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Desorption behaviours from metal–N–H systems
synthesized by ball milling
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Abstract

Three metal amides LiNH2, NaNH2 and Mg(NH2)2 were synthesized by ball milling the metal hydrides under gaseous ammonia NH3 at
room temperature. The decomposition behaviours from these metal amides were investigated by thermal desorption mass spectroscopy and
thermogravimetry analysis methods. The results showed that LiNH2 decomposed atT > 230◦C and was transformed into the imide Li2NH
with emitting NH3, while Mg(NH2)2, decomposed atT > 180◦C and was transformed into MgNH and finally into Mg3N2 with emitting
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H3 within 500◦C. Then, a new metal–N–H system composed of Mg(NH2)2 and LiH with a molar ratio of 3:8 was designed by ball mill
reatment and examined the hydrogen storage properties. The results showed that this system could reversibly absorb/desorb a
f hydrogen (∼7 wt.%) at a moderate temperature and pressure, which was better than the system of LiNH2 and LiH for hydrigen storage.
2005 Elsevier B.V. All rights reserved.
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. Introduction

An ideal solid hydrogen storage material for practi-
al applications should reversibly store hydrogen with the
inimum amount capacity of 6.5 wt.% at a moderate des-
rption temperature range of 60–120◦C for both the eco-
omic and environmental reasons[1]. In recent years, some
on-interstitial hydrides with high hydrogen capacity have
ttracted particular interest as potential high-performance
ydrogen carriers[2–11]. Among them, metal nitrides or

mides have become one of the promising families for hydro-
en storage media since the reports of Chen et al.[10] and
u and Ruckenstein[11]. They reported that the system of
i3N could reversibly stored a high amount of hydrogen
10.4 wt.%) by the following two-step reactions:

i 3N + 2H2 ↔ Li2NH + LiH + H2 ↔ LiNH2 + 2LiH (1)

∗ Corresponding author. Tel: +81 82 424 5744; fax: +81 82 424 7486.
E-mail address: hyleng@hiroshima-u.ac.jp (H.Y. Leng).

Here, the second step reaction was considered to be
to investigate for hydrogen storage and was intensively in
tigated by Ichikawa et al.[12,13], because of its large amou
of hydrogen capacity (6.5 wt.%) and much lower stand
enthalpy change of desorption (44.5 kJ/mol H2) compared
with that of the first step reaction (148 kJ/mol H2). The reac
tion is expressed as follows:

LiNH2 + LiH ↔ Li2NH + H2 (2)

The mechanism of the desorption reaction(2) was exper
imentally examined in details[12,14], and was clarified tha
the reaction(2) proceeded as the following two element
reactions:

2LiNH2 → Li2NH + NH3 (3)

LiH + NH3 → LiNH2 + H2 (4)

The reaction between LiH and NH3 was exothermic an
confirmed to be ultra-fast during the desorption reaction(2)
[12,14].
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Some elements, especially those in groups of I–IV, formed
their nitride, hydride and amide/imides. Therefore, it is sup-
posed that there still exist plenty of metal–N–H systems
similar to the reactions of(1) and (2)which are effective
for hydrogen storage. In this paper, we synthesized the metal
amides by ball milling MHx (M = alkali metals or alkali earth
metals, like Li, Na and Mg) with gaseous NH3 at room tem-
perature and investigated the decomposition behaviours of
these metal amides. Finally, a new metal–N–H system was
successfully designed and developed for hydrogen storage
material.

2. Experiments

The starting materials were purchased from Sigma-
Aldrich: LiH and NaH with 95% purity, and MgH2 with 90%
purity. To synthesize metal amides, LiH, NaH, and MgH2
were respectively milled under a pure NH3 gas atmosphere of
0.4 MPa using a rocking milling equipment (SEIWA GIKEN
Co., Ltd. RM-10) with a frequency of 10 Hz. The fraction of
H2 in the milling vessel was monitored by a gas chromatog-
raphy analysis (GCA) (Shimadzu, GC8AIT). The details of
preparation of metal amides are described in ref.[15]. The
products after milling were examined by X-ray diffraction
(XRD) with Cu K� radiation (Rigaku, RINT-2100) and oxy-
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Fig. 1. XRD patterns of the products obtained: (a) by milling LiH under
0.4 MPa NH3 for 2 h; (b) by milling NaH under 0.4 MPa NH3 for 1 h; (c)
by milling MgH2 under 0.4 MPa NH3 for 13 h; (d) by annealing at 300◦C
in NH3 atmosphere after milling MgH2 under 0.4 MPa NH3 for 13 h. The
symbols of #01-1168 and #03-0123 are the numbers of JCPDS file. The
broad peak around 20◦ is due to the grease using for fixing the powder on
the sample holder.

suggested that the full amount of LiH, NaH and MgH2 reacted
with NH3 within 2, 1 and 13 h milling, respectively.

To confirm whether the corresponding metal amides
would be synthesized with a high purity or not, the products
were examined by XRD experiment. As shown inFig. 1(a)
and (b), it is noticeable that almost the single phases of LiNH2
and NaNH2 are produced by the reactions of LiH and NaH
with gaseous NH3 after milling. On the other hand, the XRD
pattern inFig. 1(c) indicates that the product after 13 h milling
for the Mg system is nano-structured or amorphous phase.
Since it was difficult to clarify the formation of the Mg(NH2)2
by XRD, the OCA method was employed to chemically ana-
lyze the concentrations of H and N in the products. The mass
ratio of N to H was estimated to be 7.0 ± 0.2 wt.%, which
is in good agreement with the theoretical value of 6.95 for
Mg(NH2)2. In addition, we confirmed that the product after
heat treatment at 300◦C under NH3 atmosphere was the sin-
gle phase of Mg(NH2)2, as shown inFig. 1(d) as well.

3.2. Thermal decomposition of the metal amides

The thermal decompositions of the products were inves-
tigated by TDMS and TG methods. As shown inFig. 2(a),
only NH3 gas was emitted atT > 230◦C from LiNH2 with
two peaks, which may be caused by the difference of des-
o les of
L
i H
i at
L -
s t
en combustion analysis (OCA) (Perkin Elmer 2400� CHN).
The thermal decomposition behaviours of the prod

ere examined by a thermal desorption mass spectro
TDMS) (Anelva, M-QA200TS) combined with therm
ravimetry (TG) (Rigaku, TG8120) upon heating up
00◦C with a heating rate of 5◦C/min under a helium flow
his equipment was especially set inside the glovebox fi
ith purified argon, which permitted simultaneous meas
ents by TG and TDMS without exposing the samples t
t all.

To design the new metal–N–H systems for hydrogen
ge, the product of Mg(NH2)2 was mixed with LiH and
gH2 in the molar ratios of 3:8 and 1:2, respectively, usin
lanetary ball milling equipment (Fritsch, P7) with 400 r

or 2 h.

. Results and discussion

.1. Synthesis of metal amides

Motivated by the reaction(4), we proposed that the rea
ions for the alkali and alkali earth metal hydrides w
aseous NH3 would proceed by ball milling even at roo
emperature as follows:

Hx + xNH3 → M(NH2)x + xH2 (5)

ere, M represents alkali or alkali earth metal. By mon
ng the amounts of H2 in the milling vessel using GCA, th
roceeding of reaction(5) can be predicted. The GCA resu
rption rates between the surface and body of the partic
iNH2. The weight loss up to 500◦C due to NH3 emission

s ∼37 wt.%, corresponding to the decomposition of LiN2
nto Li2NH and NH3. The XRD profile also indicated th
iNH2 was fully transformed into Li2NH after decompo
ition (Fig. 3(a)). As is shown inFig. 2(b), we notice tha
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Fig. 2. Thermal desorption mass spectrum and TG profiles of the products
in the heating process up to 500◦C under a 5◦C/min heating rate: (a) the
products by milling LiH under 0.4 MPa NH3 for 2 h; (b) the products by
milling MgH2 under 0.4 MPa NH3 for 13 h.

only NH3 gas was emitted from Mg(NH2)2 at T > 180◦C
by two-step reactions during the heat treatment up to 500◦C.
The weight loss due to the first step desorption of NH3 is
∼30 wt.% until around 400◦C, mainly corresponding to the
decomposition of 3Mg(NH2)2 to 3MgNH and 3NH3, while
the weight loss due to the second step desorption of NH3
reaches up to∼40 wt.% until 500◦C, mainly correspond-
ing to the decomposition of 3MgNH into Mg3N2 and NH3.
Actually, the XRD profiles inFig. 3(b) and (c) indicate that
the products after thermal desorption at 320 and 500◦C for
2 h under a helium flow could be identified as MgNH and
Mg3N2, respectively. Here we note that the amorphous-like
background in the XRD patterns is due to the grease using
for fixing the powder on the sample holder.

According to the above results, it seems that the ammo-
nia desorption properties depend on the electronegativity o
alkali or alkali earth metals. Actually, the electronegativity of
Li is a little bit smaller than that of Mg, so that the ionic bond
between the cation Li+ and anion [NH2]− should be stronger
than that between Mg2+ and [NH2]− ions. This leads to a
lower decomposition temperature for the Mg(NH2)2, and also
a longer time for the synthesis of Mg(NH2)2 compared with
LiNH2 as well, which is consistent with the results of syn-
thesis by ball milling described in Section3.1. Furthermore,
it is noteworthy that Mg(NH2)2 decomposes into MgNH and
finally into Mg N within 500◦C, while LiNH decomposes
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3.3. New metal–N–H system of Mg(NH2)2 and
LiH/MgH2 for hydrogen storage

According to the thermal decomposition properties of
Mg(NH2)2 and LiNH2, two new metal–N–H systems were
designed by ball milling the mixture of Mg(NH2)2 and LiH
with a molar ratio of 3:8 and the mixture of Mg(NH2)2 and
MgH2 with a molar ratio of 1:2, respectively. The Hydrogen
storage properties of these mixtures were examined by the
TDMS, TG and XRD methods.

As shown inFig. 4, the mixture of 3Mg(NH2)2 and 8LiH
without any additives started to desorb a large amount of
H2 (∼7 wt.%) from 140◦C and took a desorption peak at
190◦C under a heating rate of 5◦C/min almost without NH3
emission. It is noteworthy that the hydrogen desorption prop-
erties of the mixture of 3Mg(NH2)2 and 8LiH are much
better than those of LiNH2 and LiH [13]. This is due to the
lower decomposing temperature of Mg(NH2)2 than that of
LiNH2 as shown inFig. 2. On the other hand, the mixture
of Mg(NH2)2 and 2MgH2 did start to desorb a large amount
of H2 (∼7.3 wt.%) from 80◦C but took no clear peak until
at ∼415◦C at the same condition (Fig. 4). Here, the lower
decomposing temperature of Mg(NH2)2 also leads to a much
lower starting temperature of H2 desorption, while the H2
desorption in wide temperature range might be due to the

und
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3 2 2
nto only Li2NH but not Li3N in the same condition. Thu
e claim that the Mg(NH2)2 system would become one

he promising metal–N–H systems for hydrogen storage
Unfortunately, we could not observe the decompos

f NaNH2 into the imide, because it easily reacted with
ample holder made of Au or Al used in this work ab
00◦C, and volatilized at higher temperature. A much be
ethod is needed to investigate its decomposition beha
t higher temperature.
f

r

slower reaction between MgH2 and NH3. In these senses, the
starting temperature of the H2 desorption for above two mix-
tures should be the same as each other, however we fo
that the starting temperature for H2 desorption was differ-
ent between the two mixtures. This is because that LiNH2 is
formed on the surface of LiH particles at the first step of H2
desorption in the system of 3Mg(NH2)2 and 8LiH, which is

Fig. 3. XRD patterns of the products after thermal decomposition: (a) t
product of LiNH2 after heating up to 500◦C under a helium flow; (b) the
product of Mg(NH2)2 after thermal desorption under a helium flow at 320◦C
for 2 h; (c) the product of Mg(NH2)2 after heating up to 500◦C under a helium
flow. The broad peak around 20◦ is due to the grease using for fixing the
powder on the sample holder.



446 H.Y. Leng et al. / Journal of Alloys and Compounds 404–406 (2005) 443–447

Fig. 4. Hydrogen desorption mass spectrum from the mixture of 3Mg(NH2)2

and 8LiH shown in the solid line and from the mixture of Mg(NH2)2 and
2MgH2 shown in the dashed line in the heating process up to 500◦C under
a helium flow at a 5◦C/min heat rate. Here, the hydrogen desorption mass
spectra for the 1:1 mixture of LiNH2 and LiH with a small amount (1 mol)
of TiCl3 [13], is also shown by the dotted line.

more stable than Mg(NH2)2 formed on the surface of MgH2
particles in the system of Mg(NH2)2 and 2MgH2.

According to the above results, the system of 3Mg(NH2)2
and 8LiH has the best hydrogen desorption properties. The
XRD profile of this mixture after releasing hydrogen at
500◦C is shown inFig. 5(a). We can see that the product
is composed of the mixed phases of Li2NH and Mg3N2. This
indicates that the hydrogen desorption reaction from the mix-
ture of 3Mg(NH2)2 and 8LiH can be expressed as follows:

3Mg(NH2)2 + 8LiH ↔ Mg3N2 + 4Li2NH + 8H2 (6)

F r
h
( at
2 e
u

from which we can theoretically calculate a hydrogen
capacity of∼7 wt%. This is in good agreement with the
experimental result. Finally, we examined the reversibility
of the reaction(6) by hydrogenating the mixture at 200◦C in
5 MPa H2 after dehydrogenating the mixture of 3Mg(NH2)2
and 8LiH in vacuum at 170◦C. As shown inFig. 5(b), the
XRD profile indicates that the dehydrogenation reaction
(6) proceeds even at 170◦C in vacuum. After the second
hydrogenation reaction, we noticed that the products were
hydrogenated into Mg(NH2)2 and LiH again (Fig. 5(c)),
indicating the reaction(6) is completely reversible.

4. Conclusion

Three metal amides LiNH2, NaNH2 and Mg(NH2)2 were
successfully synthesized by the novel reaction between the
corresponding metal hydride and gaseous NH3 at room tem-
perature during ball milling. The produced LiNH2 decom-
posed into its imide in the range of 230–500◦C, while
Mg(NH2)2 decomposed into its imide MgNH and nitride
Mg3N2 in the temperature range of 180–500◦C. However,
we could not observe the decomposition of NaNH2 into its
imide because it reacted with the sample holder made of Al
or Au above 300◦C. On the basis of the above results, the
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ig. 5. XRD patterns of the mixture of 3Mg(NH2)2 and 8LiH: (a) afte
eating up to 500◦C under a helium flow at a heating rate of 5◦C/min;
b) after dehydrogenating at 170◦C in vacuum; (c) after hydrogenating
00◦C under 5 MPa H2. The broad peak around 20◦ is due to the greas
sing for fixing the powder on the sample holder.
ew metal–N–H system composed of 3Mg(NH2)2 and 8LiH
as designed by ball milling treatment and showed a sup
ydrogen storage properties to the system of Mg(NH2)2 and
MgH2 and the system of LiNH2 and LiH, in which a larg
mount of hydrogen (∼7 wt.%) can be reversibly absorb
nd desorbed at moderate temperature and pressure.
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Appl. Phys. Lett. 75 (1999) 3093.
[4] D.M. Chen, T. Ichikawa, H. Fujii, N. Ogita, M. Udagawa, Y. Kitan

E. Tanabe, J. Alloys Comp. 354 (2003) 5.
[5] Z. Dehouche, J. Goyette, T.K. Bose, J. Huot, R. Schulz, Nano L

(2001) 175.
[6] H. Hanada, T. Ichikawa, S.I. Orimo, H. Fujii, J. Alloys Comp. 3

(2004) 269.
[7] B. Bogdanovic, M. Schwickardi, J. Alloys Comp. 253 (1997) 1.



H.Y. Leng et al. / Journal of Alloys and Compounds 404–406 (2005) 443–447 447

[8] V.P. Balema, K.W. Dennis, V.K. Pecharsky, Chem. Commun. (2000)
1665.

[9] T. Kiyobayashi, S. Srinivasan, D. Sun, C.M. Jensen, J. Phys. Chem.
107 (2003) 7671.

[10] P. Chen, Z. Xiong, J. Luo, J. Lin, K.L. Tan, Nature 420 (2002)
302.

[11] Y.H. Hu, E. Ruckenstein, Ind. Eng. Chem. Res. 42 (2003) 5135.
[12] T. Ichikawa, N. Hanada, S. Isobe, H.Y. Leng, H. Fujii, J. Phys. Chem.

B 108 (2004) 7887.

[13] T. Ichikawa, S. Isobe, N. Hanada, H. Fujii, J. Alloys Comp. 365 (2004)
271.

[14] Y.H. Hu, E. Ruckenstein, J. Phys. Chem. A 107 (2003) 9737.
[15] H.Y. Leng, T. Ichikawa, S. Hino, N. Hanada, S. Isobe, H. Fujii, J. Power

Sour., in press.


	Desorption behaviours from metal--N--H systems synthesized by ball milling
	Introduction
	Experiments
	Results and discussion
	Synthesis of metal amides
	Thermal decomposition of the metal amides
	New metal--N--H system of Mg(NH2)2 and LiH/MgH2 for hydrogen storage

	Conclusion
	Acknowledgements
	References


