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Reactive  hydride  composites  are  good  candidates  for solid  hydrogen  storage  due  to their  high  gravimetric
capacity,  cyclability,  and  suitable  thermodynamic  properties.  The  LiNH2–MgH2 system  is  promising  as
changes  in  stoichiometry  and  milling  conditions  may  result  in  tailoring  of  these  properties.  In this work,
LiNH2–MgH2 with  different  ratios  (Li2:Mg,  Li:Mg)  and  ball  milling  conditions  (100,  600  rpm)  were  inves-
tigated.  Thermal  desorption  profiles  shows  hydrogen  release  starting  at  125 ◦C for  Li2:Mg  600  sample
and  at 225 ◦C  for Li:Mg  600  sample,  while  for Li:Mg  100  sample  simultaneous  hydrogen  and  ammonia

◦

ithium amide
agnesium hydride
ydrogen storage
hermal programmed desorption
ifferential scanning calorimetry

n  situ synchrotron X-ray diffraction

release  at 175 C  is observed.  In-situ  synchrotron  X-ray  diffraction  shows  the related  structural  transfor-
mations,  such  as  formation  of  Mg(NH2)2 and  allotropic  transformation  of �  into  �-Li2Mg(NH)2 for  Li2:Mg
600  sample  at  350 ◦C  or direct  formation  of �-Li2Mg(NH)2 for Li:Mg  100  sample  at  370 ◦C.  Different  poly-
morphs  of the LiMgN  phase  were  also  observed  during  cooling  for these  two  samples.  For  the  Li:Mg  600
sample,  transformation  occurs  in  a unique  reaction  from  an  unknown  phase  into  �-Li2Mg(NH)2 at  290 ◦C.
The unknown  phase  is  indexed  as  a Fm3m  cubic  similar  to the  high  temperature  �-Li2Mg(NH)2.
. Introduction

Reactive hydride composites, obtained by ball milling a metal
ydride (A-H, A = Li, Na, Mg,  . . .)  and a complex hydride (A-X-H,

 = N, B, Al), have been subject of intense investigation for solid
tate hydrogen storage. The amide/hydride system was  brought to
he hydrogen storage field by the pioneer work of Chen et al. [1],
emonstrating the suitable sorption reactions of the LiNH2:2LiH
omposite. Such materials are very attractive for solid state hydro-
en storage due to their high storage capacity, good cyclability and
ood thermodynamic properties [1–8]. The search for means to
estabilize LiNH2 leads to the partial substitution of Li by Mg  using
ifferent approaches [2–5] and the corresponding change in the
nthalpy amounts from about 60 KJ/mol H2 for LiNH2:LiH to about
0 KJ/mol H2 for 2LiNH2:MgH2 [6]. In agreement with different
tudies [2,3], the hydrogen exchange reaction of the 2LiNH2:MgH2
ystem (Li2:Mg), passing or not by metathesis reactions already
uring ball milling, can be written as:
LiNH2 + MgH2 → Li2Mg(NH)2 + 2H2 ↔ Mg(NH2)2 + 2LiH (1)

∗ Corresponding author. Tel.: +39 011 6707569; fax: +39 011 6707855.
E-mail address: marcello.baricco@unito.it (M.  Baricco).
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On the other hand, fewer studies were performed in the
LiNH2:MgH2 system (Li:Mg) and some controversy exists among
theoretical approaches [6,7] suggesting the reaction

LiNH2 + MgH2 ↔ LiMgN + 2H2 (2)

and experimental results [9,10],  which observed different desorp-
tion reactions:

LiNH2 + MgH2 → 1/3Mg3N2 + 3LiH + 1/3Li2Mg2(NH)3 + 3/2H2

(3)

LiNH2 + MgH2 → 1/4Mg3N2 + 1/4LiH + 1/4Li2Mg(NH)2 + 3/2H2

(4)

The system LiNH2–MgH2 is a promising one, as changes in sto-
ichiometry [11–15] and ball milling conditions [16–19] result in
different reaction mechanisms. One expects the former to change
the reaction pathway by tailoring thermodynamics and the sec-
ond to interfere in the kinetics aspects. However, what is observed
always in experiments is an interplay of the two effects. In the
present work, we analyze both the difference in stoichiometry, con-

sidering Li2:Mg and Li:Mg composites, and ball milling preparation,
using a rotation speed of 100 and 600 rpm. The desorption behav-
ior and corresponding structural phase transformations of these
samples will be discussed.

dx.doi.org/10.1016/j.jallcom.2010.10.166
http://www.sciencedirect.com/science/journal/09258388
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.  Experimental
Starting materials, LiNH2 (99%) and MgH2 (95%), were purchased from Sigma
ldrich and used as received without any further purification. Composite samples
ere prepared by ball milling in different ratios of Li:Mg using a Fritsch P6 plane-

ary equipment with vial and balls of silicon nitride, under an argon atmosphere,

ig. 1. SXRD patterns at room temperature top and bottom heat treatment of samples: Li2
alculated from Rietveld refinement.
ompounds 509S (2011) S719– S723

for 12 h each, and a powder to ball ratio of 1:20. Milling rotation speeds of 100 and

600 rpm were used. Mass spectroscopy (MS) was performed using a quadropole
mass spectrometer (Catlab Hiden) with a helium flow of 50 mL/min for identifi-
cation of gaseous species. Thermal programmed desorption (TPD) was performed
with a volumetric instrument (Advanced Materials) under initial static vacuum of
10−4 mbar for hydrogen release quantification. High pressure differential scanning

:Mg 600 (a), Li:Mg 600 (b), and Li:Mg 100 (c). Symbols: experimental points; lines:
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ball milled with different rotation speeds and Li:Mg ratios are illus-
trated in Fig. 1. Thermal analysis (MS, TPD and DSC) used as a
support for understanding the structural evolution, in terms of gas
D. Pottmaier et al. / Journal of Alloys

alorimetry (DSC) was  performed under a static pressure of 3 atm helium (Net-
sch HP 204 Phoenix) for reactions nature analysis. All three thermal analysis (MS,
PD, DSC) were conducted in continuous mode up to 400 ◦C at a heating rate of
0 ◦C/min. In-situ synchrotron X-ray diffraction (SXRD) data were collected with an
nergy of 42 keV (� = 0.2952 Å), with an exposure time of 60 s using an image plate
etector. LaB6 was used for correction of geometrical parameters and subsequent

ntegration of Debye–Scherrer rings into 2� patterns. SXRD data are reported as a
unction of the scattering vector Q = 4� sin(�)/� and assessment of structural infor-
ation was made using MAUD, a diffraction analysis software based on the Rietveld
ethod with focus on materials science studies [20]. Structural information of the

i–Mg–N–H were taken from literature: �- and �-Li2Mg(NH)2 [15], Li2Mg2(NH)3

21], LiMgN [22], LiNH2, Mg(NH2)2 [23], and MgNH [24].

ig. 2. MS,  TPD and DSC profiles relative to samples: Li2:Mg 600 (a), Li:Mg 600 (b),
nd Li:Mg 100 (c).
ompounds 509S (2011) S719– S723 S721

3. Results and discussions

The SXRD patterns taken at room temperature for samples as
species, quantity, and reaction heat associated to each phenomenon

Fig. 3. SXRD as a function of temperature of samples: Li2:Mg 600 (a), Li:Mg 600 (b),
and  Li:Mg 100 (c).
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Table 1
Structural information related to LiNH2/MgH2 samples as ball milled (BM) and after heat treatment (HT). After BM traces of MgO  (<5 wt%) have been found [Rw < 6%].

Phase Space group Cell parameters (Å) Crystallite size (nm) Phases quantity (wt%)

a b c BM HT BM HT

Li2:Mg 600
LiNH2 I4 5.105 – 10.173 50 – 63 –
MgH2 P42/mnm 4.521 – 3.023 30 – 15 –
LiH  Fm3m 4.109 – – 90 – 13 –
Mg(NH2)2 I41/acdz 10.375 – 20.062 50 – 8 –
�-Li2Mg(NH)2 P43m 5.043 – – – 100 – 88
LiMgN Pnma  7.129 3.513 5.082 – 90 – 7

Li:Mg  600
Li2NH Fm3m 5.096 – – 90 – – –
Mg3N2 Ia3 5.124 – – 70 100 – 73
X  (Unknown) Fm3m 4.5 – – 30 – – –
�-Li2Mg(NH)2 Iba2 10.220 – – – 90 – 24

Li:Mg  100
LiNH2 I4 5.185 – 10.554 100 – 57 –
MgH2 P42/mnm 4.641 – 3.106 120 – 37 –
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of sharp peaks of the parent phases, with no apparent microstruc-
tural refinement resulting from ball milling procedure. However,
the presence of a small fraction of �-Li2Mg(NH)2 was considered
for Rietveld refinement (Table 1). For the Li:Mg system, infrared

Table 2
Bragg reflection indices and interplanar distance of the X phase (Fm3m, a ∼ 4.5 Å)
identified in the as ball milled Li:Mg 600 sample.

# h k l dh k l (Å)
�-Li2Mg(NH)2 Iba2 9.787 4.993 

�-Li2Mg(NH)2 P43m 5.179 

LiMgN Pnma 7.362 3.466 

re shown in Fig. 2. Finally, in-situ SXRD as a function of tempera-
ure of the three samples are shown in Fig. 3. Patterns taken at room
emperature for various samples after in-situ SXRD analysis are also
eported in Fig. 1. Rietveld refinement results of the three samples
efore and after heat treatment are listed in Table 1. In order to
etter elucidate the results, this section is divided and discussed by
ample.

.1. Li2:Mg 600 rpm

Initial SXRD pattern of Li2:Mg milled at 600 rpm (Fig. 1a)
resents very broad peaks of the initial phases LiNH2 and MgH2,
ogether with a small amount of Mg(NH2)2 and LiH phases (Table 1)
nduced by ball milling preparation. As observed by previous work
n the Li2:Mg system [16,17], ball milling can indeed promote the

etathesis reaction but also partial dehydrogenation, depending
n the milling times. TPD-MS-DSC thermal analyses for the sam-
le Li2:Mg 600 (Fig. 2a) are in good agreement with each other,
ith a small shift of 10 ◦C of the main hydrogen desorption peak.
ydrogen release starting at 125 ◦C in the MS  data matches with

he decay of MgH2 and LiNH2 peaks and background intensities
ith subsequent appearance at 200 ◦C of a new phase (Fig. 3a).

his phase may  be signed to the Mg(NH2)2 phase, and such trans-
ormation is observed to precede the formation of polymorph
-Li2Mg(NH)2 and at 350 ◦C is followed by its transformation into
-Li2Mg(NH)2. The observed hydrogen release of 4.5 wt% (Fig. 2a)
orresponds to the formation of Li2Mg(NH)2 phase during decom-
osition under helium pressure, but also under vacuum conditions
15] and isothermal measurements [2,3] for the Li2:Mg system.
uring cooling, a decrease of the peaks of �-Li2Mg(NH)2 and the
ppearance of peaks of LiMgN are observed at about 240◦C, close
o the calculated value for the complete decomposition reaction of
iNH2 + MgH2 mixture [6].

.2. Li:Mg 600 rpm

SXRD pattern of the sample Li:Mg milled at 600 rpm (Fig. 1b)
resents broad diffraction peaks due a microstructure refinement
uring ball milling. There are no reflections left of the starting mate-

ials LiNH2 or MgH2. Previous studies of the influence of ball milling
onditions in the Li:Mg system pointed to the possible formation
f Mg(NH2)2 or MgNH phases [18,19]. In this work, the Li:Mg sam-
le ball milled for 12 h at 600 rpm presented the signature of Li2NH
5.201 100 – 3 –
– 100 – 95

5.169 – 90 – 5

and Mg3N2 phases. In addition, an unknown phase not identified
with any one in the ICSD available database was observed. This
unknown (X) phase can be indexed as a face-centered cubic cell
with space group Fm3m and a lattice constant of a0 ∼ 4.5 Å. A list of
the Bragg reflections indices and interplanar distance is reported in
Table 2. A �-Li2Mg(NH)2 phase, observed for the Li2:Mg system at
temperatures higher than 450 ◦C, has been indexed with a similar
structure (a0 ∼ 5 Å) in a previous work [15]. In addition, a recent
work [25] on the LiNH2-CaH2 system reported the formation of the
cubic CaNH phase after ball milling. Thermal analysis of the Li:Mg
600 (Fig. 2b), resulted in a single step release of 2 wt% H2 at about
285 ◦C, presenting an endothermic character. For this sample, ther-
mal  profile by the three different techniques (MS-TPD-DSC) are in
good agreement. In-situ SXRD analysis (Fig. 3b) of Li:Mg 600 sample
confirms a single desorption event at about 285 ◦C under 3 atm He,
where the diffraction peaks of both Li2NH and unknown (X) phase
decrease, together with the appearance of �-Li2Mg(NH)2 phase and
the increase of the Mg3N2 phase. Even though it is known only an
hexagonal MgNH phase [24] this reaction step supports the pres-
ence of a MgNH compound as the unknown (X) phase. This event
may  open space for the occurrence of a cubic metastable MgNH
in certain conditions, with a structure similar to that of the CaNH
phase. It is worth noting that the decomposition of the unknown
phase is independent on the reaction conditions, as evidenced by
the similarity of the results obtained from the DSC, MS,  TPD and
SXRD analysis.

3.3. Li:Mg 100 rpm

The SXRD pattern of sample Li:Mg 100 (Fig. 1c) consists mainly
1 1 1 1 2.61
2 2  0 0 2.25
3  2 2 0 1.59
4 3  1 1 1.36
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pectroscopy analysis showed the formation of Li2Mg(NH)2 by ball
illing [20]. In addition, recent thermodynamic studies have put

n evidence the higher stability of Li2Mg(NH)2 compared to LiNH2
26]. Thermal analysis of sample Li:Mg 100 (Fig. 2c) presents two
istinct peaks of hydrogen release at around 270 ◦C and 380 ◦C, the
ormer one accompanied by ammonia release. For this sample, sig-
als of MS  and DSC present distinct profiles and this difference is
ot completely clear yet. SXRD pattern development (Fig. 3c) shows
rogressive decomposition of LiNH2 and MgH2 into Mg(NH2)2 and
ixed imide Li2Mg2(NH)3 [22]. This reaction step, involving a
ulti-phase equilibria and mediate by both hydrogen and ammo-

ia release (Fig. 2c), proceeds until the formation, at around 370 ◦C,
f �-Li2Mg(NH)2, in agreement with the results obtained for the
i2:Mg system. During cooling, the SXRD analysis evidenced the
ppearance of diffraction peaks of LiMgN phase in the same tem-
erature range predicted by DFT calculations [9].

. Conclusions

Depending on the stoichiometry and ball milling conditions,
iNH2–MgH2 samples showed distinct initial phases and thermal
esorption profiles. High energy ball milling of the Li2:Mg sample
t 600 rpm initiated a metathesis reaction to Mg(NH2)2 and LiH,
hile identical milling conditions for the Li:Mg sample apparently

nabled quite different reactions, leading to the formation of new
hases. Considering the low H2 desorption (2 wt%) of sample Li:Mg
00 during heating and the appearance of Li2NH and Mg3N2 phases
lready after milling, it is likely that the material partially decom-
osed already during milling. Still, hydrogen release for Li2:Mg 600
nd Li:Mg 600 samples started at 125 ◦C and 225 ◦C, respectively.
n the other hand, Li:Mg 100 sample shows at 175 ◦C a simultane-
us release of hydrogen and ammonia. In-situ synchrotron X-ray
iffraction analysis showed the related solid state transformations.
he broadening of the diffraction peaks and the structural simi-
arities of the involved crystal phases made a careful quantitative

nalysis rather difficult. The results presented above underline the
omplexity of the Li–Mg–N–H hydrogen storage systems and its
rucial dependence of the materials performance on stoichiometry
nd milling conditions.
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[
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