UNIVERSITYOF
BIRMINGHAM

iversit}/]of iIrmingham
esearch at Birmingham

Enhancement of the Catalytic Activity of Lithium
Amide towards Ammonia Decomposition by
Addition of Transition Metals

Brooker-Davis, Caitlin; Makepeace, Joshua; Wood, Thomas

DOI:
10.18573/jae.11

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):

Brooker-Davis, C, Makepeace, J & Wood, T 2023, 'Enhancement of the Catalytic Activity of Lithium Amide
towards Ammonia Decomposition by Addition of Transition Metals', Journal of Ammonia Energy, vol. 1, no. 1,
pp. 46-58. https://doi.org/10.18573/jae.11

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 o ) o o ) ) ]
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: 26. Aug. 2023


https://doi.org/10.18573/jae.11
https://doi.org/10.18573/jae.11
https://birmingham.elsevierpure.com/en/publications/e7df6918-ae24-45a6-bb37-e6edf8ffd68e

THE JOURNALOF Available online at
Ammonla jae.cardiffuniversitypress.org :a? Cardiff | Gwasg
University | Prifysgol
Enel' ISSN 2752-7735 ( Prosg Cagfd%dd
The Journal of Ammonia Energy 01 (2023) 046-058 -
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Abstract

The catalytic decomposition of ammonia to hydrogen is a vital process in the use of ammonia as a zero-carbon
energy store. However, the viability of current catalyst systems in terms of operating conditions, versatility, and
cost efficiency has proven an issue. Catalytic and gravimetric studies were conducted considering mechanistic
uncertainty surrounding the enhanced catalytic activity reported for lithium amide and imide composited with
transition metals (Cr, Mn, Fe). Gas flow in excess of ammonia decomposition was quantified and used to
differentiate the extent of formation of non-stoichiometric lithium imide amide from other competing processes.
This analysis showed the initial compositional transition from lithium amide to an imide-rich phase was reduced
in temperature by compositing with Mn and Cr, but not with Fe. The system is therefore best considered as
promoted lithium imide, with Cr and Mn acting to reduce the formation temperature of the active imide-rich phase
such that the catalytic activity is enhanced.
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Ammonia decomposition catalysts have
traditionally been formulated on supported
transition metal nanoparticles, with ruthenium

Introduction
To balance intermittency in the supply of renewable

energy with fluctuations in demand, and to find a
reasonable substitute for fossil fuels in transport,
medium- to long-term energy storage solutions are
required. Ammonia possesses a robust global
infrastructure for production and distribution due to
its critical role in the fertilizer industry. Its expanded
implementation as a zero-carbon chemical energy
store [1] is made possible by its relatively high
energy density [2], comparative ease of liquefication
[3,4], and low flammability [5]. However, the
development of  high-performing ammonia
decomposition catalysts is crucial towards utilizing
ammonia as an energy store, since its full or partial
decomposition to hydrogen is prerequisite to use
with many energy technologies [6]. For example,
while ammonia may be used as a sustainable fuel by
retrofitting current internal combustion engines [1],
the partial cracking of supplied ammonia to release
up to 4-5 wt% hydrogen is necessary to optimise its
flammability range [7]. Additionally, proton
exchange membrane fuel cells can be irreversibly
damaged by < 1 ppm ammonia [8] and while solid
oxide fuel cells are capable of tolerating direct
ammonia [9], their high temperatures of operation
have hindered commercialisation [1].

considered most active [10]; however, these systems
often require very high operating temperatures to
produce high-purity hydrogen. Metal-nitrogen-
hydrogen (M-N-H) materials, including those based
on sodium [11] and lithium [12], have emerged as
comparable or superior catalysts to ruthenium
systems and are comprised of relatively cheap,
earth-abundant elements, making them more
compatible with small scale power and transport
applications. In particular, the lithium-nitrogen-
hydrogen (Li-N-H) system shows ammonia
conversion up to 1.5 times that of alumina-supported
Ru by catalyst mass at moderate temperatures. This
system is proposed to function by the formation of a
solid solution between lithium amide (LiNH2) and
lithium imide (Li.NH) (equation (1)) via the Frenkel
defect-mediated release of NHs, in which the bulk
catalyst plays a significant role [13,14]. This imide-
rich phase undergoes parallel decomposition and
formation through a short-lived, lithium-rich
intermediate to mediate the ammonia decomposition
reaction (equation (2)). Lithium nitride hydride
(LisNH) is a known decomposition product of
lithium imide with an anti-Scheelite structure; it has
also been shown to form anti-fluorite Li-N-H solid
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solutions [15-17], overall making it a likely catalytic
intermediate via equations (3) and (4) [18].

(1 + x)LiNH, = Li;,,NH,_, + x NH, 1)
NH; = 2N, +-H, )
2Li,NH — Li;NH + 2N, +H, ®)
Li,NH + NH; — 2Li,NH + H, (@)

There have been conflicting reports on the activity
of lithium imide being further promoted through the
addition of transition metals. Guo et al.
demonstrated that the activity of lithium imide can
be greatly enhanced by compositing with transition
metals, proposing that an alternative catalytic
mechanism via lithium ternary nitride intermediates
(equations (5) and (6)) becomes accessible for these
systems [19,20]. This would provide a lower energy
pathway towards catalytic ammonia decomposition
by effectively enacting the thermodynamic
destabilisation of lithium imide.

Li,NH + TM — Li(TM)N + H, (5)
Li(TM)N + NH; — Li,NH + TM + N, (6)

In this study, it was reported that LioNH is inactive
on its own and previous evidence on its performance
was likely the product of a similar synergistic effect
with the stainless steel reactor used [12,19], given
the negligible activity seen for LiNH- in a copper-
lined reactor [21]. However, in situ neutron
diffraction studies showed that for lithium imide—
manganese nitride and —iron nitride, LixMn2xN was
the only ternary phase which persisted in significant
proportions at high ammonia conversions, while a
LizNH-like phase persisted in both samples. This
suggests bulk ternary nitride formation is not
essential to the catalytic function of these systems
[22], as further verified by isotopic studies [18].
Additionally, the lithium amide—ruthenium system
is highly active in the absence of ternary nitride
formation, highlighting the existence of an alternate
mechanism of promotion [23]. A vacancy-enabled,
dual-site mechanism of catalysis has been proposed
in the cases of calcium imide—nickel for ammonia
decomposition [24] and lanthanum nitride—nickel
for ammonia synthesis [25]. In these systems, the
presence of multiple active sites is suggested to
facilitate the breaking of scaling relations which
limit the overall productivity of traditional single-
site catalysts, and it is possible Li-N-H-TM systems
function via a similar pathway [26-29]. Given the
ongoing uncertainty surrounding these systems, this
report seeks to clarify the mechanism of activity
enhancement in lithium amide-transition metal
composite materials. This would enable a more
targeted approach to catalyst design in the future and
answer the question: in these systems, do transition

Brooker-Davis et al. (2023)

metals function as catalysts,
promoters?

co-catalysts, or

Materials and Methods

Ammonia decompaosition

LiNH2 (0.5 g, Acros Organics, 95%), Mn (0.5 g,
Sigma Aldrich, >99%, metallic impurities: 174.5
ppm Fe, 255.4 ppm Mg), Fe (0.5 g, Alfa Aesar, 98%,
no trace element analysis) and Cr (0.5 g, Alfa Aesar,
99%, metallic impurities: 740 ppm Fe) were used as
supplied. Composite catalysts were prepared by
hand grinding LiNH> (0.5 g) with Cr, Mn, or Fe (0.5
g) for five minutes in an argon-filled glove box; no
bulk reaction is expected through mechanical
grinding alone [22]. Catalyst materials were sealed
inside a cylindrical 21 cm?® stainless steel 316L
reactor (Cambridge Reactor Design) configured for
gas flow over the catalyst, before being transferred
anaerobically to a vertical tube furnace and attached
to a gas flow panel (Fig. 1).

MFC, Thermocouple

T T ld

MFM
O—r— e

MFC,

Furnace

Cat;lyst

Reactor

Fig. 1. Schematic illustration of the gas flow panel,
where V1 and V- are the inlet and outlet valves,
MFC; and MFC; are mass flow controllers, and

MFM is the mass flow meter. The arrow represents

the “flow over’ tube-in-tube geometry of the
reactor.

The flow of argon and ammonia into the system was
regulated by mass flow controllers (HFC-302,
Teledyne Hastings Instruments) and outlet gas flow
was measured by a mass flow meter (HFM-300,
Teledyne Hastings Instruments). Analysis of the
exhaust gas composition was carried out using a
mass spectrometer (MS) (Hidden Analytical HPR-
20 QIC R&D, m/z = 1-40). The panel was evacuated
up to the reactor before being flushed with ammonia
to reduce air contamination prior to the start of the
experiment.

The ammonia conversion efficiency of catalyst
materials was measured similarly to previous reports
[11,12,30]. Experiments were carried out under a 30
sccm flow of ammonia (99.98%, refrigerant grade,
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BOC) at atmospheric pressure, following a 28-hour
in-house program (OpenGenie, written using
LabView) in which temperature was raised
incrementally from 300 to 540°C. The MS was
calibrated using known gas mixtures to establish the
fragmentation ratio (or distribution of m/z values
and intensities) and ionization factor (or ionization
efficiency relative to argon) for each gas species. A
second calibration to ammonia was carried out to
mitigate drift in the hydrogen ionization factor.
Consequently, the ammonia gas fraction could be
inferred throughout each experiment and, by
averaging this over each 2-3 h temperature dwell,
the ammonia conversion efficiency of the catalyst at
various temperatures was determined. These data
were fitted using the Levenberg-Marquardt
algorithm to a Gompertz curve, reflecting the kinetic
behaviour of the systems. Results are reported
relative to the blank reactor, which possesses limited
activity towards ammonia decomposition.

Gas flow analysis

The flow of each component gas was quantified by
combining mass flow and MS data using bespoke
Python code. Briefly, any additional volume of gas
released was quantified by integrating the gas flow
following subtraction of the gas flow attributed to
ongoing ammonia decomposition. The
stoichiometry of the LiNH,—LiNH solid solution
could then be calculated at each temperature.

Gravimetric analysis

Simultaneous thermal analysis (Netzsch STA 449
F1 Jupiter) was used to study the decomposition of
lithium amide under an inert N, atmosphere using
combined techniques of thermogravimetry (TG),
differential thermal analysis (DTA), and MS. 24.3
mg of LiNH; (95%, hydrogen storage grade, Sigma
Aldrich) or 48.6 mg of its 1:1 mass composite with
Cr (99%, Thermo Fisher Scientific), Mn (99.95%,
Alfa Aesar), or Fe (99.99%, Sigma Aldrich), was
loaded into an alumina crucible and enclosed with
an apertured alumina lid inside an argon-filled glove
box. Samples were transferred to the instrument and
heated by 5°C min to 550°C under a 70 sccm flow
of nitrogen.

X-ray powder diffraction

X-ray powder diffraction (XRD) measurements
were conducted on post-catalytic materials
employing either a PANalytical X’Pert Alpha
diffractometer using copper Kai radiation or a
STOE STADI P diffractometer using molybdenum
Kaa radiation. A small number of samples were also
studied using high-resolution XRD at the 111
beamline, Diamond Light Source (A = 0.8268226
A). Rietveld analysis was carried out for each
diffraction pattern using the TOPAS Academic v7
package.

Brooker-Davis et al. (2023)

Results

Ammonia decomposition experiments

The gas flow data for the blank reactor ammonia
decomposition experiment and the experimental
temperature program are shown in Fig. 2 a) and b).
These will be discussed here as the baseline case,
from which differences in the data for the catalyst
samples can be interpreted. The flow data follow a
similar profile to the temperature program,
reflecting the increased conversion of ammonia to
nitrogen and hydrogen at higher temperature, with
equilibrium conversion values obtained during each
temperature dwell.

80 7

] N a)
70 3 40

g 60320 S,
v} 3 .
0] Dt
! E —T T
g 03 1400 1600
w 3 ~
g 30-:
O 209 — Fac  —— NH3_
103 ;“‘ He ~ 1
< Mo 2
293
L 5004 b)
@ ]
2 400 4
© ]
& 3004
qE, E
2 200 3+
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0 200 400 600 800 1000 1200 1400 1600 1800
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Fig. 2. a) Component (NHs, N2, H2) and total (Fac)
gas flows and the flow expected if only ammonia
decomposition were occurring (Fex) for the blank
reactor ammonia decomposition experiment, and b)
details of the experimental temperature program.
An initial 120 min dwell at room temperature is not
used in later experiments.

The total gas flow approximately doubles from 30 to
60 sccm during the experiment, which is expected
from the stoichiometry of the ammonia
decomposition reaction. Additionally, there are
several examples where the flows deviate from those
expected due to ammonia decomposition alone (Fex):
during the temperature rise to 300°C (140 min), a
small release of H, and simultaneous absorption of
NHs occur, and two large releases of N, are seen
from 1440-1560 min (Fig. 2 a) inset). These
correspond with reactor nitriding and denitriding
processes respectively, equations (7) and (8).

xFe + NH; = Fe,N + ZH, @
Fe,N — xFe + %NZ (8)

Iron denitriding is largely dependent on the partial
pressure of hydrogen [31], hence major N release is
not observed until temperatures at which
considerable ammonia conversion occurs. After the
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temperature rise to 520°C, the increase in ammonia
conversion is partially attributed to Fe being more
catalytically active than FexN [32]. These features
are present in all other experiments.

Ammonia  decomposition  experiments  were
conducted on LiNH,, Cr, Mn, and Fe as single-
component catalysts and within LiNH>-TM
composites (Fig. 3). Gas flow data of the transition
metal-only experiments (Figs. S1-3, ESI) largely
resembled results for the blank reactor, illustrating
the limited activity of these metals towards
catalysing ammonia decomposition.

80

160

] ﬁ:b— a) LiNH,
70 4 N
140 B
60
€ 4204
O 50
2 3 T T
3409 960 “980 1000 1020
e
w30 5
© 3
20 1
e Fac
109 — Fex
:

L B B S B B S S B S S S B e e
0 200 400 600 800 1000 1200 1400

Time / min

i
1600

80

360 .
70 9 _ﬁ>_ e

J40 - i

60_; -/_"_—

) LiNH2-Mn

£ 20
pod  Paae———
2 3 < T T
g 404 840860 880 900
i 3 N
@ 30 4
(G] ] .
20 4 .
4 — Fac —— NH3; °
104 — Fex - Ha

i—nN;

i
0 200 400 600 800 1000
Time / min

T T T T T
1200 1400

Y
1600

Gas Flow / sccm

Gas Flow / sccm

Brooker-Davis et al. (2023)

[34] but LiNH2 can accommodate only a small
amount of non-stoichiometry. The LiNHz-only
release and absorption were each fitted to an
exponential time constant of 1.15(4) min (Fig. S4),
verifying their relation to the same reaction process.

The significant release of all gases at 960 min
(temperature rise to 460°C) shown enlarged (Fig. 3
a)) is assigned to a compositional change from
molten LiNH; to the imide-dominant, Fm3m solid
solution phase, Li1+xNH..x (0 <x <1, equation (1)),
consistent with in situ neutron diffraction studies of
this non-stoichiometric phase evolution under

80 7
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Fig. 3. Total, component, and expected gas flows for the a) LiNH; (0.5 g), b) LiNH,—Fe, ¢) LiNH,—Mn, and d)
LiNH2—Cr (1 g) ammonia decomposition experiments.

For LiNH,-containing experiments, the catalyst
composition is expected to change upon conversion
of LiNH; to Li-NH via solid solution phases as the
temperature rises. This manifests in additional gas
flow increases exceeding the expected flow
variation, as according to equations (1-4). For all
four experiments, a fluctuation in the ammonia flow
is seen during the temperature rise to 380°C (480
min). The initial absorption and then release of
ammonia is consistent with the melt of lithium
amide, which has a reported melting point of 375°C
[33]. Ammonia uptake is thought to arise from imide
impurities in stock LiNH. before the onset of limited
lithium amide decomposition via the reverse process
(equation (1)), since the diffusion of NH, and H*
species is less kinetically hindered in the molten salt

ammonia decomposition conditions [12]. As
described previously, the background-subtracted
component gas flows were integrated and volumes
of NHs; and H. releases used to calculate the
Lii+xNH2x  stoichiometry following flow re-
equilibration. At this temperature, the Li+xNHax
stoichiometry reaches a limiting value, suggested to
be around x = 0.333 [17], at which point a
thermodynamically-driven transformation to the
solid solution phase occurs. This results in the
release of ammonia (and nitrogen and hydrogen by
its subsequent decomposition) and significant
increase in the value of x. The long decay of these
gas releases may correspond with a non-
stoichiometric continuum being formed, where the
catalytic activity increases with x (nearing full
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lithium imide stoichiometry). Further gas releases
are associated with the value of x continuing to
increase with temperature and reactor denitriding,
which begins at lower temperatures than for the
blank reactor since the partial pressure of hydrogen
increases faster when catalyst is present. The
absorption of all gases during cool down under
ammonia reflects the re-formation of lithium amide
(equation (1)) and highlights the reversibility of this
reaction (Fig. S5, ESI).

Interestingly, while the component gas flows
measured during the LiNH,-Fe experiment (Fig. 3
b)) closely resemble those of the LiNH, experiment,
the large flow deviation during LiNH>-Mn (Figure
3 ¢)) and LiNH,-Cr (Figure 3 d)) studies appears
during the lower temperature rise to 440°C (840
min). This is consistent with the phase transition
from molten lithium amide to the Fm3m phase
occurring at a lower temperature for —Cr and —Mn
composite systems compared with LiNH; and
LiNH>—Fe.

Evidence for the formation of lithium nitride
hydride

Following the formation of lithium imide amide, the
catalytic cycle of ammonia decomposition is
assumed to proceed through a lithium-rich
intermediate. However, previous, indirect evidence
has been inconclusive regarding the identification of
this intermediate as lithium nitride hydride [17,35]
or a lithium ternary nitride [19-21]. Examining the
background-subtracted, component gas flow data at
1320 min (Fig. 4 a)), which occurs after the major
transition to the imide-rich solid solution phase but
before reactor denitriding begins to play a dominant
role in the system’s non-equilibrium behaviour (Fig.
4 ¢)), it appears that N2 and H: release profiles are
initially very similar and peak at comparable values,
around 3.1 and 3.4 sccm, respectively. The flow of
hydrogen subsequently drops to less than expected
from ammonia decomposition; this is indicative of
H, absorption, and is simultaneous to a slowly
decaying N signal.

Brooker-Davis et al. (2023)
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Fig. 4. For the LiNH; experiment, a) component
gas flow data with ammonia decomposition
background subtracted, where the black dotted line
represents the flow expected from only ammonia
decomposition occurring, b) component gas release
volumes calculated by integrating the gas flow data
during each temperature rise, and ¢) component gas
release expected from each competing reaction
process as temperature increases.

These observations are suggestive of multiple,
overlapping, non-equilibrium processes, where the
absorption of hydrogen is taken to imply that the
slower process is the denitriding of the reactor, and
the faster process is some combination of the
Liz+xNH2.x stoichiometry changing and lithium
nitride hydride formation. Given the approximately
1:1 N2:H, molar ratio and negligible NH3 release
shown in the integrated gas release volume data
(compared with the temperature rise to 460°C, Fig.
4 b)), these gas releases may be further indirect
evidence of LisNH formation.
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Fig. 5. Time constants obtained from exponential
fits to the nitrogen release data during the final
three temperature increases of blank reactor,
LiNH,, LiNH,-Cr, LiNH2-Mn, and LiNH>-Fe
experiments. Where the nitrogen release has been
fit to two exponential curves, two-time constants
are given. A reasonable fit to the 520°C nitrogen
release could not be obtained for the blank reactor.

500

[ ] LiNHyFe

Similar results are obtained during each of the
temperature increments from 480-540°C, although
reactor denitriding becomes increasingly dominant

Brooker-Davis et al. (2023)

as the temperature is increased [31]. The formation
of LisNH following the phase transition at 460°C
can been physically reasoned as a consequence of
N3 and H- groups being stabilised by migration into
the bulk of the material, which in this way acts as a
thermodynamic sink for reactive species [17,36].

For each system, the nitrogen gas release data
associated with each of the final three temperatures
were fitted with one or two exponential curves (Fig.
S6-S19, ESI) and the time constants for each
process are given in Fig. 5 (Raw data can be found
in Table S1, ESI). As discussed previously, the slow
process in each case is interpreted as denitriding of
the reactor, leaving the faster process to be
understood in terms of the behaviour of the catalyst
system. For each system, this time constant
increases with temperature. This is consistent with
lithium nitride hydride formation, since the
occupancy of highly charged N3 anions within the
solid solution phase would likely inhibit the
migration of NH? anions [17] and thus prevent N

and H, formation and release, increasingly
disfavouring the further decomposition of lithium
imide.

Correlations between catalytic activity and non-
stoichiometry in Liz+xNHa2x

The ammonia conversion efficiency of each system
is plotted in Fig. 6 a) and compared with the average
stoichiometry in the lithium imide amide solid
solution.
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System Value of x in Ammonia H: production rate H: production rate
Liz+xNH2x conversion per mass of catalyst / per mass of LiNH2/
mmoly,gea* h*  mmoly, guinkz? h!
LiNH; 0.09 0.80 0.80
LiNH2-Cr 0.58 0.65 1.30
LiNHz-Mn 0.63 0.62 1.24
LiNH>-Fe 0.15 0.42 0.84

Table 1. Extent of ammonia conversion, value of x in the lithium imide amide solid solution, and H» production
rate per overall mass of catalyst and per mass of LiNH; (active component) for LiNH2, LiNH2-Cr, LiNH2-Mn,
and LiNH,-Fe at 440°C.

From the stoichiometry calculation, it is confirmed
that the large gas release relates to the phase
transition from LiNH; to Li;.xNH2x as discussed,
which appears as a significant increase in the value
of x at 440°C (LiNH>—Cr and LiNHz—Mn) or 460°C
(LiNH2 and LiNHx—Fe). This is related to a steep
acceleration in the conversion of ammonia for all
systems with both datasets possessing a similar,
sigmoidal profile, and implies that lithium amide
itself is inactive towards ammonia decomposition,
with catalytic activity effectively being ‘switched
on’ by the formation of LiNHox [12,36].
Importantly, the lower temperature phase transition
for LiNH2-Cr and LiNH2-Mn systems is correlated
with an enhanced ammonia conversion for these two
systems. This is highlighted in Table 1 that shows
for LiNH>—Cr and —Mn systems which possess
greater imide character (higher x) at 440°C, the
ammonia conversion is around 1.5 times greater than
that of LiNH,. The elevated activity is emphasised
also in the hydrogen production rate per gram of
LiNH., confirming that if LiNH. is considered as the
active catalytic component, its activity is promoted
by compositing with Cr or Mn.

The hydrogen production rate per mass of catalyst is
a valuable measure of the mass efficiency of each
system however it fails to capture inter-system
trends which result from the effect of transition
metals compared with LiNH- on its own. Since the
transition metals on their own perform very
similarly to the blank reactor, activity enhancement
cannot be explained by a linear combination of the
activity of the two independent components. Instead,
the effect is necessarily a result of some interaction
between the transition metals, Cr and Mn, and
LiNH,, which does not exist for Fe. Given the
already high activity of the LiNH-only system and
observed reduction in the formation temperature of
Liz+xNH2« in the enhanced systems, this
ameliorative effect is proposed to involve the
transition metal-mediated destabilisation of LiNH,
such that the active, imide-like phase is present at
lower temperatures. This could resemble the well
understood thermodynamic destabilization of LiNH;
and similar compounds, often investigated with the
intention of reducing the material’s decomposition

temperature and thereby optimising its hydrogen
storage properties [37-41]. For the composite
systems reported here, this may involve the
formation of thermodynamically favourable ternary
phases and/or an electronic interaction which
weakens Li-N/N-H bonds. The active phase is
consequently able to catalyse ammonia
decomposition through the LisNH intermediate
beginning at lower temperatures, via a TM-
promoted reaction scheme as summarised in Fig. 7.

NH;

4 LiNH, w 2 Li,NH é Li,;NH

2 NH, Y2N,+ 2 H,

Fig. 7. Proposed reaction scheme of Li-N-H-TM
composite materials for ammonia decomposition.

Thermogravimetric analysis

Gravimetric studies of LiNH; and its composites
with Cr, Mn, and Fe were conducted to examine the
amide decomposition reaction under an inert
nitrogen atmosphere; data obtained are shown in
Fig. 8, where ammonia conversion data are
reproduced for comparison in panel a) (raw STA
data can be found in the ESI, Figure S20).

The overall decomposition of LiNH; to the Li,NH-
dominant, Fm3m solid solution by equation (1) [12]
is evidenced by a loss in sample mass and coincident
increase in the m/z=17 MS signal, as observed in
each experiment. The onset of this mass loss follows
immediately after the melt of lithium amide, which
was interpreted from a large endotherm at around
368°C for the LiNH experiment (Fig. 9 ¢)). A minor
endotherm at 525°C observed during this
experiment could relate to small amounts of LisNH
forming in the solid solution [17], with this
decomposition pathway having been previously
reported at 550°C under an inert atmosphere [15],
although only a very small increase in the m/z=2 H;
signal is seen at this point.
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Fig. 8. For each LiNH2(—TM) system, a) ammonia
conversion data, b) gravimetric data relative to the
starting mass of LiNH2, where the dashed line
indicates the mass loss expected from complete
LiNH; decomposition (37.1%), c) differential
thermal analysis, and d) ammonia (m/z=17) MS
trace of STA exhaust gases.

The mass loss was less than expected from complete
LiNH, decomposition in each case, partially owing
to the fast ramp rate wused during these
measurements, but also to the formation of lithium
ternary nitrides [22,42]. This latter process is
evidenced by the high temperature (> 400°C)
endotherms and H; release in composite
experiments (Fig. 8 c), Fig. S20, ESI). Ternary
nitrides likely accounted for only a very small
amount of the sample in the case of LiNH>—Fe, as
predicted thermodynamically (Figure S22 a), ESI),
since mass loss closely approached the expected
from LiNH, decomposition and exceeded that
expected for LisFeN, formation (29.1%). Similarly,
for LiNH>—Cr, no ternary nitrides were visible in the
XRD pattern of the post-reaction sample from a
replicated experiment under argon flow (Fig. S21,

Brooker-Davis et al. (2023)

ESI). Although there exist thermodynamically
accessible ternary nitrides in this system (Fig. S22
c), ESI), it is likely these are only present in low
concentrations and/or there is a kinetic barrier to
their formation. By contrast, there are a number of
ternary nitrides thermodynamically accessible from
the LiNH>-Mn system (Fig.S22 b), ESI) and
correspondingly the significant formation of both
binary and ternary nitrides (97.9(11)% by mass of
the post-reaction sample, Fig. S23, ESI), resulted in
a plateau at a much lower mass loss than expected
from LiNH, formation. Since this raises the question
of the role of N in the metal nitriding reactions and
its possible confounding influence on the
thermogravimetric behaviour of the system, a
second LiNH>—Mn experiment was performed, this
time using Ar as the purge gas (Fig. S24, ESI).
Results showed that very little change in the TG
profile is observed in the absence of an external
source of nitrogen, indicating that the metal nitriding
reactions are largely initiated by lithium imide
amide as an active source of nitrogen, and thus N ()
is inert under these conditions. Hence, a conclusive
mass-activity relationship is demonstrated across the
series of samples, in which the ammonia conversion
and mass each begin changing at around 350°C
following the onset of LiNH, decomposition. This
offers further evidence towards the inactivity of
LiNH. alone and the implication of Lii.xNH..x as the
primary catalytic component. Additionally, inter-
system trends are similar between the catalytic and
thermogravimetric datasets, with LiNH; and
LiNH,—Fe possessing mass loss profiles which are
near identical until 450°C, while LiNH,—Cr and
LiNH—Mn systems begin losing mass at a lower
temperature than LiNH,,

1 = LiNH, a) {¢-iNH; b)
1 = LiNHz-Mn 367 5
29 — LiNH,-Cr 9 1
LiNHz-Fe 5 3661 iNH.-Cr
1 LiNH,-Fe

w
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Fig. 9. Differential thermal analysis data around the

melting point of LiNH., and b) correlation between

the LiNH2 melt temperature as identified from the

DTA maxima and the mass loss at 360°C, just prior
to the melting point.
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These trends are reproduced in the m/z=17 MS data,
which are expected to be representative of the LiNH»
decomposition reaction because ternary nitride
formation contributes little to the NH3 release (NH3
release is not well correlated with H, or DTA traces,
Fig. 8 c), Fig. S20, ESI). These results overall
provide further evidence towards the formation of
Li1+xNH2x being the catalytically important step.

The melt endotherm of lithium amide (Fig. 9 a))
additionally shows inter-system variation, with
maxima indicating that the melting point of LiNH.
differs between samples in the order: LiNH, >
LiNH—Cr = LiNH>-Fe > LiNH>-Mn. This is
consistent with varying extents of imide
incorporation into the 14 tetragonal lattice of LiNH;

Brooker-Davis et al. (2023)

at temperatures below the melting point (i.e., pre-
melt decomposition of the amide), which introduces
structural disorder and thus reduce its fusion
enthalpy [43]. The trend in this process is
emphasised in Fig. 9 b), which shows for systems
with greater mass loss below the melting
temperature, the melt temperature is lower.

Post-reaction structural characterisation

Characterisation of the post-catalytic samples was
undertaken using X-ray powder diffraction. XRD
patterns for the LiNH>, LiNH>—Cr, LiNH2—Mn, and
LiNH2>—Fe samples are shown in Fig. 10; transition
metal post-catalytic samples consisted of only the
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Fig. 10. X-ray powder diffraction data collected from the post-catalytic materials of a) LiNH,, b) LiNH—Fe, c)
LiNH2-Mn, and d) LiNH,-—Cr ammonia decomposition experiments. Plotted are the observed data (blue), the
fit calculated by Rietveld analysis (orange), the difference between them (grey), and tick marks showing the
expected positions of Bragg peaks for each of the included phases. The inset in a) shows an example complex
peak attributed to the imide amide non-stoichiometry, which results from the overlapping (115) and (204)

LiNH., and (220) LiNH. and Li1+xNH: (and (200) LiOH impurity) Bragg reflections.
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various transition metals and their binary nitrides
(Figs. S25-S27, ESI).

For the LiNH; recovered material, best fit to the
high-resolution data was obtained by refining ten,
evenly spaced Lii+xNH2 stoichiometries, where the
a lattice parameter decreases linearly as x increases
[13]. In addition to the end member species, 14 and
P4 LiNH, and Fm3m Li;NH, the non-stoichiometry
in the post-catalytic Li-N-H material is exemplified
by the complex peak shown enlarged (Fig. 10 a))
inset), where the broad feature results from the
continuum in lithium imide amide stoichiometry.
The average lithium imide stoichiometry was
refined to Lii1sNHuigp; this is consistent with the
value of x calculated after cooling under ammonia
from the gas release data (Li130NH170), given the
sample remained under ammonia for longer before
the XRD measurement was taken. This highlights
the reversibility of equation (1) via NH3 absorption
of lithium imide to re-form lithium amide during the
cool down stage.

While only the re-formed starting materials and
impurity phases were present in the post-catalytic
material from the LiNH>—Fe experiment, LiNH,—Cr
and LiNH,-Mn samples showed a greater
complexity in their XRD patterns. A ternary nitride,
LisCrNs and LixMnao«N respectively, was present in
each case, the former of which was previously
observed in similar studies by Guo et al. [19] and the
latter during in situ studies under ammonia
decomposition conditions [22]. Two lithium
occupancies in the Pnnm LixMn2xN phase (x = 0.57
and x = 1.13) were refined to obtain best fit to the
LiNH,—Mn data. This is appropriate since prior
characterisation of this phase showed that it can
accommodate variable stoichiometry, and similar
trends to prior reports were demonstrated in the
orthorhombic distortion growing more significant
with  increasing  lithium  occupancy  [44].
Additionally, hexagonal (P6s/mmc) Cr2N and Mn2N
phases were present, which ordinarily are not
formed under these conditions in the corresponding
TM-N system [45,46]. This suggests these may be
LixM2xN phases, with small amounts of Li
occupancy stabilising them at lower temperatures.
Given these measurements were carried out ex situ
after cooling under ammonia, it is unclear how the
post-catalytic composition reflects the active
catalyst at high ammonia conversions, although in
situ studies revealed LixMnaxN in the catalytic
regime for the Li,NH-MnN system [22]. While the
role of these ternary nitride phases remains unclear,
given the catalytic and gravimetric evidence for the
major role of lithium imide amide in the catalytic
reaction, it is unlikely these are essential to the
catalytic effect. Additionally, samples retrieved
post-catalysis were predominantly the reformed
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starting materials or phases which decompose to the
active solid solution under ammonia decomposition
conditions [22,44]. Previous studies have evidenced
the longer term (< 25 h) durability of similar Li-N-
H-TM catalysts undergoing ammonia cracking, for
example MnN-Li;NH was shown to demonstrate
negligible activity loss over 12 h on a dilute NH3
stream at 450°C [20,23]. Alongside the observations
reported here, this provides a strong argument for
the reusability of these composite systems.

Conclusions

Ammonia decomposition experiments, using
combined mass spectrometry and flow analysis, and
thermogravimetric studies were conducted on
lithium amide—transition metal composite catalysts
to examine their catalytic mechanism and further
inform their future design for hydrogen production
from ammonia. LiNH>—Cr and LiNH>-Mn were
shown to exhibit some of the best performances yet
seen for these systems. Results confirmed that the
formation of a cubic, non-stoichiometric phase,
Liz+xNH2.x, was correlated with high catalytic
activity. The formation of this phase occurred at a
lower temperature in LiNH—Cr and LiNH>-Mn
systems and correspondingly the catalytic activity
was enhanced. These results suggest Cr and Mn
promote catalysis by destabilising LiNH3, such that
the catalytically active solid solution phase forms at
lower temperatures. Post-catalytic evidence of
lithium ternary nitrides was found for both enhanced
systems and these may play a part in catalysis
alongside the solid solution phase, for example in a
multi-site catalytic mechanism similar to those
reported previously for M-N(-H)-M systems.
Overall, the precise nature of the catalytic
mechanism and relative importance of each reaction
process remains a subject of ongoing investigation,
and future in situ neutron diffraction studies of these
systems will focus on revealing the active catalyst
composition and the presence of ternary nitrides at
high ammonia conversions.
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