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Light metal complex hydrides such as lithium alanates and boro-
hydrides have attracted immense interest given the high values
of pseudo-reversible gravimetric hydrogen capacity that are
possible.™ Moreover, the decomposition and release of hydro-
gen from a number of complex hydrides such as lithium boro-
hydride is linked to a transition to a fast lithium ion conducting
state.”® LiBH, has an inherently low Li* ion conductivity under
ambient conditions that can be improved via phase transitions
that occur at higher temperature (HT) or pressure (HP). The HT
polymorph can be stabilised at room temperature by partial re-
placement of (BH,)~ with Br~ or I'", leading to an increase in
conductivity by several orders of magnitude at 30 °C.”® Other
hydrides of even higher complexity such as amide borohydrides
can exhibit Li ion transport into the superionic regime with
values of conductivity at ambient and elevated temperatures far
exceeding those of the equivalent component binary lithium
compounds themselves.”'® In fact, from a practical standpoint,
complex borohydrides exhibit surprisingly good compatibility
with Li (or Na) electrodes and a high electrochemical stability.’
Moreover, the electrolyte—electrode interface is not difficult to
fabricate, simplifying manufacture of battery architectures,
although coatings between both components are required.’®
Similar to the complex hydrides, the molecular hydride,
ammonia borane (AB), NH;BHj3, has long been considered as a
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New molecular-salt-like hybrids contain ammonia borane (AB) in co-existence with lithium halides in
single lattices. [LilJ(NHsBH3) and [Lil[(NHzBHz), are members of a generic [LiX],(AB), (X =17, BH;~; m, n =
integer) materials family which release hydrogen on decomposition and demonstrate Li*-ion conductivity
more than two orders of magnitude higher than either LiBH,4 or Lil.

promising candidate for high capacity hydrogen storage
applications."*™* AB has a low molecular weight (30.7 ¢ mol™),
satisfactory air-stability and is thermally stable above 100 °C.
Several lithium aminoboranes have been characterised in
terms of their hydrogen storage properties,'> but unlike the
borohydrides, their Li-ion conductivity is unknown.

Here, we investigate the Li-ion transport properties of mole-
cular hydride-metal hydride/halide materials for the first time.
The design of these solids incorporates molecular and ionic
components in hybrid structures and as part of this study we
report the Li-ion transport properties of the ammonia borane
borohydride, [LiBH,],NH3;BH; and the related lithium diami-
doborane borohydride, Li(BH;NH,BH,NH,BH3); two com-
pounds formerly considered as hydrogen storage materials.
Moreover, by following a hybrid materials design strategy, we
demonstrate that it is possible to synthesise two novel lithium
ammonia borane iodides, LiI[NH3;BH;] and Lil[NH3;BH;],. The
structure, thermal stability and decomposition behaviour of
the compounds was elucidated and their Li-ion transport pro-
perties compared to the AB- and diamidoborane borohydrides
above. The behaviour of the materials can be rationalised in
terms of their composition and hybrid crystal structures.

[LiBH,],NH;BH; (1) and Li(BH;NH,BH,NH,BH;) (2) were
synthesised following the same procedures reported by Rush
et al. and Grochala et al., respectively."®'” The new lithium AB
iodides, LiI(NH3BHj3) (3) and LiI(NH3BHj3), (4) were prepared
mechanochemically from stoichiometric quantities of Lil and
NH;BH;. A preliminary assessment of results from a series of
LiI-NH;BH; mixtures revealed that different compounds likely
formed by varying the molar ratio of the starting materials.
Powder X-ray diffraction (PXD; ESI Fig. S1471) revealed that
milling of 1:1 and 1:2 Lil: AB mixtures produced two new
crystalline phases, nominally LiI(NH3;BH;3) (3) and Lil
(NH3BH3), (4). Given the distinctive B-H and N-H stretching
(v) and deformation (§) modes, Raman spectroscopy is an
excellent probe for the study of AB-containing materials. Brief
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inspection of the spectra strongly suggests that AB is intact
within both 3 and 4 (and that B-N-H species exist in 1 and 2
as expected) (ESIT).

The indexing of laboratory PXD patterns was confirmed
from synchrotron PXD data. The latter were used for precise
structure refinement (ESIT). The new phases 3 and 4 both crys-
tallise in the monoclinic system; the former in space group
P24/c (a = 4.39140(1) A, b = 16.17291(5) A, ¢ = 7.15685(2) A, f3 =
101.52(2)°), the latter in space group C2 (a = 12.40709(4) A, b =
7.22117(3) A, ¢ = 4.42025(2) A, f3 = 106.21(1)°). The iodine posi-
tion and good estimates for the B and N positions were found
after solving each of the structures with the charge flipping
algorithm in Superflip.'® Li positions in 3 and 4 were sub-
sequently tentatively located from difference Fourier maps.
The structures of 1-4 are shown in Fig. 1.

Combined thermogravimetric-differential thermal analysis
(TG-DTA) experiments were performed on both new materials 3
and 4 to determine their thermal stability and decomposition
behaviour prior to performing AC impedance measurements
(Table 1 and ESIf). Both 3 and 4 exhibit sharp endotherms
above 100 °C with no concurrent mass loss (with maxima at
119.5 °C and 114.2 °C, respectively) and the two compounds
each demonstrate two exothermic decomposition steps there-
after between ca. 120-200 °C (with mass losses of ca. 13 and
16.5 wt%, respectively). The PXD patterns collected for 3 and 4
after the two decomposition steps show the formation of Lil as
the only crystalline product (ESI Fig. S19 and S207), suggesting
that both exothermic events originate from the decomposition
of AB. This evidence would also imply that the lower tempera-
ture endothermic event in the profiles of 3 and 4 likely arises

2.718(9) A
12.616(12) A

2.784(9) A
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from the decomposition of the compounds into their respective
ionic (LiI) and molecular (AB) components (coupled with
melting of AB). The thermal stability of 1 and 2 were measured
for comparison (Table 1 and ESIf). Both materials also exhibit
mass losses between 120-200 °C as has been documented pre-
viously.""” We note that in both 1 and 2 these decomposition
steps are exothermic as seen in 3 and 4 and that in each case
the exothermic process is preceded by an endothermic one (at
ca. 111 °C and 136 °C for 1 and 2, respectively). We again associ-
ate the endotherms with decomposition (for 1) and/or melting.
Hydrogen was the predominant gaseous decomposition product
but borazine, diborane and ammonia were also evolved.

All conductivity measurements were performed from room
temperature to the point of the first endothermic events (the
respective melting/decomposition points). Activation energies
were extracted from Arrhenius plots for 1 and 2 between
343-403 K and 3 and 4 between 293-343 K, respectively. Above
these upper temperature limits further evidence of decompo-
sition was observed in the conductivity data. For 1, for
example, where thermal analysis suggested two endotherms
prior to mass loss (ESI Fig. S47), a steep drop in conductivity is
observed at ca. 95-100 °C. This is commensurate with
decomposition of 1 into AB and LT-LiBH, (the “low tempera-
ture” polymorph) and the subsequent transition of the LT-
phase to HT-LiBH, before AB begins thermal decomposition.
The conductivity data for 1-4 are shown in Fig. 2 and Table 2.

Impedance data analysed in the complex plane showed a
semicircle at high frequencies and a linear response at low fre-
quencies characteristic of ionic conductivity and ion blocking
electrodes. At lower temperatures two semicircles were
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Fig. 1 Crystal structures of: (a) [LiBH4],[NH3BH3] (1); (b) Li(BHsNH,BH,NH,BH=) (2); (c) [LillINHsBH=] (3) and (d) [Lill[INHzBHs], (4). Detail of the dis-
torted tetrahedral coordination environment of Li* in (e) [Lill[NHzBHz] (3) and (f) [Lill[NH3BHsl, (4). Li, I, N, B and H are represented as red, purple,

green, black and grey spheres, respectively.
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Table 1 Thermal decomposition characteristics of 1-4 from ca. 25—-200 °C

Material
1 [LiBH,,NH;BH; ¢ 2 Li[BH;NH,BH,NH,BH;]"" 3 4
Formula mass/g mol ™" 74.46 74.46 81.38 81.38 164.81 195.46
1% endotherm peak 7/°C  97.8 “ 136.1 — 119.5 114.2
Mass loss onset 7/°C 111.2 105 136.1 140 132.3 123.5
Mass loss/wt% 27.4 27 34.0 9 11.9 16.4
Gases evolved H,, NH;, H,, NH;, H,, B;HeN;,  H, H,, B;HN;,  H,, B;HN;,
B3HeN;, BoHg  B3HeNs, ByHe B,Hg, NH3 NHj3, B,He NH3, B,He
Decomposition LiBH, LiBH, b LiBH, Lil Lil
products (XRD)
Decomposition (NHBH),, “ (NH,BH,),, “ (NH,BH,),, (NHBH),
products (Raman) (NHBH), (NHBH),
LiBH, LiBH,
“ Not reported. ” Amorphous.
Temperature (K) The remaining compounds, containing molecular NH;BH;
440 400 360 320 5 and either I” or [BH,]|” as spherical anions, exhibit superior
10 10 conductivities with the best performance demonstrated by 1
_10° 10° and 4. In fact, the activation energy for 4 is slightly lower than
e p 4 8 the values reported for the fast ion conductors HT-LiBH, (0.53
G . Lo .
Prd e 0 § eV)*® and Liz(NH,),I (0.58 €V).'® The ionic conductivity for 4
>10° 10° & increases by ca. 2 orders of magnitude between 343-383 K and
= < . .
% . = the absolute value is only slightly lower than that observed for
3 10 0" % iodide-stabilised LiBH, at these temperatures.
§ 107 107 8 It is well-known that open structures with available intersti-
. o tial positions are often favourable for ionic conductivity.*" It is
8 - -8 .. PR
107 F L] LT-LiBH‘! 10 perhaps not surprising, therefore that 2 has the lowest Li* ion

2.4 2.6 2.8 3.0 3.2 34
1/Temperature (1000/K)

Fig. 2 Arrhenius plots of total conductivity against reciprocal tempera-
ture (and temperature) for 1-4. The plotted conductivity represents the
sum of the grain boundary and bulk contributions. The temperature
dependence of the conductivity for Lil” and LiBH, *° is shown for com-
parison. 1-4 are represented in red, magenta, green and blue
respectively.

Table 2 lonic conductivity at 343 K (s343) and Li* ion transport acti-
vation energies (E,) for 1-4

Material 0343/S cm ™t E,/eV

[LiBH,],[NH;BH;] (1) 2.83x107° 0.71(3)
Li[BH;NH,BH,NH,BH;] (2) 4.11x107° 0.86(1)
[LiI][NH;BH;] (3) 1.80 x 107° 0.69(1)
[LiI][NH;BH;], (4) 1.79x107° 0.48(1)

observed, suggesting intra- and inter-grain transport could be
resolved. However, the high frequency semicircle moved
beyond the measurement range at higher temperatures and so
the data were analysed using an equivalent electrical circuit to
extract the values for the total resistivity. 2 has conductivity
several orders of magnitude lower than that of the other
materials, with a correspondingly higher activation energy for
Li" ion conduction.

810 | Inorg. Chem. Front,, 2019, 6, 808-812

conductivity of the materials studied given the relatively bulky
anions and the restricted space available for lithium to diffuse.
The closest Li-Li distance in 2 is 4.02(1) A and the average
separation between [BH3;NH,BH,NH,BH;]” species within
anionic layers in the crystal structure of 2 is ~4.0 A which
is likely to be insufficient to allow the Li" ions to pass
smoothly."”**> The “pseudo-layered” materials, 1 and 4, exhibit
the best ionic conductivity at all temperatures. It is interesting to
note that the “ionic section” of the structure of 1 closely
resembles the anion and cation arrangement in the fast ion con-
ducting hexagonal HT phase of LiBH, rather than that in ortho-
rhombic LT-LiBH,, where the conductivity is 10°>-10" times lower.
Hence, integrating AB into the LiBH, lattice (or alternatively
“implanting” LiBH, within the AB lattice) effectively drives the
LT-HT phase transition at reduced temperature much as halide
substitution does in LiBH, itself. One might assume therefore
that the Li* conduction mechanism is also similar and would
rely on the cooperative rotational motion of the [BH,|” anions. In
compound 1, the BH;~ complex anions and NH;BH; molecules
both act effectively as bridging ligands to connect the Li" ions in
three dimensions.”® The closest Li-Li distances are 3.42 A and
4.05 A within the LiBH,type ionic pseudo-layers and 4.30 A
across AB layers. It seems reasonable to envisage anisotropic Li"
ion conductivity in 1 with faster transport within the ionic
pseudo-layers (ac plane) than between them (b-direction).

Of the iodides, although 4 contains proportionately less
lithium, it has a higher total ionic conductivity across the

This journal is © the Partner Organisations 2019
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entire measured temperature range. The segregation of the
ionic and molecular sections of the structure in the AB-rich
compound 4 are more pronounced than in 3 and similarly to
1, it contains ionic and molecular pseudo-layers. By contrast to
1 however, the molecular layers in 4 are thicker — 2 AB mole-
cules across (along the long a-axis) - and so the structure of 4
is more “AB-like” than 1, with the segregation of the ionic and
molecular parts of the structure seemingly facilitating the
migration of the Li" ions in the bc plane in 4. There is no such
segregation in 3 and the pathways for Li" ion conduction
would appear to be more restricted and probably limited to
one dimension only. Moreover, the structure solution of 4
suggests disorder and hence Li" vacancies in the lithium sub-
lattice, providing a further possible rationale for the enhanced
ionic conductivity. Given the relatively weak X-ray scattering of
Li" (in the presence of 1) and the similarity in scattering
power of N and B, it is not possible to draw more definitive
conclusions regarding the existence of Li' vacancies or
whether the AB molecules in 3 and 4 exhibit dynamic (or pos-
itional) disorder. From current evidence, it appears that the
AB does not play an active part in a cooperative Li" ion conduc-
tivity mechanism. We intend to clarify this once powder
neutron diffraction experiments have been completed.
However, the fact that the Ui, values of the B and N atoms
become physically unreasonable when the atomic positions
are exchanged indicates that the AB molecules may be rela-
tively static. An interesting comparison can nonetheless be
made to lithium amide halides such as Li3(NH,),I (o 1.7 x
107> S em™" at room temperature). The Li* ion conductivity in
Li;(NH,),I was proposed to be associated with short Li-Li dis-
tances and abundant interstitial sites, rather than being influ-
enced by NH, ™ reorientation (for which there was no direct evi-
dence).'®** Compound 1 contains a relatively short Li-Li dis-
tance (3.42 A); within the range of distances observed in
Liz(NH,),1.">** However, conversely, compound 4 with com-
parable conductivity to 1, has no such short Li-Li spacings
(with a closest Li-Li distance of ca. 4.3 A), suggesting that the
conductivity mechanisms in the AB borohydride and the AB
iodides could indeed be different.

In this context, it is also useful to compare the conductivity
of 3 and 4 with Lil itself. Rock salt-structured Lil shows only
modest ionic conductivity at room temperature.”> This is
despite the fact that the anion has the highest polarizability
among the halides.*® The observed ionic conductivity of Lil is
predominantly extrinsic below 180 °C,>*> whereas above 180 °C,
its intrinsic conducting behaviour is mediated by Schottky
defects. This can be dramatically enhanced in the mono-
hydrate (Lil-H,O; with an anti-perovskite structure), where 2/3 of
the octahedral Li" sites are vacant (or equally the conductivity
can be improved by aliovalent doping of Ca** in Lil).>” By
loose analogy to the hydrate, inserting Lil into a lattice of AB
should enlarge the space for Li migration (providing new and
available interstitial sites) and enhance ionic conductivity.
This would especially appear to be the case in 4 where the acti-
vation energy for Li" transport is notably lower than in any of
the other materials.

This journal is © the Partner Organisations 2019
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Experimental

Full details are provided in the ESL} [LiBH4],NH3BH; (1) and
Li(BH;NH,BH,NH,BH;) (2) were synthesised following pre-
viously reported procedures.'®'” The Lil-NH;BH; materials
(3 and 4) were prepared by ball milling stoichiometric ratios of
Lil and NH3BH; in hardened steel jars (50 ml) with 10 har-
dened steel balls of 10 mm diameter using a Retsch PM100
ball mill. The mixture was milled for 2 h at 250 rpm (400:1,
ball-to-powder-ratio by mass) to yield white powders.

Powder X-ray diffraction (PXD) data were obtained at room
temperature with a Bruker D8 Advance (6-26) diffractometer,
using Cu Ko, radiation and a step size of 0.017° 26 over 5-95° 20
for ca. 12 h. Jana2006 was used for the initial Le Bail fitting and
space group assignments of the new compounds 3 and 4.>% The
structures of 3 and 4 were then solved using Superflip within
Jana. For 4, Li positions were tentatively identified from differ-
ence Fourier maps. High Resolution synchrotron PXD experi-
ments were performed using beamline 111 (1 = 0.826281(10) A)
and the structures refined against the synchrotron data using
the Rietveld method (with GSAS/EXPGUI software).>*°

Raman spectra were measured at room temperature using a
Horiba Jobin Yvon Raman microscope with a green laser (4 =
532 nm) and employing a hole aperture of 50 pm, 100 g mm™"
grating and a synapse CCD detector. Sample morphology and
composition were studied using scanning electron microscopy
(SEM) (XL 30 ESEM, Philips, 25 kV accelerating voltage with an
Oxford Instruments X-act spectrometer for EDX analysis).
Thermogravimetric-differential thermal analysis-evolved gas
mass spectrometry (TG-DTA-MS; NETZSCH STA 409PC and
HIDEN HPR20 mass spectrometer) was performed from room
temperature to 473 K at 5 K min™' under an Ar flow. MS
signals were monitored with time and temperature.

Electrochemical impedance measurements (Solartron 1260
impedance analyser) were performed on cylindrical pellets on
heating, allowing the temperature to equilibrate for >1 h
before collecting data. Data were analysed using equivalent
circuit analysis as implemented in the ZView2 software
package.

Conclusions

In summary, ammonia borane halides have been synthesised
for the first time and the 2 new iodides can be classified with
[LiBH,],NH;BH; into a broader family of hybrid compounds,
[LiX],,(AB), (X = I", BH, ; m, n = integer). The materials are
stable above 100 °C and decompose to the binary halides
(borohydride) with the evolution of hydrogen as the main
gaseous product. The Li-ion conductivity of these hybrid
hydrides has been determined and exceeds that of the binary
respective ionic components by orders of magnitude. The con-
duction pathways can be tailored through the partition of
ionic and molecular sections in these hybrid materials. In
principle, Li-ion transport in this class of materials could be
further optimised by substitutions in the ionic sub-structure.

Inorg. Chem. Front.,, 2019, 6, 808-812 | 811
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Moreover, the control of static and dynamic disorder in the
cationic, anionic and molecular sub-lattices should prove
pivotal in the design of new Li" ion conductors and ultimately
potential electrolytes. Indeed, a vast range of new hybrid
materials should be accessible with transport properties and
stabilities that can be manipulated by the judicious selection
of all the component species; cationic, anionic and molecular.
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