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Lithium–nitrogen–hydrogen systems for ammonia
synthesis: exploring a more efficient pathway
using lithium nitride–hydride†

Manoj Ravi and Joshua W. Makepeace *

Ammonia synthesis chemistry with lithium–nitrogen–hydrogen

materials is largely confined to pathways involving lithium hydride

and lithium imide. Herein, we explore an alternate pathway featur-

ing lithium nitride–hydride that shows more favorable character-

istics from an activity, synthesis and cyclability perspective.

In the context of net zero emissions targets that need to be met
to tackle climate change, the decarbonization of ammonia
manufacture assumes significant importance. As a conse-
quence of utilizing hydrogen derived from fossil fuel-
feedstocks, the Haber-Bosch (HB) technology – the dominant
industrial pathway for ammonia manufacture – contributes to
nearly 2% of global greenhouse gas emissions.1 Besides dec-
arbonizing the fertilizer industry, a greener pathway for ammo-
nia synthesis will help unlock its use in diverse clean
energy transition applications from transportation to grid-
balancing.2–5 The high pressures and temperatures employed
in the HB process make the technology more suited to centra-
lized large-scale operation.6,7 In contrast, the economic viability
and energy efficiency of green ammonia processes, which rely
on intermittent renewable energy sources for green hydrogen,
would benefit from the use of milder reaction conditions.1,5,7

However, conventional HB catalysts are not effective at lower
temperatures and pressures,8,9 motivating the quest for better
performing materials under these conditions.10–12

Among the many materials that have recently been investi-
gated for this purpose, alkali and alkaline earth metal–nitro-
gen–hydrogen systems have shown considerable promise.13–17

When composited with a transition metal (TM), compounds
such as lithium hydride (LiH) yield higher ammonia synthesis
activity than HB catalysts under milder conditions.11,18,19 This
is because these composites are more efficient at addressing
the key challenge in ammonia synthesis, namely nitrogen

activation. It has been proposed that they enable the ‘breaking’
of the scaling relationship between the N2 adsorption
transition-state energy and the adsorption energy of NHX

intermediates (x = 0, 1 and 2) that governs the performance
of conventional TM-based HB catalysts.9,11 In a TM-LiH com-
posite, the hydridic hydrogen removes activated nitrogen from
the TM, thereby serving as a second catalytic site that expedites
nitrogen activation. When used in a chemical looping protocol,
where nitrogen and hydrogen are fed sequentially, LiH is first
converted to lithium imide (Li2NH), which on hydrogenation
yields ammonia and regenerates lithium hydride. Hence,
ammonia synthesis in this system is mediated by the inter-
conversion of lithium hydride and lithium imide.18

Our objective is to exploit the chemical diversity of the
Li-N-H family of materials to realize an alternative pathway
for ammonia synthesis and discern the advantages associated
with this route. This builds on our recent work where we
highlighted the implications of compositional variation in the
Li–N–H system for hydrogen storage and ammonia catalysis.20

More precisely, we revealed the formation of a solid solution
with a highly disordered anti-fluorite structure for mixed
lithium amide–imide (Li2�xNH1+x, 0 o x o 1) and lithium
imide–nitride–hydride (Li2+xNH, 0 o x o 2) phases.20 While
the former is more extensively studied from a hydrogen storage
and release standpoint,21 the latter solid solution with nitride–
hydride character is of interest to this study, considering the
reported involvement of hydridic hydrogen in electron and
hydrogen transfer during ammonia synthesis.16

Lithium nitride–hydride (Li4NH) was synthesized by heating
a ball-milled mixture of lithium nitride (Li3N) and LiH in a
microwave reactor (Experimental section, ESI†)22 and subse-
quently subject to a chemical looping ammonia synthesis
process. On its own, Li4NH enables modest ammonia produc-
tion rates, but at a level around 40% higher than LiH (1 bar
gauge pressure, 400–500 1C, Fig. 1). We infer from the N2-
Temperature-Programmed Reaction (N2-TPR) data that Li4NH
fixes more nitrogen per unit mass of the material (Fig. 2 and
Table 1) and per mol Li (Fig. S1, ESI†) than LiH, with the onset
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temperature of reactivity being much lower for Li4NH. While
the idealized nitrogen fixing reactions in each of these materi-
als point to the formation of Li2NH (eqn (1) and (2)), our
experiments reveal significant nuance to the different chemical
transformations that take place.

4LiH + N2 - 2Li2NH + 2H2 (1)

3Li4NH + N2 - 3Li2NH + 2Li3N (2)

The reaction of Li4NH with nitrogen at 450 1C results in the
formation of Li3N and a phase with an Fm%3m structure (Fig. 3)
having a lattice parameter value of 5.023(1) Å, with neither
hydrogen nor ammonia being detected during the N2-TPR
experiment (Fig. S2, ESI†). At a reaction temperature of
400 1C, the lattice parameter of this phase is 4.9849(4) Å. This
suggests that fixing nitrogen in Li4NH does not yield a strictly
stoichiometric Li2NH phase, which is characterized by an Fd%3m
structure at ambient temperature and a disordered Fm%3m
structure with a lattice parameter of 5.047 Å at elevated
temperatures.23–25 Instead, a phase with an Fm%3m structure
and a varying lattice parameter value in the range of 4.93 to
5.03 Å is emblematic of a lithium imide–nitride–hydride solid
solution, with a lattice parameter towards the higher end
indicating an imide-rich solution.20 A small amount of the
Fm%3m phase is present in the as-synthesized Li4NH sample,
but with a much lower lattice parameter of 4.9339(6) Å, repre-
senting very slightly off-stoichiometry lithium nitride–
hydride.20 These assignments are corroborated by Raman
spectroscopy. While the spectrum of the parent Li4NH has
sharp features at low wavenumbers corresponding to phonon
modes of the nitride–hydride phase, the same features are
much broader and less well-defined for the sample after reac-
tion under nitrogen (Fig. 4). Furthermore, the appearance of a
broad feature at ca. 3150 cm�1 in the latter is a fingerprint for
an imide N–H stretch (Fig. 4). These Raman features constitute
the signature for a lithium imide–nitride–hydride solid
solution, with the lattice parameter value revealing an imide-
rich stoichiometry after the nitrogen-fixing step (ca. Li2.3NH).

For LiH, reaction with N2 at 450 1C also results in a phase
adopting an Fm%3m structure (Fig. 3) but with a smaller lattice
parameter than what was observed in the case of Li4NH
(Table 1). Furthermore, the Raman spectrum for LiH after
nitrogen-fixing shows a triplet feature in the N–H stretching

Fig. 1 Ammonia synthesis rate with plain LiH, Li4NH and cobalt-
containing samples in a chemical looping process. Reaction conditions:
60 sccm N2 followed by 75 sccm H2, 1 barg, 20 mg material. The stacked
bars at 450 and 500 1C for LiH and Li4NH show the absolute rate and not
the increase in rate from that observed at the lower temperature. HG =
hand-ground, BM = ball-milled.

Fig. 2 N2-TPR profiles of plain and cobalt-composited LiH and Li4NH.
HG = hand-ground, BM = ball-milled.

Table 1 Nitrogen uptake and lattice parameter variation of Fm %3m struc-
ture during nitrogen-fixing and hydrogenation steps. BM = ball-milled

Material

N-uptakea a [Å] of Fm%3m phaseb after

[mmol mg�1] N2 N2–H2 N2–H2–N2

LiH 0.2 4.9744(4) — n.d.
Li4NH 6.7 5.023(1) 4.9726(4) 4.9861(6)
BM Co/LiH 3.3 4.976(1) — n.d.
BM Co/Li4NH 10.4 5.058(3) 4.983(2) 4.9907(5)

a Nitrogen uptake as measured in a TPR experiment (ramp to 400 1C at
5 1C min�1 followed by 20 min isothermal segment). b Lattice para-
meters determined by Rietveld analysis of XRD data after reaction at
450 1C for LiH and Li4NH and 400 1C for cobalt-composited samples;
n.d: not determined.

Fig. 3 Phase composition as determined by Rietveld analysis of powder
X-ray diffraction data. Raw and fit XRD data sets are provided in the ESI†
(Fig. S4). Co and CoLiN phases are expected to be underestimates due to
the use of a Cu X-ray source. Temperature of nitrogen-fixing and hydro-
genation was 450 1C for LiH and Li4NH and 400 1C for Co/Li4NH. The
composition of the Fm %3m solid solution in the ‘N-fix’ and ‘post H2‘ samples
is derived on the basis of the lattice parameter data (Table 1).20
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region (Fig. 4), which appear to be consistent with reported data
for a lithium imide-hydride mixed phase.26

During the hydrogenation phase, NHx species formed dur-
ing nitrogen fixing are converted into NH3. For LiH, this results
in the disappearance of the Fm%3m structure and regeneration of
LiH (Fig. 3), with no features observed in the N–H stretching
region of the Raman spectrum post reaction (Fig. 4).

In contrast, for the process starting with Li4NH, the hydro-
genation step does not fully regenerate the starting material.
Both the Raman spectra (Fig. 4) and XRD data (Fig. 3) reveal the
continuing presence of the Fm%3m solid solution. However, the
lattice parameter of this phase decreases by approximately
0.05 Å on hydrogenation (Table 1), translating to a composition
of ca. Li3.3NH for the solid solution. Hence, hydrogenation
imparts a greater nitride–hydride character to the solid
solution. However, prolonging the hydrogenation step does
not convert the nitride–hydride-rich solid solution to pristine
tetragonal Li4NH. Instead, it drives the undesired formation of
LiH and a plateauing of the lithium imide-nitride–hydride solid
solution lattice parameter at around 4.98 Å (Fig. S3, ESI†). This
corresponds to the observed upper limit of nitride–hydride
incorporation into the solid solution;20 further formation of
stoichiometric Li4NH appears to result in rapid hydrogenation
to LiH (Fig. S3, ESI†), which reduces the ammonia productivity
in subsequent cycles. This highlights the need to abstain from
forcing the solid solution into a composition regime where
Li4NH isolates as a distinct tetragonal phase during hydrogena-
tion, a condition which can be satisfied by judicious choice of

cycle duration to sustain elevated productivity compared
with LiH.

Next, we proceed to explore the effect of combining Li–N–H
materials with a transition metal on the rate of ammonia
synthesis. The composites were made either by hand-grinding
the TM and LiH or Li4NH in a pestle and mortar (denoted
by prefix HG) or ball-milling (denoted by prefix BM) the
ingredients together (Experimental section, ESI†). Previous
studies have shown that compositing LiH with a TM, such as
cobalt, allows nitrogen to be fixed in the material at lower
temperatures.18 Importantly, in LiH composites the synthesis
route for introducing the TM is key to realizing better nitrogen
uptake characteristics. While the composite prepared by hand-
grinding (HG Co/LiH) shows minimal improvement compared
to plain LiH, the more rigorous ball-milling route (BM Co/LiH)
yields a much more favorable N2-TPR profile (Fig. 2). This
difference in the nitrogen fixing behavior is borne out by the
ammonia productivity data (Fig. 1). Hence, a good dispersion of
the TM and small particle size are vital to unlock better
performance, necessitating ball-milling over a simpler hand-
grinding method.

In the case of Li4NH-based composites, the difference
between the hand-ground and ball-milled samples both in
the N2-TPR profiles (Fig. 2) and ammonia synthesis rate
(Fig. 1) is much less stark than the LiH-based counterparts.
Thus, a simpler hand-grinding method suffices to realize the
promotion effect of the TM in the case of Co/Li4NH. This can be
ascribed to the presence of nitrogen in the support that can
anchor the TM and facilitate a more favorable metal-support
interaction.27 As observed with plain Li4NH, the fixing of
nitrogen in Co/Li4NH results in the formation of Li3N and the
Fm%3m phase (Fig. 3), which has a lattice parameter indicative of
a composition very close to Li2NH, with significantly more
nitrogen being fixed than in plain Li4NH at 400 1C. Further-
more, when fixing nitrogen in Co/Li4NH, we also observe the
formation of lithium cobalt nitride (Co0.333Li2.333N), which
disappears on subsequent hydrogenation (Fig. 3). The decrease
in the lattice parameter of the Fm%3m structure on hydrogena-
tion is similar to that observed with Li4NH (Table 1), indicating
the formation of a nitride–hydride-rich solid solution. Likewise,
the Raman features are also very much comparable (Fig. 4).

As noted earlier, the hydrogenation step regenerates the
starting material in LiH-based looping processes, which is not
the case with Li4NH. While the hydrogenation of the lithium
imide-rich solid solution back to Li4NH can be envisioned in
theory, the susceptibility of tetragonal Li4NH to undergo
further hydrogenation to LiH makes it challenging to experi-
mentally realize an ideal looping process starting and finishing
with Li4NH. Nevertheless, we saw that the compositional flex-
ibility of the Fm%3m solid solution, varying from Li2NH to ca.
Li3.3NH, can be exploited to synthesize ammonia. The cycling
within this compositional regime underpins the chemical loop-
ing process reported in this work (Fig. S5, ESI†). In the case of
plain Li4NH as well as Co/Li4NH, the fixing of nitrogen in the
material after one full cycle (N2–H2–N2 column, Table 1) results
in a larger lattice parameter for the Fm%3m phase relative to that

Fig. 4 The low-energy phonon vibration region and the N–H stretching
region of the Raman spectra of LiH, Li4NH and BM Co/Li4NH samples.
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observed after hydrogenation (N2–H2 column, Table 1), which
signifies a return to greater imide character for the solid
solution.

Previous studies using Ni–BaH2 composites have high-
lighted issues in cycling the material, with ammonia produc-
tivity falling by as much as 25% over 10 cycles.18 Our
experiments with Co/LiH show similar issues in cyclability
(Fig. 5). The impressive performance of these composites arises
from the intimate contact between the TM and the hydride
phase. The separation and aggregation of the TM and the
hydride phase over multiple cycles is cited as the reason for
the decreasing trend in ammonia productivity.18 In contrast to
Co/LiH, the Co/Li4NH composites, both ball-milled and hand-
ground, exhibit much more stable ammonia productivity over
several cycles. This more favorable behavior is again likely to be
driven by the presence of nitrogen in the support.27 As stated
earlier, the ability of nitrogen to anchor the transition metal
and facilitate metal-support interaction is expected to deter the
separation and aggregation of the two phases. The X-ray
diffraction patterns of the spent Co/Li4NH after 10 cycles show
no features for LiH formation, which demonstrates the success-
ful cycling of the material within the compositional regime of
the imide-nitride–hydride solid solution for stable ammonia
production. (Fig. S6, ESI†)

In summary, we have demonstrated a novel pathway for
ammonia synthesis starting from lithium nitride–hydride. The
looping process for ammonia synthesis was shown to be
mediated by the solid solution formed between lithium
nitride–hydride and lithium imide. This route produced greater
rates of ammonia production than with lithium hydride, which
appears to be related to a higher intrinsic nitrogen fixing
capability Furthermore, when used in composite with a transi-
tion metal to enhance productivity, lithium nitride–hydride
appears to more readily yield a well-dispersed material that is
characterized by a more stable performance when tested for
ammonia synthesis over multiple cycles.
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8 R. Schlögl, Angew. Chem., Int. Ed., 2003, 42, 2004–2008.
9 A. J. Medford, A. Vojvodic, J. S. Hummelshøj, J. Voss, F. Abild-

Pedersen, F. Studt, T. Bligaard, A. Nilsson and J. K. Nørskov,
J. Catal., 2015, 328, 36–42.

10 M. Kitano, Y. Inoue, Y. Yamazaki, F. Hayashi, S. Kanbara,
S. Matsuishi, T. Yokoyama, S.-W. Kim, M. Hara and H. Hosono,
Nat. Chem., 2012, 4, 934–940.

11 P. Wang, F. Chang, W. Gao, J. Guo, G. Wu, T. He and P. Chen, Nat.
Chem., 2017, 9, 64–70.

12 T.-N. Ye, S.-W. Park, Y. Lu, J. Li, M. Sasase, M. Kitano, T. Tada and
H. Hosono, Nature, 2020, 583, 391–395.

13 Y. Inoue, M. Kitano, K. Kishida, H. Abe, Y. Niwa, M. Sasase, Y. Fujita,
H. Ishikawa, T. Yokoyama and M. Hara, ACS Catal., 2016, 6,
7577–7584.

14 W. Gao, P. Wang, J. Guo, F. Chang, T. He, Q. Wang, G. Wu and
P. Chen, ACS Catal., 2017, 7, 3654–3661.

15 P. Wang, H. Xie, J. Guo, Z. Zhao, X. Kong, W. Gao, F. Chang, T. He,
G. Wu and M. Chen, Angew. Chem., Int. Ed., 2017, 56, 8716–8720.

16 J. Guo and P. Chen, Acc. Chem. Res., 2021, 54, 2434–2444.
17 W. Gao, S. Feng, H. Yan, Q. Wang, H. Xie, L. Jiang, W. Zhang,

Y. Guan, H. Wu and H. Cao, Chem. Commun., 2021, 57, 8576–8579.
18 W. Gao, J. Guo, P. Wang, Q. Wang, F. Chang, Q. Pei, W. Zhang, L. Liu

and P. Chen, Nat. Energy, 2018, 3, 1067–1075.
19 H. Yan, W. Gao, Q. Wang, Y. Guan, S. Feng, H. Wu, Q. Guo, H. Cao,

J. Guo and P. Chen, J. Phys. Chem. C, 2021, 125, 6716–6722.
20 J. W. Makepeace, J. M. Brittain, A. S. Manghnani, C. A. Murray,

T. J. Wood and W. I. F. David, Phys. Chem. Chem. Phys., 2021, 23,
15091–15100.

21 W. I. F. David, M. O. Jones, D. H. Gregory, C. M. Jewell,
S. R. Johnson, A. Walton and P. P. Edwards, J. Am. Chem. Soc.,
2007, 129, 1594–1601.

22 N. Tapia-Ruiz, N. Sorbie, N. Vaché, T. K. A. Hoang and D. H. Gregory,
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