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a  b  s  t  r  a  c  t

The  Li–Mg–N–H  system  has  the  property  of  reversible  reaction  with  hydrogen  between  hydrogena-
tion  and  dehydrogenation  (Mg3N2 +  4Li3N + 12H2 ↔  3Mg(NH2)2 +  12LiH).  At the several  dehydrogenation
stages of p–c  isotherm  measurement  at 523  K, the  structural  change  was  investigated  using  the  syn-
chrotron  X-ray  diffraction.  There  are  two  regions  in p–c isotherm  of  the  Li–Mg–N–H  system,  i.e. plateau
and  sloping  region.  In  the  plateau  region,  Mg(NH2)2 and  Li3Mg3(NH2)(NH)4 coexist.  In the  sloping  region,
the  intermediate  phase  Li3+3yMg3(NH2)1−y(NH)4+2y changes  continuously  from  Li3Mg3(NH2)(NH)4 to
Li2Mg(NH)2.  The  chemical  composition  of  the intermediate  phase  was  estimated  from  the  amount  of
omplex hydride
-ray diffraction
ynchrotron radiation

desorbed  hydrogen  by  p–c isotherm  and  the  atomic  ratio  of Mg  and  N by  Rietveld  analysis.  The  crystal
structure  of  the  intermediate  phase,  Li3+3yMg3(NH2)1−y(NH)4+2y (space  group:  I222),  was  determined.
Because  all  these  intermediate  structures  are  similar  to  anti-CaF2-type,  it is  deduced  that  the  dehydro-
genation  process  are  caused  by  the diffusion  of  Li+ to cation  sites  of Mg(NH2)2.  The  analysis  of  structural
change  clarified  the  dehydrogenation  process  that  is  accomplished  by  the  diffusion  of Li+ and  Mg2+

without  N  atom  diffusion.
. Introduction

Hydrogen storage technology is one of the most important sub-
ects for the widespread practical use of fuel cell vehicles. Light
lement complex hydrides, such as alanates, amides and borohy-
rides, are attracted a great deal of attention as new materials for
afe and efficient hydrogen storage [1].  Especially, in Li–N–H sys-
em, reversible hydrogen storage is possible among lithium nitride,
ithium imide and lithium amide [2,3].

iNH2 + 2LiH ↔ Li2NH + LiH + H2 ↔ Li3N + 2H2 (1)

It is necessary to lower the temperature of this reaction for the
ractical use. As the effective method of lowering the reaction tem-
erature, the destabilization of LiNH2 to substitute Li partially by
lements with larger electronegativity, such as Mg,  was proposed
4–6]. For further development of the study, it was  found that the

ixture of Mg3N2 + 4Li3N possesses reversible hydrogen storage

unctions in which 9.1 mass% of hydrogen can be stored [7,8].

Mg(NH2)2 + 12LiH ↔ Mg3N2 + 4Li3N + 12H2 (2)

∗ Corresponding author. Tel.: +81 561 71 7804; fax: +81 561 63 6136.
E-mail address: e0553@mosk.tytlabs.co.jp (T. Noritake).
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In this Li–Mg–N–H system, the intermediate phase Li2Mg(NH)2
is formed in the reaction process by the following reaction formula.

3Mg(NH2)2 + 12LiH ↔ 3Li2Mg(NH)2 + 6LiH + 6H2 (3)

The researches with different compositions or different start-
ing materials were reported as to the Li–Mg–N–H system [9–11].
Because of the high hydrogen density and the reversibility of reac-
tion, it is currently considered that the Li–Mg–N–H system is one of
the most promising candidates for new hydrogen storage materials.
The numerous researches have been reported as to the reversible
reaction mechanism of the Li–Mg–N–H system [12–16].  Especially,
as for the intermediate phases during the reaction process, in situ
measurement of structural change [17–21],  theoretical calculation
[22,23] and thermal stability [24] have been advanced. However,
the reversible reaction mechanism under hydrogen pressure has
not been sufficiently clarified, yet. There are unknown structures
in intermediate phases creating under hydrogen pressure. There-
fore, the crystal structure analyses in the dehydrogenation process
of the Li–Mg–N–H system have been performed for understanding
of the reaction mechanism.

2. Experimental
The experimental details regarding the sample preparation and
pressure–composition (p–c) isotherm measurement were described in the
previous paper [25]. Starting materials of Mg3N2 and Li3N were synthesized using a
Mo  crucible by gas phase nitrogenation of Mg  metal and Li metal (Sigma–Aldrich),

dx.doi.org/10.1016/j.jallcom.2011.04.079
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 2. The dehydrogenation process for the mixture of Mg3N2 + 4Li3N after hydro-
ig. 1. The p–c isotherm during dehydrogenation process at 523 K for the mixture
f Mg3N2 + 4Li3N after hydrogenation. The hydrogen desorption is represented by
ass fraction for Mg3N2 + 4Li3N.

espectively. The mixture of Mg3N2 + 4Li3N was  mechanically milled for 1 h under
rgon atmosphere using a planetary ball mill (Fritsch P-7). The mixture sample was
ydrogenated at hydrogen pressure 9.5 MPa  and then p–c isotherm measurement
uring the dehydrogenation process was performed at 523 K using the conventional
ieverts apparatus (Suzuki Shokan Co., Ltd.). At the several dehydrogenation stages
f  p–c isotherm measurement, the sample was taken out from the apparatus and
hen was preserved in a glove-box filled with purified argon (dew point below
80 K). As the taking-out procedure from the apparatus, firstly cooling down to
oom temperature was executed and secondly hydrogen pressure was  lowered to
.1  MPa. It is expected that there is almost no change of hydrogen composition in
he  sample during this procedure.

The diffraction intensities from hydrogen and lithium atoms are very weak, and
o  the highly brilliant X-ray source of synchrotron radiation (SPring-8) was used for
he diffraction measurement. The powder sample was  inserted into a glass capillary
diameter: 0.3 mm)  and then was sealed by an epoxy adhesive. The synchrotron
-ray diffraction measurement was carried out by use of a large Debye–Scherrer
amera with an imaging plate as detectors at the beam-line BL19B2 of SPring-8
26].  The measurement data were collected at room temperature using the incident
-ray wavelength with 0.80 Å (for samples A, B and E) and 1.0 Å (for samples C and
).  The crystal structure analysis was accomplished by the Rietveld method using

he computer program RIETAN [27].

. Results and discussion

.1. Chemical composition of the intermediate phases

The result of p–c isotherm measurement at 523 K and the sam-
ling points are shown in Fig. 1. At each sampling point of A, B, C,

 and E, the measured value of the desorbed hydrogen are 0.0, 3.1,
.5, 4.0 and 4.9 mass% (0.0, 3.7, 4.2, 4.8, 5.8 mol%) for Mg3N2 + 4Li3N,
espectively. The level of impurities in the sample is unconfirmed,
ut samples are surely containing small amount of impurities, such
s MgO. By taking account of the existence of impurities, it is esti-
ated that the amounts of the desorbed hydrogen is approximately

.0, 4.4, 5.0 and 6.0 mol% at B, C, D and E, respectively. In the pre-
ious study [25,28],  the chemical formula of intermediate phase

n sample B was estimated to Li4Mg3(NH2)2(NH)4 according to the
mount of the desorbed hydrogen during p–c isotherm measure-
ent. In this chemical composition, the atomic ratio of Mg  and N

s 3:6. The result of Rietveld analysis using this composition was
genation (namely, 3Mg(NH2)2 + 12LiH) based on the results of the p–c isotherm
measurement and Rietveld analysis. Points A, B, C, D, and E correspond to those
shown in Fig. 1, respectively.

less agreement between observed and calculated diffraction inten-
sities. To improve the agreement, occupancy parameters of Mg
in Rietveld analysis were refined. The better analysis result was
obtained in 3:5 for the atomic ratio of Mg  and N. In addition, LiNH2
phase was contained in the sample B. Therefore, it is conceivable
that Li4Mg3(NH2)2(NH)4 was  divided into Li3Mg3(NH2)(NH)4 and
LiNH2. The chemical formula of intermediate phase in sample B is
revalued to Li3Mg3(NH2)(NH)4. The reaction in the plateau region
is represented as the following formula.

3Mg(NH2)2 + 12LiH ↔ Li3Mg3(NH2)(NH)4

+ LiNH2 + 8LiH + 4H2 (4)

The four phases, Mg(NH2)2, Li3Mg3(NH2)(NH)4, LiNH2, and LiH,
coexist in plateau region and the phase ratio changes according to
the amount of the desorbed hydrogen. In the same way, the atomic
ratio of Mg  and N in the Li–Mg–N–H intermediate phase for samples
C and D was  estimated by the Rietveld analysis. As the result, the
reaction in the sloping region is represented as follows:

Li3Mg3(NH2)(NH)4 + LiNH2 + 8LiH + 4H2 (y = 0)
�

Li3+3yMg3(NH2)1−y(NH)4+2y + (1 − y)LiNH2 + (8 − 2y)LiH

+(4 + 2y)H2 (0 < y < 1)
�

3Li2Mg(NH)2 + 6LiH + 6H2 (y = 1)

(5)

The value of y in this formula changes from 0 to 1. Namely, the
composition of the intermediate phase Li3+3yMg3(NH2)1−y(NH)4+2y
changes continuously in sloping region. This continuous composi-
tion change causes the sloping shape in p–c isotherm curve. The
reaction formulas that estimated by the amounts of the desorbed
hydrogen and Rietveld analysis are summarized in Fig. 2.

3.2. Crystal structure of Li3+3yMg3(NH2)1−y(NH)4+2y

The Rietveld analysis patterns for the samples B, C and E are
shown in Figs. 3–5.  The diffraction pattern for sample D was simi-
lar to that for sample C and so its figure was  omitted. Unfortunately,
Li2O, LiOH and MgO  are included in large quantities in these sam-
ples. As this cause, it is presumed that the seal of capillary or the
sample reservation was  insufficient. In addition, there is a trace
of Fe and Mo  for impurities mixed during the sample preparation.
The results of Rietveld analysis could obtain high reliability and

determine the intermediate crystal structures. The reliability fac-
tors of Rietveld analysis and the content ratio of crystal phase are
inserted in Figs. 3–5.  At the early stage of analysis, the crystal struc-
tures are analyzed without hydrogen atoms. On  the assumption
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Table  1
Li3Mg3(NH2)(NH)4 crystallographic data.

Chemical composition: Li4.8Mg4.8N8H9.6

Space group: I4̄2m (No. 121)
Lattice constant (Å): a = 5.1461(4) c = 9.5817(7)

Atom g x y z Biso (Å2)

Mg1  0.867(3) 0.0 0.0 0.0 0.87(4)
Li1  0.133 0.0 0.0 0.0 0.87
Mg2 0.767 0.0 0.5 0.25 1.09(3)
Li2  0.233 0.0 0.5 0.25 1.09(8)
Li3 0.141 0.0 0.5 0.0 0.64
Li4  0.759(6) 0.0 0.0 0.2662(5) 0.64(8)
N  1.0 0.2301(3) 0.2301 0.1396(2) 1.70(4)
H1  0.55 0.325(5) 0.325 0.066(4) 1.70
H2 0.32  0.340 

Rwp = 2.37%, RR = 8.10%, RI = 2.97%, S = 2.778.
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Fig. 3. The Rietveld analysis pattern of sample B. X-ray wave length is 0.8 Å.
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Fig. 4. The Rietveld analysis pattern of sample C. X-ray wave length is 1.0 Å.
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Fig. 5. The Rietveld analysis pattern of sample E. X-ray wave length is 0.8 Å.
0.120 0.090 1.70

that there is no vacancy in N atom sites, the occupancies of cation
site are analyzed. The occupancy parameters of Mg,  Li and H are
refined under the constrained condition to agree with the chemical
composition determined by the amount of the desorbed hydro-
gen (Fig. 2). At the beginning of analysis, the atomic coordinates
of hydrogen in NH2 and NH were fixed at the distance 1.0 Å from
N atom in the direction to the vacant cation site, and finally were
refined. The isotropic atomic displacement parameters of N and H,
Biso, are constrained to the same value. The parameters that dose
not converged in the final refinement were partially constrained
or fixed.

The obtained crystallographic data of Li3Mg3(NH2)(NH)4,
Li3.6Mg3(NH2)0.8(NH)4.4, Li4.5Mg3(NH2)0.5(NH)5 and Li2Mg(NH)2
are listed in Tables 1–4,  respectively. The space groups of
Li3Mg3(NH2)(NH)4, Li3+3yMg3(NH2)1−y(NH)4+2y and Li2Mg(NH)2
are different each other (I4̄2m, I222 and Ibam) but representing
these three crystal structures by space group I222 is possible.
Namely, Li3+3yMg3(NH2)1−y(NH)4+2y can change continuously from
Li3Mg3(NH2)(NH)4 to Li2Mg(NH)2. The crystal structures of the
phase containing Mg  in each sample are shown in Fig. 6.

These crystal structures are similar to anti-CaF2 type. The anions,
NH2

− or NH2−, compose FCC-type arrangement and the cations,
Mg2+ or Li+, are located in the interstitial sites. Nitrogen atoms
coordinate in tetrahedral sites around the cations. The crystal struc-
ture of Mg(NH2)2 in sample A, which structure is already known
[29,30], also resembles anti-CaF2 type. There are eight cation sites
in anti-CaF2 type structure. In Mg(NH2)2, Mg2+ ions are located in
the two cation sites and the other six cation sites are vacant. In
the intermediate phase Li3+3yMg3(NH2)1−y(NH)4+2y formed during
the dehydrogenation process, Mg2+ and Li+ ions are randomly dis-
tributed in the cation sites. These cation sites consist of Mg-rich,
Li-rich and vacant sites according to the chemical composition.
Fig. 7 shows the crystal structure of Li3+3yMg3(NH2)1−y(NH)4+2y
and the cation site name. The occupancy rates of Mg2+ and Li+ in
eight cation sites estimated by the Rietveld analysis are listed in
Table 5. In Li3Mg3(NH2)(NH)4, Li3 site and Va1 site are equivalent
and lattice constants b and c are the same length. The occupancy
rates of Li+ in the intermediate phase increase with decreasing
hydrogen concentration by dehydrogenation. Because the occu-
pancy rates of Li3 site and Li4 site increases especially, the lattice
constant c increases in length. In Li2Mg(NH)2, Mg2+ and Li+ ions
distribute in Li3 and Li4 sites. Consequently, Mg1  site and Li3
site, together with Mg2  site and Li4 site, become equivalent. Thus
the intermediate phase Li3+3yMg3(NH2)1−y(NH)4+2y changes con-
tinuously from Li3Mg3(NH2)(NH)4 to Li2Mg(NH)2 by the different

distributions of Mg2+ and Li+. In sample E, the LiNH2 phase dis-
appears, but cubic phase which crystal structure is similar to
�-Li2Mg(NH)2 [19] appears. The chemical composition of this cubic
phase was estimated by Rietveld analysis and so was represented
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Table  2
Li3.6Mg3(NH2)0.8(NH)4.4 crystallographic data.

Chemical composition Li5.54Mg4.62N8H9.23

Space group: I222 (No. 23)
Lattice constant (Å): a = 9.7492(11) b = 4.9930(6) c = 5.1788(6)

Atom g x y z Biso (Å2)

Mg1 0.896(8) 0.0 0.0 0.0 1.34(10)
Li1 0.104  0.0 0.0 0.0 1.34
Mg2  0.706 0.2572(3) 0.0 0.5 1.27(8)
Li2  0.294 0.2572 0.0 0.5 1.27
Li3  0.75(2) 0.0 0.0 0.5 1.06(14)
Li4  0.66 0.2681(12) 0.0 0.0 1.06
N 1.0  0.1350(4) 0.2216(6) 0.2389(15) 1.70(8)
H1 0.87(7)  0.073(6) 0.340(9) 0.351(8) 1.70
H2  0.28 0.136(13) 0.325(21) 0.053(40) 1.70

Rwp = 1.85%, RR = 8.15%, RI = 3.26%, S = 1.431.

Table 3
Li4.5Mg3(NH2)0.5(NH)5 crystallographic data.

Chemical composition: Li6.55Mg4.36N8H8.73

Space group: I222 (No. 23)
Lattice constant (Å): a = 9.7834(16) b = 4.9748(8) c = 5.1881(8)

Atom g x y z Biso (Å2)

Mg1 0.862(10) 0.0 0.0 0.0 1.22(15)
Li1  0.138 0.0 0.0 0.0 1.22
Mg2  0.660 0.2573(4) 0.0 0.5 0.96(10)
Li2  0.340 0.2573 0.0 0.5 0.96
Li3  1.0 0.0 0.0 0.5 1.50
Li4  0.727 0.2689(17) 0.0 0.0 1.50
N  1.0 0.1318(7) 0.2150(8) 0.2397(15) 1.41(11)
H1 0.83(6)  0.126(6) 0.336(11) 0.379(12) 1.41
H2  0.26 0.081 0.335 0.120 1.41

Rwp = 1.70%, RR = 7.17%, RI = 2.65%, S = 1.322.

Table 4
Li2Mg(NH)2 crystal data.

Chemical composition: Li8Mg4N8H8

Space group: Iba2 (No. 45)
Lattice constant (Å): a = 9.8044(8) b = 5.0006(4) c = 5.2091(4)

Atom g x y z Biso (Å2)

Mg1  0.442(4) 0.0 0.0 0.0 1.86(9)
Li1  0.558 0.0 0.0 0.0 1.86
Mg2  0.289 0.2394(2) 0.5005(28) 0.4985(56) 1.06(7)
Li2 0.721 0.2394 0.5005 0.4985 1.06

R

a
L
T
e
L
E

T
O

N  1.0 0.1350(4) 

H1  1.0 0.136(13) 

wp = 1.67%, RR = 9.47%, RI = 4.20%, S = 1.959.

s Li10Mg3(NH)8. This chemical composition is relatively close to
i2.6MgN2D1.4 that was analyzed by in situ neutron diffraction [20].

he cubic structure Li10Mg3(NH)8 is found in the case with inad-
quate reaction. If reacting adequately, it is expected that only
i2Mg(NH)2 is created at dehydrogenation state (sampling point
). Therefore, the dehydrogenation mechanism (next section) is

able 5
ccupancy rate of eight cation sites in the intermediate phases.

Site name Mg1  Li3 Va1

Sample B g:Mg 0.87 0.00 0.00
Li4.8Mg4.8N8H9.6 g:Li 0.13 0.14 0.14

Sample C g:Mg 0.90 0.00 0.00
Li5.54Mg4.62N8H9.23 g:Li 0.10 0.75 0.00

Sample D g:Mg 0.86 0.00 0.00
Li6.55Mg4.36N8H8.73 g:Li 0.14 1.00 0.00

Sample E g:Mg 0.44 0.44 0.00
Li8Mg4N8H8 g:Li 0.56 0.56 0.00
0.2216(6) 0.2389(15) 0.64(5)
0.325(21) 0.053(40) 4.4(20)

discussed in absence of Li10Mg3(NH)8 phase. The crystal struc-
tures of Li2Mg(NH)2 and Li3Mg3(NH2)(NH)4 are almost the same

with those of �-Li2Mg(NH)2 [19] and Li2Mg2(NH)3 [21], which
have been already reported. In the present study, the crystal struc-
ture of Li3+3yMg3(NH2)1−y(NH)4+2y was determined for the first
time.

 Va2 Mg2  Mg2  Li4 Li4

 0.00 0.77 0.77 0.00 0.00
 0.00 0.23 0.23 0.76 0.76

 0.00 0.71 0.71 0.00 0.00
 0.00 0.29 0.29 0.66 0.66

 0.00 0.66 0.66 0.00 0.00
 0.00 0.34 0.34 0.73 0.73

 0.00 0.28 0.28 0.28 0.28
 0.00 0.72 0.72 0.72 0.72
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Fig. 6. Crystal structures of the phase containing Mg in each sample.
Li4.5Mg3(NH2)0.5(NH)5 in sample D is omitted because of almost the same with sam-
p
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Li3Mg3(NH2)(NH)4 are generated from the Li rich and Mg  rich
area, respectively. Namely, Mg(NH2)2 phase separates into these
two  phases by the diffusion of Li+ and Mg2+ without N atom
diffusion.
le C. Mg-rich: dark blue, Li-rich: blue, Li: light blue, N: light green, H: yellow, small
phere of Li and H: small occupancy. (For interpretation of the references to color in
his figure legend, the reader is referred to the web version of this article.)

.3. Dehydrogenation mechanism in the Li–Mg–N–H system

As the result of the crystal structure analysis during the dehydro-
enation process (Fig. 6), it is considered that the dehydrogenation
eaction is caused by the diffusion of Li+ in cation sites of Mg(NH2)2.
iH is a very stable compound but has a reactive property with
ther hydrides, for example, LiH + LiNH2 [2,3]. The expected reac-

ion process in the Li–Mg–N–H system is illustrated schematically
n Fig. 8. Namely, Li+ ion diffuses from LiH to Mg(NH2)2 crystal and
hen decomposes NH2

− into NH2− and H+. The created H+ combines
ith H− on the side of LiH and H2 gas is released. It has been con-
Fig. 7. The arrangement of atom and vacancy sites in Li3.6Mg3(NH2)0.8(NH)4.4.

firmed that the isotherm during re-hydrogenation is similar to that
during dehydrogenation and the observed hysteresis is small in the
Li–Mg–N–H system [31]. Therefore, the hydrogenation reacts prob-
ably with the reverse process, which begins with the dissociation
of hydrogen molecule.

Li2Mg2(NH)3 [17,21,24] is already known as the intermedi-
ate phase created during the reaction process from Mg(NH2)2 to
Li2Mg(NH)2. Assuming that Li2Mg2(NH)3 forms in the present case
of 3Mg(NH2)2 + 12LiH, the reaction in plateau and sloping region is
represented by formula (6) and (7),  respectively.

3Mg(NH2)2 + 12LiH ↔ 1.5Li2Mg2(NH)3 + 1.5LiNH2

+ 7.5LiH + 4.5H2 (6)

1.5Li2Mg2(NH)3 + 1.5LiNH2 + 7.5LiH + 4.5H2 ↔ 3Li2Mg(NH)2

+ 6LiH + 6H2 (7)

The amount of desorbed hydrogen at the point B, 4.0H2, dis-
agrees with the value of formula (6),  4.5H2. It is conceivable that
Li3Mg3(NH2)(NH)4 consisting of amide and imide is more unsta-
ble than Li2Mg2(NH)3 consisting of only imide but is able to exist
as a stable phase at high pressure in hydrogen atmosphere. In the
present case, Li3Mg3(NH2)(NH)4 is formed according to the reac-
tion formula showing in Fig. 2. Therefore, the following reaction
process is expected.

1. By the dehydrogenation, Li+ ion diffuses in Mg(NH2)2 phase from
LiH phase and NH2

− changes into NH2− (Fig. 8).
2. In the high-pressure hydrogen atmosphere, NH2

− dose not fully
changes into NH2− and remains partially. At the same time, the
Li rich area and Mg  rich area in Mg(NH2)2 phase are generated
by the diffusion of Li+ and Mg2+.

3. Because the crystal structure of LiNH2 also resemble anti-
CaF2 type [30] in common with Mg(NH2)2, LiNH2 and
Fig. 8. Schematic illustration of dehydrogenation process in the Li–Mg–N–H system.
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. Because the remained NH2
− changes into NH2− continuously

along with dehydrogenation, LiNH2 decreases gradually and
Li3Mg3(NH2)(NH)4 is transformed continuously to Li2Mg(NH)2
in the sloping region. The transformation from LiNH2 and
Li3Mg3(NH2)(NH)4 to Li2Mg(NH)2 are also accomplished by the
diffusion of Li+ and Mg2+ without N atom diffusion because of
these structure similarity. The reaction formulas of plateau and
sloping region in p–c isotherm are represented as (4) and (5), not
(6) and (7).

. Conclusion

The crystal structure changes during dehydrogenation process
n the Li–Mg–N–H system are analyzed by ex situ X-ray diffrac-
ion measurement. As the result, all crystal structures formed in
his process are similar to anti-CaF2 type and the occupancy rate
f Li and Mg  in cation sites changes with the dehydrogenation
rocess. Therefore, the dehydrogenation reaction is caused by the
iffusion of Li+ into Mg(NH2)2. There are the plateau are sloping
egion in p–c isotherm of dehydrogenation process. In the plateau
egion, Mg(NH2)2 and Li3Mg3(NH2)(NH)4 coexist and these phase
atio changes by dehydrogenation. In the sloping region, the crys-
al structure of Li3+3yMg3(NH2)1−y(NH)4+2y changes continuously.
urthermore, the structural similarity of imide and amide com-
ounds in the Li–Mg–N–H system is one of the factors for reversible
eaction.
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