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Abstract

The cycle durability of Ca—Mg—Ni hydrogen storage alloys, which are investigated in the Japanese national project (International Clean
Energy Network), WE-NET, was examined using pure(B9.99999%). The tested alloys were,@MgossY 0.00Ni1g6 (Cubic MgCu-type
structure), CassMgo.4sNiz (thombohedral PuNitype) and CgsMgosNi> (MgCu-type). Although initially the ‘dynamic’ hydrogen storage
capacities were H/M-0.7, they decreased steeply within a few cycles, and then they declined gradually. At around 400th cycle, they decreased
to nearly half of the maximum capacities regardless of crystal structures and compositions of the tested alloys. However, their ‘equilibrium’
capacities did not decrease as the ‘dynamic’ ones with progress of hydrogen sorption. As for the bulk, not serious disproportionation but
pulverization and lattice expansion were observed by X-ray diffractometry (XRD) and microscopic analyses. The expansion indicated that
some amounts of hydrogen remained in the lattice cells. It was considered that pulverization of the alloy particles and amorphous shell formed
on the surface prevented the alloys from smooth hydrogen sorption, and which led to the decrease of the ‘dynamic’ hydrogen storage capacities
without that of the ‘equilibrium’ ones in the cycle tests.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction to either mobile or stationary facilities, a hydrogen storage
material having an effective hydrogen absorbing capacity of
In Japan, the International Clean Energy Network using 3wt.% or more, a hydrogen release temperature of 373K or
hydrogen, what we call, the WE-NET project has been lower, and a storage capacity after 5000 cycles of 90% or
carried out by the New Energy and Industrial Technology more of the initial value, is developed since 199614,16]
Development Organization (NEDO) and its cooperative or- In the 2001 financial year, the numerical targets for hydro-
ganizations since 1993-15] The WE-NET is alarge-scale  gen storage materials in this project were amended recently
project which will provide a solution to the global dilemma so that capacity is 5wt.% and the temperature is 423K in
of producing and utilizing energy while simultaneously pre- order to apply to vehiclegl7]. Various kinds of hydrogen
serving the environment. One of the important purposes for storage media such as alloys, carbonaceous materials and
research and development in the project is to aim at short-complex materials have been investigated for distributed
or mid-term realization of introducing hydrogen energy into storage and transportation. In a progress of the WE-NET
society. Hydrogen absorbing materials have been expectedroject, some new and expectable materials such as Ca—Mg-,
to be promising storage media. To aim at an application V- and Ti—Cr-based alloys were found out as promising the
hydrogen storage alloys and hydrogenation properties were
mspondmg author. Tels81.72-751-9651: investigated. However, durability has hard_ly been concern_ed
fax: +81-72-751-9629. very much although an absorbing capacity and a releasing
E-mail address: tanaka.hide@aist.go.jp (H. Tanaka). temperature were emphasized in the investigations hitherto.
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Mg and Ca which are main components of Ca—Mg-based Inthis work, C& 25Mdo.66Y 0.09Ni1.86 [28], Cap.5Mgo sNi2
alloys have small densities (Mg: 1.74 gRra: 1.55 g/crf) [29] and C@s55Mgo.45Nisz [30,31] alloys are chosen from
and they show excellent affinities for hydrogen and form the Ca—Mg—Ni alloys and investigated concerning their
hydrides, MgH and CaH, easily. However, these hydrides hydrogenation properties through static and dynamic mea-
are too stable to be applied to practical use. Some Mg- surements. In addition, the alloys were investigated closely
and Ca-based binary alloys with Ni such as 4MNg [18] on bulk and surface states in order to ascertain the fac-
and CaNg [19] are less stable hydride phases and they tors which cause change of properties with repetition of
are well-known hydrogen storage alloys. According to the hydrogenation and dehydrogenation cycles.

Mg—Ni [20], Ca—Ni[21], and Mg—-C4d22] binary phase di-

agrams, MgNi, CaNp, CaNg, CaNi7, and CaMg inter-

metallic compounds exist as other equilibrium phases be-2. Experimental

sides the above two phases. But, although they can com-

bine with large amount of hydrogen, the compounds are 2.1. Sample preparation

unsuitable for practical use because they form very stable

hydrides or no hydrides. In addition, the hydrogenations The Ca 25Mdo.s6Y 0.00Ni1.86 Sample alloy was prepared
are irreversible usually owing to disproportionation and so by radio frequency induced melting and annealing at 1123 K
on. There are even no available phase diagrf28} as for 24 h. The CasMgpsNiz alloy was synthesized as fol-
to the Ca—Mg-Ni ternary system. Thus, the alloys except lows: (1) sintering a preliminary pellet which consists of
some pseudobinary Ca—Mg—Ni alloys were never investi- ready-made CalNj Mg and Ni powders at 1073K for 2h
gated much. in an Ar (purity: 99.995% up) atmosphere of 0.7 MPa, (2)

We have investigated the Ca—Mg-Ni systems in the crushing it, (3) re-pelletizing and sintering at 1173K for
WE-NET project for several years and found out some 2h in the same atmosphere. TheogdVgo4sNisz alloy
new type of hydrogen storage materifld,15,24,25] Fur- was synthesized by sintering from mixture of the above
ther, we discovered that it is sometimes effective to add CaysMgosNi2, Mg and Ni through the same thermal his-
rare-earth elements into the Ca—Mg-Ni alloy in order to tory as sintering of the above g&VggsNi».
improve hydrogenation properties and structural stability
[26—28] However, as for cycle durability of the Ca—Mg—Ni  2.2. Cycle test
hydrogen storage alloys, the durability has been also consid-
ered to be unsuitable in practice derivatively from marked The cycle tests and the measurements of the pressure-
disproportionation often observed in some Ca—Mg, Mg—Ni composition P-C) isotherms were carried out by use of an
and Ca—Ni binary and pseudobinary alloys although there MH durability experimental system (manufactured by Japan
is little experimental information on the cycle durability. Steel Works Co.) illustrated iRig. 1L The sample autoclave
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Fig. 1. Schematic figure of the MH durability testing system.
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isotherm measurements or initial activation treatments were
2 also counted as testing cycle numbers.

2.3. Analysis

The constituent phases and crystal structure of the original
and tested sample alloys were identified by powder X-ray
diffractometry (XRD: RINT2008 by Rigaku Co., Ltd.) by
using Cu kx X-ray. The tested samples were taken out from
the autoclave in a glove box filled with Ar atmosphere of

i I 0.1 MPa. The samples were mixed with liquid paraffin in
Cu vessel —t 1 — '_ order to prevent them from oxidization during measurement.
T e i The tested alloys were heated at 423K for a few hours in
A~ Thermocouple the glove box before the XRD measurement.

Deformation such as microcracks and cleavage in the sam-

Sample ple powders before and after the tests was observed by a
powder scanning electron microscope (SEM: JSM-630 by JEOL
Ltd.). The data observed by SEM were compared with re-
Front view sults from a laser diffraction particle size analyzer (PSA:

Wire:spring SALD-2000° by Simadzu Coop.). When the particle size
) was measured by PSA, the sample powders were mixed
Cross section with a solution consisting of glycerin and ethanol, because

Fig. 2. Schematic diagrams of the sample autoclave for the series of the they react on any water-based solvents which are used usu-

cycle tests. aIIy. Additionally, the C@_25Mgo_66Y0~09Ni1_86 sample par-
ticles before and after the tests were observed microscop-
ically with a high resolution transmission electron micro-

is illustrated inFig. 2 The autoclave can be separated from Scope (HR-TEM: H-9000NA by Hitachi Ltd.) in order to

the system owing to a ball valve without exposing the sam- characterize each structure.

ple to air. The recorded temperature is that of the samples

themselves because the tip of the thermocouple was stuck

into the sample powder in the autoclave as showfiin 2 3. Results and discussion

The testing conditions of the cycle test are showmable 1

The durations were determined in consideration of the  Fig. 3shows the degradation curves forgGeVigo 66Y 0.09
time when stationary state ofsHpressure in the sample  Nizgs, CasMgosNiz and CassMdo.asNis. Regardless of
autoclave is indicated. Namely, equilibrium of hydrogena- the alloys’ compositions, the dynamic hydrogen storage ca-
tion/dehydrogenation was not considered here. The cyclepacities decrease to half of the maximum capacity at around
tests were continued until the dynamic hydrogen storage ca-the 400th cycle. Through several cycles at the beginning,
pacities fall off to half of the maximum capacity recorded the dynamic capacities show a maximum, and then decline
in the beginning of the testing process. exponentially.

TheP-C isotherms were measured at 293, 313, and 353K Fig. 4(a) to (c)show the change oP-C isotherms for
after evacuation at 353K in order to examine changes of the alloys at 313K with cycle progress. It is perceived that
the equilibrium properties of the samples immediately af- the plateaus on the curves get steeper with increase of the
ter initial-activation (after a few cycles of it, exactly), af-
ter 100th and 300th cycle and just before finishing of the 10
cycle tests. Here, the number of the cycles for eitheC

| CaoasMeossYoooliiss, 0

Dynamic hydrogen capacity, H/M

Table 1 05 Pz
Testing conditions 04 [t ¢

03 -
Gas purity (%) 99.99999 05 AN i
Absorbing duration (min) 30 04 §~an "‘:"’ sNiz
Desorbing duration (min) 30 00 ; ; H H i
Absorbing pressure (MPa) 3 ] S0 100 150 200 250 300 350 400
Desorbing pressure (MPa) 0 (evacuated) Cycle number, N feycle
Room temperature (K) 299 . ) . .
Sample temperature (K) 313 Fig. 3. Cycle degradation properties for ¢38MdoeeY 0.09Ni1 86,

CasMgosNiz, and CassMgo.asNis.
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Fig. 6. X-ray diffraction profiles of GgsMgos6Y0.00Ni1.86 before and
after the series of the cycle test: (a) before the test, (b) as taken-out after 10 80 90 100 110 120
396 cycles, and (c) evacuated at 423K for 2 h. Diffraction angle 20/ deg.

Fig. 7. X-ray diffraction profiles of Cg&MgosNi, before and after the

cycle number and the amounts of hoarded hydrogen increaseseries of the cycle test: (a) before the test, (b) as taken-out after 403
gradually. cycles, and (c) evacuated at 423K for 2 h.

Fig. 5(a) to (c)show the relationship between equilib-
rium hydrogen storage capacities at 4 MPa and the cy-in a hot B atmospherg31]. It is considered that this alloy
cle numbers for CgpsMdosesY 0.09Ni1.86, CansMgosNiz was affected more especially by the hoarded or surrounding
and Ca@s55Mgo.45Niz. ComparingFig. 5 with Fig. 3 the hydrogen than the others when it was heated at 353K be-
‘dynamic’ hydrogen storage capacities from cycle tests are fore theP-C isotherms measurements and/or instantaneous
smaller than the ‘equilibrium’ ones from thie-C isotherms heating at hydrogenation during the cycle test process. It
for all three alloys. The hydrogen storage capacities seemmeans that this alloy is less stable for hydrogen than the
small because equilibrium states were not achieved within others and it is not so much worth investigating. Hereafter,
30 min. On the other hand, the equilibrium capacities hardly it will be excluded from this study.
decrease although the dynamic ones decrease gradually. Figs. 8(a), (b) and 9(a3how the scanning electron mi-

Fig. 6shows the X-ray diffraction profiles for GasMgo 66 croscope images and the differential particle size distribu-
Yo0.09Ni1 86 before and after the cycle test. Not dispropor- tion for Ca 25Mgo.66Y 0.09Ni1.86 powder before and after the
tionation but degradation of crystallinity is observed from cycle test. The GgsMdossY 0.09Ni1.86 powder was sifted
the tested sample as shownFRig. 6(b) and (c) The lattice into the size from 75 to 15@m by use of Japanese indus-
seems to become amorphous or nano-crystalline structure irtrial standard (JIS) sieves before the cycle test. There are
Fig. 6(c) Fig. 6(c)shows that a little expanding intermetal- observed numerous pores not cracks in the particles before
lic compound phase and a hydride phase coexist even aftetthe test. However, we can see a lot of cracks not the pores
the tested sample was heated at 423K for 2 h. The latticein the tested particles. It is suggested that the pores may
volumes of Cg2sMdgoesYo0.00Ni1gs before and after the  be the starting point of cracks and disappear gradually. The
series of tests wer€ = 0.33981 and 0.34105 ninrespec- median diameter of the powder which was introduced by
tively. The cell showed isotropic expansion with keeping granular fracture through volume expansion and reduction
the cubic MgCuy-type structure. That, is, the cell volume during the cycle test was 22.984n. Figs. 8(c), (d) and 9(b)
expanded by+0.37%. This amount of expansion corre- show the SEM images and the differential particle size dis-
sponds to that of hoarded hydrogen in the lattice cell. As tribution for Ca sMgosNiz before and after the cycle test.
shown inFig. 7, Cay5MgpsNi2 did not give disproportion-  Virgin powder was flaky and had a coherent structure be-
ation but degradation of crystallinity after the test as well cause it was prepared by a sintering process from a few kinds
as the Ca2sMgoseYo0.09Ni1gs although they were syn-  of raw material powders. This powder was also crushed and
thesized with different processes. Both ofgGllgosNi2 sifted by use of the JIS sieves before the test as well as
before and after test show a cubic Mg&Ewype structure. Ca.25Mgo.e6Y 0.09Ni1.86. Although distribution of the par-
The lattice volumes of the former and the latter were ticle size was divided into a few gradations in the initial
V = 0.33649 and 0.34958 "t This stands for-3.9% ex- state, finally it was gathered around only one peak. Median
pansion. CgssMgo.4sNis with a rhombohedral Pulitype diameter decreased from 43.377 to 21.994. The tested
structure was determined as = 0.3415nn¥. It showed particles showed flatter surfaces than the virgin ones. As a
remarkable degradation with increase of cycle number. In result of PSA for the sample alloy particles, pulverization
fact, theP—C isotherms for only this alloy showed a remark- was observed from one hundred odd micrometers to about
able change. It is known that this alloy is disproportionated 20um.
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Fig. 10(a) and (b)show the TEM images and the se-
lected area diffraction patterns of £&Mdo.esY 0.09Ni1.86
before the cycle test. Surface area is crystalline and habit
plane{11 1} crops out. The diffraction pattern shows coex-
istence of amorphous structure and the crystalline structure.
Fig. 10(c) and (dshow those degraded after the cycle test.
Crystalline structure is covered with amorphous shell and
the rugged surface as observed in (a) is not formed. Amor-
phous structure was observed in either (b) or (d), but the
diffraction ring from the degraded particle is clearly broader
than that from the virgin particle. In addition, we observe
a certain disproportionation during the cycle test because
there are quite different diffraction spots kig. 10(d) On
the other hand, dislocation is also observed at the lower left
part of the image. It is considered that it is induced during
the cycle because it is not observed in the image before the
test.

The dynamic hydrogen storage capacities of £5819o.66
Yo.09Ni1.86, CapsMgosNiz, and CassMgo.4sNiz showed
very similar degradation curves. On the contrary, the equi-
librium capacities did not degrade so much as the dynamic
ones. This tendency was common for all sample alloys

Fig. 10. High resolution transmission electron microscopic images and selected area diffraction patterns gbdhEd@EaY 0.09Ni1.86 particles before
and after the cycle tests: (a) and (b) show morphology and pattern before the test, (c) and (d) show those after the test.
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regardless of differences in composition, crystal structure, acteristics of these alloys will be investigated more detailed
and preparing method, which means that hydrogen mo-in a succeeding project.

bility is an important factor for the cycle durability. It is

considered that the capacity degradation was inconspic-

uous because the equilibrium capacity is independent of Acknowledgements

the sorbing duration. However, the dynamic capacity de-
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ses with a microscopic viewpoint, these phenomena arediscussion thereof), Mrs. K. Hamaguchi (AIST, SEM oper-
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