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a b s t r a c t

In this letter we address the problem of air contamination in high energy milling and cold rolling of
magnesium hydride. We found that for short milling time (30 min) milling under argon or air leads to
the same crystal structure and same hydrogen sorption behaviour. In the case of the cold rolled sample,
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the hydrogen sorption behaviour is similar but the crystal structure shows some differences with ball
milled samples. As expected, prolonged milling time in air leads to formation of magnesium oxide and
degradation of hydrogen sorption capacities. However, kinetics do not seems to show degradation. This
investigation shows that, for short milling time, air contamination is not as detrimental as was expected.
ir contamination
old rolling

. Introduction

Despite its high temperature of operation and slow hydrogen
orption kinetics, magnesium is still considered as a candidate
or some hydrogen storage applications. In the search of magne-
ium and magnesium-based compounds with enhanced hydrogen
torage properties, ball milling has been extensively used [1–8].
sually, ball-milling is performed in argon or hydrogen atmosphere
t different pressures. In either case, care is always made to ensure
hat the milling atmosphere is not contaminated with air. How-
ver, in the perspective of large scale utilization of this technique by
he industry, the requirement of having a laboratory-grade atmo-
phere of argon or hydrogen may greatly adds to the construction
nd operation costs.

Recently we have shown that cold rolling is effective in obtaining
anocrystallinity and enhancement of hydrogen sorption kinetics
f magnesium hydride [9]. A potential advantage of this technique
s that all operations (handling, rolling and storage) were made in
ir. For a small number of rolls, in that case five, the hydrogen capac-
ty loss was found to be minimal and the hydrogen sorption kinetics
lmost as fast as for the same hydride milled 1 h. As cold rolling is

xtensively applied in the industry, it may be a good candidate for
ynthesis and preparation of metal hydrides. However, more prac-
ical knowledge of the effect of cold rolling on metal hydrides has
o be investigated.
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In this letter we present an investigation on the effect or air
on the hydrogen storage behaviour of material processed by cold
rolling and ball milling. In our first study cold rolling was carried
out in air while ball milling was performed in argon [9]. In order to
truly compare these two methods the processing has to be under
the same atmosphere. As air contamination is always a concern
when ball milling is done in protective atmosphere such as argon,
we decided to elucidate this problem by performing all handling
and processing in air. As this is the most drastic conditions that
could be encounter, this type of study will establish a ‘worst case
scenario’ for both methods.

We present here the crystal structure and hydrogen storage
performances of magnesium hydride that has been cold rolled or
ball milled in air. They are compared with magnesium hydride ball
milled under standard conditions in argon.

2. Experimental method

The cold-rolling apparatus used in this study was a Durston DRM 130 modified
in such a way that vertical milling is possible. This configuration enables the pro-
cessing of powder samples. As starting material we used 300 mesh MgH2 powder
(98% purity) from Alfa Aesar. Cold rolling was performed by inserting the powder
mixtures between two 316 stainless steel plates to prevent contamination from the
rolls. All rollings were performed in air. After each rolling pass, the powder was col-
lected and rolled again to the final numbers of rolls. Milling was carried out on a
Spex 8000 high energy mill in a hardened steel crucible with a powder to ball ratio
of 1/10. For millings performed in air the crucible was loaded with powders and

closed in ambient air. After each milling time the crucible was open in air, a small
sample collected and the crucible was closed in air before resuming milling. As a
comparison, milling under argon was carried out. In that case all handlings, loading
and closing of crucible were made in an argon atmosphere glove box.

The hydrogen sorption properties were measured with a Sieverts-type appa-
ratus. All measurements were performed at 623 K with a hydrogen pressure of

dx.doi.org/10.1016/j.jallcom.2011.02.147
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. X-ray powder diffraction of MgH2 in its as-received state, after 5 cold rolled,
fter 30 min of ball milling in argon and after 30 min of ball milling in air. Arrow
ndicates the position of the most intense Bragg peak of MgO.

000 kPa for absorption and 35 kPa for desorption. Crystal structure was analyzed
rom X-ray powder diffraction patterns registered on a Bruker D8 Focus apparatus
ith CuK� radiation. Phases abundances as well as crystallite size and microstrain
ere evaluated from Rietveld method using Topas software [10] via the fundamental
arameters approach [11].

. Results

.1. Crystal structure

Fig. 1 shows the X-ray powder diffraction patterns of commer-
ial MgH2 in its as-received form as well as after five cold rollings in
ir, ball milled for 30 min in air and ball milled for 30 min in argon.
s shown in our previous study, cold rolling five times is almost as
ffective as ball milling 30 min to obtain a nanocrystalline struc-
ure. The striking result here is that the powder diffraction pattern
f the sample ball milled in air is practically identical to the sam-
le ball milled in argon. As an indication, the most intense Bragg
eak of MgO (periclase) is marked on the figure. There is no visual

ndication for the formation of oxide in any patterns. To get a quan-
itative interpretation, we performed Rietveld refinement on these
atterns. In Table 1 we present the phase abundance as evaluated
rom Rietveld refinement. It should be pointed out that in order
o get a better fit, in the refinements of cold rolled and ball milled
amples a broad single peak centered around 32◦ was included. As
e used some grease to stick the powder to the sample holder for
-ray diffraction measurement, this is probably the origin of this
morphous structure. In computation of relative abundance, only

rystalline phases were taken into account.

In the case of commercial MgH2 the 3 wt.% of magnesium agrees
ell with the manufacturer claim of 98% pure MgH2. Within exper-

mental uncertainties this value is the same for all samples. Table 1
lso shows that the metastable phase �-MgH2 is formed by cold

able 1
hases abundances in wt.% as evaluated from Rietveld refinement. Error on all values
s ±1. For some samples total do not add to 100 because of round-off.

Commercial CR5X BM 30 min air BM 30 min argon

Mg 3 3 3 3
�-MgH2 97 83 81 81
�-MgH2 – 5 8 9
MgO – 9 7 7
Compounds 509 (2011) L175–L179

rolling and ball milling. It is already well known that �-MgH2 could
be synthesized by ball milling [1,12]. The interesting fact here is that
atmosphere of milling is not important (at least for short milling
duration) as the amount of �-MgH2 phase is similar for samples
milled in air and argon. Another interesting fact is that with only 5
cold-rollings the �-MgH2 phase is already synthesized. As already
mentioned in Ref. [9], it takes only 10 s to perform 5 cold roll.
Therefore, cold rolling is a very efficient way to synthesize �-MgH2
phase.

Rietveld refinement shows that magnesium oxide is present in
all ball-milled and cold rolled samples in the same quantity. First,
it should be pointed out that the oxide phase is hard to see on the
diffraction pattern because the peaks are very broad due to the
very small crystallite size as determined from Rietveld refinement
(about 4 nm for all samples). Such a small crystallite size for magne-
sium oxide is expected as shown by Fournier et al. who found that
the thickness of the oxides formed during oxidation between room
temperature and 673 K varies from 1.5 to 4.3 nm [13]. Therefore, the
crystallite size found from our Rietveld refinement could be con-
sidered as reasonable. Secondly, the surprising fact is that the oxide
abundance is the same even for the sample that was processed in
argon. Obviously, the reason could not be contamination of argon
atmosphere because in this case the oxide content would be much
higher for the sample processed in air. One may argue that because
of the very broad peak the oxide phase is actually just fitting some
background and the identification of periclase is an artefact. This
is probably not the case because, as will be shown later, the oxide
abundance clearly increases with ball milling time. However, the
fact that oxide is also present in the sample ball milled in argon
has to be explained. For this, the amount of air exposure of each
sample has to be clearly stated. In the case of cold rolled sample,
it was always kept and process in air. Therefore, for this sample
the amount of oxygen available for oxidation is effectively infinite.
From the crucible volume, we estimated that during milling a max-
imum of 2.6 wt.% of magnesium will be oxidized. This is a factor 3
lower than what we measured from Rietveld analysis. Finally, the
sample milled in argon is always handled in the glove box there-
fore the air exposure of this sample should be minimal (a few ppm).
As mentioned above, magnesium oxide forms surface layers from
1 to 4 nm. Such small crystallite size produce very broad peaks
that, combined with a small intensity due to the low oxide con-
tent, may be very difficult to detect in the as-received powder. To
test this hypothesis we ball milled MgH2 for 10 h in argon atmo-
sphere with all handling in an argon glove box. The X-ray powder
diffraction was taken with a sealed sample holder in order to never
expose the sample to air. After completion of the diffraction pattern,
the protecting dome of the sample holder was taken out in order
to expose the powder to the air without changing anything else.
After a few hours of air exposure another diffraction pattern was
registered. Fig. 2 shows the two diffraction patterns. The diffrac-
tion pattern before exposition to the air (with dome) presents a
high background at low angles. This is due to the presence of the
protective dome. After removal of the dome for air exposure this
background totally disappears. It is clear that air exposure lead to
formation of MgO. Quantitative evaluation of phases abundances
was made by performing Rietveld refinement on both patterns.
Before air exposure (pattern with dome) the respective abundance
(in wt.%) of �-MgH2, �-MgH2, and MgO was 70%, 25%, and 5%. As
the MgO abundance agrees with the value determined for the ball
milled and cold rolled samples, we could conclude that about 5 wt%
of MgO is originally present in MgH2 commercial powder. After air

exposure (pattern without dome) the respective abundances of �-
MgH2, �-MgH2, and MgO were 56%, 23%, and 22%. As expected the
MgO content drastically increased but the interesting observation
is that the abundance of the metastable phase �-MgH2 is essentially
constant. This is a perplexing result because one would expect that
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Table 2
Crystallite size and microstrain of the �-MgH2 phase. Values in parenthesis are
uncertainties on the last significant digit.

Commercial CR5X BM
30 min

BM
30 min

0.5 of reacted fraction) the slope is almost the same for all sam-
ples. This means that for desorption the main difference is that the
processed magnesium hydrides have more nucleation points than
the as-received MgH2. These nucleation points are coming from
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 Cold rolled 5X
 Ball milled 30min-Argon
 Ball milled 30min-Air
 Commercial
ig. 2. X-ray powder diffraction of MgH2 ball milled 10 h in argon atmosphere. With
ome = before air exposure, without dome = after air exposure.

he first phase to react with oxygen to form an oxide would be the
etastable phase �-MgH2 while in fact this phase is stable and it

s the �-MgH2 abundance which decreases proportionally to the
ncrease of MgO. One tentative explanation may be that, as the �-

gH2 phase is due to micro-stress relaxation [14] it is probably
ocated not on the surface of particles but deep in its interior. Thus,
s oxidation takes place on the surface it will be preferentially the �-
gH2 phase that will decompose, leaving the �-MgH2 phase intact

n the interior.
Going back to Fig. 1 and Table 1 we could have now a better

nterpretation of these results. Taking the amount of oxide in the
aw powders as 5 wt.% and adding the amount of air in the crucible
about 2.6 wt.%) one get a value of 7.6 wt.% which is very close to the
alue recorded for the 30 min ball milled in air of Table 1. In the case
f the sample milled 30 min in argon, the oxide abundance of 7 wt.%
ay be explained by the fact that this pattern was registered using
sample holder open to the air. We thus think that the powder

eacted in situ with air in a similar way as for the 10 h ball milled in
rgon presented in Fig. 2. The higher oxide abundance of the cold
olled sample could be explained by the fact that this powder is
ore reactive than the corresponding 30 min milled sample and

hus could oxidized to a higher degree. The essential fact to point
ut here is that oxidation do not seems to depend so much on the
ime of air exposure but more on the reactivity of the powder. If a
ighly reactive powder such as nanocrystalline powder produce by
old rolling or milling, is exposed to the air even for a short period
f time then oxidation will occur. Once the surface of the grain is
overed by oxide the oxidation will stop and oxide content will stay
onstant.

Beside oxide abundance, other features are interesting to con-
ider. From Rietveld refinement crystallite size and microstrain
ould be evaluated. As the abundances of magnesium and �-MgH2
hases are relatively low, accurate measurement of crystallite size
nd microstrain is difficult for them. Therefore, crystallite size
nd microstrain of only �-MgH2 phase are reported in Table 2.
s expected, commercial MgH2 has a large crystallite size and
elatively small microstrain. Upon ball milling, crystallite size is
educed and microstrain increases. It is interesting to note that

rystallite size is smaller and microstrain bigger when milling is
one in air than when it is in argon. Moreover, the sample that was
old rolled also shows an important reduction of crystallite size and
high value of microstrain.
Air Argon

Crystallite size (nm) 184(3) 25.4(7) 16.7(4) 18.5(4)
Microstrain (%) 0.190(4) 0.71(3) 0.95(4) 0.75(4)

From Table 2 we see that cold rolling is almost as effective in
reduction of crystallite size as ball milling. Despite the fact that crys-
tallite size and microstrain are similar for cold rolled and ball milled
samples, some important discrepancies are seen. Close inspection
of Fig. 1 shows that, for the cold rolled sample the �-MgH2 phase
shows a texture along (0 1 1). Moreover, the magnesium phase is
also textured along (0 0 2), the c axis of the hexagonal lattice. Ball
milled samples did not show any texture. Thus, despite the fact that
cold rolling is as efficient as ball milling in obtaining a nanocrys-
talline structure, there is fundamental discrepancies between these
two methods.

3.2. Hydrogen sorption properties

The hydrogen absorption kinetics at 623 K and under hydrogen
pressure of 2000 kPa for commercial, cold rolled and ball-milled
samples are shown in Fig. 3. In the case of commercial MgH2
without any treatment the kinetic is slow, reaching only 50% of
maximum capacity after 250 s. The main fact is that the three
other samples have very similar kinetics. This likeness in hydro-
gen absorption agrees with the similar crystal structures measured
from X-ray powder diffraction.

Desorption kinetics are shown in Fig. 4. As for absorption, we
see that the commercial alloy has slow kinetics while the three
processed samples have similar kinetics and hydrogen capacities. A
closer inspection shows that actually the main difference between
the commercial and processed samples is the incubation time
before desorption really starts. At mid-reaction (around 0.4 and
Time (s)

Fig. 3. Hydrogen absorption kinetics at 623 K under 2000 kPa of hydrogen. Capac-
ities are expressed as fraction of theoretical maximum capacity (7.6 wt.%). Data
points were taken at every second. Symbols are shown only for curves identification.
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Fig. 4. Hydrogen desorption kinetics at 623 K under 35 kPa of hydrogen. Capacities
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Fig. 6. X-ray powder diffraction of MgH2 after 30 min, 1 h, 2 h, 5 h, and 10 h of ball
milling in air.
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re expressed as fraction of theoretical maximum capacity (7.6 wt.%). Data points
ere taken at every second. Symbols are shown only for curves identification.

he nanocrystalline structure and the number of defects introduced
uring milling or cold rolling.

For practical applications, desorption pressure should be of the
rder of 1 bar instead of vacuum [15]. Thus, we also measured the
esorption kinetics at 350 ◦C under 1 bar of hydrogen. Results pre-
ented in Fig. 5 show that, as expected, the desorption kinetics are
uch slower for all samples. The interesting result is that even if

he cold rolled sample has slower kinetic than the ball milled ones,
he desorption is more complete.

In any case, the important point here is the comparison between
he different processes and it is clear that ball milling in air does not
ignificantly change the kinetics or the hydrogen capacity. On the
ther hand, this is only for a relatively short milling time. In order
o have a better understanding on the effect of milling in air, much

onger milling time should be investigated.

ig. 5. Hydrogen desorption kinetics at 623 K under 100 kPa of hydrogen. Capacities
re expressed as fraction of theoretical maximum capacity (7.6 wt.%). Data points
ere taken at every second. Symbols are shown only for curves identification.
Fig. 7. Hydrogen absorption kinetics at 623 K under 2000 kPa of hydrogen. Capac-
ities are expressed as fraction of theoretical maximum capacity (7.6 wt.%). Data
points were taken at every second. Symbols are shown only for curves identification.

3.3. Effect of milling time on crystal structure

The effect of milling time was investigated with samples milled
for 30 min, 1, 2, 5 and 10 h. As samples were taken at each milling
time, it means that for the sample milled 10 h the crucible was open
4 times (after 30 min, 1, 2, and 5 h). In this way, air was reintroduced
at certain times during the process and that if oxidation takes places
there will be enough ‘fresh’ air to oxidize the material. The X-ray
powder diffractions of these samples are presented in Fig. 6 and
their phases abundances are shown in Table 3. As expected the

abundance of magnesium oxide goes up with milling time while
the one for magnesium goes down. However, as calculated in Sec-
tion 3.1, each filling of air should bring about 2.6 wt.% of increase in
magnesium oxide. Thus, for the 10 h ball milled the total amount of

Table 3
Phases abundances in wt.% as evaluated from Rietveld refinement. Error on all values
is ±1. For some samples total do not add to 100 because of round-off.

30 min 1 h 2 h 5 h 10 h

Mg 3 3 2 0 1
�-MgH2 81 79 74 70 64
�-MgH2 8 10 12 12 11
MgO 7 9 12 17 24
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ig. 8. Hydrogen desorption kinetics at 623 K under 35 kPa of hydrogen. Capacities
re expressed as fraction of theoretical maximum capacity (7.6 wt.%). Data points
ere taken at every second. Symbols are shown only for curves identification.

xide should be the oxide in the original powder (5 wt.%) plus the
ne due to filling of air 5 × 2.6 wt.% for a total of about 18 wt.%. The
mount found from Rietveld refinement is higher at 24 wt.%. How-
ver, the amount of oxide of the powder ball milled in argon and
xposed to the air was found to be 22 wt.% (see Section 3.1). There-
ore, it seems that it is the exposure to the air itself and not the fact
f milling that is important. A powder milled in argon and exposed
o the air seems to have the same characteristic as a powder milled
n air.

.4. Effect of milling time on hydrogen sorption properties

Fig. 7 shows the absorption kinetics of air-milled MgH2 for
ifferent milling times. As expected, the capacity decreases with
illing time with the exception of a small reversal for the 1 and
h milling time but this is within experimental error. On the other
and, despite reduction of total capacity, the hydrogenation kinetic
o not seems to vary with milling time. Therefore, it seems that
he presence of magnesium oxide do not have any impact on the
ntrinsic kinetic of the remaining MgH2 phase.

Desorption kinetics are presented on Fig. 8. The loss of capac-
ty seen on absorption (Fig. 7) is confirmed. However, we see that,

xcept for the 1 h milled, there is a general trend of faster kinetics
ith milling time. This kinetic improvement is due to two fac-

ors: (1) a slight increases of intrinsic kinetic (steeper slope at
id dehydrogenation) and (2) a reduction of incubation time with
illing time. Reduction of incubation time could be attributed to

[
[

[

[
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the increasing number of defects with increasing milling time. In
the present case, formation of oxide during milling do not seems to
have a detrimental effect on sorption kinetics except reduction of
total capacity.

4. Conclusion

This investigation of the effects of air exposure and milling in
air showed that the main consequence is reduction of hydrogen
capacity due to formation of oxide. A nanocrystalline structure is
as easily obtained by milling in air as by milling in argon. More-
over, synthesis of the metastable �-MgH2 phase is also possible
by milling in air. Formation of MgO preferentially from �-MgH2
seems to indicate that �-MgH2 phase is not on the surface of parti-
cles. Despite a diminution of total hydrogen capacity the air-milled
samples showed an improvement of hydrogen sorption kinetics
with milling time. In fact, for short milling time the kinetic of air-
milled and argon milledMgH2 are similar. This investigation shows
that, for short milling time, air contamination is not very detrimen-
tal in term of hydrogen capacity and kinetics. Long milling time in
air will reduce capacities but do not have an important impact on
the kinetics.
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