Open Access Article. Published on 10 Gwengolo 2025. Downloaded on 2026-01-07 22:56:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry A

W) Check for updates ‘

Cite this: J. Mater. Chem. A, 2025, 13,
34907

Received 19th June 2025
Accepted 5th September 2025

DOI: 10.1039/d5ta04960a

P ROYAL SOCIETY
PN OF CHEMISTRY

A solvothermal approach to nano-designing M-N-H
systems: unveiling new pathways to dimensional
control in the lithium nitride hydride ammonia
synthesis catalyst

Fatima M. Abi-Ghaida* and Joshua W. Makepeace

The Li—-N—H system spans a rich network of reactive phases that encompass LisN — Li4JNH — Li,NH — LiNH,
— LiH, interconnected through a number of solid solutions and mediated via NHz, H,, and/or N, exchange.
Realizing the full potential of these Li—-N-H systems in ammonia catalysis and hydrogen storage
applications has been hindered by the inability to ‘nano-design’ them beyond conventional bulk
synthesis. Here, we present a novel solvothermal route for the synthesis and nanostructurisation of Li—
N-H and Li—-Na-N-H materials, providing a solution-phase route to these air-sensitive and reactive
materials. The method enables enhanced morphological and dimensional control compared to solid-
state routes, yielding nanostructures such as wires, rods, and particles with characteristic sizes from 300
to 900 nm. We systematically explore the structural and microstructural evolution of these phases, and
demonstrate the influence of mineralisers on the sample morphology. We report evidence of enhanced
nitrogen activation, air-stability and ammonia synthesis activity for these samples, balanced against their
propensity for carbon contamination. This work opens the possibility of a significantly expanded
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Introduction

Materials engineering, particularly the design of quantum
nanomaterials, plays a fundamental role in advancing sustain-
able, self-sufficient, and economical energy technologies.
However, the development of next-generation nanomaterials is
often constrained by the limited tunability of conventional
solid-state synthetic routes. This lack of flexibility becomes
especially pronounced when dealing with highly reactive and
metastable inorganic systems such as metal hydrides, amides,
imides and nitride hydrides (collectively, Group I and II M-N-H
materials), where established nano-design and nanostructuring
techniques frequently fall short as opposed to the versatile, and
stable chemistries of their organic or hybrid counterparts.*?
Despite the relative simplicity and scalability of conventional
solid-state (SS) approaches for bulk M-N-H materials, they suffer
from unfavorable reaction conditions, inflexible pathways, low
surface area, poor particle dispersion, microstructural defects, and
destabilization of highly active phases. These limitations are felt
particularly keenly given the rising relevance of M-N-H materials
in applications such as reversible hydrogen storage,’ promotion of
ammonia synthesis and decomposition,** and efficient solid-state
electrolytes.>* In principle, their efficacy relies on interfacial and
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synthesis approaches to Li-N—-H materials, and M-N-H materials more broadly.

surface-mediated processes that would undoubtedly benefit from
controlled nano-scaling and uniform morphology.

Nanomaterials, by contrast, not only retain but often transcend
the fundamental properties of their bulk analogues, revealing
quantum phenomena that stem from precise control over
dimensionality, composition, and architecture. This is typically
achieved via unconventional synthetic protocols such as
solvothermal/hydrothermal  routes,"*™  sol-gel chemistry,"
colloidal synthesis, and modulated nucleation and growth,'>¢ etc.
Among the clearest demonstrations of these advantages are
nanostructured metal hydrides, which display improved hydrogen
sorption kinetics, tunable thermodynamic properties, and
enhanced cycling stability compared to their bulk counterparts
particularly upon unlocking their quantum confinement effects."”
Such nano-design methodologies have yet to be profoundly
explored in M-N-H materials such as the Li-N-H system, where
very few examples of nanostructured materials currently exist,
largely due to the severe reactivity, basicity, and insolubility of
lithium-based precursors (such as lithium nitride (LizN), lithium
hydride (LiH) and lithium amide (LiNH,)). Despite their limita-
tions, these systems are central to the production of lithium-ion
batteries,*® lithium solid-state electrolytes,>® hydrogen storage
materials,®*" and catalysts for sustainable fuel production.*

The compositional and structural versatility of Li-N-H
family spans the lithium amide (NH, ") - imide (NH>") - nitride
hydride (N*~, H™) phase space.? The seamless interconversion
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between these phases through solid solutions (amide-imide
and imide-nitride-hydride, chiefly) is one of the most critical
features of its fast-ion conduction, reversible hydrogen storage
and effective ammonia catalysis.** For instance, the Li-N-H
system has been established as a critical platform in solid-state
hydrogen storage; with reversible hydrogen content facilitated
by these solid solutions (eqn (1) and (2)).***

LisN + H, — Li;NH + LiH (via nitride-hydride-imide) (1)
Li,NH + H, — LiNH, + LiH (via imide-amide) (2)

Efforts to optimize the thermodynamics and kinetics of the
Li-N-H system have alluded to the importance of nano-
designing. That is, there remains a critical unmet need to
build such Li-based materials through bottom-up and tunable
approaches that can firstly control morphology, dimensionality,
and surface area and ultimately access quantum phenomena
such as facet-selective confinement and interfacial
reactivity.”**?¢

Tapia-Ruiz et al. provided one amongst very few reported
approaches for designing one- and two-dimensional nano-
structures of LizN. The authors achieved the
structurisation of Liz;N in the vicinity of the ambient
decomposition temperature of LizN (815 °C) under reduced
pressure and rationalized the mechanism via the decomposi-
tion of LizN into Li seeds that would serve as nucleation sites for
the uptake of N, species. This led to a supersaturated Li-
environment and sequential anisotropic growth of lithium
into LizN nanofibers.”” Undeniably, Li;N nanofibers could prove
crucial for hydrogen storage and fast Li-ion conduction, but
such synthesis protocols necessitate extremely low pressure and
high temperature conditions. Additional examples include
reactions performed under supercritical ammonia (ammono-
thermal methods) used to isolate single-crystals of lithium-
containing amides as Li[Sn(NH,);], KLi3(NH,); and Lis-
Na(NH,),,%**° but often rely on extreme ammonia pressures (>1
kbar) in specialized reaction vessels, limiting their broader
applicability and scalability.

Herein, we demonstrate the nano-design of Li-N-H mate-
rials via a simple solvothermal route. This strategy provides
access to lithium nitride hydride, lithium imide, and non-
stoichiometric mixed alkali-metal phases, synthesized from
commercially available and scalable Li;N, LiH, and NaNH,
precursors under moderate temperatures and autogenous
pressures. The synthetic route offers tunable morphology,
compositional versatility, and the potential for in situ incorpo-
ration of catalytically active moieties,* thus opening a new
direction for Li-N-H materials in hydrogen storage and
catalysis.

nano-

Results and discussion
Solvothermal synthesis of lithium nitride hydride via Li;N and
LiH

Phase chemistry and crystallography. Lithium nitride
hydride (Li,NH) was initially reported in the late 1990s by Marx
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et al.** through solid-state approaches (eqn (3)).** Recently, the
material has been highlighted as an effective chemical looping
ammonia synthesis agent,* where solid solutions with lithium
imide (Lis_5,N;_,H; »(NH), or simply Li,.,NH) (eqn (4)), have
been implicated as the active phase in ammonia synthesis
processes.**

Li;N + LiH — Li,NH 3)
(2 — X)leNH + xLiuNH — Li4,2XN1,XH1,X(NH)x (4)

The solvothermal synthesis of Li,NH was effectuated starting
from the ball-milling of commercially available lithium
precursors, LizN and LiH, prior to dispersion in aprotic anhy-
drous solvents (benzene, toluene, dioxane, and tetrahydrofuran
(THF)), the resulting suspension was stirred, transferred to
a PTFE insert under an argon atmosphere and subjected to
solvothermal reactions at variable temperatures (175-275 °C)
and relatively comparable pressures and concentrations.
Though benzene displayed lower oxidation byproducts,
discussion will mainly center on the samples synthesized in
toluene due to its reduced hazard potential compared to
benzene, as well as its more agreeable environmental and
sustainability profiles. Notably, the use of anhydrous cyclic
ethers as solvents was unfavorable as samples prepared in THF
and dioxane displayed higher oxide percentages.

The powder X-ray diffraction (PXRD) data of the products of
these reactions reveal the broad success of the solvothermal
method in that the Li;NH has been synthesized via this novel
approach at 275 °C (Fig. 1A) along with an Fm3m solid solution
phase (Fig. 1B). The indexed Bragg peaks of Li,NH at 275 °C are
consistent with that of the tetragonal space group I4,/a with
lattice parameters a = 4.8920(1), ¢ = 9.9320(4) A and are
comparable with the lattice parameters seen in SS synthesis of
Li,NH at 520 °C (a = 4.8908(3), ¢ = 9.9274(7) A, Fig. SI-1).
Although the unit cell of Li,NH is more accurately depicted as
an anti-Scheelite structure, it can be described as a a x a x 2a
face-centered cubic (fce) structure, with two anti-fluorite unit
cellswhere N>~ and H™ ions sit on the core fcc lattice points and
are ordered along the c¢ axis of the doubled fcc cell, while Li*
ions sit close to the face of the tetrahedral holes. This correla-
tion to the antifluorite structure also held by Li,NH helps to
illustrate why cubic Li,.,NH solid solutions form when imide
groups (NH?") are partially substituted into Li,NH. Indeed, XRD
patterns depict the appearance of the cubic Fm3m phase with
lattice parameter a = 4.9688(3) A consistent with a disordered
imide-nitride-hydride Li,.,NH solid solution where Rietveld
refinement projects x to span an interval of 0.82 to 0.88
(Liz ¢4NH to Lis,,NH).* Increasing the reaction time consis-
tently by 12 hours increments causes a significant increase in
the Fm3m solid solution phase accompanied by a relative
decrease in the tetragonal Liy,NH phase. The formation and
evolution of this cubic phase throughout the solvothermal
system can be partially attributed to compositional variations
evident not only in the initial 12 hours reaction, as noted from
the appearance of 2.37 wt% of Li,O (Fig. 1B) which disrupts the
overall stoichiometry of the mixture, but potentially as a result

This journal is © The Royal Society of Chemistry 2025
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B. Weight percentage of the tetragonal Li,NH and the cubic Li-N-H phases
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(A) PXRD patterns of the solvothermal output of LizN and LiH at 275 °C as a factor of time (B) weight percentage correlation of the

tetragonal LisNH and the cubic Fm3m phases depicting an inverse relationship versus time where a gradual decrease in the weight percentage of
the tetragonal phase and an increase in the weight percentage of the cubic Lis_»xN;_xH; (NH), solid solution is noted (C) lattice parameters of

the tetragonal Li4NH and cubic Li-N—-H phases.

of the strenuous conditions exerted on Li,NH within the vessel.
Moreover, carbon, resulting from solvent decomposition,
induces side reactions resulting in the formation of traces of
lithium carbodiimide or dicyanamide (Li,NCN) and lithium
carbide (Li,C,) which further interrupts the composition and
therefore the structural ordering of the system; the two side
products can also be noted to significantly increase upon pro-
longed heating of the reaction mixture (Fig. 1A, at 36 hours) and
dominate upon temperature increase above 300 °C. Further
refinement of the PXRD across 12 to 48 hours indicates
a decrease in the tetragonal phase and an increase in the cubic
phase which exhibits a slight decrease in the nitride hydride
character and a correlated increase in the NH>~ character
(Fig. 1B) suggesting the presence of a complex and inter-
changeable pathway amongst the nitride hydride and imide
moieties which is likely mediated by the in situ release and
uptake of N, and H,.*® This phenomenon was substantiated
when a SS synthesized sample comprising only the tetragonal
Li,NH was subjected to solvothermal treatment at 275 °C and
displayed the formation of the cubic phase; that is, the 12 hours
solvothermally treated I4,/a Li,NH exhibits the appearance of
26 wt% of the Fm3m phase alluding to the partial dissolution of
tetragonal Li,NH and its reprecipitation as the cubic Fm3m
phase (Fig. SI-2).

In a solid-state reaction, the mechanism of Li,NH synthesis
suggests that the Fm3m Li-N-H phase plays the role of a conduit
(transition-state solid solution) that ensures the recombination
or homogenous assimilation of the chemical moieties which
then reorganizes into Li,NH if compositional and structural
ordering has been established. However, within a solvothermal

This journal is © The Royal Society of Chemistry 2025

Fig. 2 Scanning electron microscopy images of (A) LisJNH synthesized
via conventional solid-state thermal approaches displaying irregular
and non-uniform distribution of shapes and sizes, (B) ball-milled Li;NH
after solid-state thermal synthesis, (C) Li-N—H synthesized via novel
solvothermal route displaying a relatively uniform distribution of
nanoparticles shapes and sizes as well as coalesced aggregates and
particle agglomerates in benzene, and (D) in toluene attributed to
surface energy and electrostatic interactions; note that standard
particle dispersion and deposition techniques were investigated but
deemed inadequate as the morphology and extent of aggregation
were notably different.

medium, trace Li,O, carbon contamination and Li,NCN intro-
duce compositional heterogeneity where Li,NH dissolves back
into the solution and reprecipitates as defect-tolerant cubic

J. Mater. Chem. A, 2025, 13, 34907-34917 | 34909
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Fm3m Li,,NH solid solution. This is evident from the inversely
correlated weight percentages of Li,NH and Fm3m phase with
reaction time in Fig. 1B. This reconstructive dissolution-rep-
recipitation cycle, driven by the cubic phase's capacity to
accommodate non-stoichiometry, gradually converts the 14,/
a material to the Fm3m phase where the lattice parameters and
cell volume depict a gradual increase with time associated with
structural expansion to accommodate a mixture of N>, H™, and
NH>" anions (Fig. 1C).

Raman spectroscopy investigations of the solvothermally
synthesized tetragonal Li,NH displayed its characteristic peaks
at low wavenumbers corresponding to phonon modes of the
nitride hydride moieties (ca. 455, 588, and 780 cm™ '), along
with a small broad peak at ca. 3165 cm ™" attributed to N-H
stretching of the NH>~ moiety (Fig. SI-3).*”

Sample morphology. Of critical importance to this study is
the impact of solvothermal conditions on the morphology of the
samples. Scanning electron microscopy (SEM) images of these
solvothermal phases (Fig. 2C and D) display a semi-uniform
distribution of smaller particle sizes (300-600 nm) interrupted
by coalesced aggregates of 900 nm to 1.5 um likely due to strong
electrostatic interactions; this is to be expected as this work
aims to establish the preliminary synthesis of these materials
without stabilizing agents (SAs) or structure directing agents
(SDAs). Herein, we also note that the degree of aggregation
observed in Fig. 2C and D may be influenced by the dry depo-
sition method used.

Though SDAs have not been incorporated into the reaction
system, the morphology of the solvothermal Li-N-H materials
differs drastically from that of the SS synthesized samples
(Fig. 2A and B), and depicts polyhedral quasi-spherical nano-
particles featuring low aspect ratios and evidence an improve-
ment in the morphological and surface area-to-volume control
obtained from a solvothermal system compared with the
irregular morphology and large particle sizes of SS synthesized
Li,NH samples. This emphasizes the potential for solvothermal
approaches to deliver higher surface areas and greater
morphological control. Moreover, the subtle differences in
product morphology between reactions conducted in benzene
and toluene (Fig. 2C and D, respectively) highlight the influence
of solvent environment on crystal growth behavior. Although
toluene exhibits a slightly higher solvation capacity, both
benzene and toluene possess low dielectric constants and
limited ability to solvate ionic precursors effectively. Neverthe-
less, toluene's dipolar character offers marginally improved
stabilization of polarizable ionic intermediates, potentially
enhancing precursor dispersion and modulating local polari-
zation effects during solvothermal synthesis. This enhanced
stabilization increases the frequency of nucleation sites and
moderates subsequent growth kinetics, which translates into
smaller, more uniform particle morphologies relative to
benzene.

Despite these subtle differences, dimensional control in
both solvent systems remains partial, suggesting that existing
solvent effects alone do not fully dictate morphology. In this
model, we hypothesize that nucleation and crystal growth
proceed through a continuous dissolution-reprecipitation
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mechanism driven by local supersaturation within the sealed
vessel. Interfacial release of reactive ionic species from partially
soluble precursors facilitates the nucleation of ordered
domains, while limited solvent coordination and low ionic
solubility restrict anisotropic growth, leading to the observed
morphology. That is, both LizN and LiH generate transient Li",
N*7, and H™ species at the solid-liquid interface where local
supersaturation near reactive zones promotes heterogeneous
nucleation of the tetragonal I4,/a Li,NH on residual precursor
surfaces while nascent Li,NH nuclei, possessing high surface
energy, rapidly grow by ion flux from the surrounding medium,
yielding quasi-spherical particles. The high surface energy of
these Li-N-H nuclei and the absence of surface capping agents
prompt Ostwald ripening and rapid coalescence, further sup-
porting the observed morphology of quasi-spherical particles
and their aggregation tendencies.

Impact on functional properties. A key motivation for the
development of this approach was to enhance the functional
properties of the materials in question. In this case, lithium
nitride-hydride has two key parameters to consider: its sensi-
tivity to air and potential enhancements to its ability to syn-
thesise ammonia at lower temperatures.

The air stability of solvothermally prepared lithium nitride-
hydride was evaluated against its solid-state analogue by time-
resolved XRD of powders exposed to air over 48 h. Contour
plots of the diffraction data and refined phase fractions are
provided in Supplementary Fig SI-4 to SI-6. The solvothermal
sample exhibits a slower decline in the combined Li-N-H
(Li;NH, Li3N, LiH and Li,NH) phase fractions for each sample
shown in Fig. 3 indicating a modest enhancement in air
stability compared to the solid-state material. Notably, given
that the smaller particle size of the solvothermal product would
typically promote faster oxidation through enhanced gas-solid
interactions, the observed stability instead suggests potential
passivation of the Li,NH surface, likely mediated by the carbon
contamination described above.

® Li-N-H (Solid state)
Li-N-H (Solvothermal)
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o
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Fig.3 The combined Li-N—H molar percentage of samples prepared
by solid state and solvothermal synthesis as a function of air-exposure
time.
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Fig. 4 N, uptake profiles as measured in a TPR experiment (ramp to
520 °C at 2.5 °C min~* followed by 60 min isothermal segment) of LiH,
the solid-state synthesized LisNH (HG Li4sNH), 20 wt% Co@LisNH, and
the solvothermal sample prepared in toluene (Solv-Li4sNH). HG =
hand-ground, BM = ball-milled.

Nitrogen uptake measurements are a critical measure of the
ammonia synthesis properties, particularly in chemical looping
ammonia synthesis where reaction with N, is one half of the
overall reaction, and is reported in comparison with other
relevant materials in Fig. 4. The N, uptake behaviour of the
solvothermal Li,NH, investigated up to 520 °C, displays an
initial mass loss between 225 and 345 °C accompanied by
gradual hydrogen evolution consistent with Li,NCN formation
arising from carbon contamination (Fig. 4, inset). N, uptake of
the Solv-LiyNH sample begins at a lower onset temperature of
350 °C compared to solid-state synthesized and hand-ground
Li,NH (HG-Li,NH), which starts reacting around 400 °C while
LiH shows N, uptake onset at 450 °C. In fact, the gain in surface
area and morphology in Solv-Li,NH induces comparable uptake
kinetics to that of cobalt-composited Li,NH (Fig. 4) which
similarly shows intermediate onset temperatures near 350 °C
(Co@Liy,NH composites, prepared by hand grinding or ball
milling of solid-state synthesized Li,NH with 20 wt% of Co).
Moreover, Solv-Li,NH fixes significantly more nitrogen per unit
mass and per mol of Li compared to solid-state and composited
analogues. This superior performance persists despite partial
deactivation from irreversible Li,NCN formation (23 wt% of
cyanamide in Li,NCN@Li,NH), demonstrating the improved
nitrogen-fixing efficiency of the solvothermal route and affirm-
ing its advantage for ammonia synthesis applications.

Rietveld refinement of the post-N, uptake PXRD pattern
displays the presence of the Fm3m phase (65.4 wt%), as well as
Li,NCN (23.2 wt%) arising from carbon contamination (esti-
mated at 6 wt%) and Li,O (11.4 wt% arising from transport)
(Fig. SI-7). That is, when Li,NH reacts with nitrogen, it forms an
imide Fm3m structure with a lattice parameter of a = 5.0721(1)
A. Hydrogen and ammonia were not detected during the N,-
uptake stage indicating that the reaction does not produce
volatile byproducts (H, was only detected during Li,NCN
formation). The Fm3m phase exhibits a slightly increased lattice

This journal is © The Royal Society of Chemistry 2025
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parameter than the solvothermal Fm3m phase (@ = 4.963876(9)
A) which suggests that nitrogen fixation in Li,NH does not
result in the formation of the stoichiometric Fd3m Li,NH, but
an imide-rich solid solution.

Given the encouraging nitrogen uptake data, 30 mg of three
catalysts (Solv-Li,NH, HG-Li,NH, BM-Li,NH), were loaded into
a stainless-steel tube-in-tube reactor and subjected to catalytic
ammonia synthesis under a parallel flow of N, and H, (1:3) at
variable temperatures (275, 325, 375, and 425 °C) and pressures
up to 10 bar. This approach was designed to test the morpho-
logical and surface-area gain in Solv-Li,NH, aiming to meet the
growing demand for catalytic systems that operate efficiently
under lower temperatures and pressures. Remarkably, the sol-
vothermal Li-N-H system demonstrated superior catalytic
performance compared to hand-ground Li,NH. At 275 °C and
1.25 bar, Solv-Li-N-H achieved an impressive ammonia
production rate of 3.53 mmol g~ * h™", significantly higher than
the 1.20 mmol g~ h™" rate exhibited by HG-Li4sNH at 325 °C (no
substantial activity was detected for HG-Li,NH at 275 °C). The
gain in surface area and stability is further evidenced upon
comparing Solv-Li,NH with a ball-milled solid-state synthesized
sample (BM-Li,NH, ball-milled for 4 hours) which delivered the
highest ammonia production rate of 3.690 mmol g~ h™" at
275 °C. However, its activity declined sharply, by 20.73% with

A. Ammonia Production rates of HG-Li,;NH, BM-Li,NH, and Solv-Li,NH
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Fig. 5 Key metrics in ammonia synthesis (A) production rates of HG-
Li4NH, BM-Li4NH, and Solv-Li—N—H systems at variable temperatures
and 1.25 bar (B) production rates of Solv-Li—-N—-H system at 275 °C and
variable pressures.
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only a 50 °C increase in temperature, highlighting its temper-
ature sensitivity (Fig. 5A). In contrast, the Solv-Li,NH sample
maintained notable stability, with just a 2.78% decrease under
the same conditions. SEM images corroborate this behavior
where BM-Li,NH and HG-Li,NH exhibit extensive particle coa-
lescence after catalysis, obscuring and depleting active sites,
whereas the Solv-LiyNH preserves its nanoscale structure,
ensuring greater resilience and sustained accessibility of active
sites (Fig. SI-8).

Ammonia production decreases for all samples as the
temperature exceeds 375 °C, and by 400 °C the rates converge to
those of HG-Li,NH and LiH. XRD of the post-catalytic samples
confirms the predominance of LiH, with minor Li,O, validating
that at elevated temperatures the LiH-mediated regime domi-
nates. Additionally, PXRD of the Solv-Li,NH system distinctly
reveals the presence of Li,NCN phase, a signature of carbon
contamination, which directly impacts catalytic stability. At
275 °C and 2 bar, the Solv-Li,NH achieves an initial rate of
3.596 mmol g~ h™", but this declines to 2.823 mmol g~* h™"
within 4 h as the carbon is depleted, after which the rate levels
off (22.7% activity loss consistent with 23.2 wt% Li,NCN deac-
tivation). Under 10 bar and 275 °C, the maximum production
surpasses that of Co@Li,NH at 450 °C and levels off at
6.01 mmol g~ " h™", further highlighting its enhanced low-
temperature activity despite partial deactivation (Fig. 5B).

The origin of carbonaceous byproducts lies in solvent
decomposition, a well-known limitation in solvothermal
synthesis (e.g., Mazumder et al. noted carbon charring in TazN5
starting from TaCls and LiNH, in benzene at 500 °C).** In our
case, the extent of decomposition strongly depends on solvent
and reaction conditions. Although solvothermal samples
prepared in benzene and toluene display comparable
morphologies exposing a higher surface-to-volume ratio which
ensures more accessible Li sites for N, activation and hydrogen
transfer, the benzene sample exhibits more severe contamina-
tion, reflected in higher Li,NCN content and a delayed N,
uptake onset of 365 °C (Fig. SI-9). Longer synthesis durations
exacerbate this effect as noted in the 48 h sample which prog-
resses to over 90% deactivation, whereas the lowest contami-
nation was obtained with the 12 h samples in dry toluene (traces
of O, and H,O intensify decomposition as well). Overall, while
moderate Li,NCN formation can transiently lower reactivity,
excessive levels are detrimental, delaying the onset and
reducing the extent of N, uptake. Toluene strikes a more
favorable balance between morphology and contamination,
which explains why its products consistently outperform the
benzene-derived analogues in nitrogen fixation performance.
Moreover, it is important to highlight the significant contribu-
tion of Li-N-H species in a catalytic role to the decomposition of
hydrocarbon solvents; that is, conducting experiments with
a blank system (toluene at 275 °C for 12 h) and a Ca-N-H system
(calcium nitride Ca;zN, and calcium hydride CaH, at 275 °C for
24 h), showed no obvious evidence of solvent decomposition.
Current work is therefore focused on minimizing carbon
contamination through strategic solvent design and suppress-
ing the LiH-dominated catalytic pathway by fully exploiting the
in situ doping solvothermal route.
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Promoting reaction progress and nanostructurisation.
Despite these promising early results, one of the key challenges
in these solvothermal systems resides in promoting reaction
progress and rapid nucleation at relatively lower temperatures
while modulating the growth of Li-N-H materials. That is,
Liy,NH was successfully synthesized at 275 °C with partial
dimensional control; nevertheless, none of the samples
demonstrated complete reaction as residual phases were
consistently observed indicating incomplete control over yield.
Such control could be achieved via the incorporation of phase-
directing additives and capping agents or mineralizers as they
play a critical role in controlling solubility, nucleation, and
crystallization.®®

Herein, attempts to direct nucleation, growth and phase
formation using conventional organic additives such as tri-
octylphosphine and triphenylphosphine did not yield discern-
ible improvements in crystallinity, phase selectivity, or
morphological control under the solvothermal conditions
employed. For instance, while the addition of 20 mol% tri-
octylphosphine to toluene effectively narrows the size distri-
bution, it simultaneously reduces solubility (and yield),
promoting the growth of larger particles (Fig. SI-10). Indeed,
phosphines appear to interact well with lithium-based precur-
sors, potentially stabilizing them and mitigating solvent
decomposition (Fig. SI-11 depicts reduced carbonaceous side
products compared to SI-10 via extensive drying of TOP prior to
use), but their limited efficacy arises from unfavorable solubility
characteristics that hinder effective mediation of the solution-
phase equilibria which impedes nucleation and favors growth.
Amine additives such as urea, oleylamine, diethylenetriamine,
and tetramethylethylenediamine simply yielded Li,NCN (a
precursor in the synthesis of various metal cyanamides®) due to
lithium's thermodynamically favored decomposition of carbo-
naceous material to Li,NCN (Fig. SI-12) and further hindered
the progression of the reaction.

Mineralizers offer another route to influence behavior in
solvothermal systems (in the following experiments, additives
were introduced into toluene). The addition of lithium hexa-
fluorophosphate (LiPFs, 20 mol%) led to the preferential
formation of LiF as a dominant phase (Fig. SI-13). In contrast,
the inclusion of lithium halides, specifically lithium fluoride
(LiF, 20 mol%) and lithium chloride (LiCl, 20 mol%), did not
significantly alter the primary product formation but instead
promoted the appearance of lithium nitride hydride and
lithium nitride chloride mixtures. Similarly, the use of a eutectic
LiCl-KCIl mixture and LiCl-KCI mixture in toluene resulted in
the formation of lithium nitride chloride as a byproduct (Fig. SI-
14). This highlights a challenging feature of Li-N-H materials:
their ability to incorporate various ions (e.g:, transition metals,
metalloids, halides, etc.)* into their crystal structure, thus
restricting the use of conventional salts and eutectic solvents.

Sodium amide as nanostructurisation promotor. Group I
amides are occasionally employed as mineralizers in the
synthesis of metal nitrides due to their strong basicity and
ability to promote nitridation. In this work, sodium amide
(NaNH,) was selected primarily because of its low melting point

This journal is © The Royal Society of Chemistry 2025
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(210 °C) and thermal stability below its decomposition
temperature (400 °C), which renders it well-suited as a molten
phase/co-solvent under our solvothermal conditions. This
behavior mimics aspects of hybrid molten salt synthesis, facil-
itating enhanced mass transport and precursor diffusion
during reaction.

In our modified solvent-molten salt system, ball-milled LizN
and LiH are suspended in anhydrous toluene containing NaNH,
(5-20 wt%) and heated to a temperature range of 240-275 °C
(Fig. SI-15). Even when used in small percentages, NaNH,
altered the reaction pathway and composition of the expected
Li-N-H phases, instigating the preferential appearance of
sodium-doped Li-N-H Fm3m phase. Notably, with just 5 wt% of
NaNH,, the Li;N conversion remains incomplete under sol-
vothermal conditions, whereas incorporating 10 wt% or more
drives the formation of the Fm3m phase and allows complete
depletion of Li;N at relatively lower temperatures (Fig. 6A),
underscoring the essential role of NaNH, in lowering the reac-
tion threshold and promoting phase transformation. The Fm3m
phases obtained from the lower wt% presented variable lattice
parameters all of which are in the vicinity of 4.99 A, a nitride
hydride rich composition. Rietveld refinement of the XRD data
revealed a better fit when the Fm3m phase is fitted with two
distinct lattice parameters; for instance, XRD data of the 10 wt%
addition of NaNH, (x = 0.10) depicted an Fm3m phase with
lattice parameters a = 4.9848(11) and 5.0039(5) A suggestive of

A. Solvothermal Li-Na-N-H phase
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Fig. 6 Comparison of Rietveld refinement profiles for products
synthesized with NaNH; at 275 °C via (A) the solvothermal route and
(B) the conventional solid-state route.
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compositional inhomogeneity within the sample. Furthermore,
the disappearance of Na from the reaction mixture alludes to its
incorporation into the crystal structure of a novel Li-Na-N-H
Fm3m solid solution. Fig. 6B depicts the same reaction by the
solid-state method, where a mixed product is observed
including Na metal residue, tetragonal I4,/a Li,NH phase and
low percentages of the disordered Fm3m phase with lattice
parameters a = 4.9636(4) A, with little indication of Na incor-
poration into the Li-N-H phases. This implies the potential for
reaction pathway differentiation via the solvothermal
approach.*

To better understand the mechanism and the role of NaNH,,
in driving the reaction into the Fm3m phase, the solvothermal
reaction of a true hybrid molten-salt synthesis of 1:1 : 1 ratio of
LizN, LiH and NaNH, was investigated. Rietveld refinement of
synchrotron diffraction data of the Li;N:LiH:NaNH, sol-
vothermal system reveals the presence of a lithium imide-rich
Fm3m phase (@ = 5.0272(0) A) and a sodium hydride (NaH)
Fm3m phase (a = 4.8762(0) A) (Fig. 7). The appearance of NaH in
the system hypothesizes a stepwise reaction mechanism where
metathesis of NaNH, and LiH yields LiNH, and NaH followed
by the reaction of Li;N and LiNH, (eqn (5) and (6)) to yield the
imide. Indeed, at 5, 10, and 20 wt% NaNH,, we postulate that
metathesis with LiH is insufficient and LiH residue is thus
noted while upon the equimolar addition of NaNH,; LiH is fully
consumed even at lower temperatures alluding to NaNH,'s role
in driving the reaction through an intermediate metathesis
step. Note that metathesis between hydrides and group I
amides, such as the MgH,-LiNH, system, have been reported
through solid-state approaches as an intermediary step during
hydrogen release.**** Thus, NaNH, was not subjected to ball
milling with the precursor mixture as it would compromise this
molten-mediated pathway (Fig. SI-16 depicts the Rietveld
refinement of a ball-milled mixture of Li;N, LiH, and NaNH,
evidencing metathesis).

Herein, we highlight the capacity of the solvothermal
approach to relatively stabilize mixed Fm3m phases incorpo-
rating heteroatoms up to a certain percentage; that is, prevent

the decomposition of NaNH, into sodium metal by
Observed Phase Weight % Mole %
—— Calculated Li-N-H_Fm-3m 61.4(8) 56.1(9)
Difference NaH 23.4(5) 27.4(5)
1102 LiH 051(3) 1.82(4)
R Li207 Li,O 3.8(2) 3.8(19)
Li-N-H_Fm-3m Li>0_2 10.89(13) 10.89(15)
— LiH
2 — NaH
7
z
2
<
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I I I [ I [ | I |
I | I 11 | [ |
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——
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20/°

Fig. 7 Observed-calculated-difference (OCD) profile plot from the I-
11 Rietveld refinement of the solvothermal Fm3m Li—-N-H and NaH
phases, note that the increased percentages of Li,O_2 is attributed to
exposure during sample transportation.
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Fig.8 Scanning electron microscopy (SEM) images of the solvothermal output of LizN, LiH and xNaNH, depicting (A-D) nanostructured needle-
like and nanorods of the cubic Fm3m Li—-Na—-N-H phase (x = 0.2) and (E-F) needle-like nanostructured composites of Li—-N-H and NaH
materials.
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incorporating Na* within Fm3m crystal structure as opposed to
the lack of intercalation noted in SS synthesis. Hence, the
presence of NaNH, in the system introduces Na" species into
the Li-N-H lattice, facilitating defect formation and enhanced
ion mobility. The results are consistent with the solid-state
doping of Li,NH with LiH which yielded a non-stoichiometric
imide-hydride solid solution.** Ongoing synchrotron investiga-
tions are being conducted to elucidate the definitive reaction
mechanism and track the structural dynamics of the interme-
diate phases in the solvothermal and solid-state approaches.
This integration of sodium emphasises the significance of the
solvothermal synthetic approach particularly as it could be
extended to incorporate various critical hetero ions, such as
potassium, calcium, and an array of transition metals, which
are often regarded as N, and H, dissociation promotors in the
catalyzed ammonia production process.

LiH + NaNH, — LiNH, + NaH (5)
LizN + LiNH, — Fm3m-Li,NH (6)

SEM images of the solvothermal Li and Na mixed phases
reveal a semi-uniform low- and high-aspect ratio distribution of
particle sizes and morphologies that varies with the percentage
of NaNH, added. In a hybrid molten-solvent system comprising
5 wt% and 10 wt% of NaNH,, meso-quasi-spherical particles
can be noted ranging from 100 to 600 nm and large aggregates
of 1.6 um with nanowires noted sporadically for the 10 wt%
sample (Fig. SI-17) as opposed to the pseudo-spherical
morphology of the lithium nitride hydride system. At
=20 wt% NaNH,, large aggregates composed of needle-like and
nanowire morphologies are observed throughout the sample
with sizes of individual needles and wires ranging from 300 to
900 nm and large aggregates ranging from 1 to 6 um (Fig. 8).
These data imply that as NaNH, increases, it induces a signifi-
cant increase in the mobility of Li*, Na*, NH, , N°"and H™
species and allows for rapid and preferential addition of
building blocks via adsorption onto facets of the growing
nuclei. This differential adsorption lowers the surface energy of
side facets and promotes elongation into needles and wires.
Such nanostructures are absent in the analogous SS reactions
where all samples display irregular and non-uniform
morphologies consistent with bulk metallic/metallic oxide
nitride alloys (Fig. SI-18).

The N, uptake profiles of solvothermal samples reveal the
advantages of nanostructuring where the 20 wt% NaNH,
sample exhibits earlier onset of reactivity and higher nitrogen
uptake per unit mass compared to 10 wt% of NaNH,, despite
a higher level of carbon contamination in the 20 wt% sample
whereas the 1:1:1 sample displays a delayed onset due to the
higher carbon contamination which instigates the irreversible
formation of Li,NCN (Fig. 9A). That is, as NaNH, content
increases so does carbon contamination (indicative of NaNH,'s
role in promoting solvent decomposition) which in turn
induces a marked decline in activity due to deactivation
resulting from the formation of Li,NCN. An in-depth investi-
gation into the mass spectrometry coupled with TGA for the 1:
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A.N,-uptake profiles of the solvothermal products B.TGA/MS profiles of 1:1:1 of Li;N, LiH, and NaNH,
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Fig. 9 N, uptake profiles as measured in a TPR experiment of (A) 10,
20 wt% and equimolar addition of NaNH, and (B) N, uptake and gas
evolution of 1:1:1 of LizN: LiH : NaNH, (ramp to 500 °C followed by
60 min isothermal segment).

1:1 sample confirms that hydrogen evolution accompanies
mass loss associated with Li,NCN formation (Fig. 9B). Notably,
mass loss begins at 100 °C for the 1:1: 1 sample, 125 °C for the
20 wt% sample, 200 °C for the 10 wt% sample and 225 °C for
Solv-Li,NH and further exhibits NH; evolution between 350 and
450 °C due to the in situ H, evolution and N, atmosphere. The
volatile gases, absent in the Solv-Li,NH sample, indicate both
thermodynamic and kinetic gains from nanostructurisation, for
all occurring reactions (Li,NCN formation, N,-uptake, and in
situ NH; synthesis).

Extension to other M-N-H systems. Building on the prom-
ising results obtained with the Li-N-H system, the method has
been systematically extended to other Group I and Group II M-
N-H materials, which are of particular interest due to their
emerging catalytic activity and/or promotion effects.>*> For
instance, the validity of the synthetic protocol was established
for stochiometric lithium imide Li,NH where the solvothermal
reaction of LizN and LiNH, proceeds entirely into the Fd3m
phase at 205 °C and transitions successively to the Fm3m with
temperature increase (Fig. SI-19). Li;Na(NH,), has also been
isolated with morphological uniqueness (Fig. SI-20). The reac-
tion of calcium nitride Ca;N, and calcium hydride CaH, at 275 °
C forms a mixture of Fd3m calcium nitride hydride and Fm3m
calcium imide CaNH phases in 57% yield (Fig. SI-21). Notably,
no traces of calcium carbide (CaC,) or calcium carbodiimide
were detected, indicating diminished or absence of solvent
decomposition; further optimization of reaction parameters is
currently under investigation for the isolation of uniformly
nanostructured nitride hydride and imide phases.

Conclusion

The development of soft chemistry synthesis routes of Li-N-H
materials is driven by the need to engineer nanoscale systems
with pronounced activity in green energy and catalysis. Li,NH
and lithium imide-nitride hydride solid solutions, in addition
to Na-doped Li-N-H phases were successfully synthesized
through a solvothermal route starting from commercially
available precursors. The solvothermally synthesized samples
display unique morphologies that cannot be accessed by
conventional solid-state methods. The Li-N-H systems showed
more uniform and smaller particle sizes when synthesized
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solvothermally, removing the need for an additional mecha-
nochemical treatment as would be required for solid state
synthesized samples. The approach enables a NH; production
rate of up to 6 mmol h™" per gram of the sample surpassing
reported activity of transition metal composited Li,NH despite
23 wt% deactivation via Li,NCN. Further optimization of the
solvent system and reaction conditions is under investigation to
fine-tune the reaction mixture and avoid the possibility of
considerable carbon contamination originating from solvent
decomposition. The addition of a sodium amide mineralizer
demonstrated the ability to form dramatically altered
morphologies, including the formation of nanoneedles and
nanorods. While more control is imperative, the method
provides proof of concept of the plausible nano-synthesis
methods of materials associated with the Li-N-H family, evi-
denced by the Li/Na nanostructured systems, thereby paving the
way for further investigations into sophisticated and intricate
nanostructurisation techniques and their implications on the
mechanism of action of these systems in catalysis, hydrogen
storage, solid-state electrolytes and Li-ion batteries.
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