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Neutron Diffraction Studies of Novel Complex Hydrides
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Abstract: The crystal structures of Li,NH, LiNH,, Li,BN,H,,, and BH,NH, have been investigated using powder
neutron diffraction with high sensitivity. The lattice parameters and the atomic positions were determined using Rietveld re-
finement. These studies have revealed differences between studies conducted with x-rays and by neutrons, using deuterat-
ed compounds, and have shown some systematic trends between bond lengths and decomposition temperatures. The mix-
ture of different hydrides such as LiBH, and LiNH, may provide new materials to meet hydrogen storage targets through
changing the hydrogen host bond, such as N-H, B-H bonds.
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1  Introduction

The requirements for hydrogen storage have been spelled
out in numerous DOE reports, and include both volumetric
and gravimetric reversible hydrogen density requirements,
that include the mass of the fuel delivery system( storage and
reactor, if necessary ). None of the currently favored sys-
tems meet these requirements, but many of them serve as
models for fundamental studies of the relationship of hydrogen
bonding to decomposition kinetics. One complex hydride,
NaAlH, ( catalyzed by TiCl, ) has favorable kinetics and re-
versibility, but fails, by a significant factor to meet the den-

[1-5]

sity requirements Other systems, such as LiBH, meet
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the density requirements, but do not decompose at low e-

nough temperatures and are not reversible” ~*!,

Chemical
hydrides such as NH,BH," " | have better kinetics and ca-
pacity, but appear not to be reversible due to the formation of
polymeric chains during the decomposition. The total capaci-
ty of that system cannot be utilized since the final product,
BN, is too stable to allow reversibility. Nevertheless, stud-
ies of these materials provide vital information about the de-
tailed structures, the bond lengths and other parameters,
which can serve as data for calculations, used to better un-
derstand the thermodynamics of the systems, and for model-
ing of novel materials that might provide the optimum combi-
nation of thermodynamic properties and capacity!* ',
Since neutron diffraction is the best tool for the accurate de-
termination of the position of hydrogen/deuterium in crystal
structures, it is an essential component in any program to

fully understand and develop hydrogen storage systems based

on hydrides. In the present paper, we have used neutron
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powder diffraction to determine the crystal structures for

LiNH,, Li,NH and Li,BN,H,, and BH,NH,.

2 Methods

The powder neutron diffraction ( ND ) experiments were
performed on the position sensitive detector diffractometer at
the University of Missouri Research Reactor using neutrons of
wavelength A =0. 148 75 nm. The data for as-prepared and
annealed samples were collected over 24 h at different tem-
peratures between 26 angles of 5 and 105 degree on approxi-
mately 1. 0 g of fine powders. The refinement of the neutron
diffraction data was carried out using the FULLPROF program

which permits multiple phase refinement.

3 Results and Discussion

3.1 Li,NH

Recently, the Li-N-H system ( Li; N, LiNH, and LiH)
has attracted much attention as a promising novel hydrogen
storage material. Chen et al'"’?, have demonstrated the re-

versible absorption/desorption of hydrogen via the formation

of lithium imide ( Li,NH) ; LiNH, + Lill ==Li,NH + H,.

The performance of Li,NH as a hydrogen storage material is
strongly dependent on the preparative methods. It was repor-
ted that Li,NH prepared via reaction between Li,N and
Li,NH shows much higher reversible hydrogen storage capac-
ity with fast kinetics and excellent stability as compared to
those prepared via the conventional LiNH, decomposition
method "™ .

dehydrogenation in the Li-N-H system is still not clear, in

However, the mechanism of the hydrogenation/

large part owing to the lack of accurate crystal structures of
LiNH, and Li,NH.

We have prepared Li,NH compounds using different
synthesis pathways, (1)2LiNH, =Li,NH + NH,, (2)Li,N
+LiNH, =2Li,NH, (3)LiH + LiNH, =Li,NH + H,. Neu-
tron diffraction at different temperatures has been used to
study the crystal structure and possible phase transitions of
Li,NH. It was found that the crystal structure and phase
transition are related to the synthesis methods. A phase tran-
sition from the low temperature phase 16 K ~ 350 K to the
high temperature phase above 370 K has been confirmed for
the sample prepared by reacting Li;N with LiNH, ( see
Fig. la). The low temperature phase ( a-Li,NH ) could be
described as disordered cubic(Fd-3m) structure with a lattice

parameter ¢ about 1. 02 nm. Li atoms occupy 48/, 8a, and

partially 32¢ sites. N and H atoms fully occupy 32e sites,
respectively. The high temperature phase was also indexed
as cubic ( Fm-3m ) structure with a lattice parameter ¢ about
0.512 nm. The Li,NH (B-Li,NH ) prepared by decomposi-
tion of LiNH, shows only the high temperature phase
(Fig. 1b). The reaction of LiH + LiNH, at 300 °C for 24 h
under vacuum produces some Li, NH( y-Li, NH ) with partially
unreacted LiNH, and LiH as impurities (Fig. 1¢). There is
no phase transition in the temperature range from 16 K to 400
K for B- and y-Li,NH phases. «-Li,NH exhibits a higher re-
versible hydrogen storage capacity and faster kinetics. The
structural differences among the lithium imides may lead to
different reaction mechanisms for hydrogen absorption/de-
sorption in the Li-N-H system.

B-and y-Li,NH have a cubic structure at room tempera-
ture with partial disorder of the H atoms. Several different
space groups can be used to describe the structure, and de-
tailed analysis is required to determine the most probable
structure and the associated N-H bond length. The neutron
diffraction data(Figs. 1b and c¢)were modeled in Fd-3m, F-
43m and Fm-3m. In this last case 7 different possible hydro-
gen positions were tested by the refinements. Although the
model with the highest disorder (H site 1921) gives the best
goodness-of-fit parameters, the exira parameters and the un-
realistically long N-H bond (0. 11 nm ) appear to rule it out.
Two alternative models, with hydrogen at the 48% and 96
sites, respectively, give similar goodness-of-fit parameters
and N-H bond lengths. Inasmuch as the 48k site model con-
tains one fewer position parameter for the hydrogen atoms, it
is suggested as the most likely structure for the compound at
room temperature and yields an N-H bond length of 0. 093 1
(15)nm. This result appears to be more realistic than the
values, 0.08 ~0.082nm, reported by Ohoyama et al'"’.
and by Noritake'* on the same compound.

3.2 LiNH,

Comparison of the neutron diffraction data for LiNH,
(Fig. 2) with that for Li,NH ( Figs. la ~ c¢) immediately
shows the additional complexity of the structure and the high-
er background due to the higher atomic hydrogen concentra-
tion. Nevertheless, the data refine easily and provide de-
tailed information about the location of the hydrogen atoms.
This structure is tetragonal ( space group I —4) and prior stud-
ies proposed two different models for the location of the Li at-

oms. Our results clearly distinguish between these two mod-



212 W YANG Jinbo, et al. Neutron Diffraction Studies of Novel Complex Hydrides 17
Yo
T T — = Mol
6 7=370 K VoY Y,
2t - e M) 10 —Yca‘. s T T _'_Yubs Yea
] e e e gf 7=400 K VY GlLT=400 K +_Peak position
Br 7=345K 6} + Peak position 4%
4-\u_q_JL_A_lL._L 3l eSS
2r | PV A —
oF T glT=370K | 8l 1=370,K
4\&“=LE_LL_LH‘MiLAL1_ 4}HKHLL——l‘hk‘hJL_LJ‘ 4THkh$lhﬂ{th_ﬂ‘AL—+4
a0 K T Q 8f
© 16f Toapn K 2 8 T=3qK T ghI=350
~12} o AF 2 4f :
2 gl £ £ : -
= 5 2F . 3oL
S 4f 2 0 O 2wt b Pt i
8,0 G o Pkttt Oofm——— /=
18 201 =300 K 10 7= _
SM 19 5 .. el
4 o] T 0
0 o} e . . " , 15 r r r
161 T—16K 20 7=16 K = )
12} 15 101 o
8|/ L 10} o :
a0 5 e L | A | S T O
0 n vy d — T Oty ? —yi— T o L L h
20 40 60 80 100 20 40 60 80 100 40 60
26/ ) 20/(°) 20/ )

(a) (b)

Fig 1

Refinement neutron diffraction patterns of a-Li, NH(a), 8-Li,NH(b)and y-Li,NH(c) at different temperatures.

(c)

The peaks

marked with arrows in Fig. 1 (a)indicate a low temperature phase

els, placing the Li atoms in three distinct positions, and
The N-H bond lengths
are found to be 0. 094 nm and 0. 099 nm, much longer( and

generating two unique hydrogen sites.

more realistic ) than the values previously reported (0. 071 ~
0.076 nm). An in-situ neutron diffraction study of the de-
composition of LiNH, under He and N, atmospheres was per-
formed. Melting of LiNH, was observed under a N, atmos-
phere at 400 °C, while decomposition to Li,NH was ob-
served in a He atmosphere, see Fig. 3. The source of these

differences is not understood.
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Fig2 Neutron diffraction pattern of LiNH, at RT
3.3 Li,B\H,

Mixtures of LiNH,-LiBH, in ratios of 3:1, 2:1 and 1:1

were prepared by ball milling of the precursors. The resulis

of the milling appear to be nearly single phase materials with

LiNH, under N, atmosphere

LiNH, under He atmosphere

# Li,NH HTP
#

T=400 C

T=400 C
#

=375 C 7=375 C

Intensity / a.u.

T=RT
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Fig 3 The temperature dependent ND patterns of LiNH, in N,

and He atmospheres

stoichiometry Li,N,BH,,, Li;N,BH; and Li,NBH,, respec-
tively. In each case a small impurity phase was observed and
characterized. Filinchuk et al'™’. reported a new compound
formed by reacting LiNH, and LiBH, in a ratio of 2 ~3:1.
Alihough they report structural data based on single crystal x-
ray diffraction, the N-H bonds they reported were unusually
short and probably not reliable due to the use of x-rays; pro-
bing the valence electron density and not the proton posi-
tions. They report an ideal stoichiometry at the 3:1 ratio,
although the sample they measured deviates from that value.

Results on the same system by other investigators ( Noritake et

1[22] 1[23]

and Chater et al"~". ) left unresolved inconsistencies.
Thus,

range for neutron diffraction analysis.

we synthesized several samples over this composition
Data at the 3:1 com-

position are shown in Fig. 4 before and after the ball milled
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material was annealed to improve the crystallinity. It can be
seen that the annealed sample diffracts well, even at the
highest angles, giving highly precise refinement results. The
analysis shows that the LiBH, group appears in the crystal
structure as well-defined units, only weakly bonded to the
LiNH, groups, which are cross- linked in the structure, see
Fig. 5. This contrasts with the earlier results that show grea-
ter interactions between the two molecular species. We be-
lieve this is a consequence of the non-ideal stoichiometry of
the earlier samples, leading to a mixing of the excess LiBH,

on the LiNH, sites and an averaging of the difference in bond-

Before annealing

ing between the different groups.

15 | Li,BH;H,,

10 +
S
z '1
12}
=
215 After annealing :|
o

10 +

20 40 60 80
20/(°)
Fig. 4 The ND patterns of Li, BN;H,, before and after annealing
at 190 °C, measured at RT

Fig. 5 Crystal structure of Li,BN;H,,

In fact, our data on the 2:1 ratio sample show Bragg in-
tensity ratios similar to the earlier neutron diffraction results,
and can be refined on the“ideal” model. Modeling the disor-
der induced by the non-stoichiometry has proven to be quite
difficult. These observations lead us to conclude that our re-

sults represent the ideal bonding between the imide and boro-

hydride groups. The N-H bonds in this material are found to
be 0.104 nm and 0. 110 nm, much longer than reported by
Filinchuk ( 0. 083 ~ 0.086 nm ). Although our values are
slightly longer than expected, we note an inverse correlation
between the N-H bond lengths and the decomposition temper-
atures for these three systems.

3.4 NH,BH,, ND,BH,, NH,BD, and ND,BD,

NH,BH, was
(NH, ),CO,, and NaBH, in dry THF. NH,BD, was pre-
pared by the analogous reaction of (NH, ),CO,, and NaBD,
in dry THF. ND,BH, was prepared by dissolving BH,NH, in
D,0 and stripping off the D,0 under vacuum. ND,BD, was

synthesized by the reaction of

prepared by the analogous reaction; BD,NH, in D, 0 and pu-
rified by a similar procedure. All these samples are available
for structural studies using neutron diffraction, including ki-
netic studies with in-situ neutron diffraction and several spec-
tra have been collected. The neutron diffraction data were
collected for ND,BD, at different temperatures (Fig. 6). A
phase transition has been observed. The resolution of the da-
ta is very good which allows us to accurately determine the
structures of these materials and pursue further kinetic and

thermodynamic studies.

ND,BD,
2 -
T=RT
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Fig 6 Neutron diffraction patterns of ND;BD; at RT and 60K

Fig. 7 shows the typical neutron powder diffraction pat-
terns of BH,ND, collected from 16 K to 300 K. It is obvious
that the diffraction pattern at 16 K shows more peaks and
complexity as compared to the pattern at RT for all samples.

Some peaks are merged and disappear as the temperature in-
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Fig. 7 Neutron powder diffraction patterns of BH;ND; collected

at different temperatures

creases. For example, peaks [011] and [110] shift to a
low 26 angle with increasing temperature, and finally merge
with the peak [ 101 ], which indicating a rotation of the BH,
and ND, groups along the ¢ axis. At about 225 K, some new
peaks appear and the number of the peaks is greatly reduced
indicating a phase transition of much higher symmetry has oc-
curred. It is found that at 16 K, the BH,-ND, unit stacks a-
long the c-axis with tilt angles between the N-B bond and the
¢ axis and between the N-B bond and the b axis, respective-
ly. The B-N bond is almost perpendicular to the @ axis. As
the temperature is increased, the BH;-ND, groups start to re-
orient along the ¢ axis, and the hydrogen atoms become dis-
ordered leading to the tetragonal phase transition around
225 K. As the temperature further increases, the unit cell
volume and the bond length increase. At about 370 K, all
the peaks disappear due to the melting of the samples, and
decomposition occurs at the same time. The patterns above
225 K can be indexed as a body-centered tetragonal unit cell
with space group I’4mm. As expected, all three compounds
show the same phase transition. The refined lattice parame-
ters of BH;ND; at 16 K, are ¢ =0.554 783(103)nm, b=
0.467 632(86)nm, and ¢ =0.500 291 (78 ) nm, respec-
tively, which are close to those of BD,ND, and NH,BD,.

The bond length between the nearest nitrogen and deuterium

atoms are 0.099 nm and 0.103 nm, and the B-H bond
lengths are 0. 141 nm and 0. 120 nm at 16 K. The best re-
finement with Rw = 1. 6% was obtained for RT data using the
model proposed by Bowden et al'™'. The bond lengths be-
tween the nearest nitrogen and deuterium atom are 0.115
nm, and the B-H bond lengths are 0. 131 nm at RT. As ex-
pected these values are longer than the single crystal XRD
study, where the N-H bond is found to be 0. 085 nm'™’.
Figure 8 shows the dependence of the lattice parame-
ters on the temperature from 16 K to RT. It can be seen
that the ¢ cell parameter remains unchanged in the ortho-
rhombic phase from 16 K to 223 K. The lattice parameter a
decreases from 0.554 8 nm to 0.525 2 nm, while the
length of the b axis increases from 0. 467 6 t0 0. 517 9 nm
from 16 t0 223 K. The cell parameters @ and b, and the u-

nit cell volume have abrupt changes at the phase transition

region.
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Fig. 8 The lattice parameters and unit cell volumes of BH; ND,

at different temperatures

4 Conclusions

Neutron diffraction is recognized for its potential impor-
tance to the study of hydrides because the scattering of neu-
trons by hydrogen or deuterium is proportionately stronger
than for x-ray diffraction. We have shown that high quality
data can be collected without deuteration for many systems of
interest. The average N-H bond lengths are about 0. 094,
0.096, 0.109 nm and 0.115 nm for Li,NH, LiNH,,
Li,BN,H,,, and NH,BH, respectively, which are substan-
tially longer those the reported values, 0.076, 0.080,
0.085 nm. and 0. 085 nm. The order of the decomposition
temperatures T,(Li,NH) > T,(LiNH,) > T,(Li,BN,H,;) >
T,(NH,BH, ) is coincidence to that of the average bond

strengths.
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