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Abstract

The dehydriding and rehydriding properties of the mixtures of 3Mg(NH,), + nLiH (n=6, 8, and 12) were investigated by pressure—composition
(p—c) isotherm and X-ray diffraction (XRD) measurements in order to clarify the effects of the LiH ratio n on the properties. The amounts of the
hydrogen desorbed from the mixtures withn =6, 8, and 12 were 5.4, 5.1, and 4.5 mass%, respectively; this indicates that the amounts on a unit mass
basis decrease with increasing n. However, the molar ratios of the desorbed hydrogen to the mixtures estimated from the amounts were almost equal,
and also the features of the p—c isotherms were similar to each other. Moreover, the Li,Mg(NH), and LiH phases were observed in XRD profiles
of all the mixtures after p—c isotherm measurements. These results suggest that the dehydriding reaction of the mixtures of 3Mg(NH,;), + nLiH
(n=6, 8, and 12) under hydrogen pressure is not dominantly affected by the value of n. On the other hand, the amounts of the ammonia desorbed
from the mixtures detected by mass spectroscopy decreased with increasing 7.
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1. Introduction

The use of hydrogen-based energy in practical applications
such as fuel cell vehicles requires the development of safe and
efficient hydrogen storage technology. Although metal hydrides
hold promise for hydrogen storage because of their high volu-
metric hydrogen densities, those developed so far do not possess
sufficient gravimetric hydrogen densities for automobile use.
Therefore, much attention has been paid to hydrogen storage
materials composed of light-element complex hydrides such as
NaAlH4 [1-3], LiNH,-LiH [4-11], LiBH4-LiNH> [12,13] in
recent years.

The LiNH,—LiH system has been reported as a promising
candidate for hydrogen storage and the reversible reactions with
hydrogen are shown in the following equation:

LiNH, +2LiH < LipNH + LiH + Hy <> LisN + 2H;
(M

The reactions occur in two steps and more than 10 mass% of
hydrogen is absorbed/desorbed in the overall reactions. How-
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ever, the dehydriding temperatures of the first- and second-step
reactions are still too high and the dehydriding plateau pressures
are low for practical applications [4]. Many relevant studies on
similar hydrogen storage systems such as Li-Mg—N-H [14-20],
Li-Na-N-H [11], Li-Ca-N-H [15], and Mg-Na-N-H [21]
have been performed to improve the dehydriding properties
of the LiNH>-LiH system. As a result of those studies, it has
been reported that the Li-Mg—N-H systems with various molar
ratios such as 3Mg(NH3), +nLiH (n=6, 8, and 12) possess
lower dehydriding temperatures than those of the LiNH,—LiH
system. We have proposed the dehydriding reaction of the
3Mg(NH>);, + 12LiH system under hydrogen pressure based on
the results of the pressure—composition (p—c) isotherm and X-
ray diffraction (XRD) measurements [20]. In the plateau region
on the p—c isotherm, Mg(NH>)», LisMg3(NH»)2(NH)4, and LiH
phases coexist and the molar ratio of the LiyMg3(NH3)>(NH)4
phase increases (while those of Mg(NH»), and LiH phases
decrease) with the amount of the desorbed hydrogen. On the
other hand, the mixture of Lig4+,Mg3(NH3)2— y(NH) 44, + (8 — X)
LiH (0 <x<2) is formed in the sloping region on the p—c
isotherm.

In the present work, the p—c isotherm and XRD measurements
of the mixtures of the 3Mg(NH>), + nLiH (n =6, 8, and 12) were
performed in order to clarify the effects of the LiH ratio n on


mailto:e1172@mosk.tytlabs.co.jp
dx.doi.org/10.1016/j.jallcom.2006.11.141

M. Aoki et al. / Journal of Alloys and Compounds 446—447 (2007) 328-331 329

the dehydriding and rehydriding properties. Furthermore, the
ammonia gas desorption during dehydrogenation of the mixtures
was examined using thermal desorption mass spectroscopy.

2. Experimental

The starting materials of LiH (purity 95%) and MgH, (purity 98%) were
purchased from Sigma—Aldrich and AVOCADO, respectively. Mg(NH;), was
synthesized by the reaction of MgH;, with ammonia gas as follows [22]: in a
glove-box filled with purified argon gas (dew point below 180 K), MgH, was put
into a Mo crucible and then the crucible was placed in a reaction tube equipped
with a connection valve for evacuation and introduction of ammonia gas. After
evacuation, 0.5 MPa of ammonia gas (purity 99.999%) was introduced into the
reaction tube and the tube was heated at 603 K for 12 days. The mixtures of
3Mg(NH3z); +nLiH (n=6, 8, and 12) were prepared using an agate pestle and
mortar by hand. Then, the mixtures were mechanically milled for 2h under
a hydrogen pressure (purity 99.99999%) of 1 MPa using a planetary ball mill
(Fritsch P-5).

The dehydriding/rehydriding properties and the ammonia gas desorption
during dehydrogenation of the mixtures were examined by the p—c isotherm
measurement, XRD analysis (Rigaku RINT-TTR), and thermal desorption mass
spectroscopy (Anelva M-QA200TS). The conventional volumetric method with
a Sieverts apparatus (Suzuki Shokan Co., Ltd.) was used to obtain p—c isotherms
at 523 K. The equilibrium criterion during p—c isotherm measurement was set
as follows:

AAy < 0.05 )
with
My
Ay (mass%) = — x 100 3)
My

where AAp is the amount of the absorbed/desorbed hydrogen (Ay) during a
day, and My and My represent the mass of the absorbed/desorbed hydrogen and
the mixtures of 3Mg(NH3), +nLiH (n=6, 8, and 12), respectively. The XRD
measurements were carried out with Cu Ko radiation at room temperature, and
the diffraction patterns were analyzed by the Rietveld method using a computer
program RIETAN [23]. Thermal desorption mass spectroscopy was performed
under helium gas flow with a heating rate of 5 K/min and the equipment was
installed inside the glove box.

3. Results and discussion

3.1. Dehydriding properties of 3Mg(NH> ), + nLiH (n = 6,
8, and 12)

Fig. 1 shows the p-c isotherms of the mixtures of
3Mg(NH3), + nLiH (n=6, 8, and 12) during dehydriding at
523 K. Total amounts of the hydrogen desorbed from the mix-
tures with n=6, 8, and 12 were 5.4, 5.1, and 4.5 mass%,
respectively. Although the amounts on a unit mass basis decrease
with increasing 7, the molar ratios of hydrogen molecule des-
orbed from mixtures of 3Mg(NH;3), +nLiH (n=6, 8, and 12) to
the mixtures, Hy/(3Mg(NH3), +nLiH) (n=6, 8, and 12), esti-
mated from the amounts are almost equal (5.8/1, 5.9/1, 5.9/1,
respectively). Two distinct regions, a plateau region (A-B in
Fig. 1) and a sloping region (B—C in Fig. 1), can be seen on the
isotherms of all the mixtures. The plateau pressures were almost
equal (around 7 MPa) and approximately 2/3 of total amount
of the desorbed hydrogen was desorbed with the plateau on
the isotherms. In addition, the remainder (approximately 1/3)
was desorbed in the sloping region on the isotherms. These
features of the isotherms, which are similar to those of the
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Fig. 1. The p—c isotherms of the mixtures of 3Mg(NH»), +nLiH (n=6, 8, and
12) during dehydriding at 523 K. Points A, B, and C mark the beginning of
plateau region, the end of plateau region, and the end of sloping region on the
isotherms, respectively.

3Mg(NH>); + 6LiH system reported by Luo and coworkers [14],
imply that the dehydriding reactions under hydrogen pressure of
the 3Mg(NH3), + nLiH (n =6 and 8) systems are similar to that
of the 3Mg(NH>), + 12LiH system as proposed in our previous
work [20].

The powder XRD profiles of the mixtures of the
3Mg(NH), +nLiH (n=6, 8, and 12) after p—c isotherm mea-
surements (point C in Fig. 1) are shown in Fig. 2. Here, the
amorphous-like background in the diffraction profiles is due to
the tape used to avoid the exposure of the sample to air during
the XRD measurement. The diffraction peaks of LioMg(NH),
[14,20] and LiH phases are seen in the profiles of all the mixtures.
The diffraction intensity of the LiH phase increased with increas-
ing n and it was revealed by Rietveld analysis of the diffraction
profiles that the molar ratio of the LiH phase to the Li,Mg(NH)»
phase increases with increasing n. Based on this result of XRD
measurement, the amounts of the desorbed hydrogen, and chem-
ical valences of Li, Mg, N, and H, the dehydriding process of the
3Mg(NH>), +nLiH (n=6, 8, and 12) systems under hydrogen
pressure is proposed as follows:

3Mg(NH3); +nLiH — 3Li;Mg(NH), + (n — 6)LiH + 6H)
(n= 6, 8, and 12) 4)

The dehydrogenation of 3LiMg(NH), + (n — 6)LiH (n=6,
8, and 12) systems was not observed at 523 K (Figs. 1 and 2); this
indicates that the dehydriding reactions of 3Mg(NH>); +nLiH
(n=8 and 12) systems as shown in the following equations
[17,19] occur at higher temperatures:

3Mg(NH,), + 8LiH — Mg3N, +4Li,NH + 8H, 5)
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Fig. 2. Powder X-ray diffraction profiles of the mixtures of (a)
3Mg(NH>), + 6LiH, (b) 3Mg(NH;), + 8LiH, and (c) 3Mg(NH;), + 12LiH after
dehydrogenation as the p—c isotherm measurements were carried out to point
C in Fig. 1, respectively. Open triangles and crosses show the peak positions
of the LiMg(NH); phase and the LiH phase, respectively. The enlargement
profiles of the region from 50.5° to 51.5° are shown in the inset.

3Mg(NH,), + 12LiH — MgzNs +4LisN + 12H, (©6)

On the other hand, the peak positions of the LiyMg(NH),
phase slightly shift to lower angles with increasing n. For exam-
ple, the enlargement profiles of the region from 50.5° to 51.5°
are shown in the inset. The lattice parameters and the lattice
volume of the LiMg(NH), phase estimated from Fig. 2a—c are
summarized in Table 1. The lattice parameters and the lattice
volume very slightly increase with increasing n, although the
volume expansion is less than 0.3%.

Fig. 3 shows thermal desorption mass spectra of ammo-
nia desorbed during dehydrogenation of the mixtures of
3Mg(NH»); +nLiH (n=6, 8, and 12). Although the ammo-
nia desorption was detected for all the mixtures, the signal

Table 1

Intensity (arb. units.)

373 423 473 523 573
Temperature (K)

Fig. 3. Thermal desorption mass spectra of ammonia desorbed from
the mixtures of (a) 3Mg(NH»)>+6LiH, (b) 3Mg(NH2), +8LiH, and (c)
3Mg(NH>); + 12LiH, respectively.

intensity decreased with increasing n. In particular, the sig-
nal intensity of the desorbed ammonia for 3Mg(NH,), + 12LiH
was much smaller than those for 3Mg(NH;), +6LiH and
3Mg(NH>), + 8LiH. This result suggests that the increase
of n has an effect on decreasing the amount of ammonia
desorbed from the mixture of 3Mg(NH>), +nLiH. We are
investigating the ammonia desorption from the mixtures of
3Mg(NH3), +nLiH (n=6, 8, and 12) under hydrogen pressure
by FT-IR spectroscopy.

3.2. Rehydriding property of 3Mg(NH3), + 12LiH

The p—c isotherms of the mixture of 3Mg(NH;), + 12LiH
during dehydriding and rehydriding at 523 K are shown in Fig. 4.
The reversible hydrogenation/dehydrogenation of the mixture
at 523 K was confirmed by the isotherms. The isotherm dur-
ing rehydriding was similar to that during dehydriding although
small hysteresis was observed for the two regions (A and B in
Fig. 4). The isotherms imply that the reaction of the mixture of
3Mg(NH)> + 12LiH with hydrogen proposed in our previous
work [20] occurs reversibly.

Lattice parameters and the lattice volume of the Li,Mg(NH), phase observed in the diffraction profiles of the mixtures of 3Mg(NH>), +nLiH (n=6, 8, and 12) after

dehydrogenation (a—c)

Lattice parameters A)

Lattice volume (A%)

a b c
3Mg(NH,); + 6LiH 9.776 (1) 4.988 (1) Fig. 2 5.197 (1) 253.4 (1)
3Mg(NH,), + 8LiH 9.781 (1) 4.989 (1) 5.200 (1) 253.7 (1)
3Mg(NH;); + 12LiH 9.784 (1) 4.992 (1) 5.202 (1) 254.1 (1)

Standard deviations are given in parentheses.
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Fig. 4. The p—c isotherms of the mixture of 3Mg(NH3), + 12LiH during dehy-
driding and rehydriding at 523 K.

4. Conclusions

The dehydriding and rehydriding properties of the mixtures
of 3Mg(NH»), + nLiH (n =6, 8, and 12) were investigated by p—c
isotherm and XRD measurements in order to clarify the effects
of the LiH ratio n on the properties. The amounts of the hydrogen
desorbed from the mixtures with n =06, 8, and 12 on a unit mass
basis decreased with increasing n. However, the molar ratios of
the desorbed hydrogen to the mixtures were almost equal, and
also the features of the p—c isotherms were similar to each other.
Moreover, the Li,Mg(NH); and LiH phases were observed in
XRD profiles of all the mixtures after the p—c isotherm measure-
ments. These results suggest that the dehydriding reaction of the
mixtures of 3Mg(NH»); + nLiH (n=6, 8, and 12) under hydro-
gen pressure is not dominantly affected by the value of n. On
the other hand, the signal intensity of ammonia desorbed from
the mixtures detected by thermal desorption mass spectroscopy
decreased with increasing n; this implies that the increase of n

has an effect on decreasing the amount of ammonia desorbed
from the mixture of 3Mg(NH>), +nLiH.
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