of C/10 without any prior heat treatment or cycling experiments and
(b) operating at room temperature with a C-rate of C/20 after charging and discharging for 65 cycles at 60 °C with a rate of C/20. Copyright 2020 American Chemical Society.

Data has been adapted with permission from ref [126].

ASS Li-S batteries [107]. After 10 discharge-charge cycles at 55 °C
with a 0.03 C-rate, the batteries showed a reasonable capacity re-
tention of 794 mAh g sulfur with a Coulombic efficiency of 89% and
an average capacity loss of 7.2% during the first 10 cycles. In ac-
cordance with the results of Das et al. the initial discharge capacity
was more than double the theoretical capacity indicating the for-
mation of an SEI layer. While it seems that the formed SEI layer does
not limit the following charge-discharge cycles, more work is needed
to determine the exact origin of high initial discharge capacity as
well as the capacity fading during cycling.

Recently, an ASS battery working at room temperature using
LiBH4-based electrolytes was demonstrated for the first time by
Gulino et al. [126]. In this work, a nanocomposite electrolyte was
prepared by ball milling LiBH, with MgO nanoparticles, and subse-
quently incorporated in a Li-TiS, battery. Initial cycling of a Li|LiBH,/
MgO|TiS; battery at room temperature resulted in cell failure after
only five cycles (Fig. 13a). In the charge profiles spikes can be ob-
served, that are attributed to inhomogenous Li plating which may be
caused by a current density that exceeds the so-called critical cur-
rent density. Additionally, the authors speculated that in this case
only a small SEI layer is formed due to slow kinetics at room tem-
perature. Interestingly, by conditioning the battery at 60 °C prior to
operation, it was possible to charge and discharge the battery in a
stable manner for 30 cycles at room temperature. Notably, during
the application of several charge/discharge cycles at 60 °C, a stable
SEI layer forms. While the SEI formation caused an initial increase in
contact resistance, it also limited further decomposition of the
composite electrolyte. Surprisingly, thereafter it was possible to
cycle the battery at room temperature for up to 30 cycles with a
specific capacity of about 50 mAh g™! and a capacity retention of
about 80% after the 30 cycles (Fig. 13b). Note that the cycling profile
is different and specific capacity is lower compared to the cell that
was operated without prior conditioning, because this cell was al-
ready charged and discharged for 65 cycles at 60 °C, during which
the capacity faded. It will be interesting to study whether this re-
markable strategy is also applicable to other ASS batteries based
metal hydride electrolytes, thereby facilate room temperature op-
eration for other systems as well.

Besides LiBH4/oxide nanocomposites, partially ion-substituted
LiBH/oxide nanocomposites are also promising candidates for ap-
plication in all-solid-state batteries. In two recent studies, Lu et al.
and Yang et al. demonstrated that both Lil- and LiNH,-substituted
LiBH,4/SiO, are indeed attractive electrolytes for next-generation all-
solid-state Li-ion batteries [112,120]. In their study, Lu et al. de-
termined that Liy(BH4)31/SiO, exhibits a wide apparent electro-
chemical stability window up to 5V vs Li*/Li and a superior Li
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dendrite suppression capability due to the formation of stable in-
terphase layers. The nanocomposite electrolyte is implemented in
ASS batteries based on a sulfur cathode and two different oxide
cathodes (Li4TisOq and LiCoO;), which were successfully operated
for three cycles at a 0.05C-rate and 55°C. Both the sulfur and
Li4TisO4, cathodes required an addition of carbon, respectively, 10
and 15 wt% to the cathode mixture, to induce sufficient electronic
conduction.

Similarly, Yang et al. cycled a Li|Lio(BH,)..(etc.) cell, with excellent
specific capacity of 150 mAh g™! and a Coulombic efficiency of 96%
after 55 cycles [120]. In both studies, the cycling behavior during the
initial charging processes indicate a side reaction between the
electrolyte and cathode to form a protective SEI that minimizes
further decomposition at excessive potentials. Note that the bat-
teries have only been studied at moderate temperature (55 °C) and it
would be interesting to examine their performance at room tem-
perature after formation of the SEI layer. Also interesting is that the
presence of the metal oxides in the nanocomposite electrolytes did
not compromise the mechanical properties of the electrolytes, hence
their good interfacial contact with electrode materials.

4.2. Application of nanostructured closo-borates in ASS batteries

Several reports on the implementation of lithium- and sodium
closo-(car)borate electrolytes in all-solid-state batteries have been
published in the past few years, including an extensive review by
Duchéne et al. [27] Most of these batteries are based on partially ion
substituted closo-borate compounds, such as
Nay(B12H12)o.5(BioH10)os  [25], Nas(CB1iH12)2(B1oHiz) [127] and
Li»(CBgH10)(CB11H12) [83], while only few report exist on the im-
plementation of nanostructured closo-borates, and no studies have
been published yet on the application of interface engineered closo-
borates in ASS batteries.

Both Kim et al. and Teprovich et al. show that nanostructured
Li;B1,H1, outperforms macrocrystalline Li;B1,H;; as solid electrolyte
in ASS Li batteries [91,101]. In Fig. 14, the discharge-charge curves of
an all-solid-state Li-TiS, battery based on ball-milled Li,B;,H;, are
depicted, during cycling in the voltage range of 1.6 - 2.7 V vs Li*/Li at
80 °C and 0.05 C. The battery exhibits an initial discharge capacity of
228 mAh g™! and a good capacity retention over 20 cycles [91]. The
battery performs better compared to a similar cell prepared with
pristine Li;B1,H, as the solid electrolyte, which delivered a smaller
capacity that faded more rapidly during cycling [69]. In addition, the
performance of nanostructured Li;Bi,H1; in a Li-LiCoO, battery was
examined [101]. Cycling of the Li-LiCoO, cell was performed at
moderate temperature (50 °C) between 3.0V and 4.2V at a rate of
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Fig. 14. Discharge-charge profiles of all-solid-state Li|Li,B12H1»|TiS; battery cells cycled with a C-rate of C/20, based on (a) ball milled Li,B12H1, [91] and (b) pristine Li;B15H1» [69].

0.2 C. The battery exhibited an initial discharge capacity of 63 mAh
¢!, which dropped to 37 mAh g over 20 charge-discharge cycles
(59% capacity retention). Although the capacity for this battery is far
below the theoretical capacity (274 mAh g71), it does demonstrate
that nanostructured Li;B;,H;; can be incorporated into full battery
cells utilizing both sulfur and oxide-based cathode materials.

Unfortunately, to the best of our knowledge no other studies on
the implementation of nanostructured closo-(car)borates and closo-
(car)borate/oxide nanocomposites in practical ASS batteries have
been published. On the other hand, work on pristine closo-(car)bo-
rates, including LiCB4;H;; and NaCBy,Hy3 [70] does reveal that these
materials can be cycled in ASS batteries working at moderate tem-
peratures even without modifications. As discussed in Sections 3.1.2
and 3.2.2, for a broad class of closo-borate and closo-carborate ma-
terials, higher conductivities can be achieved at ambient tempera-
tures via nanostructuring (ball milling) and nanocomposite
formation. Based on these findings, nanostructured or interface en-
gineered closo-borates and closo-carborates are very promising
candidates for ASS metal hydride batteries operating at moderate to
low temperatures. It would, therefore, be interesting to investigate
their performance in practical ASS batteries and compare it to other
metal hydride-based solid ion conductors, as well as sulfide- and
oxide-based electrolytes.

For metal hydride- and closo-carborate-based ASS batteries, im-
proved safety and a higher energy density compared to today’s Li-ion
batteries are important properties to keep in mind as well. Besides
optimizing their ionic conductivity, it will also be essential to eval-
uate the thermal, chemical and electrochemical stability of complex
hydride electrolytes [128]. For most (pristine) complex metal hy-
drides, the thermal stability and (electro)chemical stability has been
evaluated. Notably, LiBH, and NaBH; decompose at 370°C and
534 °C in the presence of 1 bar hydrogen and thermal decomposition
of closo-borates typically occurs between 350 °C and 600 °C [27]. The
thermal stability of closo-carborates has not yet been investigated in
detail, but calorimetry measurements indicate that these com-
pounds are thermally stable up to at least 200 °C [129]. Moreover,
DFT calculations on the electrochemical stability showed that M
(BHy4)x compounds tend to be oxidized at 2V vs. Li/Li* (Na/Na"),
while closo-borate compounds typically have a higher oxidative
stability, up to 4 V vs. Li/Li* (Na/Na*) [28]. Unfortunately, the effect of
nanostructuring or nanocomposite formation on the thermal and
(electro)chemical stability of complex metal hydrides has not yet
been studied systematically. The decomposition pathways, and
thereby stability, might be affected by nanostructuring and nano-
composite formation. Hence, experimental stability studies could
give valuable information for the application of modified metal hy-
drides in ASS batteries.
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5. Conclusion and perspectives

Complex metal hydrides are a promising class of materials for a
variety of energy storage applications, including as solid-state ion
conductors for all-solid-state batteries. In the past decade, large ef-
forts have been made to improve the electrochemical performance
of complex hydride-based electrolytes, specifically their ionic con-
ductivity at room temperature. Nanostructuring and nanocomposite
formation are intriguing strategies that offer a great potential to
improve the ion mobility in metal hydride ion conductors.

The design and fabrication of nanostructured and interface en-
gineered metal hydride-based solid electrolytes has been discussed
in this review. Via nanostructuring by ball-milling, conductive high-
temperature polymorphs remain present when cooled to ambient
temperature for a wide range of compounds, such as LiBHy, Li;B12H1;
and NaCBq;H;,. Unfortunately, these nanostructured polymorphs are
not thermally stable, and their conductivities degrade when cycled
at high temperatures or over a long time. Therefore, it is important
to find ways to preserve the conductivity of nanostructured mate-
rials. More stable compounds are obtained by forming nano-
composites through melt infiltration or ball milling of metal
hydrides with metal oxides. The conductivity of metal hydride/metal
oxide nanocomposites, for example based on LiBHy, Li;(BH4)(NH>)
and NaCBq;Hy,, is greatly enhanced and remains stable upon cycling,
even at high temperatures. However, several studies demonstrate
that sufficient interface interaction between the metal hydride and
the insulating scaffold is critical for the success of this approach.
Hence, in future work, interface interactions at the hydride-oxide
interface should be studied further to determine the exact nature of
these interactions and the effects of the chemical and physical (e.g.
pore structure and morphology) properties of the oxides on nano-
composite conductivity.

Furthermore, the application of nanostructured and interface
engineered metal hydride-based electrolytes in all-solid-state bat-
teries is still in an early stage of development. Further works are
needed to gain more insight on the performance of ASS batteries
based on metal hydride electrolytes. While some promising ex-
amples of complex hydride-based ASS batteries have been shown,
unfavourable side reactions and capacity fading are still critical is-
sues that should be addressed. Fundamental research that addresses
the origin of capacity fading, the formation of (stable) interface
layers and the compatibility with high-voltage cathodes will be es-
sential for the application of metal hydride ion conductors in ASS
batteries. Additionally, studies on the long-term (thermal and
(electro)chemical) stability and dendrite formation, as well as
practical aspects including manufacturing costs, optimized (gravi-
metric and volumetric) energy density and battery recycling are
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highly relevant. Here, it should be considered that the incorporation
of an oxide, which often have a high density, in a metal hydride-
based ion conductor heavily influences the theoretical energy den-
sity of a metal hydride-based ASS battery. For example, the gravi-
metric energy density of a Li|LiBH4/MgO|TiS; battery is about 35% of
the expected energy density of a Li|LiBH4|TiS, cell considering the
same volume of all battery components. On the other hand, the
battery manufacturing cost might be lowered due to the in-
corporation of inexpensive oxide scaffolds, thereby reducing the
amount of complex metal hydride needed for the battery. We hope
that this review can stimulate extensive and insightful studies for
the design of novel metal hydride/oxide nanocomposites with ex-
cellent electrochemical performances for next generation batteries.
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