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a b s t r a c t

Repeated dehydriding–hydriding cycles of ball-milled nanocrystalline MgH2 was carried out in a
Sieverts’-type apparatus. In order to characterize the microstructural changes during a complete
MgH2 → Mg → MgH2 transformation, the fourth desorption and subsequent absorption were interrupted
at different hydrogenation stages. Convolutional multiple whole profile fitting procedure of the corre-
sponding X-ray diffractograms was applied to reveal the evolution of microstructural parameters during
eywords:
orption
agnesium
ydrogen storage
-ray line profile analysis

the sorption cycle, such as average coherent domain size and crystallite size distribution. Complementary
analysis of lattice parameters was also carried out. In this paper we demonstrate that analysing solely
the evolution of microstructural parameters during cycling leads to similar rate-controlling mechanisms
obtained by sorption kinetic measurements.

© 2010 Elsevier B.V. All rights reserved.
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rain size

. Introduction

The novel approaches to reach hydrogen based energy systems
esulted in a great interest to metal/intermetallic hydride storage
olutions. Magnesium is considered as one of the most attrac-
ive hydrogen storage materials, mainly because of high storage
apacity (7.6 wt.%), lightweight and low cost [1]. Nevertheless, high
hermodynamic stability (�H = −75 kJ mol−1) [2], high hydrogen
esorption temperature (higher than 400 ◦C) and relatively poor
ydrogen absorption–desorption kinetics at temperatures below
50 ◦C impedes the use of Mg in industrial applications.

It is well known that a breakthrough has been achieved in
he magnesium hydride technology by preparing nanocrystalline
ydride powders by using high-energy ball milling technique [3–7].
all milling of MgH2 up to several hours results in fine nanopow-
er with a typical average grain size ranging from 10 to 30 nm
8–12], independently from the type of the milling apparatus
nd the milling conditions [13]. By reducing the grain size to
anocrystalline dimensions, the H-sorption kinetics are acceler-
ted substantially, and the hydrogen desorption temperature is

ecreased by about 100 ◦C [12,14,15]. In recent studies, it was
emonstrated that the powder particle size reduction [16] as well
s the shape of the particles [17] have also significant effect on the
-sorption kinetics of nanocrystalline Mg/MgH2 powders.

∗ Corresponding author. Tel.: +36 1 372 2823; fax: +36 1 372 2811.
E-mail address: reveszadam@ludens.elte.hu (Á. Révész).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.04.085
Numerous studies have been presented on the hydriding–
dehydriding reactions of powders in order to model their kinetic
properties [18,19]. Calculations based on different rate-controlling
mechanisms obtaining density of nucleation sites, H diffusion coef-
ficient, shape of particles, predict the character of the desorption
[20]. However, if a size distribution of the transforming grains is
taken into account, the shape of the measured curves do not deter-
mine unambiguously the rate-controlling mechanism of hydrogen
sorption, since the kinetics are strongly affected by the microstruc-
ture [21]. From the viewpoint of technological application, it is
important to stabilize the kinetics and capacity during several
cyclings, which are directly related to the microstructure of the
hydriding powder. As reported in a recent paper, the first full
dehydrogenation–hydrogenation cycle increase the average crys-
tallite size of ball-milled MgH2 from 9 to 18 nm and stabilize the
microstructure, i.e. repeated cyclings do not have any further sig-
nificant affect [22].

In the present study, the evolution of the microstructure of ball-
milled MgH2 during one full hydrogen desorption–absorption cycle
will be monitored by applying X-ray line profile analysis.

2. Experimental
Commercial polycrystalline MgH2 powder (supplied by Sigma-
Aldrich, purity 99.9%, initial powder particle size 10 �m [12]) was
ball-milled in a self-constructed Bakker-type vibratory mill [23] for
10 h under H-atmosphere of 6 atm in order to obtain nanocrys-
talline material. The milling vial as well as the ball (diameter

dx.doi.org/10.1016/j.jpowsour.2010.04.085
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:reveszadam@ludens.elte.hu
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0 mm) exhibiting vertical vibrations of 50 Hz were made of hard-
ned stainless steel.

Hydrogen sorption kinetics were measured by a Sieverts’-type
pparatus (PCT) at 573 K. The ∼100 mg sample was loaded into a
0 cm3 reactor. Desorption was measured in vacuum and absorp-
ion under hydrogen pressure of 8 bar. In order to achieve partially
esorbed and absorbed states, the desorption (or absorption) pro-
ess was interrupted in the PCT device at desired intermediate
ydrogen content states by quenching the powder to room tem-
erature.

The evolution of the microstructure during desorption-
bsorption cycles was monitored by X-ray powder diffraction
XRD) with Cu-K� radiation on a Philips X’pert powder diffrac-
ometer in �–2� geometry and was characterized by X-ray line
rofile analysis. The instrumental pattern was measured on a NIST
RM660a LaB6 peak profile standard material. The lattice param-
ters of Mg and MgH2 were determined by a least square fitting
lgorithm considering the Bragg indices and the corresponding
eak positions.

. X-ray evaluation method

X-ray diffraction peak profile analysis is a powerful method
or determining the microstructural properties of ultrafine-grained

aterials. The effects of crystallite size and lattice strain on peak
roadening can be separated on the basis of their different diffrac-
ion order dependence. The standard methods of X-ray diffraction
rofile analysis based on the full width at half-maximum, the

ntegral breadths and on the Fourier coefficients of the profiles pro-
ide the apparent crystallite size and the mean square of lattice
trains [24–27]. Convolutional Multiple Whole Profile (CMWP) fit-
ing procedure is well-established method for the determination of
rystallite size distribution and the lattice defects of materials [28].
y using the appropriate instrumental diffraction pattern, the pro-
edure can be used in a straightforward manner, either when the
ata are collected with monochromatic or with conventional K�

oublet radiation. In this model it is assumed that the crystallites
re spherical and have a lognormal size distribution:

(x) = (2�)−1/2�−1x−1 exp

[
−(ln(x/m))2

2�2

]
, (1)
here � and m are the variance and median of the distribu-
ion, respectively. In the CMWP evaluation the whole measured
iffraction pattern is fitted directly by the sum of background, theo-
etically constructed profile functions and measured instrumental
rofiles. These profile functions are calculated for each reflection

Fig. 1. Fourth desorption (a) and absorption curve (b) of ball-milled
Sources 195 (2010) 6997–7002

as the inverse Fourier transform of the product of the theoretically
well-established size and strain Fourier coefficients and the Fourier
coefficients of the corresponding measured instrumental profile:

(2)A(L) = AS
L(m, �) AD

L (�, Re, C̄, b) AI
L,where L is the Fourier

length, AS are the size Fourier coefficients, AD are the strain Fourier
coefficients and AI are the Fourier coefficients of the measured
instrumental profile. � (average volumetric defect density, mainly
dislocations), Re (effective outer cut-off radius of dislocations), C̄
(average dislocation contrast factor [29–30]) and b (Burgers vec-
tor) are the strain parameters. The size Fourier coefficients can be
expressed as [31]:

AS
L

∼=
∫ ∞

|L|
(�2 − |L|�)erfc

{[
ln(�/m)]

21/2�

]}
d�. (3)

The background can be determined as a spline going through inten-
sity values defined interactively by the user. The fitting procedure
provides both the size and strain parameters, with m and � the
average coherent crystallite size〈

D
〉

= m exp(2.5 �2) (4)

can be determined. The CMWP fitting program can be used via its
web interface [32].

4. Results

As was demonstrated recently, the change in the sorption
behaviour (i.e. rate and maximum capacity) of ball-milled MgH2 is
minor after a couple of hydriding cycles accompanied with constant
microstructural parameters corresponding to each fully absorbed
state [22], therefore the 4th complete cycle was selected to monitor
the microstructural changes within one full desorption-absorption
cycle. Fig. 1a and b presents the desorption and absorption curve
during the 4th cycle, respectively, obtained by PCT. As seen, the
desorption needs about 850 s for completion, while the absorption
is completed within 750 s. The observed overall capacity (5.8 wt.%)
is somewhat below the theoretical value [1], but comparable with
literature data [14,33]. The partially desorbed states correspond-
ing to 10%, 40% and 80% desorbed fraction are denoted by circles
in Fig. 1. Since the fully desorbed powder containing only pure
Mg is extremely flammable, the 80% fraction was not exceeded for
safety reasons. Subsequent absorption was also stopped at different

stages, i.e. 15%, 50% and 90% of Mg powder transformed to hydride.
It is noted that each partial hydrogenation state was performed on
a new dose of the ball-milled material.

A general view on the effect of hydrogen release and absorp-
tion during the investigated 4th complete cycle can be inferred

nanocrystalline MgH2. Circles denote partially hydrided states.
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Fig. 2. Series of XRD patterns correspo

rom the corresponding X-ray diffractograms (Fig. 2). The fully
bsorbed state is only characterized by the Bragg-peaks of tetrag-
nal MgH2 (space group: P42/mnm (136), lattice parameters:
= 4.517 Å, c = 3.021 Å [34]), whilst no trace of �-MgH2 is present

35]. Note that the Fe contamination originating from the milling
edia is negligible according to previous elemental analysis [22].
s the H content decreases continuously, the Bragg-peaks corre-
ponding to hexagonal Mg (space group: P63/mmc (194), lattice
arameters: a = 3.209 Å, c = 5.211 Å [36]) evolve gradually. Evi-
ently, the 80% desorbed state is mainly characterized by Mg. As
he absorption takes place, the evolution is the opposite, i.e. the

g peaks almost diminish in line with the development of the
etragonal phase.

A typical example of the fitted pattern by the CMWP method
s shown in Fig. 3. The difference plot between the measured and
tted patterns is also given. In the following we will focus on the
arameter 〈D〉 (see Eq. (4)) obtained from the AS

L (m,�) coefficients,
ince the variables of the AD

L (�,Re, C̄,b) function have slight physical
nformation in the case of a tetragonal phase. The obtained values
f m and � are listed in Table 1.

Fig. 4a and b envisages the variation of the crystallite size 〈D〉 of
gH2 determined from the CMWP method during desorption and
bsorption, respectively. As seen, the initial value of 〈D〉 = 20 nm
emains practically unchanged up to 40% of desorption; however,
s the MgH2 → Mg transformation goes on, the volume fraction
f the remaining MgH2 phase continuously decreases. At the end

ig. 3. Measured XRD pattern, function fitted by the CMWP method and difference
etween the measured and fitted data.
to different hydrided states of MgH2.

of the process (80% of desorption) the remaining small amount of
MgH2 forms very small nanoclusters with an average diameter of
3 nm. A considerably different crystallite size evolution takes place
during the Mg → MgH2 transformation, i.e. 〈D〉 increases almost
linearly up to 19 nm with the total amount of MgH2. The deter-
mination of the average crystallite size of the Mg phase in some
states was not adequate due to the small Mg peak intensities. In
addition, the obtained lattice defect density (6 × 1013 m−2) leads
to an average defect distance, L = �−1/2, (L ≥ 130 nm) which con-
siderably exceeds the average crystallite size 〈D〉 at any absorbed
state. Consequently, most of the grain interiors can be considered as
defect-free.

The variation of the lattice parameters of the tetragonal MgH2
and hexagonal Mg phases during the full sorption cycle exhibits
some characteristic features (Fig. 5a and b). Both parameters, a and
c of MgH2 obeys a maximum during the hydrogen release (at 10%
of desorption) corresponding to a relative lattice dilatation of about
0.1–0.2%. As the hydrogen is almost fully released from the pow-
der, the parameters of the remaining very few amount of MgH2
are slightly lower than those of the initial state; however, the error
of the data is significantly higher due to the small intensity of the
corresponding Bragg-peaks (see Fig. 2). At the first absorption state
(15%) a and c parameters exhibit a slight increase. As the absorp-
tion continues, both values level off at around 4.515 and 3.025 Å,
respectively.

A slightly different behaviour is observed for the hexagonal
Mg. The parameters of the negligibly amount of Mg in the fully
absorbed state are close to the literature values [36]. Similar to
the MgH2 phase, the c parameter reveals an increase of 0.17%

during the hydrogen release; however, the value of the a param-
eter scatters around 3.215 Å. At the most desorbed state (80% of
desorption) dominated mainly by Mg grains, both values reach
its minimum indicating a considerable lattice contraction. As the
hydrogen absorption begins during the second part of the sorption

Table 1
Values of median (m) and variance (�) obtained by the CMWP method for different
sorption states.

Sorption state m (nm) �

3rd Fully absorbed 8.5 0.57
10% Desorbed 10.9 0.53
40% Desorbed 6.4 0.70
80% Desorbed 0.1 1.27
15% Absorbed 0.3 1.06
50% Absorbed 2.96 0.70
90% Absorbed 6.24 0.62
4th Fully absorbed 8.3 0.58
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Fig. 4. Variation of average coherent crystallite size of tetragonal MgH2 during desorption (a) and absorption (b).
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ig. 5. Variation of lattice parameters of tetragonal MgH2 (a) and hexagonal Mg (b)

ycle, an instantaneous increase in both parameters is observed
ollowed by a slight but considerable decrease up to full hydrogena-
ion. From the variation of the unit cell volume during the complete
ycling, the mean square strain is estimated as 0.1–0.3% accumu-
ated mainly at the grain boundaries, since the CMPW method
esults in a very low volumetric defect density.

. Discussion

As reported in a recent study, ball milling of commercial
gH2 results in a relatively inhomogeneous crystallite size dis-

ribution with an average grain size of 9 nm [22]. The first
esorption-absorption cycle changes the microstructure signif-

cantly, the coherent domain size increases from 9 to 18 nm,
eanwhile the distribution becomes more homogeneous. At the

ame time the average powder particle size (∼0.8 �m) and its
istribution obtained from scanning electron microscopy show
lmost no change after cycling [37]. The subsequent second cycling
estroys the homogeneity on the nanoscale; however, subsequent
ydrogenation–dehydrogenation does not change the microstruc-
ure considerably, the value of 〈D〉 of MgH2 stabilizes at around
0 nm, in accordance with the work of Danaie and Mitlin [8].

lthough the 3rd and 4th fully absorbed hydride powders are in
imilar states, Figs. 4 and 5 imply significant changes occurring in
etween.

The characteristic differences in the crystallite size evolution
uring desorption and absorption suggest different kinetic pro-
g desorption and absorption. Horizontal dotted lines indicate literature values.

cesses. As was presented in Fig. 4a, in spite of the continuously
decreasing amount of MgH2, the value of 〈D〉 is unchanged (∼20 nm)
up to 40% hydrogen release. This kind of transformation can be
ascribed by instantaneous MgH2 → Mg conversion of randomly
selected particles, which does not influence the average crys-
tallite size of the remaining hydride phase. It is well known if
the nucleation (and growth) of the new phase begin randomly
in the bulk, the transformation can be described by the classical
Johnson–Mehl–Avrami (JMA) model [38,39]. This type of trans-
formation was also confirmed by fitting a total reacted function
of a multi-particle MgH2 system on the measured hydrogen des-
orption curves [21]. According to the thermodynamic model for
hydrogenation of metals, in which a coherency strain generated
by the transforming phase (metal ↔ hydride), a macroscopic ther-
modynamic barrier evolves [40]. This barrier opposes a continuous
hydriding–dehydriding transformation inside a grain. On contrary,
an abrupt conversion of a metal grain into a hydride one’s takes
place, i.e. at a certain H pressure the powder agglomerate contains
fully transformed and untransformed grains. The dominance of the
remaining extremely small hydride nanoparticles (∼3 nm) at the
end of the desorption process can only be explained by the JMA
theory, if additional considerations on the microstructure are taken

into account. Since this crystallite size is below the critical Hall-
Petch length [41], these particles are free of lattice defects (in accor-
dance with the results obtained from the CMWP analysis), which
act as preferred nucleation sites in a JMA process. As a consequence,
the small grains are activated and transform to Mg ultimately.
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As presented in Fig. 4b, 〈D〉 of MgH2 increases proportionally
ith the H content up to 19 nm during the absorption. The increas-

ng hydride size assumes a transformation where the hydrogen
toms are initially bonded at the surface and then the converted
raction continuously evolves into the bulk. In the literature, this
ind of transformation is labelled as the contracting volume model
CV) [38,42]. The main assumption of this model is that the initial
ucleation on the surface is fast compared to the overall growth
inetics and the nucleation zone is thin compared to the particle
iameter [19]. In accordance, the kinetic analysis of the PCT absorp-
ion curves of a magnesium powder agglomerate confirms the CV

ode of transformation [21].
The observed characteristic features of tetragonal MgH2 and

exagonal Mg lattice parameters (see Fig. 5a and b) can have two
ifferent origins, i.e. internal stress and hydrogen in solid solu-
ion can both alter the average bond length. The large difference
n the unit cell volume of MgH2 (61.638 Å3) and Mg (45.977 Å3) can
e accountant for a hydrostatic stress accumulation in the pow-
er particles during the MgH2 → Mg → MgH2 cycling. Besides, the
ifference in the lattice parameters at the Mg–MgH2 interfaces pro-
otes the formation of stress induced lattice defects which offer a

ath for accelerated hydrogen diffusion.
As was revealed, the increased value of a and c parameters of

gH2 refer to a dilated structure at an intermediate stage of des-
rption (see Fig. 5a). During the JMA type of dehydrogenation the
ransformed particles undergo a volume decrease, resulting in a
light dilation of the neighbouring unreacted hydride particles. The
mallest lattice parameters of the 80% desorbed sample (character-
zed by very few amount of MgH2 with an average crystallite size
f 3 nm) are the consequence of the increased specific surface ten-
ion. The almost constant values of a and c during the absorption
s in accordance with the practically zero solubility of hydrogen in

gH2 [43]. In addition, the thickening hydride shell during the CV
ransformation is not affected by any stress accumulation.

The solid solubility of hydrogen in hexagonal magnesium is
bout 2 at.% [43]. If hydrogen atoms occupy the energetically
avourable tetrahedral interstitial sites, a lattice dilatation takes
lace [44]. At higher concentrations of hydrogen, the lattice con-
erts to a tetragonal structure in which two tetrahedral and two
ctahedral interstitial sites are occupied resulting in the MgH2
hase. Similarly to MgH2, the lattice parameters of the Mg grains
orresponding to the 80% desorbed state exhibit a local minimum
eaching the literature values (see Fig. 5b), which refer to lack of
tress. At this point the Mg powder is also free of dissolved hydro-
en.

At the beginning of absorption (15%) the hexagonal Mg lattice
s capable to dissolve enough hydrogen resulting in substantial
ncrease of both lattice parameters (see Fig. 5b). As the transforma-
ion goes on, the hydrogen concentration reaches a critical value
orming an Mg–MgH2 interface layer moving continuously from
he surface of the grains to the bulk. As also seen, the c parameter
orresponding to the decreasing amount of Mg decreases progres-
ively until the fully absorbed state is reached. Those Mg particles
hich still exist in the fully absorbed state are separated from the
ydrogen probably due to some intact oxide layer. This very small

raction of Mg is consequently free of dissolved hydrogen at any
tate, exhibiting the similar values of lattice parameter as those of
he desorbed state.

. Conclusions
Convolutional multiple whole profile fitting procedure was
pplied to follow the evolution of the average crystallite size of
etragonal MgH2 during a complete sorption cycle. It was obtained
hat the initial value of the MgH2 grain size remains practically

[

[
[

[
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unchanged (20 nm) up to 40% of desorption; however, at the
final stage of the MgH2 → Mg transformation the remaining small
amount of MgH2 forms very small nanoclusters with an average
diameter of 3 nm. This kind of transformation can be ascribed by
instantaneous MgH2 → Mg conversion of randomly selected parti-
cles which is the main characteristics of classical JMA model. On
contrary, a different crystallite size evolution takes place during
the Mg → MgH2 transformation, i.e. 〈D〉 increases almost linearly
up to 19 nm. The increasing hydride size assumes a CV-type of
transformation. The observed characteristic features of tetragonal
MgH2 and hexagonal Mg lattice parameters can have two different
origins, i.e. internal stresses and solute hydrogen.
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