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High energy ball milling in a Fritsch P6 planetary ball mill was used for the synthesis of the nanocomposite
of MgH, with 10 wt.% of Cr,03 nanopowder catalyst (particle size <50 nm). After ball milling for 1h the
resulting grain size of 3-MgH, was equal to ~30 nm. Subsequently, the nanocomposite was subjected
to 150 desorption/absorption cycles at 325 °C. A gradual loss of hydrogen storage capacity upon cycling
from ~5.2 wt.% after 1 cycle to ~4.6 wt.% after 150 cycles is observed on respective PCT curves obtained

Keywords: at 325°C after every 25 cycles. The TPD curves temperature maxima are gradually shifted to a higher
Solid state hydrogen storage s . . s .
Ball milling temperature range with increasing number of cycles which may indicate a lowering of the overall rate

of transformation. Thorough microstructural investigations using such techniques as X-ray diffraction
(XRD), scanning transmission electron microscopy (STEM) and X-ray photoelectron spectroscopy (XPS)
of the samples after 150 cycles of desorption/absorption show profound microstructural changes such as
sintering of individual powder particles into agglomerates, increase in grain/crystallite size (>100 nm),
segregation of the Cr, 03 particles to the interfaces between the sintered Mg particles and some reduction
of Cr,03 to Cr and MgO. All these microstructural changes seem to be responsible for the reduction of
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hydrogen storage capacity upon cycling and lowering the overall rate of transformation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The general service conditions of an advanced proton exchange
membrane (PEM) fuel cell stack which is a primary candidate
for automotive applications require hydrogen pressure of about
1.1-1.8 bar while the generated temperature usually does not
exceed 60-70°C [1]. In view of this, it has been widely realized
that high temperature metallic/intermetallic hydrides, particularly
those based on Mg, are not suitable hydrogen storage materials
for supplying a PEM fuel cell stack. For example, a serious ther-
modynamic constraint for magnesium hydride (MgH,) is its high
enthalpy of formation/decomposition which is within the range of
71-75KkJ/mol [2] and does not allow dehydrogenation below about
280°C at 1 bar H;, (atmospheric pressure). No catalytic additive is
able to alter this unfavorable thermodynamics.

However, as first reported by Bogdanovi¢ et al. [3,4] this
disadvantageous thermodynamics of the MgH,-Mg system for
a solid state hydrogen storage can be quite advantageous for
heat storage because approximately 0.9 kWh of heat per kg Mg
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can be stored at a hydrogen-pressure-dependent temperature
level between 300 and around 500°C applicable for solar power
generation via Stirling engines or storage of industrial heat in the
above temperature ranges.

Since those pioneering works of Bogdanovi¢ et al. a huge
number of articles have been published on the entire spectrum of
catalytic additives which can enhance absorption/desorption rate
of the Mg-MgH, system which were recently critically reviewed
in [2]. One group of catalytic additives is based on metal oxides
especially in the form of nanopowders. Most recently, we reported
a very good catalytic effect of nanometric Cr,03 (particle size
<50nm) on the acceleration of the absorption/desorption kinetics
of ball milled MgH, [5].

The present paper reports the results of further studies on the
effect of nanosized Cr, 05 on cyclic (desorption/absorption) behav-
ior of ball milled MgH, + 10 wt.% Cr,03. A thorough understanding
of the microstructural and accompanying hydrogen storage prop-
erty changes is of fundamental importance for further development
of MgH, as a potential material for thermochemical thermal energy
storage. As argued by Klassen [6] MgO is more stable than all effec-
tive oxide catalysts and provides the lowest chemical potential for
oxygen. Based on thermodynamics, a complete reduction of the
TM oxide by Mg is expected, forming TM and MgO. However, this
is generally not observed during milling but can be accelerated
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BF-STEM

Fig. 1. A bright field (BF) image obtained in the STEM mode of an individual ball
milled powder particle of the MgH, + 10 wt.% Cr,03; nanocomposite without thin-
ning with FIB.

during cycling of MgH, containing a nanometric oxide catalyst.
Hence, that would reduce the overall hydrogen capacity due to the
formation of MgO and also degrade the Cr,053 catalyst. The present
results show that the degradation of the Cr,03 catalyst during
cycling at 325 °C up to 150 desorption/absorption cycles is only one
of many other microstructural changes occurring during cycling.

2. Experimental

Magnesium hydride (MgH;) powder (98%) was purchased from ABCR GmbH
& Co. KG, trade name MG-5026; ABCR Germany. Chromium (III) oxide (Cr,03)
nanopowder (particle size <50nm) was supplied by Sigma-Aldrich. 5g of the
MgH; +10wt.% Cr,03 mixture together with 5mm diameter stainless steel balls
weighing 120 g and 7 ml of an inert hydrocarbon were sealed together in an 80 ml
stainless steel vial under high purity argon of min. purity of 99.999% (H,O and
0<1ppm) and milled in a Fritsch P6 planetary ball for total time of 1 h with a rota-
tion speed of 650 rpm under high purity argon with. After milling the handling of
powders was conducted in a Labmaster glovebox station filled up with high purity
argon. The amounts of oxygen and water were below 0.1 ppm.

A sample of about 100 mg was subjected to desorption/absorption hydrogen
cycling in HTP1-S (Hiden Isochema) Sieverts type sorption analyzer. The desorption
step in cycling was conducted under high vacuum of 10-6 mbar at 325 °C. Absorp-
tion was conducted under 10 bar of hydrogen pressure. To evaluate precisely the
amount of hydrogen absorbed by the sample, absorption isotherms were performed
before cycling and after each 25 cycles. The total of 150 desorption/absorption
cycles were conducted.

The X-ray diffraction (XRD) phase analysis before and after cycling was per-
formed with a Seifert 3003 X-ray diffractometer using Co Ko radiation (A=1.79A)
with operating parameters of 30 mA and 50kV and a step size of 0.02°/5s.

The morphology and microstructure of the investigated samples were exam-
ined with a high-resolution field emission scanning electron microscope (HITACHI
S5500), equipped with a backscattered electron detector, an energy dispersive X-ray
spectrometer (EDS) and a duo-STEM bright/dark field (BF/DF) detector. A transmis-
sion electron microscope (JEOL JEM 1200EX) with an accelerating voltage of 120 kV
was also used to investigate microstructure and diffraction patterns for phase iden-
tification. Thin foils for scanning-transmission electron microscopy were prepared
by the focused ion beam (FIB) technique using the FB-2100 Hitachi system. A liquid
ion metal source was used as the source of the gallium ion beam at the accelerating
voltage of 40kV. Tungsten was used as a protective layer.

To determine the effect of cyclic hydriding/dehydriding on the decomposi-
tion temperature of cycled samples, the temperature programmed desorption
(TPD) tests were performed by using the same HTP1-S analyzer coupled with a
quadrupole mass spectrometer. The measurements were performed with heating
rate of 20 °C/min under a high purity (99.999%) helium flow.

3. Results and discussion
3.1. Microstructure after ball milling

Fig. 1 shows a bright field (BF) image obtained in the STEM mode
of an individual ball milled powder particle of the MgH, + 10 wt.%
Cr,03 nanocomposite. Dark features represent Cr,O3 particles
which seem to be rather uniformly distributed in the MgH, matrix.
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Fig. 2. XRD patterns of MgH, + 10 wt.% Cr,03 composites after (a) high energy ball
milling and (b) 150 desorption/absorption cycles (after final absorption). JCPDS file
numbers for phase identification are given in the parenthesis.

The phase presence in the microstructure after ball milling is con-
firmed by an XRD pattern in Fig. 2a which shows primary diffraction
peaks of an equilibrium and metastable 3-MgH, and y-MgH, phase
the latter being a high pressure allotropic form of MgH, commonly
found in ball milled microstructure of MgH, [2]. Weaker but still
well discerned diffraction peaks of Cr,03 are also observed. All
peaks are rather broad indicating nanocrystallinity of the phases.
The grain/crystallite size of 3-MgH, was estimated as being equal
to about 30 nm using the methodology described in detail in [5].

3.2. Hydrogen storage properties and microstructure after cycling

Fig. 3 shows hydrogen absorption pressure-composition-
temperature (PCT) isotherms at 325 °C for samples subjected to a
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Fig. 3. Hydrogen absorption isotherms at 325 °C for samples subjected to a specified
number of absorption and desorption cycles as indicated in the legend.
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Fig. 4. The total hydrogen absorption capacity obtained from PCT curves (Fig. 3)
after a specified number of cycles at 325°C.

specified number of absorption and desorption cycles as shown
in the legend. It is clearly observed that there is a systematic loss
of hydrogen capacity with increasing number of cycles. The over-
all hydrogen capacity corrected for purity and oxide addition in
MgH;, +10wt.% Cr,03 is ~6.7 wt.%. Fig. 4 shows that after only
one cycle the total hydrogen capacity is reduced to about 5.2 wt.%
and then it further decreases with increasing number of cycles
reaching about 4.6 wt.% after 75 cycles. Quite unexpectedly, for
the next 75 cycles the total hydrogen capacity is not affected by
cycling and remains at a constant level of ~4.6 wt.%. This behav-
ior strongly suggests that most of the microstructural changes
that might be responsible for the capacity loss occur within the
time duration equivalent to approximately the first 75 cycles. In
general, the hydrogen capacity loss with the progressive cycling
is quite commonly observed for ball milled MgH, both undoped
and doped with catalytic additives [2,7]. This phenomenon for
an undoped MgH, can be related to a progressive sintering of
initial powder particles possibly accompanied by grain/crystallite
growth of the Mg matrix within the sintered particles which could
increase diffusion distances for hydrogen. Additionally, for MgH,
containing Cr,03 there may occur a gradual degradation of the
Cr,03 catalytic additive owing to its reduction by Mg and for-
mation of MgO during an absorption step in cycling which may
also reduce the hydrogen desorption/absorption rate and lead
to the incomplete transformation of 3-MgH, into Mg and vice
versa.

Careful microstructural investigations were conducted in order
to verify the principal microstructural changes which occurred dur-
ing cycling in the present work. Fig. 5 shows a bright field (BF)
STEM image of the microstructure of nanocomposite Mg+ 10wt.%
Cr, 03 after desorption carried out after 150 cycles. Fig. 5a, taken at
alower magnification, clearly shows that individual Mg/MgH, par-
ticles produced after ball milling are, indeed, effectively sintered as
aresult of long term cycling. Fig. 5b, taken at a higher magnification,
also shows that the Cr,03 particles segregated to a certain extent
during cycling to the interfaces between the sintered Mg particles.
It is to be reminded that after ball milling Cr,03 particles were
initially quite uniformly distributed within the individual MgH,
particles (see Fig. 1). Fig. 6 shows a high magnification transmis-
sion electron microscopy (TEM) image of the microstructure of the
sample after 150 of desorption/absorption cycles. A corresponding
selected area diffraction pattern (SADP) in the inset shows some
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Fig. 5. BF-STEM image showing the microstructure of the nanocomposite
Mg+10wt.% Cr,03 after desorption conducted after 150 cycles as obtained from
a thin foil produced by FIB: (a) a cross-section at a lower magnification and (b)
higher magnification of a selected area.

poorly developed diffraction rings corresponding to the Mg matrix
with superimposed diffraction spots of Mg. The appearance of such
poorly developed diffraction rings strongly suggests that the aver-
age grain/crystallite size after 150 cycles must be larger than about
100 nm. The grain/crystallite growth during cycling is well doc-
umented in the literature. For example, Varin et al. [7] reported
an increase of grain size of MgH, from ~30nm recorded after

Fig. 6. High magnification transmission electron microscopy (TEM) image and cor-
responding selected area diffraction pattern (SAD) in the inset of a sample after 150
of desorption/absorption cycles.
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Fig. 7. (a) BF-STEM image and EDS maps showing the distribution of Mg (b), Cr (c) and oxygen (d) in the particle after 150 cycles from a thin foil obtained by FIB.

ball milling to 90 + 10 nm after barely 5 cycles at 300 °C for MgH,
originally doped with a nanometric Ni catalyst which was eventu-
ally transformed into an intermetallic/hydride Mg, Ni/Mg,NiH, as
aresult of cycling. Paik et al. [8] reported an increase of grain size of
MgH, from ~60-70 nm recorded after ball milling to over 200 nm
after only 6 cycles at 300°C. However, in contrast to the results
in the present work and those reported in [8], Dehouche et al. [9]
reported that for the MgH, + 0.2 mol.% Cr, O3 the grains/crystallites
of MgH, grew from initially from 21 nm for ball milled material to
barely 84 nm after 1000 cycles at 300 °C. It is hard to explain such a
low nanograin growth rate during so many thermal cycles at such a
high temperature. However, it must be pointed out that in contrast
to our experiments the cyclic loading carried out by Dehouche et al.
[9] was performed at 300°C under continues hydrogen pressure,
i.e., the desorption pressure of 0.25 bar and absorption pressure of
10 bars. It might have influenced the grain growth of both Mg/MgH,
phases.

Some bright spots arranged in a ring-like pattern in the SADP
in Fig. 6 have been identified as corresponding to other phases
such as Cr,03, Cr and MgO. The presence of Cr and MgO suggests
that a fraction of Cr,03 was definitely reduced by Mg. In order to

get more insight into the distribution of the elements in the Mg
matrix of the material after 150 cycles an EDS mapping was car-
ried out the results of which are shown in Fig. 7. Fig. 7a shows SEM
micrograph of the analyzed area. The maps in Fig. 7b and c do not
show visible anomalies in the distribution of Mg which is uniformly
distributed in the matrix and Cr which is primarily concentrated
in the Cr,03 particles. Similarly oxygen (O) (Fig. 7d) seems to be
primarily concentrated in the Cr,03 particles. However, the XRD
pattern Fig. 2b, registered after 150 desorption/absorption cycles
(after final absorption), shows no diffraction peaks of Cr,03. It also
shows a weak and broad peak of MgO but does not show any peaks
of metallic Cr that would indicate some reduction of Cr,03 to Cr
and MgO. On the other hand, XPS measurement in Fig. 8a shows
no presence of Cr before cycling and the presence of a small spec-
trum of Cr in Fig. 8b after 150 cycles. Taking into account all these
observations it seems that the reduction of Cr, O3 during long-term
cycling has indeed occurred but the amount of reduced Cr seems
to be small and may not be clearly resolved by XRD. Nevertheless,
the issue of a partial reduction of chromium oxide observed by XPS
still needs more research in order to establish unambiguously if
this factor may, indeed, have such a remarkable influence on the
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Fig. 8. XPS spectrum measured for a sample (a) before and (b) after 150 cycles.

decrease of hydrogen storage capacity with increasing number of
cycles in Figs. 3 and 4.

For the sake of clarity it must be mentioned that Dehouche
et al. [9] reported an increase of hydrogen storage capacity upon
cycling up to 1000 cycles at 300°C. They argued that on one
hand, the kinetics of desorption are getting lower (which they
observed) as the Mg/MgH, grain/crystallite size increases but on
the other hand, larger grains/crystallite sizes mean that there is a
higher volume of crystalline matter which stores larger amounts
of hydrogen and less of disordered grain boundary regions which
store only small amounts of hydrogen. However, assuming that
nanograins/crystallites are simple cubes and the grain boundary
width is approximately 0.5 nm one can estimate that for the grain
size of 21 nm which was reported by Dehouche et al. [9] after
milling the volume fraction of grain boundaries will be only about
14%, i.e., already pretty low. Increase of the grain size to 84 nm after
1000 cycles at 300°C as reported by Dehouche et al. [9] reduces
this value to about 3.5%. Whether or not a difference between 14
and 3.5% of grain boundary volume would have such a profound
effect on the absorption/desorption rates and/or decrease/increase
of hydrogen storage capacity upon cycling remains to be seen. Nev-
ertheless, in the present work we clearly observe a decrease in
the hydrogen capacity with cycling which cannot be explained as
proposed by Dehouche et al. [9].

In order to have an additional insight into the effect of
microstructural changes on the rate of transformation upon cycling,
TPD tests with the heating rate of 20 °C/min were carried out which
are shown in Fig. 9. It is clearly seen that the temperature maxima
of TPD curves are shifted to higher temperature range with increas-
ing number of cycles. Also a formation of an additional peak is
observed after 150 cycles which may be due to the sintering of par-
ticles into larger agglomerates which affect the shift of desorption
temperature to higher temperatures.

In conclusion, one must say that the major microstructural
changes observed upon cycling such as sintering of individual pow-
der particles into agglomerates (Fig. 5), segregation of the Cr,03
particles (Fig. 5), increase in grain/crystallite growth (Fig. 6) and
finally some reduction of Cr,03 to Cr and MgO all seem to be
responsible for the decrease of hydrogen storage capacity upon
cycling (Fig. 3). However, it is hard to establish unambiguously
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Fig.9. TPD hydrogen desorption spectra measured before and after cycling at 325°C
for 50, 100 and 150 cycles recorded with the heating rate of 20°C/min.

at the moment which microstructural change is a predominating
one. These microstructural alterations reduce the overall rate of
transformation as observed by a shift of TPD curves to higher tem-
perature range (Fig. 9).

4. Conclusions

A nanocomposite of MgH, with 10wt.% of Cr,O3 nanopow-
der catalyst (particle size <50 nm) was synthesized by ball milling
for 1h in a Fritsch P6 planetary ball mill with the resulting grain
size of B-MgH; equal to ~30 nm. Subsequently, the nanocompos-
ite was subjected up to 150 desorption/absorption cycles at 325 °C.
PCT curves obtained at 325°C after every 25 cycles clearly show
a gradual loss of hydrogen storage capacity upon cycling from
~5.2wt.% after 1 cycle to ~4.6 wt.% after 150 cycles. Microstruc-
tural investigations of a sample after 150 cycles carried out by XRD,
STEM and XPS techniques show a substantial sintering of initially
individual MgH,/Mg powder particles, segregation of the Cr,0O3
particles to the interfaces between the sintered Mg particles and
the grain/crystallite growth to the sizes larger than 100 nm in the
agglomerated particles. Some degradation of the catalyzing Cr,03
particles by the reduction of Cr,03 by Mg with the resulting for-
mation of metallic Cr and MgO is also observed after 150 cycles.
TPD curves are shifted to higher temperature range with increasing
number of cycles. Therefore, those major microstructural changes
observed upon cycling all seem to be responsible for the reduction
of hydrogen storage capacity upon cycling and the reduction of the
overall rate of transformation.
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