-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by University of Birmingham Research Portal

UNIVERSITYOF
BIRMINGHAM

L‘{miversit}{'o{ iIrmingham
esearch at Birmingham

Ammonia decomposition catalysis using

lithium—calcium imide

Makepeace, Joshua W.; Hunter, Hazel M. A.; Wood, Thomas J.; Smith, Ronald I.; Murray,
Claire A.; David, William I. F.

DOI:
10.1039/c5fd00179j

Document Version
Early version, also known as pre-print

Citation for published version (Harvard):
Makepeace, JW, Hunter, HMA, Wood, TJ, Smith, RI, Murray, CA & David, WIF 2015, 'Ammonia decomposition
catalysis using lithium—calcium imide’, Faraday Discussions. https://doi.org/10.1039/c5fd00179j

Link to publication on Research at Birmingham portal

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

» Users may freely distribute the URL that is used to identify this publication.

» Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

» User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
« Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 01. Mar. 2020


https://core.ac.uk/display/267198571?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1039/c5fd00179j
https://doi.org/10.1039/c5fd00179j
https://research.birmingham.ac.uk/portal/en/publications/ammonia-decomposition-catalysis-using-lithiumcalcium-imide(4fce0c3a-8475-42af-8204-63e1f0aa8056).html

Ammonia decomposition catalysis using lithium-calcium imide
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Abstract

Lithium-calcium imide is explored as a catalyst for the decomposition of ammonia. It shows the
highest ammonia decomposition activity yet reported for a pure light metal amide or imide,
comparable to lithium imide-amide at high temperature, with superior conversion observed at lower
temperatures. Importantly, the mass recovery of lithium-calcium imide is almost complete,
indicating that it may be easier to contain than the other amide-imide catalysts reported to date.
The basis of this improved recovery is that the catalyst is, at least, partially solid across the
temperature range studied under ammonia flow. However, lithium-calcium imide itself is only stable
at low and high temperatures under ammonia, with in-situ powder diffraction showing the
decomposition of the catalyst to lithium amide-imide and calcium imide at intermediate
temperatures of 200-460 °C.

Introduction

The catalytic decomposition of ammonia to release its stored hydrogen is an important step in
enabling the use of ammonia as a potential replacement for fossil fuels in technologies ranging from
transportation to seasonal energy storage. The partial decomposition of ammonia when used in an
internal combustion engine enables more favourable combustion conditions to be used’, while low-
temperature fuel cells require the complete decomposition of ammonia to hydrogen and nitrogen:

2NH; — N, + 3H, (1).

Using current catalyst technology, the kinetics of ammonia decomposition are slow and require very
high operating temperatures that, in turn, compromise the efficiency of the ammonia-based energy
cycle’. The development of affordable catalysts with higher activity can therefore represent a
significant step in facilitating the widespread use of ammonia as a sustainable fuel.

Currently, the most active catalysts for ammonia decomposition involve transition metals*and use a
range of support architectures (such as porous carbon, metal oxides and carbon nanotubes®) along
with alkali- and alkaline earth-metal salts®® to enhance activity. Among the metals studied,
ruthenium, nickel and iron have been the most widely investigated. Ruthenium is generally
considered to be the most active metal per mole while iron-based catalysts are favourable per unit
mass since their cost advantage over ruthenium allows the use of higher metal loadings.



Light metal amides and imides have recently emerged as a new class of catalyst for the
decomposition of ammonia. While the precise mechanism of their catalytic action is not yet fully
elucidated, sodium amide (NaNH,)’, lithium imide (Li,NH)® and composites of lithium imide with

transition metals and their nitrides™°

show high ammonia decomposition activity. There are
indications from isotope exchange measurements that these materials have a more complex
interaction with ammonia than that of simple surface catalysis and that there are bulk interactions

d®™. The active forms of the

between the catalysts and the ammonia to which they are expose
catalysts are dependent on the precise ammonia decomposition conditions (ammonia flow rate,
temperature). For the sodium amide system a mixture of sodium and sodium amide is observed’
while a non-stoichiometric lithium imide (Li;.,NH,, , 0sx<1) is seen in the lithium-based system.
Composites of lithium imide with metal nitrides, which show an enhanced activity, have been

proposed to form a ternary nitride during ammonia decomposition®.

There are many avenues for the further development of these catalysts in order to provide a low-
cost and effective method of releasing hydrogen from ammonia. One challenge encountered with
the sodium/sodium amide system is that both components of the system are liquid at the
temperature of operation; indeed, sodium itself has a vapour pressure in the order of 25 mbar at
600 °C', leading to issues associated with catalyst containment within the heated reaction zone.
While a reflux-type arrangement may help contain a liquid catalyst, it is anticipated this would
reduce the efficiency of the reaction and may introduce overly complex engineering requirements.

Stoichiometric lithium imide is solid across the temperature range in which the ammonia
decomposition reaction occurs. However, the reaction with ammonia to form a non-stoichiometric
phase

Li,NH + NH; — LiNH, (2),
xLiNH, + Li,NH — 2Li,,NH1.,  (3),

introduces lithium amide-like character to the catalyst structure. Lithium amide melts at around
370 °C. In the in-situ neutron powder diffraction experiment, it was observed that a stoichiometry
value close to Li; sND; 5 was the approximate limit of maintaining a solid phase at 500 °C under very
low ammonia flows of around (5 standard cubic centimetres per minute, sccm). This evidence
indicates that the ammonia decomposition reaction conditions must be maintained within specific
limits if the catalyst is to be kept in the solid state during the reaction.

A logical progression is to examine related materials which may be easier to maintain as a solid. In
particular, imide materials have much higher melting points than their corresponding amides, and so
an imide which forms at low temperature would seem to be an ideal candidate for a practical
ammonia decomposition catalyst. Taking the example of the lithium amide-lithium hydride
hydrogen storage system™, reductions in the hydrogen desorption temperature (ie. a lower
temperature of imide formation) were achieved by using ternary systems combining lithium amide

14,15 16,17

with magnesium hydride or calcium hydride™"’. Of particular interest to this study is that a 2:1

mixture of lithium amide with the relevant hydride results in the formation of a ternary imide:

2LiNH; + MgH; — Li,Mg(NH), + 2H, (4).
2LiNH2+CaH2—> Lizca(NH)2+2H2 (5)



The lower temperatures of these reactions compared with the lithium-only analogue raise the
prospect that these imides may be more stable in the presence of ammonia than lithium imide
alone. The elevated pressures required to hydrogenate these ternary imides relative to lithium imide
may indicate that this hypothesis has merit; however, there are no studies to date that examine
their interaction with ammonia. The aim of this work is to examine the ammonia decomposition
properties of these two ternary imides with a focus on whether they offer enhanced practicality
compared to lithium imide.

Experimental
Sample preparation

All sample preparation and handling was undertaken inside an argon-filled glove box (Unilab,
mBraun, O, and H,0 < 0.1 ppm). Samples of lithium-calcium imide were prepared by the reaction of
lithium amide (LiNH,, 98%, Sigma Aldrich) and calcium hydride (CaH,, 98%, Sigma Aldrich). The
powdered reactants were mixed in a 2:1 molar ratio by hand using an agate mortar and pestle for 5
minutes per gram of reactant mixture. 2 g of the resultant mixture was loaded into a 125 mL
tungsten carbide (WC) milling jar filled with nine 10 mm tungsten carbide milling balls. The sample
was milled under argon in the WC jar for four hours at 400 rpm in a Retsch PM100 planetary mill, in
15 minute segments with two minute rest periods between each segment. The direction of rotation
was reversed after each segment. The ball-milled mixture was then heated in 0.25 g portions to
affect the reaction to form lithium-calcium imide (equation 5).

The portion was placed in a cylindrical alumina crucible housed inside a quartz tube. The sample was
put under flowing argon gas (99.998 %, BOC), placed inside a horizontal tube furnace (Carbolite MTF
12/38/400) and heated to 380 °C at a ramp rate of 2 °C/min and held at that temperature for
12 hours. Powder X-ray diffraction (XRD) of the samples, performed on a PANalytical X'Pert
diffractometer using copper Ka; radiation, confirmed that the synthesised lithium-calcium imide was
at least 90 % pure as assessed by Rietveld analysis of the powder pattern with the TOPAS Academic
v5.0 package (see ESI).

Lithium-magnesium imide was synthesised in an analogous fashion to lithium-calcium imide, using
magnesium hydride (MgH,, 98 %, Aldrich) in place of calcium hydride.

A sample of deuterated lithium-calcium imide (Li,Ca(ND),) was prepared for the neutron powder
diffraction measurement. The synthesis method was as described above, using the deuterated
isotopomers of the starting materials. Deuterated lithium amide (LiIND,) was prepared by the
reaction of lithium nitride (LisN, 98 %, Sigma Aldrich) with deuterated ammonia (NDs;, 99 %,
99 atom% D, Aldrich):

LisN + 2ND; — 3LiND, (6).

A hand-ground 1 g sample of lithium nitride was placed in a cylindrical stainless steel reactor, sealed
and attached to the deuterated ammonia supply. The system was evacuated and then filled with
3 bar of ammonia and heated at 5 °C/min to 300 °C and held at that temperature for 3 hours. The



resultant powder was confirmed to be deuterated lithium amide by XRD and Raman spectroscopy
(Bruker Senterra).

Calcium deuteride (CaD,) was prepared by the reaction of ca. 1 mm pieces of calcium metal (99.5 %,
Alfa Aesar) with deuterium gas (D,, 99.8 atom% D, SIP Analytical). The calcium pieces were used as-
received and were placed into a cylindrical stainless steel reactor, sealed and attached to the
deuterium supply. The system was evacuated and then filled with 10 bar of deuterium. The sample
was subsequently heated at 5°C/min to 315°C and held at that temperature overnight. The
composition of the resultant off-white powder was confirmed as calcium deuteride by XRD.

The purity of the deuterated lithium-calcium imide synthesised from the reaction of these starting
materials was confirmed to be in excess of 90 % by XRD (see ESI).

Ammonia decomposition testing

The ammonia decomposition testing used an identical setup to that described previously”®. Catalyst
powders were loaded into a 46.9 cm? cylindrical nickel-plated 316 stainless steel reactor with gas
flow input along a pipe through the centre of the cylinder, entering 1 cm from the bottom of the
reactor (see ESI). Out flow was through the lid of the reactor. Gas flow of argon or ammonia (NH;,
99.999 %, SIP Analytical) was controlled using a mass flow controller (HFC-302, Teledyne Hastings
Instruments) housed in a custom-designed gas panel. The reactor was heated using a vertical tube
furnace (Severn Thermal Solutions). The composition of the gas leaving the reactor was analysed
using a Quantitative Gas Analyser mass spectrometry system (HPR20 QIC R&D, Hiden Analytical), run
in multiple ion detection mode with a Faraday detector. Mass-to-charge ratios (m/z) corresponding
to hydrogen (m/z = 2), ammonia (m/z = 17), nitrogen (m/z = 28) and argon (m/z = 40) were
monitored. In a typical ammonia decomposition experiment, ammonia was flowed at 60 sccm
through the system and the reactor was heated in steps between 250 °C and 600 °C, with 3 hour
dwell periods at each temperature set point.

Ammonia decomposition percentages were calculated using an in-house computer program which
removes the background signal for each species and calculates the ammonia decomposition
percentage based on the average value over the dwell period at each temperature set point.

Synchrotron X-ray powder diffraction

Two synchrotron X-ray powder diffraction experiments were performed on the 111 beam line at the
Diamond Light Source, United Kingdom. Diffraction data were collected in 2 minute intervals using
the multi-analyser crystal (MAC) detectors and an X-ray wavelength of 0.826209 A was used.

For each experiment, a sample of lithium-calcium imide was placed in the centre of a 0.9 mm i.d.
single crystal sapphire capillary, which was open at both ends. The powder sample was held in
position by a plug of quartz wool on either side. The capillary was loaded into a flow-through gas cell
and mounted on the beam line (see ESI). After leak testing with helium gas, the sample was aligned
and a hot air blower was positioned to heat the sample. The sample was rocked between -5 and
+15 ° to minimise preferred orientation effects during data collection.

In the first experiment, the sample of lithium-calcium imide was heated from room temperature to
550 °C at 5 °C/min under a constant flow of 2 sccm of helium gas. The sample was held at 550 °C for



half an hour and then cooled to room temperature at 10 °C/min. In the second experiment, the
sample was heated under a 2 sccm flow of ammonia, initially to 350 °C at 5 °C/min, with a one hour
dwell at that temperature. Subsequently, the sample was heated in 50 °C steps at 5 °C/min with one
hour dwells at each temperature, up to a maximum temperature of 600 °C. Finally, the sample was
cooled at 10 °C/min.

Differential scanning calorimetry—thermogravimetric analysis

A Netsch STA 441 F1 Jupiter was used for simultaneous differential scanning calorimetry and
thermogravimetric analysis of lithium-calcium imide samples. 8.7 mg samples of the lithium-calcium
imide were sealed inside 20 pL aluminium pans. The lid of each pan was pierced as it was loaded into
the instrument. A purge flow of nitrogen gas was used during sample loading to protect the sample
from moisture in the atmosphere. Once loaded, the sample was heated from 25 °C to 575 °C at 5 °C
/min under either nitrogen or ammonia gas flow (20 sccm). The sample mass and relative heat flow
to the sample pan were recorded throughout the experiment.

Neutron powder diffraction

In-situ time-of-flight neutron powder diffraction data for lithium-calcium imide were collected on
the POLARIS instrument at the ISIS Neutron and Muon Source in the United Kingdom. The
experimental setup for the in-situ experiment was very similar to that described previously when
studying lithium imide®. The sample of deuterated lithium-calcium imide (1.9 g) was loaded into a
stainless steel flow through cell (see ESI) which was placed into a standard furnace housed in the
POLARIS sample tank. Neutron diffraction data were collected in 100 s intervals throughout, and the
furnace set to the desired temperature (or temperature ramp rate). The sample cell was attached to
the same gas delivery panel, as used for ammonia decomposition testing, equipped with argon,
ammonia and deuterated ammonia input gases. Outgas composition and ammonia decomposition
percentages were calculated as described for the ammonia decomposition experiments. Given that
deuterated species were used in the neutron diffraction experiment, the following mass-to-charge
(m/z) fragments were analysed in addition to the standard fragments: ND; (m/z = 20), ND,H (m/z =
19), NDH, (m/z = 18), D, (m/z = 4) and HD (m/z = 3), with the partially-deuterated species (and
NHs/H,) included for monitoring during the H-D exchange experiment. Additionally a reference
neutron powder diffraction dataset was collected of the as-prepared sample in a 6 mm vanadium
can over 2 hours at room temperature.

Results and Discussion

The variable-temperature ammonia conversion percentages of lithium-calcium imide and lithium-
magnesium imide are shown in Figure 1, with datasets for lithium amide the blank reactor shown for
comparison.

Below 430 °C, both lithium-calcium imide and lithium-magnesium imide show superior conversion
activity to lithium imide-amide and very similar activity to each other. Above this temperature, the
activity of lithium-magnesium imide is significantly lower than both lithium imide-amide and lithium-
calcium imide. In contrast, above 430 °C the ammonia decomposition activity of lithium-calcium
imide is very similar to that of lithium imide-amide. Overall, the variable-temperature ammonia



conversion percentage profile of lithium-calcium imide in this system is the highest observed to date
out of the pure metal amide or metal imide systems studied.
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Figure 1 - Ammonia conversion fraction as a function of temperature for a number of metal amide/imide catalysts, along
with the nickel-plated blank reactor. Measurement conditions were 0.5 g of catalyst and an ammonia flow rate of
60 sccm. Fits to the data are shown as dashed lines.

In the published reports of the ammonia decomposition activity of light metal amides and imides
there has been some disagreement as to how active the materials are on their own. It has been
reported that composites of lithium amide-imide with transition metal nitrides display synergistic
ammonia decomposition activity”'®. These results, measured for intimate mixtures, were used to
infer that measurements in stainless steel reactors, such as those in this study and our previously-
reported work, were not measuring the isolated activity of the amide/imide. Measurements of the
activity of lithium amide-imide in quartz reactors show very low ammonia decomposition activity. Of
course, it is difficult to isolate the effect of the reactor from the catalyst. In most cases, quartz is an
inert material which is a good choice for reactors for ammonia decomposition. However, in our lab
tests we have established that lithium amide and sodium amide react strongly with quartz at
elevated temperature (see ESI), forming oxide and unknown phases that are most likely metal
silicates. This may go some way to explain the very low ammonia decomposition activity observed
for lithium and sodium amides when tested in quartz reactors. It is for this reason that this work
continues the use of metal reactors for measuring ammonia decomposition activity. The interaction
between metals/metal nitrides and these catalysts is of great interest, but experimental results to
date suggest that the amide materials are actively decomposing ammonia, rather than playing a

81 Indeed, a recent study

simple promotion role (as is the case with other Group | and Il metal salts
on the interaction of ruthenium with lithium amide-imide suggested that the enhanced ammonia
decomposition activity from the composite material may in fact be due to the metal influencing the

decomposition pathway of lithium amide®™.

To provide a quantitative measure of the data presented in Figure 1, the ammonia decomposition
data were fitted by a least-squares procedure to one- or two-process sigmoidal functions of the

form:



Ci=1-exp(-exp(A/R-EA/RT)) (7),

where C is the conversion (1 - ammonia fraction), A is a constant, R is the gas constant, E, is an
activation energy and T is the temperature (in Kelvin). Two-process functions were fitted to a sum of
two equations shown in Equation 7, with different refined A and E, values refined, with the total
function given by:

Ciota = 1 = [fC1 + (1 - )C,](8),

where f is the fractional contribution of the first sigmoidal function and 1-f is the fractional
contribution of the second function. The outputs of the fitting process are summarised in Table 1.

Table 1 - Parameters from least-squares optimisation of sigmoidal functions fit to variable-temperature ammonia
conversion data . Uncertainties are given in brackets.

Species A Ea,; A, Ea, f
Li,Ca(NH), 0.16(2) 120(10) 0.28(3) 200(30) 0.70(4)
Li,Mg(NH), 0.15(1) 110(11) 0.61(4) 420(30) 0.85
LigxNH5 0.165(3) 120(4) 0.67(2) 490(17) 0.573(5)
Blank 0.141(9) 110(7)

As outlined previously, one of the challenges with the use of light metal amides and imides for
ammonia decomposition is containing the catalyst melt within the reactor hot zone. It is known?® that
lithium imide-amide can be kept solid under controlled conditions. When it is heated under argon to
the temperature of high ammonia conversion, lithium imide will remain solid, and so mass recovery
from the reactor is generally in excess of 80 %. In contrast, if it is heated under ammonia, the mass
recovery is generally less than 30 %°. The mass recovery of the lithium-calcium imide sample after
the ammonia decomposition reaction shown in Figure 1 was almost complete (98 %), whereas the
lithium-magnesium imide recovery was less than 5 %. The combination of high activity and high
mass recovery—which implies ease of containment—makes lithium-calcium imide worthy of further
investigation as an attractive ammonia decomposition catalyst. Since lithium-magnesium imide
showed neither of these attributes, it was not investigated further in this study.

The high mass recovery obtained for lithium-calcium imide is consistent with the catalyst remaining
solid throughout the range of conditions used in the ammonia decomposition experiment. However,
a post-reaction X-ray powder diffraction pattern, shown in Figure 2, indicates a more complex
behaviour. Specifically, a mixture of lithium amide and calcium imide was identified, with no lithium-
calcium imide observed in the diffraction pattern.
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Figure 2 - X-ray powder diffraction pattern of the lithium-calcium imide catalyst after the ammonia decomposition
reaction.

In order to provide more detailed information on this transformation and to gain an understanding
of the active form of the catalyst and its practical limitations, in-situ diffraction experiments were
undertaken. In the first experiment using synchrotron X-ray powder diffraction, lithium-calcium
imide was heated under a flow of inert gas (helium, 1 sccm) to examine whether simple heating
could cause the material to separate into lithium imide and calcium imide. The published crystal
structure of lithium-calcium imide (Figure 3) is a layered structure which can be described as
alternating layers of lithium imide and calcium imide. As such, it is possible that the separation of
those layers into the constituent imide phases may not require a large input of energy. After
separation, lithium imide would readily react with ammonia to form lithium amide, consistent with
the powder diffraction pattern obtained for the post-reaction sample.



Figure 3 - Crystal structure of lithium-calcium imide, with lithium atoms shown in green, calcium in red, nitrogen in blue
and hydrogen in grey. The local geometries of the Li(NH), tetrahedron and Ca(NH); octahedron are shown next to the
full crystal structure.

A contour plot of the diffraction data for the heating of lithium-calcium imide between room
temperature and 550 °C under helium is shown in Figure 4. What is immediately apparent from
these data is that lithium-calcium imide is present over the entire temperature range and does not
transform into lithium imide and calcium imide. Therefore it is reasonable to conclude that the
decomposition of the catalyst is due to its interaction with ammonia.
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Figure 4 - Contour plot of sections of the in-situ synchrotron X-ray powder diffraction data for lithium-calcium imide. The
sample was heated at 5 °C/min under flowing helium gas.

It is worth noting a few points regarding the structural characterisation of lithium-calcium imide
from these data. A small shoulder is present on a number of the Bragg peaks which is clearly
associated with the lithium-calcium imide phase. An example of this feature as observed for the
(001) peak is shown in Figure 5. As can be seen, the feature at 7.84 ° was present in the data until
approximately 120 °C and not observed during the remainder of the experiment, even after the
sample was cooled back to below 120 °C. It is thus unlikely that these extra peaks are related to an
order-disorder transition similar to the transition observed in lithium imide at a slightly lower
temperature®®. Given the layered structure of the material, the most likely explanation for these
features is that the initial sample possessed stacking faults which were annealed out of the
structure.

Combined DSC-TGA of the sample (see ESI) also indicated the presence of an endothermic event at
86 °C which is consistent with the order-disorder transition of the lithium imide impurity in the
sample. Annealing of stacking faults in the sample would be expected to be exothermic, but no
thermal events were observed around the temperature of the loss of the low-angle shoulder. The
DSC-TGA data also show no significant mass loss, consistent with the stability of the catalyst over the
temperature range.

Further peak asymmetry is observed in the data comprising a small shoulder at higher 2-theta values
(see Figure 5). This feature was particularly prevalent in the [00/] reflections and persisted
throughout the experiment. This may be indicative of a degree of compositional variation or disorder
in the lithium-calcium imide structure—for example a degree of non-stoichiometry could be
envisaged similar to that observed in lithium imide*™>>. This peak asymmetry was modelled in the
Rietveld analysis of the diffraction data as a second component to the lithium-calcium imide phase,



one with a very similar a lattice parameter to the main phase and a smaller (approx. 0.5 %) c lattice
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Figure 5 - The (001) peak of lithium-calcium imide, showing the disappearance of the low-angle shoulder with heating
under flowing helium, and the presence of high-angle asymmetry.

A plot of the variation in these refined parameters with temperature is shown in Figure 6. The a
lattice parameters of the two components of lithium-calcium imide are close in magnitude and show
similar thermal expansion behaviour. The c lattice parameter of the minor component is slightly
smaller than that of the major component. Figure 6 illustrates the differing thermal expansion
behaviour of the two components. Upon heating, the major component displays almost linear
thermal expansion behaviour, with a subtle change in the slope of the expansion at 120 °C,
consistent with the disappearance of the low-angle asymmetry attributed to stacking faults in the
structure. The minor component exhibits relatively steep thermal expansion behaviour below 180 °C
during heating. Above this temperature, the rate of thermal expansion decreases to a similar rate to
the major component. On cooling, both components display linear thermal contraction. The
irreversible steep thermal expansion of the c axis of the minor component towards the value of the
major component is consistent with the hypothesis that this asymmetry reflects compositional
disorder in the structure which partially orders as the sample was heated at the beginning of the
experiment. This partial order results in a narrowing of the Bragg peak, which produces the shift in
the c parameter of the minor component.
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Figure 6 — Lattice parameters for the two lithium-calcium imide phases included in the refinement of the synchrotron
diffraction data for the heating of lithium-calcium imide under flowing helium gas. Errors in the lattice parameter values

are 1-2x10™ A.

Having established that, under an inert gas atmosphere, lithium-calcium imide is stable in the

temperature range used for ammonia decomposition, a second experiment was conducted with the

sample heated under ammonia flow. The experimental results are summarised in Figure 7, showing

contour plots of sections of the diffraction data. These data indicate that, unlike under helium gas

flow, the catalyst is not stable under ammonia flow. This is consistent with the ex-situ diffraction
data which indicated that lithium amide and calcium imide were formed during the ammonia

decomposition reaction.
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Figure 7 — Selected contour plots of synchrotron X-ray powder diffraction data for lithium-calcium imide heated under
flowing ammonia gas.



The in-situ data show that the interaction of lithium-calcium imide with ammonia is more complex
than a simple separation into lithium amide and calcium imide as may be surmised from the ex-situ
analysis. The data from the experiment were analysed using the Rietveld method, and the resultant
molar percentages extracted for each phase included in the refinement process are shown in
Figure 8. The analysis of these data is complicated by overlapping Bragg peaks for lithium amide-
imide, calcium imide and lithium-calcium imide, so a manual refinement of every fifth dataset was
chosen instead of a batch refinement process as used in our previous in-situ studies.
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Figure 8 - Molar percentages of the crystalline phases present during exposure of lithium-calcium imide to ammonia, as
extracted from Rietveld analysis of every fifth diffraction data set.

Below 200 °C, the most significant change in the sample is the loss of the lithium imide impurity,
which is most likely to have formed lithium amide by reaction with ammonia. Above 200 °C, the
lithium-calcium imide begins to diminish, with calcium imide and lithium oxide phases growing in to
replace it. Since lithium amide was not detected in the diffraction data at this stage, and the
temperature is below its melting point, it was presumed that all of the lithium amide was oxidised by
reaction with the sapphire capillary. Although sapphire has proven to be reasonably inert for the
study of lithium amide systems, it clearly will react with lithium amide under certain conditions.

Above 370 °C, no lithium amide formed from the decomposition of lithium-calcium imide will be
observed due to it being molten—this should be considered when interpreting the data in Figure 8.
However, it would appear that the lithium oxide phase may well be a good proxy for the amount of
lithium amide formed from the decomposition of lithium-calcium imide; the molar ratio of lithium
oxide to calcium imide at the end of the experiment is approximately 1:1, in keeping with the
lithium-calcium ratio in the starting material. As the sample was cooled at the end of the
experiment, a small amount of lithium amide was observed in the diffraction data, which is



consistent with the proposed decomposition mechanism from lithium-calcium imide to calcium
imide and lithium imide.

During the first dwell in temperature at 350 °C, a new Bragg peak is observed to form at 10.2°; this
angular position is not indicative of the structures of lithium amide or calcium imide, the expected
decomposition products. Rather, it matches the expected position of the (011) Bragg peak of calcium
amide (Ca(NH,),). The presence of calcium amide, even in the small quantity observed in this
experiment, was unexpected, as the synthesis of calcium amide has typically required reactive ball-
milling of calcium hydride under elevated ammonia pressure®** or reaction between calcium metal
and liquid ammonia over long timescales®®. These data suggest that calcium amide can be formed
from calcium imide under more moderate conditions than from calcium hydride or calcium metal.

Although the calcium imide molar amount in Figure 8 is presented as a single phase, close
examination of the diffraction data toward the end of the experiment (i.e. at the highest
temperatures studied) reveals complex lineshapes in the Bragg peaks associated with calcium imide
(see Figure 9a). In the Rietveld analysis of these data, these peak shapes were fitted using three
calcium imide components. The presence of these complex lineshapes and their evolution in the
context of the presence of ammonia may be indicative of stoichiometry variation associated with a
non-stoichiometric calcium imide phase.
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Figure 9 — a) Synchrotron X-ray diffraction data showing the (002) Bragg peak of calcium imide under flowing ammonia
at 450 °C. Crystal structures of b) calcium amide and c) calcium imide showing calcium atoms in red, nitrogen in blue and
hydrogen in grey.

Examining the crystal structures of calcium amide (as reported by Senker et al.”’) and calcium imide,
Figure 9b and c, it can be seen that calcium amide adopts a tetragonal structure where the amide
groups form a pseudo-cubic close packed arrangement with the calcium ions occupying half of the
octahedral holes in the structure. Calcium imide crystallises with imide ions in a close packed cubic
array and calcium ions in all of the octahedral holes (the rock salt structure). Therefore, the calcium
amide structure can be considered to be an ordered, half-occupied supercell of the calcium imide
structure, in the same way that tetragonal lithium amide is an ordered supercell of the fluorite
structure of lithium imide, where lithium ions occupy the tetrahedral, rather than octahedral, sites in



the close-packed cubic lattice. Given that this topological similarity facilitates the formation of non-
stoichiometric phases by Frenkel defect migration in the lithium amide-imide system, it is reasonable
to suggest that the same mechanism may be possible in the case of calcium amide-imide. Further
investigation would be required to confirm this hypothesis. The extensive oxidation of the sample
above 450 °C precluded the investigation of the behaviour of the system at higher temperatures.

The behaviour of the lithium-calcium imide catalyst in the synchrotron diffraction experiment was
mirrored in a combined DSC-TGA experiment, the results of which are plotted in Figure 10. The same
endothermic event at 86 °C, as was observed under helium flow was seen under ammonia,
consistent with lithium imide order-disorder transition. The sample began gaining mass at around
200 °C, consistent with the diffraction data and was correlated with a broad exothermic event in the
data. The peak of this exothermic event coincides with a sharp endothermic event at 367 °C. This is
consistent with the absorption of ammonia by lithium imide to form lithium amide (or lithium
amide-like non-stoichiometric species), which melts at around 370 °C.
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Figure 10 - Combined DSC-TGA experiment on lithium-calcium imide under flowing ammonia gas.

The peak of the mass increase of 2.5 mg, reached at 400 °C, represents a 31 % mass gain over the
starting sample mass of 8.7 mg. Considering the reaction of lithium imide to lithium amide, the
release of the maximum amount of lithium imide from the structure (i.e. full decomposition to
lithium imide and calcium imide) and its subsequent conversion to lithium amide would result in a
mass increase of 20 %. Therefore, the larger mass increase observed in the DSC-TGA experiment is
consistent with the additional formation of calcium amide and/or non-stoichiometric calcium imide,
as observed in the diffraction experiment.

Above 400 °C, the mass decreases until the maximum temperature of the experiment, 575 °C. There
are at least two endothermic events during the mass loss. Most of the mass loss occurs at
temperatures which were not accessed in the synchrotron experiment and so cannot be related to
those data. However, the mass appears to be returning to the initial mass value, which either
suggests the formation of a mixture of lithium imide and calcium imide, the decomposed catalyst, or
potentially the reformation of lithium-calcium imide.



The behaviour of the lithium-calcium imide catalyst under ammonia was investigated further in an
in-situ neutron powder diffraction experiment. The use of neutrons allowed for a stainless steel
reactor to be used, removing the complication of the sample oxidising and thus allowing the higher
temperature behaviour to be studied. A contour plot of the diffraction data from the 90 ° detector
bank of the POLARIS instrument is shown in Figure 11, along with the sample temperature, gas
composition and flow, and the ammonia conversion fraction, where applicable.
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Figure 11 - Neutron powder diffraction experiment on deuterated lithium-calcium imide, showing (top) the sample
temperature, (middle) the ammonia conversion fraction and (bottom) a contour plot of the diffraction data, with gas
composition and flow indicated above. Gaps in the contour plot data represent periods where the ISIS synchrotron was
not operational.

Initially, the sample of deuterated lithium-calcium imide was heated to 550 °C under flowing argon
in order to examine whether exposing the sample to ammonia above the temperature where mass
uptake was favourable would stabilised the lithium-calcium imide structure. It can be seen from the
diffraction data that this is the case, when deuterated ammonia was added after five hours, the
sample was essentially unchanged, remaining as lithium calcium imide. As such, the decomposition
of the catalyst can be avoided in the same way as the conversion of lithium imide into lithium amide.
A relatively high ammonia conversion fraction of 0.6 was observed at this temperature, though the



reactor geometry in the neutron diffraction experiment is not optimised to give the highest
ammonia decomposition performance.

The lattice parameters of the lithium-calcium imide extracted from Rietveld analysis of the
diffraction data during this period show that the exposure of the sample to ammonia resulted in a
very slight (0.05 %) decrease in the a parameter and a larger increase (0.1 %) in the ¢ parameter (see

822 these changes in the lattice parameters may

ESI). Based on our analysis of lithium imide-amide
indicate a degree of non-stoichiometry which can be accommodated in the lithium-calcium imide
structure without causing the decomposition of the phase. More detailed analysis would be required

to establish whether this was unambiguously the case.

Having observed that lithium-calcium imide can be stabilised under ammonia at high temperature,
an isotope exchange experiment was then conducted. Approximately 8 hours into the experiment,
the gas flow over the sample was switched from ND; to NHs. At this point, and for the duration of
the exchange, an increased background signal can be observed in the contour plot of the diffraction
data along with a weaker signal from the sample (Figure 11). This is consistent with the
incorporation of hydrogen into the sample, as hydrogen has a very large incoherent neutron
scattering cross section®®, which manifests as higher noise in diffraction data. In order to quantify the
isotope exchange reaction, Rietveld analysis was performed which allowed the occupancy of the
deuterium position in the lithium-calcium imide structure to vary completely between fully occupied
by deuterium and fully occupied by hydrogen. The results of this analysis are shown in Figure 12.
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Figure 12 - Isotope exchange experiment during neutron powder diffraction of lithium-calcium imide, showing the
deuteration fraction of the sample over time, with the gas species which the sample was exposed to indicated at the top
of the figure. Red dashed lines are fits of the deuteration fraction data to simple exponential functions.

It can be seen that there is exchange of deuterium for hydrogen in the structure, with the
deuteration fraction exhibiting an exponential decay, with a time constant of 74(2) minutes, after
the NH3; was introduced, down to a minimum of around 0.2. After approximately 14 hours
experimental run time, the flow was returned to NDs, and the deuteration fraction returned to 1.0
with a more rapid time constant of 20(2) min. These data indicate that there is bulk interaction of



the lithium-calcium imide sample with the ammonia flowing over and being decomposed by it. This
bulk interaction shows how substantially the behaviour of amide- and imide-based ammonia
decomposition catalysts differs from traditional surface catalysts.

Figure 13 presents the mass spectrometry data collected during the isotope exchange experiment.
These data indicate that the ammonia decomposition rate is higher when the sample is not
deuterated. This can be seen most clearly by examination of the nitrogen trace, which increases
when the NH; is added, and decreases when the gas flow was switched back to NDs. This variation
gives some indication that there may be a kinetic isotope effect in this reaction, which would
indicate that the rate determining step of the ammonia decomposition reaction using lithium-
calcium imide involves a bond which contains H/D. A more detailed study of this effect, such as has
been performed for sodium amide!, would be needed to confirm that this is the case.
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Figure 13 - Mass spectroscopy data during the isotope exchange reaction, with the (011) Bragg peak of lithium-calcium
imide shown for reference.

Following the isotope exchange reaction, the sample was cooled to 440 °C, whereupon the lithium-
calcium imide phase disappeared and was replaced by calcium imide and, what is presumed to be,
molten lithium amide. The absorption of ammonia associated with this transformation is observed in
the apparent spike in the ammonia conversion fraction at approximately 23 hours. This result was
consistent with the synchrotron and DSC-TGA data. At this point in the experiment, a blockage in the
pipework formed which is most likely associated with the formation of molten lithium amide. By
increasing the temperature of the sample and flowing argon across it, solid lithium imide was
formed, which removed the blockage and allowed for the resumption of flowing NDs. During this
period, lithium-calcium imide was observed to reappear in the diffraction data. The reversibility of



this transformation was confirmed by once again lowering and then raising the temperature of the
sample, which resulted in the decomposition and reformation of the lithium-calcium imide catalyst.
Before the blockage reformed.

Conclusion

Lithium-calcium imide is a promising catalyst for the decomposition of ammonia for sustainable
energy applications. It shows similar ammonia decomposition activity to lithium imide-amide and
substantially improved containment of the catalyst mass within the reactor, making it the best-
performing ammonia decomposition catalyst in this family studied to date.

The layered structure of lithium-calcium imide is susceptible to attack by ammonia to form lithium
amide and calcium imide, as was observed by in-situ diffraction experiments. Evidence for the
formation of non-stoichiometric calcium imide and calcium amide was observed in synchrotron X-ray
diffraction and combined DSC-TGA experiments. At higher temperatures, after desorption of the
absorbed ammonia, lithium-calcium imide was observed to reform. One way to consider this
behaviour is that the ternary imide behaves in a very similar manner the combination of its two
imide components: the ammonia absorption behaviour of lithium and calcium imide is
superimposed on the behaviour of the ternary imide, although the ternary structure does appear to
stabilise the lithium imide layer to attack by ammonia until higher temperatures than for lithium
imide alone.

While the presence of calcium imide and the reformation of lithium-calcium imide at high
temperatures ensure that at least part of the catalyst remains solid over a wide range of ammonia
decomposition reaction conditions, the formation of lithium amide is not ideal for the containment
of the catalyst in a heated reactor. Furthermore, lithium amide will react with a number of common
support materials, making the task of increasing the catalyst surface area more difficult. In the
design of future metal amide and imide catalysts, one of the goals must be to find a catalyst which is
solid and stable across the range of ammonia decomposition reaction conditions. It is possible that
ternary imide structures, with two integrated metal ions, may provide a route to achieving this goal.
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