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Abstract

Three metal amides LiN} NaNH, and Mg(NH), were synthesized by ball milling the metal hydrides under gaseous ammoniatNH
room temperature. The decomposition behaviours from these metal amides were investigated by thermal desorption mass spectroscopy anc
thermogravimetry analysis methods. The results showed that L d¢domposed &f > 230°C and was transformed into the imide,NH
with emitting NH;, while Mg(NH,),, decomposed & > 180°C and was transformed into MgNH and finally into By with emitting
NHj3 within 500°C. Then, a new metal-N—H system composed of Mg{}Ntdnd LiH with a molar ratio of 3:8 was designed by ball milling
treatment and examined the hydrogen storage properties. The results showed that this system could reversibly absorb/desorb a large amour
of hydrogen {7 wt.%) at a moderate temperature and pressure, which was better than the system,cdimdNkH for hydrigen storage.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Here, the second step reaction was considered to be worth
to investigate for hydrogen storage and was intensively inves-
An ideal solid hydrogen storage material for practi- tigated by Ichikawa et a]12,13] because of its large amount
cal applications should reversibly store hydrogen with the of hydrogen capacity (6.5wt.%) and much lower standard
minimum amount capacity of 6.5wt.% at a moderate des- enthalpy change of desorption (44.5 kJ/mal) Hompared
orption temperature range of 60—120 for both the eco-  with that of the first step reaction (148 kd/ma})-HThe reac-
nomic and environmental reasoii§. In recent years, some tion is expressed as follows:
non-interstitial hydrides with high hydrogen capacity have
attracted particular interest as potential high-performance LiNH2 + LiH < LioNH 4 H> ()
hydrogen carrier§2—11]. Among them, metal nitrides or
imides have become one of the promising families for hydro- ~ The mechanism of the desorption reactf@hwas exper-
gen storage media since the reports of Chen dtLa).and imentally examined in detaild2,14] and was clarified that
Hu and RuckensteifiL1]. They reported that the system of the reaction(2) proceeded as the following two elementary
LisN could reversibly stored a high amount of hydrogen reactions:
(10.4 wt.%) by the following two-step reactions:
2LiINH> — Li>NH + NH3 3)
LisN + 2H, <> LioNH + LiH + Hz <> LiNH2 + 2LiH (1)
LiH + NH3z — LiNH, + H> 4)

The reaction between LiH and NHvas exothermic and
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Some elements, especially those in groups of I-1V, 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 ofl) and (2)which are effective
for hydrogen storage. In this paper, we synthesized the metal
amides by ball milling MH (M = alkali metals or alkali earth
metals, like Li, Na and Mg) with gaseous Mldt 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.

O/ © Mg(NH,),
2. Experiments l__i_b o .
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The starting materials were purchased from Sigma-
Aldrich: LiH and NaH with 95% purity, and Mgpiwith 90% 26 (%)
purity. To synthesize metal amides, LiH, NaH, and MgH
were respectively milled under a pure Blglas atmosphere of ~ Fig. 1. XRD patterns of the products obtained: (a) by milling LiH under
0.4 MPa using a rocking milling equipment (SEIWA GIKEN  0-4MPa NH for 2h; (b) by milling NaH under 0.4 MPa Nffor 1h; (c)

Co., Ltd. RM-10) with a frequency of 10 Hz. The fraction of Y Milling MgH, under 0.4 MPa Nl for 13h; (d) by annealing at 30€

. - : in NH3z atmosphere after milling MgiHunder 0.4 MPa Nkl for 13 h. The
Hz in the m'”'_ng vessel wa_s monitored by a gas chromgtog- symbols of #01-1168 and #03-0123 are the numbers of JCPDS file. The
raphy analysis (GCA) (Shimadzu, GC8AIT). The details of proad peak around 20s due to the grease using for fixing the powder on
preparation of metal amides are described in [E5]. The the sample holder.
products after milling were examined by X-ray diffraction
(XRD) with Cu K radiation (Rigaku, RINT-2100) and oxy-  suggested that the fullamount of LiH, NaH and Mgidacted
gen combustion analysis (OCA) (Perkin EImer 24@HN). with NH3 within 2, 1 and 13 h milling, respectively.

The thermal decomposition behaviours of the products  To confirm whether the corresponding metal amides
were examined by a thermal desorption mass spectroscopywould be synthesized with a high purity or not, the products
(TDMS) (Anelva, M-QA200TS) combined with thermo- were examined by XRD experiment. As showrFiig. 1(a)
gravimetry (TG) (Rigaku, TG8120) upon heating up to and (b), itis noticeable that almost the single phases of LINH
500°C with a heating rate of 8C/min under a helium flow.  and NaNH are produced by the reactions of LiH and NaH
This equipment was especially set inside the glovebox filled with gaseous Nglafter milling. On the other hand, the XRD
with purified argon, which permitted simultaneous measure- pattern irFig. 1(c) indicates that the product after 13 h milling
ments by TG and TDMS without exposing the samples to air for the Mg system is nano-structured or amorphous phase.
atall. Since itwas difficult to clarify the formation of the Mg(N#b

To design the new metal-N-H systems for hydrogen stor- by XRD, the OCA method was employed to chemically ana-
age, the product of Mg(Nkj2 was mixed with LiH and  |yze the concentrations of H and N in the products. The mass
MgHz in the molar ratios of 3:8 and 1:2, respectively, using a ratio of N to H was estimated to be07+ 0.2 wt.%, which
planetary ball milling equipment (Fritsch, P7) with 400rpm is in good agreement with the theoretical value of 6.95 for
for 2h. Mg(NH,),. In addition, we confirmed that the product after

heat treatment at 30 under NH atmosphere was the sin-
gle phase of Mg(NHK)», as shown irig. 1(d) as well.
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3. Results and discussion

. . 3.2. Thermal decomposition of the metal amides

3.1. Synthesis of metal amides

. . The thermal decompositions of the products were inves-
. Motivated by th@T reactlo(n),_ we proposed that t_he reac- tigated by TDMS and TG methods. As shownfiiy. 2a),
tions for the alkali and alkali earth r’_ngtal hydrides with only NH3 gas was emitted &t > 230°C from LiNH, with
gaseous Niiwould proceed by ball milling even at room two peaks, which may be caused by the difference of des-
temperature as follows: orption rates between the surface and body of the particles of
MH, + xNH3 — M(NH2), + xHa (5) !_iNH 2. The weight loss up to 50CC due to N@'emissiqn

is ~37 wt.%, corresponding to the decomposition of LiNH

Here, M represents alkali or alkali earth metal. By monitor- into LioNH and NH;. The XRD profile also indicated that
ing the amounts of blin the milling vessel using GCA, the  LiNH, was fully transformed into LINH after decompo-
proceeding of reactiofb) can be predicted. The GCAresults sition (Fig. 3(a)). As is shown irFig. 2(b), we notice that
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Fig. 2. Thermal desorption mass spectrum and TG profiles of the products
in the heating process up to 500 under a 5C/min heating rate: (a) the
products by milling LiH under 0.4 MPa Niifor 2 h; (b) the products by
milling MgH»2 under 0.4 MPa Nkifor 13 h.

only NH3 gas was emitted from Mg(Nb)z at 7> 180°C

by two-step reactions during the heat treatment up td’&00
The weight loss due to the first step desorption of3N$i
~30wt.% until around 400C, mainly corresponding to the
decomposition of 3Mg(Nk)2 to 3MgNH and 3NH, while

the weight loss due to the second step desorption of NH
reaches up te~40wt.% until 500°C, mainly correspond-
ing to the decomposition of 3MgNH into Ml,> and NHs.
Actually, the XRD profiles inFig. 3(b) and (c) indicate that
the products after thermal desorption at 320 and°&Déor

2h under a helium flow could be identified as MgNH and
MgsNy, 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 of
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 [fiand anion [NH]~ should be stronger
than that between Mg and [NH]~ ions. This leads to a
lower decomposition temperature for the Mg(Nk and also
a longer time for the synthesis of Mg(N)+ compared with
LiNH > as well, which is consistent with the results of syn-
thesis by ball milling described in Secti@l Furthermore,
it is noteworthy that Mg(NH), decomposes into MgNH and
finally into MgzN2 within 500°C, while LiNH, decomposes
into only LioNH but not LN in the same condition. Thus,
we claim that the Mg(NH), system would become one of
the promising metal-N—H systems for hydrogen storage.

Unfortunately, we could not observe the decomposition
of NaNH; into the imide, because it easily reacted with the
sample holder made of Au or Al used in this work above
300°C, and volatilized at higher temperature. A much better

445

3.3. New metal-N—-H system of Mg(NH2)2 and
LiH/MgH> for hydrogen storage

According to the thermal decomposition properties of
Mg(NH>)> and LiNHy, two new metal-N-H systems were
designed by ball milling the mixture of Mg(Nbk and LiH
with a molar ratio of 3:8 and the mixture of Mg(N§p 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(NH). and 8LiH
without any additives started to desorb a large amount of
Hy (~7wt.%) from 140°C and took a desorption peak at
190°C under a heating rate of&/min almost without NH
emission. It is noteworthy that the hydrogen desorption prop-
erties of the mixture of 3Mg(NB), and 8LiH are much
better than those of LiNgland LiH [13]. This is due to the
lower decomposing temperature of Mg(b)il than that of
LiNH > as shown irFig. 2 On the other hand, the mixture
of Mg(NH>), and 2Mgh did start to desorb a large amount
of Hy (~7.3wt.%) from 80°C but took no clear peak until
at ~415°C at the same conditiori{g. 4). Here, the lower
decomposing temperature of Mg(MH also leads to a much
lower starting temperature of Hdesorption, while the b
desorption in wide temperature range might be due to the
slower reaction between Mgtand NH;. In these senses, the
starting temperature of theoHlesorption for above two mix-
tures should be the same as each other, however we found
that the starting temperature for, Hiesorption was differ-
ent between the two mixtures. This is because that LilH
formed on the surface of LiH particles at the first step of H
desorption in the system of 3Mg(Mdh and 8LiH, which is

(@)

o
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Li,O
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Fig. 3. XRD patterns of the products after thermal decomposition: (a) the
product of LiNH, after heating up to 500C under a helium flow; (b) the
product of Mg(NH), after thermal desorption under a helium flow at 3€0

for 2 h; (c) the product of Mg(Nh) after heating up to 500C under a helium

method is needed to Investigate Its decomp05|t|0n behaVlourflow. The broad peak around 26 due to the grease using for fixing the

at higher temperature.

powder on the sample holder.
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from which we can theoretically calculate a hydrogen
— BLiH_3Mg(NH,), capacity of~7 wt%. This is in good agreement with the
-—=== 2MgH, Mg(NH,), experimental result. Finally, we examined the reversibility
LiH_LiNH, of the reaction(6) by hydrogenating the mixture at 20Q in

5 MPa H after dehydrogenating the mixture of 3Mg(H
and 8LiH in vacuum at 178C. As shown inFig. 5b), the
XRD profile indicates that the dehydrogenation reaction
415°C (6) proceeds even at 17C in vacuum. After the second
hydrogenation reaction, we noticed that the products were
hydrogenated into Mg(Np)2 and LiH again Fig. 5c)),
indicating the reactiof6) is completely reversible.

 190°C

Intensity (a.u.)

100 200 300 400 500
Temperature (°C) 4. Conclusion

Fig. 4. Hydrogen desorption mass spectrum from the mixture of 3MgjNH Three metal amides LiNg NaNH, and Mg(NH)2 were

and 8LiH shown in the solid line and from the mixture of Mg(Nk and successfully synthesized by the novel reaction between the
2MgH2 shown in the da;hed line in the heating process up td’SOﬁ_hder corresponding metal hydride and gaseoussldtoom tem-

a helium flow at a 3C/min heat rate. Here, the hydrogen desorption mass . - .

spectra for the 1:1 mixture of LiN{Hand LiH with a small amount (1 mol) peratur_e dur_mg_ b§l|| m_HImg. The produced L”\imeco_m'

of TiCl3 [13], is also shown by the dotted line. posed into its imide in the range of 230-3@) while
Mg(NH2)> decomposed into its imide MgNH and nitride
MgsN> in the temperature range of 180-5@ However,

we could not observe the decomposition of NaNhto its
imide because it reacted with the sample holder made of Al
. X h or Au above 300C. On the basis of the above results, the
and 8LiH has the pest .hydrogen desorptlpn properties. Thenew metal—-N—H system composed of 3Mg(®iand 8LiH
XRD profile of this mixture after releasing hydrogen at was designed by ball milling treatment and showed a superior

500°C is shown inFig. 5a). We can see that the product h ;
; - . ydrogen storage properties to the system of Mgf{Ntdnd
is composed of the mixed phases ofH and MgN,. This 2MgH; and the system of LiNbland LiH, in which a large

;ndmaftzs,,wtha"ilthe hyd;osglc_a_:l_'deso[)ptmn reactio dn frofmlithe rr.ux- amount of hydrogen~7 wt.%) can be reversibly absorbed
ure o 9(NHp)2 an IF can be expressed as 1ollowS.  ang desorbed at moderate temperature and pressure.

more stable than Mg(N¥)» formed on the surface of MgH
particles in the system of Mg(Nhh and 2Mghb.
According to the above results, the system of 3MggiNH

3Mg(NH,)2 + 8LIH <> MgaN3 + 4LioNH + 8H, (6)
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