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Hydrogen uptake during mechanochemistry of lithium nitride under 9 MPa of hydrogen pressure has been analyzed by
means of in situ solid-gas absorption and ex situ X-Ray Diffraction (XRD) measurements. In situ hydrogenation curves show
two H-sorption steps leading to an overall hydrogen uptake of 9.8wt.% H after 3 hours of milling. The milled end-products
consist of nanocrystalline (~ 10 nm) LiNH2 and LiH phases. The first reaction step comprises the transformation of polymorph
-Li3N (S.G.P6/mmm) into -Li3N (S.G.P63/mmc) metastable phase and the reaction of the latter with hydrogen to form
lithium imide: -Li3N + H2 Li2NH + LiH. Reaction kinetics of the first step is zero-order. Its rate-limiting control is assigned
to the collision frequency between milling balls and Li3N powder. In the second absorption step, lithium imide converts to
lithium amide following the reaction scheme Li2NH + H2 LiNH2 + LiH. Reaction kinetics is here limited by one-dimensional
nucleation and growth mechanism which, at the light of structural data, is assigned to the occurrence of lithium vacancies
in the imide compound. This study provides new insights on the reaction paths and chemical kinetics of light hydrogen
storage materials during their mechanochemical synthesis.

250 °C.8,9 Thus, lithium imide reversible absorbs hydrogen
according to reaction:

1 Introduction
The safe and efficient storage of hydrogen is widely recognized
as one of the key technological challenges in the transition
towards a hydrogen-based energy economy. 1,2 Some complex
metal hydrides composed of light metallic elements are
considered to be suitable candidates as hydrogen storage
materials. 3–5 Among them, the lithium imide/amide system is
considered as one of the most promising hydrogen storage
system due to its high hydrogen capacity and partial reversibility
at moderate temperatures.6,7 Chen et al. have reported that
Li3N absorbs hydrogen using the conventional solid-gas
thermally driven route.8 It is a stepwise reaction that entails the
consecutive formation of lithium imide (Li 2NH) and lithium
amide (LiNH2)
Li3N + 2H2 → Li2NH + LiH + H2 ↔ LiNH2 + 2LiH

(1)

with and overall reaction heat of - 81 kJ mol-1H2.8 At each step,
one mol of lithium hydride (LiH) is formed. The total amount of
hydrogen in the fully hydrogenated state reaches 10.4wt.% H.
The first reaction step is highly exothermic (~- 95 kJ mol-1H2)8
and therefore its reversibility requires high temperatures. In
contrast, the second reaction step is moderately exothermic
(- 66 kJ mol-1H2) leading to ~ 0.1 MPa equilibrium pressure at
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Li2NH + H2 ↔ LiNH2 + LiH

(2)

with 6.5 wt.% H storage capacity. These properties make the
lithium imide/amide system an attractive media for reversible
hydrogen storage. 8
Recently, it was suggested that the hydrogenation pathway
of Li3N might be more complex than that given by Eq. 1. During
the first reaction step, the formation of Li4NH intermediate has
been detected.10,11 As for the second reaction step, David et al.
have also observed the formation of a series of nonstoichiometric phases with the composition Li 2-xNH1+x. Indeed,
both Li2NH and LiNH2 are the end members of this series with
values of x = 0 and 1, respectively.12 Crivello et al. have
confirmed the stability of Li4NH and Li1.5NH1.5 (x = 0.5) by DFT
calculations.13
An alternative method to the conventional solid-gas
thermally driven synthesis of hydrides is mechanochemistry
under hydrogen gas. Milling techniques represent a versatile
tool for the synthesis of various functional materials.14–16 In the
hydrogen storage field, it allows fast synthesis of
nanocrystallline hydrides due to the generation of highly
reactive fresh surfaces and the enhancement of solid-state
reactions induced by mechanical deformations. 17 Kojima and
Kawai first studied mechanochemistry of lithium nitride under
hydrogen gas by ball milling of Li 3N at 1 MPa of hydrogen
pressure, with a ball-to-powder weight ratio (BPR) of 28:1 and
milling rotation speed of 400 rpm.18 The reported hydrogen
uptake was only 5 wt.%H. Ex situ powder X-ray diffraction
measurements showed the formation of LiNH2 but significant
amounts of the starting Li3N and intermediate Li2NH
compounds remained. The amount of hydrogen gas in the
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milling vial was insufficient or the BPR value too low to complete
the hydrogenation reaction. Later, Minella et al. succeeded to
accomplish the full reaction using a hydrogen pressure of
2 MPa, BPR = 75 and milling rotation speed of 550 rpm.19
However, they provided no information on the hydrogenation
path and kinetic mechanisms during the mechanochemical
synthesis.
In
this
work,
the
reaction
pathway
during
mechanochemistry under hydrogen gas of Li3N is
comprehensively studied. The mechanically assisted
hydrogenation reactions were monitored by in situ
measurement of hydrogen pressure and temperature. The
formation of hydride phases on milling was determined by ex
situ X-ray diffraction measurements. Coupling between both
analyses has allowed the assessment of reaction paths in this
system as well as of the appraisal of the underlying reaction
mechanisms.

2 Experimental procedures
Lithium nitride (Sigma-Aldrich; typical purity≥99.5% metal
basis), and high purity hydrogen (Alphagaz; 6N) were used as
starting materials. All sample handlings were done in argon
filled and purified glove box. Approximately 4 g of Li 3N,
40 stainless steel balls of 12 mm in diameter and a ball-topowder weight ratio of 80 were used for all experiments. Ball
milling was performed at room temperature under initial
hydrogen pressure of 9 MPa. It was conducted with a P4 Fristch
Vario-Planetary mill allowing selectable rotation speeds for
support disc () and milling vial (). In this work, the relative
speed ratio between support disc and milling vial was fixed to
-2 ( = 400 rpm,  = -400 rpm). A closed-tight high pressure
milling device from Evicomagnetics able to work under H2
atmosphere up to 15 MPa was used as vial. 15 In situ hydrogen
uptake on milling was determined from pressure and corrected
temperature data using the Hemmes equation. 20,21
Structural characterization was achieved by means of XRD
using a special air tight sample holder to prevent reaction with
air. XRD data was recorded with a Bruker D8 Advance

diffractometer equipped with a rear graphite monochromator.
CuK1,2 radiation was used. The Rietveld method was employed
to analyze the diffraction patterns using Fullprof software.22 The
reported crystal structures for -Li3N,23 -Li3N,24 Li2NH,25
LiNH2,26 Li4NH,27 LiH,28 and Li2O12 were used as input data. To
get stable and reliable refinements, the number of refinement
parameters were kept as low as possible, particularly when
phase amounts were below 20 wt.%. Currently, the refined
parameters were background base line, sample displacement,
phase amount, lattice parameters and crystallite size. No
structural parameters (atomic position, site occupation and
Debye-Waller factors) were refined. The pseudo-Voigt function
(number 7 for Fullprof software) was used to evaluate crystallite
sizes following the procedure described in Ref. 29.
ThermoNicolet AVATAR 360 E.S.P. Fourier Transform Infra-Red
(FTIR) spectrometer was used for complementary structural
studies in the range from 3500 to 3000 cm-1 in an inert
atmosphere of N2.

3 Introduction
3.1 In-situ hydrogen uptake.
Figure 1a displays the evolution of vial temperature and
hydrogen pressure inside the vial as a function of milling time t.
At short milling time t < 30 min, the vial temperature increases
before equilibrating at 49 °C. Calibration experiments proved
that the temperature of the hydrogen gas is ca. 15°C higher than
the vial temperature.20 As for the hydrogen pressure, it rises
correlatively to the temperature for t < 15 min. Later on, the
hydrogen pressure markedly drops indicating fast hydrogen
absorption by Li3N. After slightly more than 2 hours of milling,
the hydrogen pressure reaches an equilibrium indicating that
the hydrogenation reaction is completed. The trends of
temperature and hydrogen pressure curves are similar to those
reported by Minella et al.19 It is worth noting that the vial
temperature is slightly higher during the pressure drop than at
the end of milling, which is a signature of the exothermic nature
of the hydrogenation process.
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Figure 1: a) Evolution of vial temperature and hydrogen pressure during ball milling of Li3N powder under hydrogen gas, b) Hydrogen
uptake as a function of milling time.
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Figure 1b shows the hydrogen uptake during milling as
calculated using the procedure described in Ref. 20. The total
hydrogen uptake is 9.8 wt.% H, i.e. 3.7 equivalents of hydrogen
per formula unit (H/f.u.). This represents a yield of 94 % as
compared to the theoretical capacity of the Li 3N-H system. The
H-uptake kinetic curve can be described in two stages: it
increases linearly with time for t < 60 min, then it follows a
sigmoidal curve for longer milling times. To evidence the
reactions taking place at each hydrogenation stage, ex situ XRD
measurements were carried out.
3.2 Structural analysis of the mechanochemical process.

and -Li3N (S.G.P63/mmc, 44 wt.%) polymorphs. The -Li3N
phase corresponds to a metastable high-pressure phase.24 In
addition, minor amount of Li2O (5 ± 1 wt.%) was detected. Same
amount of Li2O was observed for all samples analysed in this
study, as well as by other authors using such commercial
compound.30 Therefore, it is likely to be an impurity present in
the pristine material and its occurrence will not be further
discussed in this manuscript. At t = 15 min (Figure 2b), no
diffraction peaks from -Li3N are detected, those from -Li3N
increase in intensity, and new phases indexed as Li2NH and LiH
appear. On further milling (Figure 2c), the intensity of the
diffraction peaks of -Li3N decreases, whereas it increases for
Li2NH and LiH. No hints of the occurrence of the intermediate
phase Li4NH were observed (see Fig. S1 in ESI). At the end of this
first stage (t = 60 min, Figure 2d), the sample contains Li 2NH
(77 wt.%) and LiH (19 wt.%).

3.2.1 The first reaction stage.
XRD diffraction patterns were collected for t = 0, 15, 30 and 60
min. Figure 2 displays the graphical output of the Rietveld
analysis for the four samples. All refined data are provided in ESI
(Table S1). The diffraction pattern of the pristine Li 3N material
(Figure 2a) can be indexed with -Li3N (S.G.P6/mmm, 51 wt.%)
_________________________________________________________________________________________________________
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Figure 2: Rietveld analysis of XRD data collected within the first reaction stage: a), b), c), and d) stand for t = 0, 15, 30 and
60 min, respectively. Observed (dots), calculated (black solid line) and difference curves (blue solid line below) are shown.
Vertical bars correspond to (hkl) Bragg line positions for (1) α-Li3N, (2) β-Li3N, (3) Li2NH, (4) LiNH2, (5) LiH and (6) Li2O
phases. Phase (4) was not detected.
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3.2.2 The second reaction stage.
3.2.3 Global reaction path.
To analyze de reactions occurring at this stage, XRD diffraction The complete reaction path during the mechanochemical
patterns were collected for t = 90, 120 and 180 min. The process can be comprehensively visualized by plotting phase
corresponding graphical outputs for Rietveld refinement are amounts as a function of milling time (Figure 4). First, -Li3N
displayed in Figure 3. Obtained data results are given in ESI converts to -Li3N at the early stage of the mechanochemical
(Table S1). At t = 90 min (Fig. 3a), new diffraction peaks process (t < 15 min). Then, -Li3N reacts with hydrogen
belonging to LiNH2 appeared, whereas the intensity of Li 2NH following the reaction scheme:
diffraction peaks decreased. Same trend was observed on
further milling (Figs. 3b and 3c) with a gradual increase of the
-Li3N + H2 → Li2NH (78 wt.%) + LiH (22 wt.%) (3)
LiH diffraction peak intensities. At the end of this stage
(t = 180 min, Figure 3c), no more lithium imide was detected and Finally, lithium imide reacts with hydrogen according to:
the sample was found to contain LiNH2 (50 wt.%) and LiH
(46 wt.%). The formation of LiNH2 phase was corroborated by
Li2NH + LiH + H2 → LiNH2 (59 wt.%) + 2LiH (41 wt.%) (4)
FTIR (ESI Fig. S2), showing the characteristic N-H symmetric and
asymmetric stretching vibrations of LiNH2 at 3258 cm-1 and
3312cm-1, respectively.31 Therefore, in the second stage, lithium
imide reacts with hydrogen to form lithium amide and lithium
hydride.
_________________________________________________________________________________________________________
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Figure 3: Rietveld analysis of XRD data collected within the second reaction stage: a), b), and c) stand for t = 90, 120, and 180 min,
respectively. Observed (dots), calculated (black solid line) and difference curves (blue solid line below) are shown. Vertical bars correspond
to (hkl) Bragg line positions for (1) α-Li3N, (2) β-Li3N, (3) Li2NH, (4) LiNH2, (5) LiH and (6) Li2O phases. Phases (1) and (2) were not detected.
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Figure 4: Evolution of phase amounts during ball milling of Li3N
powder under hydrogen gas
__________________________________________________
Each of these reactions involves the absorption of two
equivalents of hydrogen per Li3N, which matches fairly well with
the monitored H-uptake at each step: 1.7 and 2 H/f.u. for the
first and second step, respectively. One can note that the phase
amounts of the reaction products determined in sections 3a and
3b match fairly well with the theoretical values given in Eqs. 3
and 4.
No intermediate phases such as Li4NH and Li1.5NH1.5 for the
first and second absorption stages, respectively, were detected
as distinct diffraction peaks. However, the occurrence of
Li2-xNH1+x–type phases cannot be ruled out as discussed in the
next section.

4 Discussion
Three different reactions have been detected during the
mechanochemistry of Li3N under hydrogen gas: i) the solid-state
polymorphic transformation of -Li3N into -Li3N at the early
stage of milling, ii) the solid-gas reaction between -Li3N and
hydrogen to form Li2NH and LiH at t < 60 min and iii) the solidgas reaction between Li2NH and hydrogen to form LiNH2 and LiH
at 60 < t < 180 min.
The first reaction does not involve any H-absorption and
therefore no information on its reaction mechanism can be
extracted from the H-uptake kinetic curve. In particular, we
cannot state whether the polymorphic transition precedes Habsorption (implying that H-kinetics are much faster for  than
for -Li3N polymorph) or if both solid-state transformation and
solid/gas reaction occur simultaneously. Indeed, contradictory
results on the possible influence of polymorphism on the

hydrogenation properties of Li3N can be found in the
literature.19,32
It is here worth mentioning outcomes from previous works
on ball milling of Li3N under inert atmosphere. In particular, Li
et al. have shown that -Li3N can be fully converted to -Li3N
after 2 hours of milling.33 The polymorph -Li3N is stable at
pressures over 0.6 GPa.24 Such mechanical pressures could be
locally achieved at impact regions on milling. Further evidence
of this is, for instance, the partial formation of high pressure
-MgH2 polymorph (stable phase at P > 2GPa34) on prolonged
mechanical milling of magnesium hydride.35 The transformation
of  to -Li3N polymorph occurs in our work in less than 15 min,
i.e. at shorter time than previously reported on milling under
inert atmosphere.33 This suggests that milling under hydrogen
may accelerate the polymorphic transformation.
The hydrogenation mechanisms for the two solid/gas
reactions (Eqs. 3 and 4) can be analyzed from the shape of the
H-uptake kinetic curve (Fig. 1b). For that, the method proposed
by Hancock and Sharp has been adopted.36 This method is valid
for the kinetic analysis of isothermal solid-state reactions,
including gas ab(des)sorption processes in bulk. Isothermal
conditions are fulfilled in our study during H-uptake (Fig. 1a),
except for short reaction time, t < 30 min. In practical terms,
linear plots of the type ln (-ln (1-f)) vs ln (t) are evaluated, being
f the reacted fraction and t the reacted time. The slope of this
plot, m, allows determining the rate controlling step of the
reaction according to tabulated values. To our knowledge, this
is the first attempt to use this approach for analyzing the
reaction kinetics of hydrogen absorption during mechanical
milling under hydrogen gas.
Figure 5 displays the kinetic analysis for the two reaction
stages corresponding to the formation of imide (Eq. 3, Fig. 5a)
and amide (Eq.4, Fig. 5b), respectively. For the second stage, the
zero-time of the analysis was chosen to be at t = 60 min, i.e. at
the beginning of amide formation according to the structural
results (Fig. 4). As shown in Fig. 5, kinetic data can be well fitted
with linear plots (R > 0.99) over a wide f range, from which m
values of 1.21 and 1.50 are obtained for the first and second
stages, respectively. It indicates a zero-order reaction for the
first stage (ideally m = 1.25 36) and one-dimensional nucleation
and growth for the later one (ideally m = 1.50 37).
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However, XRD data shows that LiNH2 formation is not observed
within the first stage. In other words, Li 3N is observed to fully
convert into Li2NH before starting LiNH2 formation in the second
stage. This apparent contradiction can be solved if one
considers that the simultaneous coexistence of Li 3N and LiNH2
is thermodynamically unstable as compared to the formation of
Li2NH. Such instability should trigger the following reaction
scheme:
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Figure 5: Kinetic analysis of Li3N hydrogenation during the
mechanochemical process: a) first reaction stage, b) second
reaction stage.
___________________________________________________
Concerning the first stage, zero-order reactions are usually
observed when the reaction rate does not depend on the
reactant concentration.38 This occurs if a limited fraction of the
reactants is in a state or location in which they are able to react,
and this fraction renewals continuously over time. This situation
clearly applies for the small fraction of Li 3N powder that at a
given time endures mechanical impact between milling balls.
Such a fraction would be continuously renewed as Li3N powder
moves inside the vial due to the planetary movement. Under
these circumstances, one can expect that the reaction rate
depends on the collision frequency between balls and Li 3N
powder. On milling at fixed rotation speed, the collision
frequency is constant, leading to a linear reaction rate as
already anticipated in Fig. 1b.
The previous mechanism states that Li3N hydrogenation
only occurs at impact location according to the reaction
scheme:
𝑚𝑖𝑙𝑙𝑖𝑛𝑔, 𝑡

𝐿𝑖3 𝑁 + 𝐻2 →

𝐿𝑖2 𝑁𝐻 + 𝐿𝑖𝐻

At this point, it is also worth commenting on the evolution
of crystallite size of the detected phases during the
mechanochemical process. This information was obtained from
Rietveld fits of XRD data and is shown in Fig. 6. The crystallite
size of  and -phases in the pristine Li3N powder is evaluated
as 43 ± 8 and 23 ± 2 nm, respectively. On milling, the crystallite
size of -Li3N phase gradually decreases to a lower nanometric
scale (15 ± 2 nm) for t ≤ 30 min. Next, the crystallite size reaches
a minimum and stationary size of 10 ± 2 nm for all produced
phases. Thus, one can notice that crystallite size reduction
occurs exclusively during the first reaction stage. The
hydrogenation reaction is thought to proceed at collision
location (i.e. milling balls/Li3N/H2(g) interfaces) and results in
increased number of solid phases in the products (Li 2NH and
LiH) as compared to the unique solid reactant Li 3N favoring
reduction in crystallite size. Next, on the second reaction stage
equal number of reactant and product phases are involved and
crystallite sizes remain constant. Further reduction in crystallite
size is not observed for the conditions of mechanical energy
used in this work.
The diminution in crystallite size as well as the generation of
fresh surfaces undoubtedly enhance the hydrogen uptake
kinetics. In addition, as demonstrated by other authors, the
increase in specific surface area during milling may also play a
significant role on the reaction kinetics of this system. 39,40
__________________________________________________

(5)

One may then argue that when the so formed lithium imide
experiences subsequent mechanical collisions, it should result
in lithium amide formation by the analogous reaction scheme:
𝑚𝑖𝑙𝑙𝑖𝑛𝑔, 𝑡+𝛿𝑡

𝐿𝑖2 𝑁𝐻 + 𝐻2 →

𝐿𝑖𝑁𝐻2 + 𝐿𝑖𝐻

(6)
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Figure 6: Crystallite sizes of the detected phases during ball milling
of Li3N powder under hydrogen gas. The dashed line is a guide for
the eyes.
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___________________________________________________
Concerning the second reaction stage, several facts deserve
discussion. As already mentioned, reaction kinetics are faster
than for the first stage (Fig. 1b). This observation concurs with
the lower crystallinity of the involved phases, which facilitate
hydrogen transfer within the bulk powder. One can argue that
on decreasing crystallite sizes a change in the reaction
mechanism is promoted which now entails low dimensional
nucleation and growth of lithium amide from lithium imide
(Fig. 5b). David et al. have proposed that the thermally-driven
hydrogenation of lithium imide into lithium amide occurs

through a Li+-vacancy mediated mechanism which is evidenced
by the formation of a continuous series of nonstoichiometric
imide-like phases with the composition Li 2−xNH1+x. To ascertain
whether
these
phases
are
formed
during
the
mechanochemistry process, we regarded in detail the evolution
of the cell volumes of the imide and amide phases on milling.
Fig. 7 shows the refined cell volume of Li 2NH and LiNH2
phases during the second stage of mechanochemistry as a
function of the reacted fraction f. Experimental data from this
work are compared to the reported cell volumes of Li 2NH 25 and
LiNH2 41 as well as those of the nonstoichiometric Li2-xNH1+x
imide-like phases detected by David et al. in H-cycled Li3N.12
Despite their difference in composition, cell volumes of pure
Li2NH (doubled for comparison purposes) and LiNH2 compounds
are almost the same (open circles in Fig. 7). In contrast, cell
volumes of Li2-xNH1+x gradually decrease on increasing Licontent (i.e. during the correlated decrease of H-content that
fulfils charge balance constrains). This implies that the
structural properties of nonstoichiometric Li2-xNH1+x do not
follow a simple continuous solid-solution behavior between
Li2NH and LiNH2 but likely involve a disorder/order transition at
low H-contents. Indeed, [NH]2- anions are disordered in lithium
imide whereas [NH2]- anions are structurally ordered in lithium
amide. As for the mixed Li2-xNH1+x imide/amide compounds,
which are reported to crystallize in the lithium imide structure,
DFT calculations for x = 0.5 showed ordering of Li vacancies as
well as [NH2]- and [NH]2- anions.12,13 Such ordering seems to be
at the origin of the reduced cell-volume of mixed compounds as
compared to the disordered Li2NH compound.42 One can clearly
notice that the cell-volume of Li2NH and LiNH2 detected during
our mechanochemical study are much smaller than the pure
compounds and compatible with those reported for the
nonstoichiometric Li2-xNH1+x phases. This confirms the
occurrence of Li2-xNH1+x phases during mechanochemical
transformation from Li2NH to LiNH2 under hydrogen gas and
supports the hypothesis of a Li-vacancy mediated mechanism in
the reaction kinetics.

Conclusions
Full conversion of Li3N into LiNH2 and LiH has been successfully
achieved in less than 3 hours by mechanochemistry under
hydrogen gas. The reaction path essentially follows the same
reaction scheme than for the thermally driven process though
the formation of the intermediate Li4NH phase is not observed.
The overall reaction entails two major steps: the formation of
lithium imide and lithium amide, both leading to steady
production of LiH. The hydrogenation kinetics of the first and
second steps are limited by mechanical collisions and by onedimensional nucleation and growth of lithium amide,
respectively. The second reaction step involves the formation of
Li2-xNH1+x phases suggesting the existence of a Li-vacancy
mediated mechanism during hydrogen uptake.
This work confirms that mechanochemistry under hydrogen
gas is an efficient technique for the synthesis of nanostructured
hydrides with relevant importance for hydrogen storage.

This journal is © The Royal Society of Chemistry 20xx
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Moreover, thanks to the complementary information provided
by the kinetic analysis of in situ H-uptake and the structural
analysis of ex situ diffraction data, the identification of reaction
paths and the assessment of the underlying hydrogenation
mechanisms are unveiled. This novel combined approach gives
new light on the understanding of mechanochemical processes
in the field of hydrogen storage.
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