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1. Summary
       There exist significant demands to invent advanced materials for hydrogen storage. Nanostructured Mg alloys and graphite have a large capacity to absorb hydrogen due to a large fraction of grain boundaries (GBs) and defected structure. Prof. Fujii and Orimo have attempted in-situ nanostructuring/hydriding of Mg-Ni alloys and graphite using a planetary ball mill apparatus operating at 400 rpm for a period from 300 s to 80 h under high purity hydrogen environment of 1-2 MPa at room temperature (RT). The results of hydriding and dehydriding behavior of the nanostructured Mg-Ni alloys and graphite are summarized in Table 1.
Nanostructured Mg-Ni Alloys

       While Mg can be readily hydrogenated as the form of MgH2, the dehydriding requires higher temperatures than 600 K due to the high stability of MgH2. Mg-Ni alloy systems are an alternative choice for reducing the dehydriding temperature. A phase diagram of Mg-Ni system is shown in Fig. 1, which exhibits several compounds like nanostructured Mg2Ni, amorphous MgNi and nanostructured MgNi2. The hydriding and dehydriding behavior of the various nanostructured Mg-Ni alloys has been systematically studied.
Nanostructured Mg2Ni

       With increasing milling time, which produces nano-sized grain of 15-22 nm, the intake of hydrogen in nanostructured Mg2Ni alloys increases up to 1.6 mass% (Mg2NiH1.8), which is far greater than Mg2NiH0.3 observed in the standard hydriding process. Decreasing the grain size leads to increasing the volume fraction of GBs, having a high hydriding capability, up to 30%. Considering the hydrogen partitioning with the form of Mg2NiH0.3 in the grain interior (volume fraction: 70%), it is estimated that the hydrogen content (CH) of 4 mass% is dissolved near the GB region, which is nearly equivalent to the form of Mg2NiH4 (3.6 mass%). The dehydriding of Mg2Ni takes place above 440 K, which is lower than that for Mg in an Ar atmosphere. This is partly related to the destabilization of the covalent-type bonding in the GB region that the relaxation of lattice strain of 3% brings about.

Amorphous MgNi

       Amorphous MgNi, processed by mechanical milling (80 h) of mixed powders of Mg2Ni and Ni, can absorb hydrogen up to 2.2 mass% (MgNiH1.9) and has dehydriding temperature of 373 K. Neutron and X-ray diffraction (XRD) analysis indicate that deuterium (D) in amorphous MgNiH1.6 occupies the interstitial tetrahedral sites of 2Mg2Ni. This implies that amorphous MgNiH1.6 has weaker bonding of D, which would lower the dehydriding temperature, than Mg2NiD4 consisting of covalent bonding (occupying site of 4Mg1Ni). In mixed phases of nanostructured Mg2Ni and amorphous MgNi, the CH changes from 1.6 to 2.2 mass% depending on the volume fraction of grain interior, GBs of Mg2Ni, and amorphous MgNi. In addition, nanostructured MgNi2 contains small CH of 0.5 mass% though regular crystalline phases cannot absorb hydrogen at all.
Laves phase (Mg0.5Y0.5)Ni2
       Nanostructured and cast (Mg0.5Y0.5)Ni2 compounds with the form of powders and pellets are prepared from mixed powders of MgNi2 and YNi2, respectively, using mechanical milling and casting methods. From the XRD analysis, (Mg0.5Y0.5)Ni2 has C15b (AuBe5) type Laves structure, as schematically drawn in Fig. 2. Hydrogen-induced amorphization is found not to take place unlike conventional C15b type Laves phase. The important point is that while the nanostructured and cast (Mg0.5Y0.5)Ni2 have the same CH of 1.1 mass%, the cast compound shows a lower dehydriding temperature (313 K) than the nanostructured one (400 K). It is speculated that the density of GB would not affect the CH because the C15b type Laves structure have many tetrahedral 1Mg1Y2Ni sites for hydrogen occupation. Disordered structure in the nanostructured compound allows the formation of more stable hydrides, giving a rise to increasing the dehydriding temperature.

Nanostructured Graphite

       The value of CH in nanostructured graphite powders increases with increasing milling time and reaches 7.4 mass% (CH0.95) after 80 h milling. Since the dependence of CH on the milling time is not consistent with that of the surface specific area, the inside of the nanostructured graphite is considered to trap the major part of hydrogen. It is found that the chemisorption of hydrogen dominates during the in-situ nanostructuring/hydriding process. Thermal desorption mass-spectroscopy (TDS) of the nanostructured graphite reveals two desorption peaks of hydrogen, starting at about 600 and 950 K. From a combined analysis of TDS and thermogravimetry, it is shown that 6 mass% of hydrogen (80 % of the total CH) is desorbed at the lower temperature as a mixture of pure hydrogen and hydrocarbons. The remainder is released at the higher temperature where recrystallization-related desorption occurs. These results suggest that nanostructured graphite retains its specific defected structure composed of mainly carbon dangling bonds as trapping sites. It is proposed that hydrogen is weakly trapped at defects between the graphite planes and strongly at the edge of graphite sheet. 

       The maximum CH absorbed during the milling unexpectedly decreases with increasing hydrogen pressure. This is attributed to a decrease in CH chemisorbed during high hydrogen pressure milling, which overwhelms a slight increase in physisorbed CH. XRD and Roman spectroscopy analysis indicate that increasing the hydrogen pressure suppresses the formation of defects. Under high hydrogen pressure, it appears that the dangling bonds are readily passivated and the tapping sites near the surface are rapidly occupied. Therefore, decreasing the defect density with increasing hydrogen pressure suppresses the hydrogen chemisorption. From this work, it is evident that milling under high hydrogen pressure is favorable to the reversible adsorption-desorption of hydrogen.

2. Background
       World Energy Network project funded by the New Energy and Industrial Technology Development Organization (NEDO) has proposed that hydrogen storage materials are required to possess the maximum CH of 3 mass% and a reaction temperature below 373 K. Although nano-tubes are considered as likely candidate materials for hydrogen storage, the hydriding behavior has been found inconsistent.

3. Assessment
      A systematic study of Prof. Fujii and Orimo on nanostructured Mg-Ni alloys and graphite has clearly demonstrated that structure defects and GBs play a key role in accommodating a large amount of hydrogen. These results provide a reason for inconsistent hydriding behavior observed in various nano-tubes prepared by different processing methods. While nanostructured Mg-Ni alloys and graphite reveal excellent capacity to absorb hydrogen, optimizing the hydriding and dehydriding behavior, which have mutually inverse effects, has not yet been accomplished for the practical application although the Laves phase have a potential to meet the requirement for hydrogen storage. 
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Table 1 Summary of hydride and dehydriding temperature

 in nanostructured Mg-Ni alloys and graphite

	
	Grain size

(nm)
	Hydride

(H: mass%) 
	Dehydriding temperature (K)

	Mg
	-
	MgH2 (7.6)
	600

	Mg2Ni (grain interior)
	-
	Mg2NiH0.3 (0.3)
	-

	Mg2Ni (GB)
	-
	Mg2NiH4 (3.6) 
	520-570

	Nanostructured Mg2Ni
	10-20
	Mg2NiH1.8 (1.6)

85% of H at GB
	440

	Amorphous MgNi
	none
	MgNiH1.9 (2.2) 
	373

	MgNi2
	> 105
	none 
	-

	Nanostructured MgNi2
	20
	MgNi2H0.7 (0.5) 
	-

	Cast: Laves 

(Mg0.5Y0.5)Ni2
	> 105
	(Mg0.5Y0.5)Ni2H1.8

(1.1)
	313

	Nanostructured: Laves 

(Mg0.5Y0.5)Ni2
	6-8
	(Mg0.5Y0.5)Ni2H1.8

(1.1)
	400

	Nanostructured

graphite
	< 4
	CH0.95
(7.4)
	600 
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Fig.1. Phase diagram of Mg-Ni system
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Fig. 2. Structure of Laves phase of (Mg0.5Y0.5)Ni2
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