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ABSTRACT: Solid solutions of lithium amide (LiNH,) and lithium imide (Li,NH) are present during ammonia decomposi-
tion catalysis by lithium imide and hydrogen storage and release reactions in the lithium amide-lithium hydride compo-
site. As such, they are important materials in facilitating the use of hydrogen as a sustainable energy store. In order to
understand the properties of these solutions, a series of samples spanning the full stoichiometry range of the solid solu-
tion between lithium amide and lithium imide was synthesised. Powder diffraction measurements showed that a non-
stoichiometric cubic phase isostructural to the high temperature phase of lithium imide was observed in all of the sam-
ples. In average stoichiometry values close to lithium amide, incomplete formation of a solid solution was observed, with
tetragonal lithium amide observed in addition to the cubic non-stoichiometric phase. In analysis of neutron diffraction
data, the variable stoichiometry in the structure was modelled using a “golf-ball” of scattering density around the nitrogen
atom. This analysis revealed a greater degree of disorder in hydrogen distribution in the non-stoichiometric samples
compared with lithium imide. Raman spectroscopy indicated that amide and imide groups in stoichiometric and non-
stoichiometric environments can be differentiated by the frequency of the N-H stretch, with distinct bands observed for
both amide and imide N-H stretches in both environments.

INTRODUCTION

The significant potential for hydrogen to be used as a
sustainable fuel for transportation and inter-seasonal grid
balancing - its high gravimetric energy density and be-
nign oxidation emissions — have been vexed by the inabil-
ity to store hydrogen in a volumetrically dense form.
Physical storage in high pressure tanks or cryogenic sys-
tems is an expensive and energy intensive solution, which
has prompted the search for appropriate systems for the
chemical storage of hydrogen. One such approach is the
use of a solid material which reacts with hydrogen to
store it as part of a new material.

Among the materials that store hydrogen in this way,
composites of light metal amides and metal hydrides have
been shown to be one of the most promising material
families for practical application>. Many solid state hy-
drogen stores can store impressive quantities of hydrogen
(towards 20 wt%), but relatively few can do so reversibly,
which precludes them from most practical use. However,
the lithium amide - lithium hydride composite has been
demonstrated to reversibly store around 6 wt% hydrogen
at 250 °C and a hydrogenation pressure of 2 bar over hun-
dreds of cycles34. Although the reaction kinetics are cur-
rently slower than are required for transport applications,
this system is an excellent model for facile reversibility in
chemical hydrogen storage materials. The storage of hy-
drogen in this system is based on the reaction of lithium
amide and lithium hydride to form lithium imide with the
release of hydrogen:

LiNH, + LiH — Li,NH + H, (1)

The reversibility of the system is underpinned by the
structural similarity of the amide and imide phases. Lithi-
um amide can be considered as an a x a x 2a supercell of
lithium imide where an ordered half of the lithium sites
are vacant (see Figure 1). Thus, the dehydrogenation of
lithium amide, according to Equation 1, results in the fill-
ing of these vacant lithium sites as hydrogen is released
from the structure. This process results in the formation
of a solid solution as the system transforms between the
amide and imide. This process was rationalised on the
atomic scale as the formation of Frenkel defect pairs> —
the movement of lithium ions into vacant tetrahedral
sites in the structure (the red sites in Figure 1c). The local
charge imbalance caused by this migration can be ad-
dressed by the transfer of protons between NH,  groups.
These shuttled protons are then able to react with hy-
dride ions in lithium hydride, releasing hydrogen. This
mechanism has been supported by first-principles density
functional theory (DFT) calculations®7.

This mechanism was proposed on the basis of synchro-
tron X-ray diffraction measurements of cycled lithium
amide-lithium hydride samples. Subsequent experimental
studies®® have expanded the understanding of this pro-
cess, showing that during hydrogen storage and release
reactions, the lithium amide-imide system is well
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Figure 1. Crystal structures of a) lithium amide b) lithium
imide (a x a x 2a supercell) and c) lithium amide with vacant
tetrahedral sites shown in red to show relationships between
the amide and imide structures. Lithium atoms are shown in
orange, nitrogen in blue and hydrogen in white. Each struc-
ture is shown (top) from an offset perspective, (middle)
viewed along the a axis, and (bottom) viewed along the ¢
axis.

described by a solid solution spanning the range of stoi-
chiometry between lithium amide and lithium im-
ide,Li,.xNH,. (0<x<1). The presence of this solid solution
is key to the facile reversibility of the hydrogen storage
reaction.

In addition to storing hydrogen itself, lithium imide has
been shown to have high activity in the catalytic decom-
position of ammonia to hydrogen and nitrogen*. Ammo-
nia has many attractive characteristics as a hydrogen
store: it is easily liquefied at around 10 atm, and in this
state has an energy density roughly 40% that of petrol.
However, the low-temperature release of hydrogen from
ammonia is a key challenge which requires the develop-
ment of new catalysts. Lithium imide shows comparable
catalytic activity to the most active transition metal cata-
lysts. Neutron powder diffraction measurements under
ammonia decomposition conditions showed that the
catalyst exists in a non-stoichiometric state, with the pre-
cise stoichiometry dependent on the reaction condi-
tions®®. Understanding the amide-imide solid solution is
an important component of an investigation into the
catalytic reaction mechanism.

The existence and behaviour of this solid solution is
thus of significance for the use of lithium amide-imide in
hydrogen energy applications. However, relatively few
investigations have examined its properties. A DFT study
of the system by Zhang et al. suggested that non-

stoichiometric phases would be stable for values of x
greater than o.75 and unstable for values less than o.25,
predicting phase separation into lithium amide and lithi-
um imide". This study also predicted that the discrete
Li,sNH, ; phase, which had been hypothesised from exper-
imental? and computational studies, was not thermody-
namically stable at o K. A recent investigation of a series
of partially-dehydrogenated lithium amide-lithium hy-
dride mixtures reported ionic conductivity data for the
non-stoichiometric phases as varying steadily between
lithium amide and lithium imide as the extent of dehy-
drogenation increased.

Further experimental and computational data on the
properties of the lithium amide-imide solid solution
would help elucidate the precise role of the solid solution
in hydrogen storage and ammonia decomposition appli-
cations. The aim of this study is to provide some initial
experimental data on the synthesis of a range of non-
stoichiometric samples and the structural and bonding
variation across those samples as a function of average
stoichiometry.

EXPERIMENTAL

Sample Preparation. Sample manipulation was per-
formed in an argon-filled glove box (MBraun Unilab, O,
and H,O < 0.1 ppm). Non-stoichiometric lithium amide-
imide samples were prepared by the reaction of lithium
nitride (98 %, Sigma Aldrich) and lithium amide (98 %,
Sigma Aldrich), as reported by Hu and Ruckenstein for
the synthesis of lithium imide®:

Li,N + LiNH, — 2Li,NH ()

This reaction was chosen (in preference to the reaction
of LiNH, and LiH or of Li,NH with NHj;) as the relatively
low temperatures used in this method minimise the po-
tential for phase separation of the non-stoichiometric
phases (as had previously been observed after annealing
at high temperature®) and/or the loss of ammonia from
the system. Furthermore, the precise stoichiometry could
be targeted simply through the ratio of the solid reac-
tants, rather than having to quench a solid-gas reaction.
The ratio of lithium amide to lithium nitride was altered
to synthesise non-stoichiometric samples with a narrow
stoichiometric distribution, according to Equation 3.

(x)LisN + (2 - x)LiNH, — 2Li,,xNH,~ (3)

The powdered reactants were measured out in a molar
ratio to give the desired stoichiometry (Li..NH,.,, where x
= o-1 in steps of o0.1), and were hand ground for five
minutes using an agate mortar and pestle. The mixture
was then placed inside a 125 mL tungsten carbide milling
jar, filled with nine, 10-mm diameter tungsten carbide
milling balls. The jar was sealed and placed onto a plane-
tary mill (PM1oo, Retsch). The sample was milled for two



hours at 400 rpm, with the milling time split into 15 mi-
nute sections with two minute rest periods between each
section. The direction of milling rotation was reversed
after each segment.

After milling, the resultant powder was placed into a
cylindrical alumina crucible held within a quartz tube.
Argon gas was flowed over the tube outlet using a glass T-
piece fitted with Young’s taps. Each sample was heated to
250 °C at a heating ramp of 2 °C/min and then held at that
temperature for 12 hours. After removal from the crucible,
the sample was hand ground prior to analysis.

X-ray Powder Diffraction. X-ray powder diffraction pat-
terns were collected using a Rigaku Smartlab Diffractom-
eter, fitted with a copper source and monochromator.
Samples were loaded into 0.7 mm i.d. borosilicate capil-
laries and mounted on the diffractometer. X-ray diffrac-
tion data were collected with rotation of the capillary for
one hour per sample between 10° and 70°. The resultant
diffraction patterns were analysed by the Rietveld method
using the TOPAS Academic Version 5 least-squares fitting
software.

Neutron Powder Diffraction. Neutron powder diffrac-
tion data were collected on the POLARIS instrument at
the ISIS Neutron and Muon Facility in the United King-
dom. Deuterated samples of the non-stoichiometric phas-
es (x = 0.1, 0.3, 0.5, 0.7, 0.9) were prepared by the same
method as outlined for the other samples, except using
deuterated lithium amide. This was prepared by the reac-
tion of lithium nitride with deuterated ammonia
(98 atom% D, CKGas). The lithium nitride was exposed to
3 bar of ammonia and heated to 300 °C at a ramp rate of
2 °C/min. The sample was held at that temperature for 3
hours before being cooled and collected. The samples
were placed in 6 mm diameter cylindrical vanadium cans
and sealed with indium wire. Neutron diffraction data
were collected for 2 hours per sample. The diffraction
patterns were analysed using TOPAS Academic Version 5.

Raman Spectroscopy. Raman spectra of the non-
stoichiometric phases were collected using a Bruker Sen-
terra Raman microscope. Samples were loaded into
o.7mm i.d. borosilicate capillaries. Raman spectra were
recorded using 532 nm laser in two, two-second exposure
periods. The resultant Raman spectra were analysed using
TOPAS Academic Version 5, with the Raman peaks mod-
elled as a series of pseudo-Voigt functions.

RESULTS AND DISCUSSION

Selected sections of the X-ray powder diffraction pat-
terns of the samples are shown in Figure 2a, with the re-
sults of Rietveld analysis of the patterns summarised in
Figure 2b and 2c. Each of the samples (other than pure
lithium amide) shows the presence of a cubic phase which
is isostructural with the high temperature phase of lithi-
um imide. This phase is consistent with the phase previ-
ously observed during hydrogenation and dehydrogena-
tion of the lithium amide - lithium hydride composite.
These imide-like phases do not appear to adopt the low
temperature lithium imide structure (Fd3m)®, as evi-

denced by the lack of the (m1) peak of the low-
temperature phase at 20=15°. This may reflect a larger
degree of disorder in the non-stoichiometric structures -
the same phase has also been observed in room tempera-
ture X-ray powder diffraction patterns of partially-
dehydrogenated samples of lithium amide-lithium hy-
dride.

Although this cubic phase is the major crystalline com-
ponent of every sample except Li,,NH,,, unreacted start-
ing materials exist in a number of the samples (Figure 2b).
The non-stoichiometric samples closest to lithium amide
stoichiometry have a significant proportion of lithium
amide present, while those with an average stoichiometry
closer to lithium imide have small quantities of lithium
nitride present. While the low levels of lithium nitride
may indicate incomplete mixing of the starting materials,
the larger quantities of lithium amide observed in the
diffraction data are more likely to indicate the incomplete
formation of the solid solution. The only other explana-
tion would be that the tetragonal phase exists across a
broader stoichiometry range than was observed in the in-
situ data®. An oscillation in the extent of solid solution
formation across samples Li,;NH,, to Li,sNH, s appears to
be correlated with oscillation of the magnitude of the ¢
lattice parameter of the lithium amide, which may indi-
cate stoichiometry-dependent behaviour. However, the
refined a lattice parameter of the tetragonal phase does
not show a clear trend across the samples (Figure 2c).
Thus, it is difficult to ascertain the degree of stoichiome-
try variation accommodated within the lithium amide
structure.

While it is clear from the data that the solid solution
can be formed across a range of average stoichiometry
values, these results may indicate that the solution is un-
stable close to the stoichiometry of lithium amide, as was
postulated by Zhang et al". Some instability of the solid
solution to annealing was also reported in the synchro-
tron X-ray powder diffraction study, although the for-
mation of tetragonal lithium amide was not observed as
the result of this ordering process®.

One further explanation for the presence of lithium am-
ide impurities relates to the synthesis procedure. Upon
the reaction of lithium nitride and lithium amide to form
lithium imide, the subsequent formation of a bulk solid
solution requires the diffusion of lithium and hydrogen
ions through the structure. Lithium amide is a poor lithi-
um ion conductor?, and so it is possible that the tempera-
tures used in these synthesis reactions were insufficient to
enable bulk formation of the non-stoichiometric phase in
samples which contained a significant proportion of lithi-
um amide. This analysis is supported by the fact that lith-
ium nitride, which is a very good lithium ion conductor,
did not appear in large quantity in any of the phases. This
also suggests that the initial exchange of cations (inser-
tion of lithium into and removal of hydrogen from the
lithium amide structure) proceeded, but the formation of
a uniform non-stoichiometric phase was retarded by the
poor lithium ion conductivity of the amide/amide-like
structure. Repetition of this experimental work at higher
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Figure 2. a) Sections of X-ray powder diffraction patterns of
each of the lithium amide-imide samples, with the average
stoichiometry indicated beside each pattern. Selected Miller
indices for the lithium amide and Li.xNH, phases are
shown below and above the patterns, respectively. The
starred Miller indices are from alpha lithium nitride. b) The
molar composition of each sample (with lithium amide and
imide also included for reference) as determined by Rietveld
analysis of the powder diffraction data, along with c) the
lattice parameters of the LiNH, and Li,.«NH, phases, with
error bars representing one standard deviation contained
within the data points.

temperatures or with more intense milling conditions
could help to elucidate whether this effect is the cause of
these results.

The steady variation in the lattice parameter of the cubic
phase indicates the successful formation of solid solutions
of a range of average stoichiometry values, despite the
presence of the impurities discussed above. The peak
shapes of Bragg peaks associated with the non-

stoichiometric cubic phases in these patterns do not ex-
hibit the same complex structure as was observed in the
in-situ powder diffraction studies, although higher resolu-
tion diffraction data were collected in those studies>9.

The variation in the lattice parameter (~0.3 %) is of a
similar magnitude to that seen for the full range of stoi-
chiometry values in the in-situ diffraction experiments,
indicating that a reasonably wide range of stoichiometry
values were synthesised. However, the lattice parameters
of the non-stoichiometric phases increase as the stoichi-
ometry approaches lithium imide, which is the opposite
trend to that which was observed in the hydrogen storage
and release reactions of the Li-N-H system detailed in-
situs.

Previous structural studies of lithium imide, which have
generally reported a larger a lattice parameter for lithium
imide than lithium amide, have all synthesised lithium
imide by thermal decomposition of lithium amide+:619:2°,
On the other hand, studies of the lithium amide-lithium
hydride hydrogen storage system show a decrease in the a
lattice parameter of “lithium imide” as the dehydrogena-
tion proceeded>®9222 It is clear that the method of pre-
paring these materials has a significant effect of their mi-
crostructure, with the lattice parameter variation possibly
reflecting different defect structures.

Because of the weak X-ray scattering from hydrogen
and lithium, it was not possible to directly refine the stoi-
chiometry of the cubic phase from the powder X-ray dif-
fraction data. Therefore, a series of deuterated non-
stoichiometric phases were synthesised and analysed by
neutron powder diffraction. The general structural trends
indicated by the neutron diffraction data, shown in sec-
tion in Figure 3a, and the sample compositions obtained
by Rietveld analysis of the diffraction data (Figure 3b)
show a general agreement with the X-ray diffraction ex-
periments.

The strong neutron scattering exhibited by deuterium
allowed for the refinement of the sample stoichiometry
directly from the diffraction data. Although the deuteri-
um positions in the high temperature phase of lithium
imide have been investigated in some detail by Balogh et
al.’%, changes in those positions with varying stoichiome-
try have not yet been reported. In order to create as gen-
eral a model as possible and to allow for increased disor-
der in the mixed-anion systems, a roughly spherical dis-
tribution of 194 deuterium positions (g crystallographical-
ly distinct sites) was generated around the nitrogen atom
in the lithium imide structure, shown in Figure 3c.

The occupancy of each site was controlled in the
Rietveld analysis by oth, 4th, 6th and 8th order spherical
harmonic terms, which increase or decrease the occupan-
cy along certain crystallographic directions (see Support-
ing Information). The lithium occupancy was calculated
on the basis of the total deuterium occupancy in order to
ensure that charge was balanced. The refined deuterium
occupancies are shown in Figure 3d, viewed along the
(100), (110) and (i) directions. These results show that,
in agreement with the previous neutron diffraction
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Figure 3. a) Selected regions of neutron powder diffraction
patterns for each of the synthesised non-stoichiometric
phases. The data shown for the d-spacing regions 0.5-2.0 A
and 2.4-2.65A are from the bank 5 detectors, 2.85-3.00A are
from bank 4, and 4.25-5.50A are from bank 3, b) molar com-
position of the samples, c) the structural model of the imide-
amide anion used, with deuterium positions shown in gray-
scale, lithium shown in orange and nitrogen in blue. The top
anion shows the full sphere of deuterium positions used,
while the bottom shows only the (1) deuterium positions d)
orientational distributions of the deuterium occupancies for
each sample viewed along the 100, 11 and 110 directions, with

the refined occupancy of the sample shown below; darker
blue indicates higher occupancy of the site, with the colour
scale normalised across the samples, e) a comparison of the
target lithium stoichiometry with the lithium stoichiometry
of the non-stoichiometric phase and the total refined stoi-
chiometry of the sample (i.e. including all crystalline phases)
and f) the variation of the N-D bond length and the lattice
parameter with the lithium stoichiometry of the non-
stoichiometric phase. Error bars represent one standard de-
viation.

studies of lithium imide, the highest deuterium occupan-
cy is along the (111) direction. The somewhat counterintui-
tive location of the most preferred N-H bond orientation
being towards the lithium sites has been explained by
Miceli et al.3 as a reflection of the presence of lithium
vacancies in the structure similar to those in the much-
discussed low temperature phase of lithium imide*+27,
where imide anions arrange in tetrahedral coordination
around vacant lithium sites which correspond to imide
groups pointing in the (1) direction. Miceli et al propose
that the high temperature structure resembles one of the
early models of the low temperature structure*, but that
the fast diffusion of the lithium ions results in the ob-
served Fm3m structure. However, the “golf-ball” model
used here reveals that there is more disorder in the orien-
tation of the anions in these non-stoichiometric phases.
Significant occupancy was obtained in the sites close to
the (100) direction, while sites along the (110) direction
returned very low deuterium occupancy values. Aside
from the steady variation in the total deuterium content,
only minor differences were observed in the pattern of N-
D bond orientation across the stoichiometry range, as
evidenced by the slight variations in the spherical har-
monics coefficients (see Supporting Information).

The refined stoichiometry values of the cubic phase and
the total lithium stoichiometry of the sample (from the
sum of the cubic phase, lithium nitride and lithium am-
ide) are shown in Figure 3e. There is good agreement be-
tween the sample stoichiometry and the target stoichi-
ometry, indicating that the structural model used in the
Rietveld analysis is reasonable. The lattice parameter of
the cubic phase varies linearly with the refined lithium
stoichiometry, which is consistent with Vegard’s Law be-
haviour. The average N-D bond length is close to that
reported for lithium amide®®* in the Li,,ND,, sample,
decreasing as the average stoichiometry approached lithi-
um imide to a slightly shorter bond length than has been
reported for lithium imide by Balogh et al*.

The orientational distribution of the N-D bond was ex-
plored further by subtracting the occupancy values ob-
tained for the most imide-like sample (Li,;,sND,,,) from
the remaining samples. This should leave only the deuter-
ium occupancy values associated with the amide groups
in those samples. The N-D spheres obtained from this
analysis are shown in Figure 4. For every sample except
Li,ssND, 45, the maximum deuterium occupancy was just
away from the 11 direction in a configuration which is
consistent with that of the amide units in lithium amide
(which point towards vacant tetrahedral sites). All of the
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Figure 4. N-D orientational distributions with the imide
component subtracted for a) Li;;3NDis; b) Lii,NDisg )
Li,5sND, 45 and d) Li,;sND,,,. Darker blue indicates higher
occupancy of the site, with the colour scale normalised for
each sample.

distributions suggest some disorder in the amide group
orientations. Indeed, the Li,ssND,,s amide-only orienta-
tional distribution remains very similar to the distribution
observed for the whole sample.

As a complement to the structural investigation, the
bonding in the amide and imide anions was probed by
Raman spectroscopy, with the N-H stretching region for
each of the samples shown in Figure 5, along with those
of lithium amide and lithium imide, for reference.

Lithium amide shows characteristic vibrations for an
NH, unit: the large peak at 3260 cm™ is the symmetric N-
H stretch band, while the two smaller peaks at 3313 and
3323 cm™ are the asymmetric N-H stretches. The linear
imide ion, on the other hand, only exhibits one main N-H
stretch, the broad band at 3185 cm™, with a small addi-
tional peak at 3244 cm™. These spectra are consistent with
previously reported results®32.

Examination of Figure 5a shows that the transition
through the range of average stoichiometry values does
not result in a simple linear decrease in the amide peaks
with a concomitant increase in the imide peak. Additional
peaks are observed in the spectra, similar to those report-
ed recently by Paik et al.4, which are most pronounced in
the intermediate stoichiometry range. Fitting of the data
provides some insight into the composition of the spectra,
with the best fit obtained by the inclusion of three addi-
tional N-H stretch peaks (i.e. a total of seven N-H stretch
bands). The positions of each of the peaks are indicated as
dashed lines in Figure 5a and an example of the contribu-
tions of each peak to the overall fit to the data is shown in
Figure s5b. One low intensity peak occurs between the
symmetric and asymmetric amide stretch bands (at
around 3280 c¢m”), and the shoulder of the symmetric
amide stretch is fitted to two peaks (around 3230 and 3250
cm™).

The relative peak areas for each of the refined peaks are
shown in Figure 5c. The top panel details the peak areas
of the amide and imide N-H stretches for the various

samples, which broadly reflect what would be expected of
the transition from lithium amide to lithium imide
through mixed phases. The bottom panel details the peak
areas of the three unknown peaks (Unknown 1-3). From
this plot, it is clear that Unknown 2 and Unknown 3 are
related peaks which are most prevalent in the imide-like
samples. Conversely, Unknown 1 appears to be associated
with a different motif that is present in the amide-like
samples. The relative energies and intensities of Un-
knowns 2 and 3 are similar to those of the lithium amide
symmetric and asymmetric N-H stretch bands, and so are
tentatively assigned as a second set of amide stretches:
Unknown 2 as the symmetric stretch and Unknown 3 as
the combination of the two asymmetric stretches. It is
therefore suggested that Unknown 1 is a second imide N-
H stretch.

The appearance of a second set of amide and imide N-
H stretches in the non-stoichiometric phases could be
indicative of a second chemical environment for the ani-
ons. This would be consistent with the local formation of
a non-stoichiometric phase, as the change in lithium ion
density around the anions with stoichiometry variation
would undoubtedly have an effect on the strength of the
N-H bonds, and hence the frequency of the vibration of
those bonds. On this basis, it is hypothesised that the
unknown peaks are associated with amide/imide units in
an environment which has deviated from stoichiometric
lithium amide/imide. If this is the case, the fact that there
remains a significant signal from the original amide N-H
stretches in the lithium-poor phases (x = 0.5) is consistent
with the X-ray and neutron powder diffraction data in
indicating that these phases contain crystalline domains
of tetragonal lithium amide. The broader peaks observed
in the second set of amide stretches may indicate a great-
er degree of disorder in the environment of these amide
anions. This is consistent with their presence in a non-
stoichiometric phase.

A summary of the various N-H stretching peaks de-
scribed is given in Table 1. The positions of the lithium
imide N-H stretch, and the three intermediate peaks, all
vary with changing value of x, with a consistent magni-
tude of change across all four peaks. This indicates that
the shift in wavenumber in all of these peaks is associated
with a common change in chemical environment. Indeed,
computational analysis has indicated that the bond
strength of the N-H bond in the imide anion is weaker
than in the amide anion®. Thus, it is reasonable to sug-
gest that the bond strength of an N-H bond would de-
crease as the stoichiometry moves from amide to imide,
consistent with the data shown in Figure 5. These peak
shifts support the assertion that the unknown peaks are
due to the non-stoichiometric phases. They also suggest
that the imide N-H stretch at 3185 cm™ may not be due
simply to stoichiometric lithium imide, but are attributa-
ble to non-stoichiometric imide units. If this is the case,
then it could be asserted that the unknown 1 peak could
represent imide units in an amide-like environment. In
contrast, the amide N-H stretch peaks show only a very
small change in wavenumber with changing stoichiome
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Figure 5. a) The N-H stretch region of the Raman spectra obtained for each of the phases synthesised in the continuum between
lithium amide and lithium imide. The dashed vertical lines indicate the approximate position of the peaks assigned, which are
shown in more detail in b), an example of the fit to the data for the Li,,NH, ; average stoichiometry sample showing the contri-
bution of each fitted peak to the total spectrum. Relative peak areas for each of the refined peaks in the Raman spectra of the
lithium amide - imide continuum are shown in c), with polynomial fits to the data included as dashed lines.

try, again supporting the assertion of the presence of a
stoichiometric lithium amide phase in these samples.

If complete formation of the solid solution were
achieved across the full stoichiometry range, it would be
expected that a single set of amide and imide N-H
stretches would be observed in the Raman spectrum, with
the peak area changing linearly with stoichiometry. What

can be inferred from the data shown in Figure 5 is that
under the synthesis conditions used in this study, the
amide/imide ions enter nonstoichiometric phases when
the overall stoichiometry is far from their respective line
phases, but as the stoichiometry approaches one of the
end members, the relative anion tends to order into the
line phase (this effect is exaggerated for the imide, which
appears to show stoichiometry variation in its 'line phase'
N-H stretch peak as discussed above). This is consistent
with the results from the in-situ diffraction study, which
showed that the intermediate phases were unstable with
regard to separation into lithium amide and lithium im-
ide. The fact that multiple N-H stretch signals were ob-
served in samples where only a single phase was observed
in the diffraction data highlights the potential for local
structure variations in these materials.

CONCLUSIONS

The lithium amide-imide solid solution appears to play
a functional role in the hydrogen storage reactions of the
lithium amide-lithium hydride composite, and is the ac-

tive form of the lithium imide ammonia decomposition
catalyst. The structural and spectroscopic investigation of
this solution presented in this work will form the basis of
an enhanced understanding of the precise structure-
property relationships in these energy storage applica-
tions.

Samples of the lithium amide-imide solid solution with
a range of average stoichiometry values were synthesised
and characterised by X-ray and neutron powder diffrac-
tion. For samples with average stoichiometry close to lith-
ium imide, the synthesis methodology resulted in the
formation of a single phase isostructural with high tem-
perature lithium imide. Samples with an average stoichi-
ometry close to lithium amide were found to be a mixture
of the tetragonal lithium amide structure and the cubic
imide-like structure.

There was no evidence for significant variation in stoi-
chiometry in the tetragonal lithium amide structure,
whereas the imide-like structure exhibited a range of stoi-
chiometry values, as evidenced by changes in the lattice
parameter and refined lithium occupancy across all of the
samples. Opposite trends in the change in lattice parame-
ter with stoichiometry in this study compared with previ-
ous in-situ experiments on the Li-N-H hydrogen storage
system indicate potential differences in the microstruc-
ture of the solid solution depending on the synthesis
method.



Table 1 - N-H stretch peaks observed in the non-
stoichiometric Li-N-H samples.

Peak Position Position Phase
(cm?) change per
0.1x (cm™)
NH, 3260 -0.340(5) Stoichiometric
symmetric lithium amide
NH, 3313 -0.340(5) Stoichiometric
asymmetric lithium amide
NH, 3323 -0.340(5) Stoichiometric
asymmetric lithium amide
NH 3185 -2.78(4) Stoichiometric
and almost-
stoichiometric
lithium imide
Unknown 1 3258 -2.78(4) Lithium imide
in non-
stoichiometric
phase
Unknown 2 3244 -2.78(4) Lithium am-
ide in non-
stoichiometric
phase
Unknown 3 3201 -2.78(4) Lithium am-
ide in non-
stoichiometric
phase

Uncertainties in refined peak positions are all less than 1 cm™.

Raman spectroscopy provided valuable information
about the non-stoichiometric continuum, with distinct N-
H stretches resolved for amide and imide groups in both
stoichiometric and non-stoichiometric environments.
These spectra indicate that, even in the samples which
appear in diffraction experiments as a single phase, there
may be significant local structural variation in the sample.
The peaks associated with the imide groups and the am-
ide groups in non-stoichiometric environments exhibited
a linear shift in wavenumber with changes in the average
stoichiometry, while the peaks assigned to the stoichio-
metric amide environment groups did not vary signifi-
cantly, supporting the assertion that the amide phase
cannot accommodate significant variation in stoichiome-
try before forming the cubic structure.
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