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Abstract

Nanocrystalline Mg;Al;NisMns—H was prepared by reactive mechanical milling (RMM) in hydrogen atmosphere. It was found that
the amount of the hydride (mainy-MgH;) formed during RMM increases in the first 15 h and then reaches an almost constant value of
about 34 wt.% (46 vol.%). The thermal stability of the hydride (28D and the enthalpy of H-desorption (55 kJ/mal) Hletermined are
lower than those corresponding to conventional polycrystalline Mag-vell as to nanocrystalline Mghdvith different transition metal and
transition metal oxide catalysts. The first dehydriding reaction of thgzMgNizMn3 hydrides with different particles size was investigated.

The finer particle fractions contain essentially a larger amount of Milen the coarser ones, as the thickness of the hydride layer was
estimated to be approximately the same for all particles, abpum.2This value was found to be close to the critical thickness of the
impermeable hydride layer formed under the experimental conditions of RMM applied in the present study. Isothermal kinetics analysis
reveals that the first dehydriding reaction after mechanical grinding in hydrogen atmosphere is surface controlled. In the advanced stag
of the dehydriding process diffusion controlled hydrogen desorption was detected. An interface controlled growth model was found to
describe some of the kinetics curves, as well. Activation energies of dehydriding of 100-115 kJ/mol were obtained for the nanocrystalline
Mgs-Al7NizMnz—H,.
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1. Introduction of Mg. Excellent H-sorption kinetics of nanocrystalline Mg
plus NlpOs catalyst at temperatures about Z@lower than
In the last years, Mg and its alloys have attracted huge the temperature of dissociation of conventional Mgkkre
interest as hydrogen storage materials. The slow H-sorptionobtained.
kinetics of the Mg alloys and the high dissociation temper-  In our previous studied 0,11]nanocrystalline and nano-
ature of Mgh, however, limit their practical application. /amorphous MgoMg 1Ni (M = Ti, Zr, V) alloys were syn-
A number of efforts have been made in order to achieve thesized by mechanical alloying (MA) and by MA followed
better H-storage performance of Mg alloys, both from the by annealing. The ball milling and heat treatment conditions
gas-phas§l—-3] and electrochemicallj4,5]. Bormann et al. for obtaining amorphous or nanocrystalline alloys were opti-
[6-9] studied the effect of different catalysts on the hydro- mised for different alloy compositions. The nano-/amorphous
gen sorption reaction and showed clearly the high efficiency Mg1.9Mg 1Ni (M = Ti, Zr, V) alloys produced by continuous
of transition metal oxides as catalyst for hydrogen sorption milling reveal improved H-sorption kinetics compared to the
nanocrystalline MgNi [10]. Additional knowledge on the
* Corresponding author. H-sorption kinetics in different Mg alloys is important to un-
E-mail addresstspassov@chem.uni-sofia.bg (T. Spassov). derstand the mechanism of improving the hydrogen storage
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properties by changing the composition and microstructure can be detectediig. 1b. SEM of the finest fraction studied

of the Mg alloys.
The slow hydrogen diffusion in Mg and Mg alloys is

(<5wm) is presented ifrig. 1c.
During reactive mechanical milling in a hydrogen atmo-

known to be the key factor for the unsatisfactory H-sorption sphere of Mg (87 at.%)—Al(7%)—Ni(3%)—-Mn(3%), the mi-
kinetics in these materials. Creating defects and microcrackscrostructure and the phase composition of the powder change
on the surface of the particles and reducing the particle size ofwith the milling time,Fig. 2 The main phases, obtained after
Mg (or MgHy) by reactive mechanical milling (RMM) lead 15h RMM, are Mgh, Mg, Mn, Ni; Al is most probably dis-
to a shortening of the diffusion distances of the H atoms and solved into Mg. From the XRD patternshig. 2, using a full
thus to a strong improvement of the sorption kinetics in Mg profile fitting procedure based on the Rietveld method, the
alloys. grain size and the phase content were determined. The alloy

The main aim of the present work is to study the influ- milled for 15 h, which is the subject of a systematic hydro-
ence of the particle size on the H-desorption process (firstgen desorption study, reveals a nanocrystalline microstruc-
dehydriding process after reactive mechanical grinding) of ture, with an average nanocrystal size of about 8 nm and about
Mgs7NizAl7Mn3—H,, that was mechanically alloyed ina hy- 34 wt.% MgH,. This nanocrystal size does not change during
drogen atmosphere. The role of the nanocrystal size on thesubsequent milling. A negligibly small difference in the mean
H-desorption kinetics was also investigated. size of the nanocrystals of the two particles size-fractions,
about 9-10 nm for the coarse (25463 ) and 7—8 nm for the
fine (5—-15.m) fraction, was detected.

Thermogravimetric (TG) analysis of the 15 h milled pow-
der (not sieved)Fig. 3, gives a total hydrogen amount of

Pure elemental powders of magnesium, nickel, aluminum, 2.45wt.%, which means that RMM for 15 h under the con-
and manganese have been used as starting materials. The balitions applied in this study leads to partial hydrogenation
milling was performed with a planetary ball mill (Fritsch P5) of the alloy, and confirms the result of the XRD quantitative
with a rotation speed of 300 rpm, ball to powder mass ratio analysis for the amount of the hydride formed. The evolu-
(B/P) of 15/1 under hydrogen gas atmosphere of 5atm. The tion of the amount of hydride as a function of the milling
samples were handled in a glove box under argon and thetime is shown inFig. 4. It was found that it depends on the
vials were sealed under argon atmosphere. Small amounts ofime of milling. After 15 h an almost constant value of about
the powder were taken from the mill at regular periods of 34 wt.% (46 vol.%) hydride was reached, which corresponds

2. Experimental part

time for morphological, structural and thermal analysis.

to 2.45wt.% hydrogen. Further milling under these condi-

The morphology and the microstructure were analyzed by tions leads to a small increase of the hydride amount, but the
scanning electron microscopy (JEOL 5510 SEM) and X-ray rate of the hydride formation markedly decreases.

diffraction (XRD) with Cu Ka radiation. Different particle
size factions were obtained by sieving the as-milled pow-
ders. The sizes of the particles were: @13 5pm; (2) 5 <d
<15pm; (3) 15 <d < 25um; (4) 25 <d < 63pm; and (5) 63

< d < 100um. Two fractions with essentially different size
(5<d<15um and 25 <d < 63um, named fine and coarse,

respectively) were selected for the systematic isothermal ki-

netics study.

The thermal behavior of the alloys was studied by ther-
mogravimetry (TG) and differential scanning calorimetry
(DSC), using a Perkin-Elmer TGS-2 and a Mettler dif-
ferential scanning calorimeter. The dehydriding kinetics of
the alloys after RMM were studied by TG under isother-
mal conditions in pure argon as well as in a hydrogen
atmosphere.

3. Results and discussion
SEM analysis of the powders after 15 h RMM reveals par-

ticles of different size in the range 1-An, Fig. 1a. A small
number of particles with a size between 60 and L60was

also observed. Onthe surface of the larger particles some con-

siderably smaller ones (4im) can be also seen, as well as
agglomerates, consisting of much smaller partictes{m)

Whereas conventional polycrystalline MgHecomposes
at temperatures above 400, for the alloy studied an essen-
tially lower temperature of hydrogen desorption (decomposi-
tion of MgHy) of about 230'C was obtained by TG and DSC.

A decrease of more than 16f the dissociation (dehydrid-
ing) temperature with the increase of the hydride content was
detected, which has to be associated with the different ther-
modynamic stability of the hydride formed at the different
stages of the RMM process. The thermogravimetric experi-
ments were made in pure argon atmosphere (with a low flow
rate of argon), therefore we can consider a high driving force
for the desorption process. TG analysis was also carried out
in a hydrogen atmosphere (1 atm) and was fount to confirm
the temperature of hydrogen desorption and the total amount
of hydrogen released, obtained during heating in an argon
atmosphere.

The DSC study reveals an enthalpy of dehydriding of
about 680 J/g alloy. Assigning this enthalpy to the amount
of the hydride in the alloy (determined by the TG) for the
enthalpy of the hydride decomposition, a value of about
55 kJ/mol H was obtained. This value is substantially lower
than the value for pure MgH(75 kd/mol k).

In order to study the influence of the particle size on the
dehydriding process TG analysis with a constant heating rate
of 5K/min was carried out with the different particle size
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Fig. 1. SEM photograph of the as-milled material (not sieved) (a); of agglomerates (b); and of the finest fraction, separated by sievipgmnwitleze5c).
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Fig. 4. Amount of hydride formed by RMM in hydrogen atmosphere as a
function of milling time.

fractions (5—-10@um), and the total hydrogen amount for each
fraction was determinedfig. 5. A slight lowering of the tem-
perature of H-desorption (about)swith the reduction of the

particles size was observed. A strong dependence of the hy
dride amount on the particle size was found, increasing from
about 0.5 to more than 4wt.%, when the particle size de-

creases from 100 tojom. The uncertainty of the value of the
hydrogen content determined for the finest fractigh (.m)

is greater, due to the agglomeration of the particles of this
size. The stronger surface oxidation of the finest size fraction
(despite the protective atmosphere used) presents addition
difficulties for the release of hydrogen during heating. Due to
the reasons mentioned, slightly larger size-fractions were se-

lected for the following isothermal desorption kinetics study.

Assuming an average particle size for a given size-fraction

(for example 2Qum for the fraction 15 < < 25um) and con-
sidering the data presentedrig. 5, the thickness of the hy-

dride layer on the surface of each particle could be roughly

estimated. The values are LB for the finer (5-1fm)
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and 2.0um for the coarser (25—-68m) fraction. Therefore
we can conclude that particles with diameter of aboutr2
would be fully hydrided under the conditions of the RMM
process in this study. Moreover, since the amount of the hy-
dride formed during RMM changes very little after 15 h of
milling it means that a compact hydride layer is formed and
only a small amount of new surfaces are created, which leads
to a decrease of the hydrogen capacity. An important conclu-
sion of this result is that producing powder with a particle
size of less than the thickness of the impermeable hydride
layer (~2 pm (2.0+ 0.3pm) in this case) would lead to full
hydrogen capacity of the material.

Isothermal thermogravimetric experiments have been car-
ried out in order to study the kinetics of the first dehydriding
(after RMM under hydrogen atmosphere) and to obtain in-
formation about the mechanism of the process. Two size fac-
tions (5-15um and 25-63um) have been selected and the
desorption has been studied at four different temperatures in
the range 220-300C, Fig. 6. Kinetic curves of the first de-
hydriding at different temperatures (in argon and hydrogen
gas atmosphergia = 1 atm, pn, = 1 atm) for the two size-
fractions in the coordinates “degree of transformatidgt)

versus timet”, Fig. 7, have been deduced from the experi-
mental curves irFig. 6. From the isothermal kinetic curves
a(t) it can be seen that although the smaller fraction desorbs
a larger amount of hydrogen for a fixed time than the bigger
fraction due to the larger surface area of the finer particles,
both fractions desorb hydrogen with similar desorption rate
Qda/dt) at each temperature studidtdg. 7.

A number of models have been applied to describe the hy-
dride decomposition kinetics; the first dehydriding reaction
after RMG in a hydrogen atmosphere. Different kinetic mod-
els, applied to the process studied, are discussed in a num-
ber of recent paperfl2—15] Morphological observations

of MgH» decompositions after partial dehydriding show the
metal component to be present on the exterior of the particles
[16]. This fact supports the shrinking core moflef] for the

—— coarse fraction (25 - 63um)
fine fraction (5 -15um)

wt.%

— T T T Tt T T T T
100 125 150 175 200

t, min

Fig. 5. Amount of H-desorbed vs. particle size (the points represent the Fig. 6. Experimental isotherms of two different size-factions at different

middle of the size interval of given fraction).

temperatures.
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1.0 density of defects on the surface of the particles, created by
(1] o - fine fraction the RMM.
0.8 ﬁ 300°C = - coarse fraction Isothermal TG analysis at 25€ with the coarser frac-
s _am-m 250°C tion was also carried out in a hydrogen atmosphere (1 atm).
] 5 /;/O~O'O‘O'o The H-desorption kinetics in this case (at lower driving force
0.6 ,6'/6/0/ compared to the experiment in Ar) are again best described
= 1 f /9/4P"d by a kinetic model including a surface controlled reaction. In
CR f . 240°C the advanced stage of the process, diffusion controlled growth
o o =" takes place. The initial H-desorption rate in a hydrogen at-
/ oo mosphere is similar to that in an argon atmosphere, which
0.2 - 220G is an indication that under these conditions the diffusion is
e “ 400808000 u—u—a A w—Rn not the rate determining process of the initial dehydriding
0.0 £ sl — . . for « < 0.6. From the above kinetics data the conclusion can
0 50 100 150 200 be drawn that the first dehydriding at all temperatures stud-
t, min ied starts with a surface controlled reaction and afterwards

switches to a diffusion controlled regime at the advanced

Fig. 7. Degree of transformation (fraction of Mglttansformed to Mg) vs.

_ == O ) _ stage of the process.
time, «(t) (points: fine fraction; squares, coarser fraction).

As it was already mentioned, due to very small differ-
ence in the nanocrystal size of the two fractions a noticeable
decomposition kinetics, controlled by phase boundary mo- gitference in their reaction rates (dehydriding rategdd,
tion. In the present study, the kinetic curves, showfign 7, especially in the first part of the desorption process was not
might be generally fitted by the model based on surface con-gpserved. In the advanced stage of the process, the finer frac-
trolled hydrogen desorption reactian= k(T, p)t, wherex tion shows even some slowing down of the reaction rate,
is the fraction transformed at tintek(T, p) is the rate con-  probably due to the stronger oxidation of the sample with
stant, which depends on temperature and pressure. At highefore developed surface. From the analysis carried out it was
transformation degree> 0.6 (at 250 and 300C) a diffusion  found that the surface area of the particles has a stronger in-
controlled mechanism was observed: 2o/3 — (1 — )3 fluence on the dehydriding kinetics than the small difference
= K(T, p)t. The change of the dehydriding mechanism (rate i the nanograin size of the material (from 7—8 to 8-9 nm).
controlling process) in the advanced stage of the process is  Tne kinetic analysis realized at different temperatures
illustrated inFig. 8 The interface controlled two dimensional ¢ H-desorption allowed the activation energy of the dehy-
growth model (1~ (1 — )2 = ki) describes satisfactorily  griding process to be determined. The activation energies
some of the experimental curves as well. A noticeable differ- of the initial dehydriding (surface controlled growth),

ence in the isothermal dehydriding mechanism and kinetics 100—105 kJ/mol, and of the diffusion controlled growth,
of the two different particle size fractions was not detected. A 105-115kJ/mol, were obtained from the temperature
nucleation and growth controlled mechanism for the MgH  dependence of the rate constants in the kinetic equations.
decomposition reaction was not observed even at the lowerthe finer fraction shows slightly lower activation energy,
temperatures, most probably due to the presence of a highyhich has to be attributed to the finer microstructure.

Both values are higher compared to those obtained for
dehydriding of nano-Mghl with metal oxide catalysts

0.99  300°C, fine fraction Lo00°° L 0.20 controlled by interface growth, 62—72 kJ/niél, but lower

0.84 © than the dehydriding activation energies of conventional
3 o L 0.18 polycrystalline as well as nanocrystalline MgHhvithout
g 0.7 o ° L catalyst, 120-142 kJ/m@18]. It has to be pointed out that
BT 06+ F016 the particles size in the above mentioned st[#]y(<1 um)
g 0.5 2 is essentially smaller than the critical passive (impermeable)
e L0.14 hydride layer determined by us (aboup.@). Therefore,
g 0.4+ . diffusion controlled mechanism was not observed.
g 0.3 -0.12
= o - transformed fraction

0.27 = - F(a)= 1-23)a- (1-0)” | ¢ 10 4. Conculsions

0.1 — . ———

0 5 10 15t . 20 2 30 % It was found that during RMM of Mg—Ni—Al-Mn in a
, min

hydrogen atmosphere of 5atm, the amount of the hydride

Fig. 8. Transformed fractiomandF(«) versus time of H-desorptiordoes (mamly B-MgHz) Increases durlng the first 15h anc(i) then
not start from zero, because during reaching the temperature of isothermalreaChes an almost constant value of about 34wt.%. The

annealing of 300C, the dehydriding reaction has partially taken place).  thermal stability of the hydride is substantially lower (tem-
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perature of decomposition of 23Q) than that of the con-  SEM, donated by Sofia University (T.S.) by the Alexander
ventional pure MgH and also slightly lower than that of von Humboldt Foundation, Germany. P.S. and M.D.B. thank
nanocrystalline Mghl, different catalysts. The enthalpy of the partial financial support of CeRMAE and MAT-2003-
H-desorption determined, 55kJ/mol, is substantially lower 00780.
than that of MgH (75 kJ/mol H).
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