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Abstract

The results of the mechano-chemical synthesis of hydrides by controlled reactive mechanical alloying/milling (CRMA/CRMM) of Mg,
2Mg—Fe, 2Mg-Co, 3Mg-Co, 3Mg—Mn and Mg—2B systems under hydrogen in the magneto-mill Uni-Ball-Mill 5, are discussed. Mostly
nanocrystalline hydrides have been synthesized in all the above systems mdhilerystalline (possiblyamorphous) hydrides have also been
synthesized in the 2Mg-Fe system. Double DSC hydrogen desorption peak is observed for a singlkeNdpEsehydride and a single
desorption peak is observed for a duplex hydrigev{gH, + Mg,FeH;). The effects of initial nanograin (crystallite) size (after synthesis by
CRMA) and alloy composition on the DSC hydrogen desorption temperat@evigH, and MgFeH; are presented.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction chemical methods or by sintering at high temperatures
under high hydrogen pressure. The principal synthesis
The key roadblock to the widespread use of hydrogen asmethod in our on-going program is the mechano-chemical
a renewable fuel on-board of passenger vehicles is hydrogersynthesis in a solid state by controlled reactive mechanical
storagg[1] and the highest potential has the solid hydrogen alloying/milling (CRMA/CRMM) under hydrogen in the
storage in complex hydridg®]. In the first phase of our  magneto-mill Uni-Ball-Mill 5 (A.O.C. Scientific Engineer-
on-going research program aanostructured materials for ing Pty Ltd., Australia). CRMA is a one-step method in which
hydrogen storage we have focused on the complex hydridesthe hydride synthesis accompanied myiostructurization
based on abundant and inexpensive Mg metal. In the of phases occurs in due course of milling facilitating in-situ
systems 2Mg-Fe, 2Mg-Co, 3Mg—Mn, Mg—2Al and Mg—-2B formation of nanocrystalline (hanostructured) hydrifiéls
the complex hydrides such as bpHs [3], Mg2CoHs There are a couple of clear advantages of CRMA/CRMM:
[4], MgzsMnH7 [5], Mg(AlH4)2 [6,7] and Mg(BH), [8], (a) the required initial activation and hydrogenation after
respectively, have been already synthesized by mostly wetconventional mechanical alloying/milling (MA/MM) in a
two-step synthesis can be avoided reducing the cost, and (b)
it is possible to “composite” Mg-based complex hydrides
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Fig. 1. A future vision of commercial manufacturing of hydrides for solid state hydrogen storage by reactive mechanical alloying under hydrogen and t
cycling which in effect will eliminate costly hydrogen infrastructure from the refuelling stations for fuel cell powered automobiles.

complex hydrides such as, for example, LiBILO], to 3. Results and discussion
produce less expensivenocomposite complex hydrides
with possibly reduced desorption temperature and more Fig. 2ashowsthe XRD pattern of the 2Mg—Fe mixture sub-
rapid desorption kinetics. Furthermore, our vision for the jected to CRMA under hydrogen for 59 h undew-energy
future is that the widespread commercialization of reactive shearing mode[13]. Only the peaks of retained unreacted
mechanical alloying/milling under hydrogen to manufacture Fe are observed while no peaks of crystalline hydrides are
hydrides could essentially eliminate the requirement of costly detected although after shorter milling time of this powder
hydrogen infrastructure at the refuelling stations for fuel cell the 3-MgHzhydride was indeed presefit3]. Four samples
powered automobiles as schematically showRigq 1 of powders reactively milled for 59 h undé@rearing clearly
In this paper we will present results, some of them desorbed hydrogen in DSC test as evidenceHign 2b by
rather puzzling, which we have recently obtained during deep endothermic peaks, within the temperature range of
CRMA/CRMM attempts to synthesize the Mg-based binary ~321-329C. The B amount from TGA test was estimated
and complex hydrides. Formation @bn-crystalline (possi- at~2.5wt.%. Additional TPD tegfi4] confirmed the desorp-
bly amorphous) hydrides in the 2Mg—Fe system and their tion of ~3.8 wt.% hydrogen at-306°C (Fig. 2c). Another
thermal hydrogen desorption will also be presented. Someexample of a similar behavior for a powder mixture processed
puzzling phenomena such as DSC peak doublets will be pre-underiow-energy impact (IMP1) mode is shown ifig. 3. The
sented and discussed. The effect of nanograin (crystallite) XRD pattern inFig. 3a of the mixture 2Mg—Fe subjected to
size and alloy composition on the hydrogen desorption tem- CRMA for 210 h shows the presence of retained unreacted
perature o3-MgH» and MgFeHs will also be critically as- Fe and a small amount of MgO but no crystalline hydrides
sessed. are presentFig. 3 shows a single DSC endothermic hy-
drogen desorption peak. The ldmount from TGA test was
estimated at-2.0 wt.%. Since no crystalline hydrides are de-
2. Experimental tected by XRD Figs. 2 and Bbut quite a substantial amount
of hydrogen has been released from both powdeigs( 2
Elemental powders of pure Mg and pure Fe, Co, Mn and 3, it must be concluded that in both cases the hydrogen
and B were mixed in the appropriate stoichiometric com- must have been released fromwi-crystalline (amorphous)
positions and subjected to controlled reactive mechanical hydrides. However, the exact nature of these hydrides still
alloying/milling (CRMA/CRMM) in the magneto-mill, remains elusive.
Uni-Ball-Mill 5 (A.O.C. Scientific Engineering Pty Ltd., Fig. 4a shows the XRD pattern of a mixture of nanos-
Australia), under elemental milling modes suctsksiring tructured duplex hydride (MdreHs+ B-MgH>) synthesized
and impact. More extensive details of milling procedures after CRMA for 100 h undetiigh-energy impact (IMP2)
can be found in a number of Refd.1-15] Morphological mode[15]. However, despite the presence of two dissimilar
and microstructural examination of powders was conducted hydrides, the DSC curve shows only a perfectly symmetri-
using high-resolution, field emission SEM (FE SEM) cal single endothermic peak with the maximum-&t75°C
LEO 1530 equipped with integrated EDAX Pegasus 1200 (Fig. 4b). TGA gave~2.4wt.% of desorbed hydroggh5].
EDS/OIM and X-ray diffractiorf11-15] Thermal behavior Itis not clear why only a single DSC peak is observed for hy-
was investigated by DSC, TGM3-15] and temperature  drogen desorption from a mixture of two dissimilar hydride
programmed desorption (TP[)4,15] species.
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28 wLP Hy Fig. 3. (a) XRD pattern of 2Mg—Fe mixture subjected to CRMA under hy-

drogen for 210 h under low-energy impact mode. (b) DSC curve with an
endothermic peak of hydrogen desorption. Adopted ffb4j.

as-milled powder with clear peaks p{MgH, and the XRD
patterns of heated powders. Some remigaMgHs> is still
, : . . i . : , present after heating to 378 but it completely decomposes
200 300 400 500 600 700 800 900 1000 at 500°C. Apparenﬂy, a Sing|e-pha§§ngH2decomposed
TK by a peculiar two-step mechanism which is reported here for

Fia.2. Behavior of the 2Ma_Fe mixt biected to CRMA under hvd the first time. At the moment only a speculative mechanism
1g. 2. benaviororthe g—Fe mixture supjecteato under nydrogen
for 59 h under low-energy shearing mode. (a) XRD pattern without any peaks can be put forward to account for the observed peak doublet.

of crystalline hydrides, (b) DSC desorption of hydrogen for four powder 1he large intensity of the MgO XRD peaks ig. S
samples and (c) TPD desorption peak-&.8 wt.%H at~306°C. Adopted indicates that some oxidation have occurred to form an MgO
from [13]. barrier on portions of th@-MgH» particles (i.e. perhaps
smaller size ones). The oxidation might have inhibited
Fig. 5a shows DSC curve of a single-phageMgH> hydrogen release from this fraction of particles during DSC
hydride synthesized by CRMM undgigh-energy shearing test until either cracking or permeation of the surface oxides
mode of pure Mg under hydrogen for 150h. A double had occurred at higher temperature of desorption. However,
endothermic peak of desorption, split into individual peaks whether or not the oxidation of MgHto form MgO is a
at 354 and 382C, is observed. To analyze the origin of a feasible mechanism remains to be seen.
double peak two DSC runs were stopped at 373 and600 Fig. 6a shows the DSC hydrogen desorption peak
i.e. above the lower- and higher-temperature peak at 354temperatures plotted as a function of the initial nanograin
and 382C, respectivelyFig. 5o shows the XRD pattern of  (crystallite) size of binary Mghl after synthesis by CRMA
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Fig. 5. (a) DSC curve of Mg—H powder after controlled reactive mechani-
cal milling (CRMM) for 150 h under high-energy shearing mode. (b) XRD
patterns of Mg—H powder after CRMM for 150 h and after stopping DSC
run at 373 and 500C.

Fig. 4. (a) XRD pattern of 2Mg—Fe elemental mixture subjected to 100 h of
CRMA under hydrogen under high-energy impact mode. (b) DSC curve of
the same mixture. Adopted froffh5].

in various powder mixtures. The DSC desorption peak y-MgH» and partial of-MgH2 whereas a higher temper-
temperature of3-MgH2 and the mixture of §-MgH>+ - ature peak is attributed to the desorption from the remnant
MgH>) found in the 2Mg—Fe, 2Mg-Co, 3Mg—Co, 3Mg—-Mn  3-MgH2 [17].

and Mg—-2B systems after CRMA shows no systematic de-  Similarly to the behavior of Mghl the DSC hydrogen
pendence on nanograin (crystallite) sizeBeMgH, within desorption peak temperature of the nanostructured ternary
the investigated size range 2—-21 nrig(, 6a). However, the ~ complex hydride MgFeHs and the duplex mixture p¢
upper bound and lower bound of DSC peak temperaturesMgH» + MgaFeHs), synthesized in a number of differently

is limited by Mg-2B and 2Mg-Fe systems, respectively, milled Mg—Fe and 2Mg-Fe mixturefl4,15] does not
indicating a strong alloying element effeétig. 6a). It must seem to depend on the initial nanograin (crystallite) size of
be clarified that in the 2Mg—Co, 3Mg—Co and 3Mg—Mn mix- Mg,FeHs (within the investigated range 2—-8 nnBig. 6b).
tures subjected to CRMA undéw-energy shearing mode In addition, no correlation of desorption temperature with
only equilibrium B-MgH> has been synthesizefd6,17] Mg2FeH; existing as either a single-phase hydride or a du-
whereas undéfigh-energy shearing andlow-energy impact plex (3-MgH> + MgzFeHs) hydride is observed iifrig. €b.
modes two allotropic forms of Mg equilibrium B-MgH> Interestingly, most of the recorded desorption temperatures
and metastablg-MgH- [18,19] (designated b-Mgbland g- for this nanostructured system are much lower than°800
MgH2 inthe legend té-ig. 6, respectively), have been synthe- although a few data points are over 3@(Fig. 6b). A sub-
sized[17]. However, no ternary complex hydrides pMgpHs stantial difference between the desorption temperatures of
and MgMnH+7 have beenformefd 6,17] The DSC curvesof  differently milled powders irFig. 60 seems to demonstrate
the milled powders containin@{MgH2+ y-MgH>) showed that there may be other factors strongly affecting the DSC
an endothermic double peak (doublet) in which a lower hydrogen desorption temperature than just the initial crystal-
temperature peak is attributed to the total decomposition of lite size of Mg FeHs hydride. Possibly, one of those factors
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600 peak for hydrogen desorption. The highest and lowest DSC
B 55 MeH, O desorption peak temperature bound for Mgit€sorption is
; 500 observed for the Mg—2B and 2Mg—Fe system, respectively,
g which demonstrates a strong effect of alloying element.
_";: 4501 - There is no systematic dependence of DSC hydrogen desorp-
20 tion peak temperature on the initial nanograin (crystallite)
é,__ - i size of bothB-MgH> and MgFeHs hydrides.
_é 3004
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