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a  b  s  t  r  a  c  t

We  present  an analysis  of the  hydrogen  absorption  and  desorption  properties  of a  MgH2–10  wt.%  graphite
mixture  prepared  by reactive  mechanical  milling.  The  analysis  is  based  on  isothermal  hydriding  and  dehy-
driding kinetic  measurements  and  calorimetry  experiments.  The  studied  samples  contained  different
hydrogen  contents.  From  the  characteristics  of  the  sorption  curves  several  features  of the  hydriding  and
vailable online 15 January 2011
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dehydriding  processes  are  identified.  Additionally,  the  role  of graphite  in  hydrogen  sorption  is analyzed.
© 2011 Elsevier B.V. All rights reserved.
agnesium
echanical milling

. Introduction

Hydrogen storage in Mg  based materials has been extensively
tudied due to magnesium’s low cost and high theoretical hydrogen
torage capacity [1,2]. One aspect of these materials considerably
nvestigated is hydrogen sorption kinetics, one of the limitations to
he widespread use of Mg  [1,2]. Despite the efforts made, no con-
ensus has been reached on the rate limiting steps on hydrogen
bsorption and desorption in Mg  and Mg  based materials. Absorp-
ion and desorption rates have been found to be controlled by
ucleation and growth mechanisms, by the surface, by diffusion
r by the interphase reaction [3–11]. Additionally, though sev-
ral papers have shown that carbon and carbon allotropes have

 beneficial effect on hydrogen sorption in Mg  [12–21],  the role
hat carbon plays in these processes has not yet been clearly
stablished.

The purpose of this short paper is to contribute to the
nderstanding of the hydrogen sorption process in Mg–C com-
ounds. We  focus on hydrogen absorption and desorption on a
gH2–10 wt.% graphite mixture obtained by reactive mechanical
illing. The study is based on isothermal hydriding and dehy-
riding kinetic measurements and on non-isothermal differential
canning calorimetry (DSC) results, both on partially hydrided sam-
les.

∗ Corresponding author at: Centro Atómico Bariloche (CNEA, CONICET),
8402AGP, S.C. de Bariloche, Río Negro, Argentina. Tel.: +54 2944 445100;

ax: +54 2944 445199.
E-mail address: fcastro@cab.cnea.gov.ar (F.J. Castro).
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2. Experimental

The MgH2–C (graphite) mixture has been prepared by reactive mechanical
milling Mg  powder (99%, Riedel de Haën) and 10 wt.% C powder (Aldrich) for 80 h
under 500 kPa of H2 in a Uni-Ball-Mill II (Australian Scientific Instruments) appara-
tus. The hydrogen content of the final material was  6.1 wt.% (90% of the theoretical
value). The synthesis process and the microstructural evolution of the mixture was
similar to the one reported in [18]. Partially hydrided samples were extracted from
the  milling chamber during synthesis and their desorption properties studied by
DSC  in a TA DSC 2910 Instrument under flowing Ar. The 80 h milled material was
also studied by isothermal (300 ◦C) hydriding and dehydriding kinetic measure-
ments with different hydrogen contents in a custom made Sieverts type volumetric
device. Desorption was measured on partially hydrided samples obtained by expos-
ing  a fully desorbed sample to 1000 kPa of H2 at 300 ◦C during controlled time
intervals (loading times). Analogously, absorption experiments were carried out on
partially dehydrided samples obtained by desorbing a fully hydrided sample under
30  kPa of H2 at 300 ◦C during controlled unloading times. Desorption and absorption
experiments were started immediately after the loading and unloading times and
performed under 30 kPa and 800 kPa of H2, respectively. The reported measure-
ments were obtained after performing several hydriding and dehydriding cycles
until the curves showed full repeatability.

3. Results and discussion

The XRD pattern of the as-milled MgH2–C mixture (Fig. 1A)
presents reflections corresponding to �-MgH2 (JCPDS card 12-
0697), �-MgH2 (JCPDS card 35-1184), unreacted Mg  (JCPDS card
35-0821), and a small peak of MgO  (JCPDS card 45-0946). The

appearance of the high-pressure �-MgH2 is a consequence of the
milling process [22]. No C reflections can be identified, probably
due to C amorphization during milling [19,20]. The XRD pattern of
the same material after several hydriding and dehydriding cycles
(Fig. 1B) only presents the reflections of �-MgH2 and a small peak

dx.doi.org/10.1016/j.jallcom.2011.01.069
http://www.sciencedirect.com/science/journal/09258388
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content) increase. That is, desorption kinetics seems to get worse

F
a

ig. 1. XRD patterns of the MgH2–C mixture. (A) As milled and (B) after hydrogen
ycling.

f MgO. As a consequence of hydrogen cycling, �-MgH2 crystal-
ite size grows from 5 nm to 28 nm,  as estimated with the Scherrer
quation.

The MgH2–C mixture presents much better sorption charac-
eristics than MgH2 without additives (Fig. 2). As both materials
resent similar microstructures acquired by mechanical milling
18], the differences can be attributed to the presence of C. To
nvestigate the C role, isothermal absorption and desorption curves

ith different hydrogen initial contents were measured for the
gH2–C mixture. Desorption curves present a shape that depends

n the previous hydrogen loading (Fig. 3A). For hydrogen contents
p to 4.5 wt.% desorption is practically linear, whereas above this
alue the desorption curves gradually become sigmoidal. Addi-
ionally, the higher initial desorption rates occur for the lower
tarting hydrogen content. This feature is also present in the com-
lete desorption curve (the desorption curve of the fully hydrided
ample). There desorption rates increase as the amount of hydro-
en in the sample diminishes. However, the initial rates for the
artially loaded samples do not coincide with the rates observed

n the complete desorption curve at the same hydrogen contents

Fig. 3A, inset). That is, desorption curves of the partially hydrided
amples are not just time-translated pieces of the complete des-
rption curve. These results suggest that desorption kinetics is
ontrolled by different processes. On the one hand, the sigmoidal

ig. 2. Isothermal hydrogen absorption and desorption in the MgH2–C mixture and MgH2

t  300 ◦C under 30 kPa of H2.
mpounds 509S (2011) S595– S598

shape of the desorption curve of the fully hydrided sample implies
that desorption is controlled by a nucleation and growth pro-
cess. On the other hand, the linear shape of the partially hydrided
desorption curves suggests a surface controlled desorption pro-
cess. These differences can be explained by the coexistence of Mg
and MgH2 in each desorbing particle for global hydrogen con-
tents below 4.5 wt.% [10,11,23].  Following the ideas presented for
MgH2 without additives in [10,11], the observed behavior can
be rationalized by considering that the incompletely hydrided
samples contain Mg  islands that grow during dehydriding and
make metal nucleation unnecessary. Additionally, these islands
provide a preferential desorption path that permits the H sur-
face recombination to become the rate limiting process. In the
case of the fully hydrided sample, no Mg  islands are available
from the start, and hence desorption must proceed by a nucle-
ation and growth mechanism. The partially hydrided samples with
hydrogen content between 4.5 wt.% and 6 wt.% constitute an inter-
mediate case, where some particles contain both Mg and MgH2
and some others only MgH2. Then, desorption curves gradually
loose their linear shape and become sigmoidal as hydrogen loading
grows.

It remains to be explained why  the initial desorption rates
of the partially hydrided samples do not coincide with the ini-
tial rates of the completely hydrided sample (Fig. 3A, inset). This
fact can be understood taking into account the spatial distribu-
tion of the hydride in these materials. The coexistence of Mg  and
MgH2 implies that hydriding proceeds by the formation and growth
of hydride nuclei. Thus, considering how the partially hydrided
samples were obtained it can be assumed that the hydride is prefer-
entially located near the surface (see schemes in Fig. 3) and [10]. In
contrast, at intermediate stages of the complete desorption curve
the hydride is mainly located near the centre of the particles, due
to the fact that the material was fully hydrided at the beginning
and desorption proceeds by the growth of Mg  nuclei formed on
the surface [10]. Therefore, in this last case the hydrogen atoms
must diffuse through the Mg  matrix to reach the surface, whereas
in the partially hydrided samples the hydrogen atoms can get to
the surface much faster by diffusing along the Mg/MgH2 inter-
phase. This faster diffusion process provides an explanation for the
observed higher rates and also makes possible a surface controlled
process.

Hydrogen desorption from the partially hydrided samples
obtained at intermediate milling stages was  characterized by DSC
(Fig. 4). The striking feature is the displacement of the desorption
peaks towards higher temperatures as milling time (and hydrogen
with milling time. This is somewhat surprising, because as milling
proceeds kinetics is expected to improve due to microstructural
refinement. However, the similarity between this shift and the low-
ering rates observed in Fig. 3A suggests that peak relocation could

without additive. (A) Absorption at 200 ◦C under 1000 kPa of H2 and (B) desorption
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Fig. 3. (A) Hydrogen desorption with different hydrogen initial contents at 300 ◦C and 30 kPa of H2. The blue dashed desorption curve correspond to the fully hydrided
sample.  The inset shows the hydrogen desorption rate as a function of hydrogen content. The filled symbols correspond to different stages of the fully hydrided material; the
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mpty  symbols correspond to the initial rate of the partially hydrided samples. The
bsorption at 300 ◦C and 800 kPa of H2 with different initial hydrogen contents (indi
For  interpretation of the references to color in this figure legend, the reader is refe

e a consequence of a desorption process controlled by the sur-
ace. To verify this, we plotted together the DSC curves of the 20 h,
8 h, 36 h and 80 h milled materials (Fig. 4, inset). We  observe that
he DSC curves of the partially hydrided materials have a common
nset and coincide in the ascending part of the peak. On the con-
rary, the DSC curve of the 80 h milled material does not belong
o this group as it is clearly shifted to the right. The coincidence
n the ascending part of several desorption peaks and the shift
f the maxima with increasing hydrogen contents is an exclusive
haracteristic of a surface controlled process [11]. As an additional
vidence of this, we observe that the temperature dependence of
he ascending part of the peaks agrees quite well with the expected
rrhenius type temperature dependence of a surface controlled
rocess [11]. From this temperature dependence, we calculated an
ctivation energy of 134 kJ/mol. Therefore, it can be assumed again

hat at intermediate milling stages the milled particles contain a

ixture of Mg  and MgH2 (preferentially located near the surface)
nd desorption is controlled by the surface recombination of two

 atoms. In the case of the 80 h milled material, the absence of Mg

ig. 4. DSC thermograms for different milling times. The area under the curves is
roportional to the hydrogen content. The inset shows the thermograms of the sam-
les  milled (from left to right) 20 h, 28 h, 36 h and 80 h. The dotted red line indicates
he fit of the ascending part of the peak with an Arrhenius function. (For interpreta-
ion  of the references to color in this figure legend, the reader is referred to the web
ersion of the article.)
es illustrate the spatial distribution of hydride (black) on a particle. (B) Hydrogen
 in the figure). The curves have been time translated, as indicated by the blue curve.

 the web  version of the article.)

islands on the surface makes the nucleation step unavoidable, and
as a result desorption is delayed towards higher temperatures.

Therefore, though graphite greatly improves hydrogen des-
orption kinetics, the rate limiting mechanism coincides with the
controlling steps reported for MgH2 without additives [11,23–25].
Thus, the role of C seems to be to increase the rate of the controlling
steps without changing them. In the case of the partially hydrided
samples it favors the surface processes, and in the case of the fully
hydrided sample it enhances nucleation.

The isothermal hydrogen absorption curves do not present as
many features as the desorption ones. In Fig. 3B we see that the
absorption curves of the partially dehydrided samples coincide
quite well with the total absorption curve if they are appropriately
time-translated. From this agreement we  conclude that a uniform
hydride layer completely surrounding the particles is not formed
during hydriding. If this were the case, the intermediate hydrid-
ing stages of the complete absorption curve (mostly surrounded
by MgH2) would be much slower than the hydrogen absorption in
the previously partially dehydrided samples (mostly surrounded
by Mg), due to the differences in H diffusion in Mg and MgH2 [26].
The formation of a uniform hydride layer surrounding the Mg  par-
ticles has been reported for non-milled Mg  [27]. The absence of this
layer can be due either to a nucleation process on the surface with
a reduced number of nuclei, or to a nucleation step not restricted to
the surface of the material (possibly with C acting as a nucleation
centre).

4. Conclusion

Hydrogen sorption kinetics in a MgH2 + 10 wt.% graphite mix-
ture prepared by reactive mechanical milling was studied by
isothermal volumetric experiments and non-isothermal DSC mea-
surements. The sorption processes have been analyzed for different
hydrogen contents. Hydrogen desorption was found to be a nucle-
ation and growth controlled process that can change to a surface
controlled process when hydrogen desorbs from partially hydrided
samples due to the coexistence of Mg  and MgH2 in the desorb-
ing particles. In this last case, Mg  islands make the nucleation
step unnecessary and provide a more favorable desorption path.
Graphite does not change the controlling step during desorption
reported for MgH2 without additives, it favors Mg  nucleation and
accelerates the processes that occur on the surface during hydrogen

desorption. Hydrogen absorption was found to proceed without the
formation of a uniform hydride layer surrounding the Mg  particles.
This can be due to a nucleation process not restricted to the sur-
face of the material or to a nucleation step proceeding with the
formation of a reduced number of MgH2 nuclei.
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