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Complex hydrides with the (BH4)™ anion are conventionally
expressed as M(BH,), (n: valence of metal M), which shows
ionic bonding between the M"" cation and the (BH,)™ anion.
These hydrides have been attracting great interest as potential
candidates for advanced hydrogen storage materials because of
their high hydrogen densities.'> Moreover, some of the authors
have reported that one of the complex hydrides, Li(BH,), exhibits
another novel chemical property, that is, lithium fast-ion
conduction (more than 1 x 107 S/cm over 390 K),*> which was
observed during attempts to clarify the microwave absorbing
mechanism.*> Although a wide variety of inorganic lithium fast-
ion conductors such as oxides® ® and sulfides® '* have been
reported, no lithium fast-ion conductor of hydride except Li(BH4)
has been found since the report of Li,(NH) in 1979.' The
research and development of lithium (fast-)ion conductors is
significantly important because they may potentially be applied
to solid electrolytes to improve safety and energy-density related
issues of conventional lithium-ion batteries.

The ion conductivity of Li(BH4) increases by 3 orders of
magnitude at ~390 K due to its structural transition from the
low temperature (LT) phase to the high temperature (HT) phase.?
Also it has been recently demonstrated that the HT phase of
Li(BH,) can be stabilized by addition of lithium halides, resulting
in the enhanced conductivity at room temperature (RT).'*~'¢

Here we report another conceptual study and remarkable results
of Liy(BH4)(NH,) and Lis(BH4)(NH,); combined with the (BH,)™
and (NH,)™ anions showing ion conductivities 4 orders of magnitude
higher than that for Li(BH,4) at RT, due to being provided with
new occupation sites for Li* ions. This study not only demonstrates
an important direction in which to search for higher ion conductivity
in complex hydrides but also greatly increases the material
variations of solid electrolytes.

Experimental details are given in the Supporting Information.
Briefly, the complex hydrides were synthesized by mechanical
milling of two host hydrides, 1 M of Li(BH,) and x M of Li(NH,)
with x = 1 and 3. Following heat treatment for sufficient
crystalline growth (crystallite sizes: more than 100—200 nm),
the resulting powders were subjected to electrical conductivity
measurements by an ac impedance method. Temperature ranges
for the conductivity measurement were from RT to above and
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Figure 1. Electrical properties of Li,(BH4)(NH,) and Lis(BH4)(NH»)3
measured in heating run. (a) Typical impedance plots obtained using a
molybdenum—metal electrode at RT. (b) Arrhenius plots of the electrical
conductivities. The melting temperature of Liy(BH4)(NH,), 365 K, is
indicated as T,,. For reference, the data of Li(BH,;) and Li(NH,) as host
hydrides are also shown.

below melting temperatures for Li(BH4)(NH,) and
Lis(BH4)(NH,)3, respectively.

The electrical conductivities of Li,(BHs)(NH,) and
Lis(BH4)(NH,); were determined from their impedance plots. Figure
la shows typical plots obtained using a molybdenum-metal
electrode. The plot of Li,(BH4)(NH;) showed a spike in the lower
frequency range caused by the electrode contribution as well as a
semicircle in the higher frequency range. It has been confirmed
that the plot obtained using a lithium—metal electrode exhibited
only the semicircle, which is interpreted as being a parallel
combination of resistance and capacitance. The capacitance was
found to be 160 pF, which is consistent with the bulk contribution
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Figure 2. 'Li NMR spectra of Li)(BH4)(NH,) and Lis(BH,)(NH,); at some
selected temperatures (below their melting temperatures), measured in
heating run. Representative Lorentzian component and Gaussian component
are shown by dotted lines in spectra at 300 K.

in Li(BH,) (100—300 pF).? The hydride was heat-treated for the
sufficient crystal growth as mentioned above, so the grain boundary
contribution was not observed, which is the same tendency as in
the case of Li(BH,).'® A similar impedance plot was also observed
for Liy(BH4)(NH,);. Both of the plots shown in Figure 1a represent
the characteristics of ion conductors composed of the bulk and
electrode contributions.

As shown in Figure 1b, Liy(BH4)(NH,) exhibited a fast-ion
conductivity of 2 x 107* S/cm at RT, which is 4 and 5 orders of
magnitude higher than those of the host hydrides Li(BH4) and
Li(NH,), respectively, and the conductivity monotonically increased
upon heating. The activation energy for conduction significantly
decreased at ~368 K from 0.56 eV (303—348 K) to 0.24 eV (above
368 K). From the differential scanning calorimetry (DSC) measure-
ment, the melting temperature of Li;(BH4)(NH,) was estimated to
be 365 K (see Figure S1 in the Supporting Information). Therefore,
the significant change in the activation energy at 368 K shown in
Figure 1b is attributed to the melting of Li;(BH4)(NH,).'” The total
ion conductivity'® reached up to 6 x 1072 S/cm after melting at
the highest temperature measured in this study, 378 K.
Lis(BH,)(NH,); also exhibited high ion conductivities of 2 x 107
S/cm even at RT, and the value reached 1 x 1073 S/cm at ~370
K. The activation energy for conduction was evaluated to be 0.26
eV. It is noteworthy that this value is less than half those in
Li,(BH4)(NH,) before melting and Li(BH,) (LT phase: 0.69 eV,
HT phase: 0.53 eV).> X-ray diffraction (XRD) analysis revealed
that no significant changes in the interface between the hydrides
and the lithium—metal electrode took place before and after the ac
impedance measurements (see Figure S2 in the Supporting Infor-
mation).

The dynamics of Li* ions can be studied by 7Li nuclear
magnetic resonance (NMR) spectroscopy. Figure 2 shows the
spectra at some selected temperatures below their melting
temperatures. The narrowing of the line widths, so-called
motional narrowing, was observed even at RT for both
Li(BH4)(NH;) and Lis(BH4)(NH,)s, indicating the high mobility
of Li* ions in the complex hydrides at RT. The overlapping of
a broad Gaussian component and a sharp Lorentzian component
suggests the existence of the Li* ions with low mobility as well
as those with high mobility,'® which we attribute to the local
atomistic structures of the hydrides.
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Figure 3. Crystal structures of (a) Lin(BH4)(NH;) and (b) Lis(BH4)(NH,)3
mainly on the basis of Wu et al.>* (c), (d) Plural occupation sites for Li™
ions in the hydrides. Red, green, orange and blue solid circles show Li, B,
N and H, respectively. The green tetrahedrons show the (BH4)™ anion.
Li,(BH4)(NH,) has two Li-18f sites; Li(1) is tetrahedrally coordinated by
3(BHs)"+1(NHy)~ and Li(2) by 1(BH4) +3(NH,)". On the other hand,
Lis(BH4)(NH,); has two Li-12b and one Li-8a sites; Li(1) is tetrahedrally
coordinated by 2(BHs)"+2(NH,)~, Li(2) by 4(NH,)~ and Li(3) by
1(BH;)"+3(NH,) .

Actually, the crystal structures of Liy(BH4)(NH,) and
Lis(BH4)(NH,); have been recently investigated from the
viewpoint of developing hydrogen storage materials.?°~%* As
shown in Figure 3, both Li»(BH4)(NH,) and Lis(BH4)(NH,); have
plural occupation sites for Li* ions with differing tetrahedral
coordination consisting of (BH4)~ and (NH,)~ anions.?’
Liy(BH4)(NH;) has 18 Li(1)s and 18 Li(2)s per unit cell, while
Lis(BH4)(NH,); has 12 Li(1)s, 12 Li(2)s, and 8 Li(3)s. Here,
calculating the size of each occupation site is important because
qualitatively it can be a useful factor in estimating the size of
the bottleneck for Li* ion diffusion. We calculated the size of
each site, which was defined as the maximum radius of a sphere
surrounded by the neighboring H atoms of (BH4)™ and (NH,)™
anions,?* as follows: Li(1), 0.16 nm and Li(2), 0.09 nm in
Li,(BH4)(NH,) and Li(1), 0.17 nm; Li(2), 0.11 nm; and Li(3),
0.11 nm in Lis(BH4)(NH»);. It is interesting to note that in
Li,(BH,)(NH,) 50% Li" ions occupy the rather small Li(2)
[~56% in radius and 18% in volume of the Li(1)]. The higher
ratio of the peak area of the Gaussian component against the
Lorentzian component, and also the larger activation energy for
conduction, for Li,(BH4)(NH,) than for Lis(BH4)(NH,); can be
explained by the Li* ions with lower mobility in the Li(2).
Detailed measurements using high-resolution NMR are now
underway.

It should be strongly emphasized that, although the crystal
structures of Li,(BH4)(NH,) (trigonal, R3, a = 1.4492(1), ¢ =
0.9236(1) nm) and Lis(BH4)(NH,); (cubic, 12,3, a = 1.0669(1)
nm) are rather different from the LT phase (orthorhombic, Pnma,
a = 0.717858(4), b = 0.443686(2), ¢ = 0.680321(4) nm), the
HT phase (hexagonal, P63mc, a = 0.427631(5), ¢ = 0.694844(8)
nm) of Li(BH,),>> and Li(NH,) (tetragonal, 14, a = 0.503442(24),
¢ = 1.025558(52) nm),>® the combinations of anions containing
hydrogen [the (BH4)™ and (NH,)™ anions in this study] could
provide new occupation sites for Li* ions which are appropriate
for their high mobility. There are various other anions containing
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hydrogen such as (AlH,)~, (NH)?>", (AlH)>", and (NiHy)*";
further combinations of these anions should greatly enlarge the
material variations of lithium fast-ion conductors for possible
solid electrolytes. Furthermore, there is a strong probability of
close interactions between the high mobility of Li* ions and
the B—H dynamics in the (BH4)™ anions and/or N—H dynamics
in the (NH,)™ anions in the hydrides; we have experimentally
confirmed that the activation energy for hydrogen reorientational
motion in the (BH,;)~ anion®’3° obtained by 'H NMR (0.69
eV) was in good agreement with that for the lithium ion
conduction (0.67 eV) in the Li(BH,)-based system.'* Detailed
studies using high-resolution NMR and neutron diffraction/
scattering are now being conducted.

In summary, we have reported the discovery of novel lithium
fast-ion conductors of complex hydrides consisting of combina-
tions of the (BH4)™ and (NH,)™ anions, that is, Li,(BH4)(NH,)
and Liy(BH4)(NH,)s. Lio(BH4)(NH,) exhibited a lithium fast-
ion conductivity of 2 x 107* S/cm even at RT, which is 4 orders
of magnitude higher than that of Li(BH4). Upon heating, the
activation energy for conduction decreased significantly from
0.56 eV (303—348 K) to 0.24 eV (above 368 K) due to melting,
and the total ion conductivity reached up to 6 x 1072 S/cm at
378 K. Lis(BH4)(NH,); also exhibited a high ion conductivity
of 2 x 107 S/cm at RT, and the value reached 1 x 107> S/cm
at ~370 K. The activation energy for conduction in
Lis(BH4)(NH,); was evaluated to be 0.26 eV, less than half those
in Li,(BH4)(NH,) (below the melting temperature) and Li(BH4)
(LT phase: 0.69 eV, HT phase: 0.53 eV). We note that
combinations of complex anions containing hydrogen [the (BH4)™
and (NH,)™ anions in this study] could provide new occupation
sites for Li* ions which are appropriate for their high mobility
and, thus, could greatly increase the material variations of lithium
fast-ion conductors for possible solid electrolytes.
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