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In the present work, cold rolling has been investigated as a new means of producing Mg-based metal
hydrides for nickel-metal hydride (Ni-MH) batteries. Structure and electrochemical evolution of 2Mg-Ni
cold-rolled samples were investigated as a function of the number of rolling passes as well as heat treat-
ment. It was found that nanocrystalline Mg, Ni alloy can be obtained by an appropriate three step process
involving rolling, heat treatment and rolling again. It was shown that the number of primary and sec-
ondary rolling passes must be carefully optimized in order to favour the complete formation of Mg,Ni
alloy having a nanocrystalline structure (~10 nm in crystallite size) without excessive sample oxidation.
Actually, the best result was obtained by first rolling 90 times, followed by a heat treatment at 400°C for
4 and roll again 20 times. The resulting material displayed an initial discharge capacity of 205 mAhg-1,
which is quite similar to that obtained with ball-milled Mg;Ni alloy.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Issues concerning climate change and air pollution are creat-
ing an increasing interest for low-emission vehicles such as hybrid
electric vehicles (HEVs). The nickel-metal hydride (Ni-MH) battery
is the dominant advanced battery technology for HEV applica-
tions due to its good overall performance, safety and environmental
friendliness. However, initiatives must be taken to reduce the cost
and to improve the performance of the Ni-MH battery system in
order to favour consumer acceptance for the HEV. For that pur-
pose, MH electrodes that are less expensive and that have higher
energy-power densities than the usual LaNis-based materials used
by the majority of the Ni-MH battery manufacturers have to be
developed.

Recently, promising results have been obtained with Mg-Ni-
based alloys prepared by mechanical alloying [1-3]. However, this
synthesis process is rather expensive and not easily scalable. There-
fore, itis important to put some effort on the elaboration of new and
more efficient means of producing metal hydrides. From this per-
spective, cold rolling appears as an interesting alternative because
this technique is simple, low cost, well known in the industry
and easily scalable. Surprisingly, its application to metal hydride
synthesis is relatively limited [4-11]. For instance, Zhang et al.
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[6] have demonstrated the beneficial effects of deformation by
cold rolling on the hydrogen absorption/desorption behavior of
the Ti-22Al-27Nb alloy. More recently, Ueda et al. [8] have shown
the formation of Mg, Ni alloy by a combination of cold rolling and
heat treatment. It was observed that the maximum H/M value was
higher and the activation time for hydrogenation was shortened
for laminated Mg, Ni material than that of as-cast Mg, Ni specimen.
Furthermore, cold rolling has shown the possibility of enhancement
for hydrogen sorption kinetics and air resistance for Mg-Pd-based
hydrides compared to that of ball-milled samples [9,10].

In the present study, nanocrystalline Mg, Ni alloy was obtained
by a three step process involving cold rolling, heat treatment and
further cold rolling. The structural evolution of the Mg:Ni (2:1)
material was studied by X-ray diffraction (XRD) as a function of
number of rolling passes and subsequent heat treatments. The
hydrogen discharge capacities of the resulting Mg, Ni alloys were
determined. To the best of our knowledge, this is the first appli-
cation of cold rolling for preparing Mg-based hydrogen storage
materials for Ni-MH batteries

2. Experimental

Magnesium foil was prepared by cutting a small piece from a
commercial ingot (Norsk Hydro) and rolling it to 0.3 mm thickness.
The nickel foil was from Aldrich (0.125 mm thick, 99.9+%). Alternate
Mg and Ni foils were stacked to get the appropriate stoichiometry.
The stack was inserted between two stainless steel (316) plates and
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rolled in air in a conventional rolling mill with 55-mm diameter
rolls. After each roll, the foil was folded in two and rolled again thus
giving a 50% thickness reduction at each rolling pass. Final thickness
of the foil was 0.45 mm. All handling were performed in air. Heat
treatment was performed at 400 °Cin a tubular furnace under argon
flow for a period of 4 h. For comparison, nanocrystalline Mg, Ni alloy
was synthesized by ball milling from elemental Mg and Ni powders.
The ball milling was performed under argon for 10 h using a vibra-
tory type mill (SPEX 8000 Mixer) with a ball-to-powder mass ratio
of 10:1.

X-ray diffraction patterns were obtained on a Rigaku D-max
diffractometer using Cu Ka radiation. The XRD profiles were treated
by Rietveld refinement using EXPGUI and GSAS softwares [12,13].
The oxygen and nitrogen contents in the samples were measured
with a TC-136 oxygen/nitrogen detector from LECO.

The electrochemical tests were performed at room
temperature on a Voltalab 40 (Radiometer Analytical) poten-
tiostat/galvanostat/FRA apparatus, using a three electrode cell
filled with a 6 M KOH electrolyte solution. Working electrodes
were made by pressing the as-rolled material between two nickel
foams. In the case of the ball-milled 2Mg + Ni sample, the working
electrode was made from a mixture of 100 mg of Mg,Ni powder
plus 800 mg of graphite and 20 mg of carbon black. Nickel wire
and Hg/HgO electrode (XR440 from Radiometer Analytical) were
used as counter and reference electrode, respectively. The working
electrode was charged at 200mAg-! for 3h and discharged at
20mAg-! up to —0.6V vs. Hg/HgO. All samples were stored in air
prior to electrochemical tests.

3. Results and discussion
3.1. Crystal structure

In the present investigation, nanocrystalline Mg, Ni alloy was
obtained by a three step process involving rolling, heat treatment
and rolling again. After 90 primary rolling passes (Fig. 1A) of a
2Mg + Ni stack, only magnesium and nickel phases were present. It
is observed that magnesium is highly oriented toward (00 2) direc-
tion, while nickel is oriented along (22 0) and (31 1). Crystal sizes
are very similar for both elements being around 115 nm. Microstrain
is present in both phases: 0.78% for magnesium and 0.42% for nickel.
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Fig. 1. X-ray patterns of 2Mg+Ni after 90 primary rolling passes (A); 90 primary
rolling passes and heat treatment (B); 90 primary rolling passes, heat treatment and
20 secondary rolling passes (C). For comparison, X-ray pattern of the 10 h ball-milled
2Mg + Ni mixture is shown (D).
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Fig. 2. X-ray patterns of 2Mg + Ni when 60 (A), 90 (B), 150 (C) and 180 (D) primary
rolling passes are done, followed by heat treatment and 20 secondary rolling passes.

As shown in Fig. 1B, after heat treatment the material is mainly
composed of Mg, Ni, the rest being unalloyed Ni. From Rietveld
analysis, the material is made of 87 wt.% Mg, Ni having an average
crystallite size of 209 nm and 13 wt.% of nickel with a crystallite size
of 70 nm. No microstrain is observed in the heat-treated material.

Once the Mg, Ni phase is formed, 20 secondary rolling passes
had a drastic effect on crystallite size as seen by the very broad
peaks of Fig. 1C. From Rietveld analysis it was found that crystallite
size of Mg, Ni decreased to 9 nm while for nickel, the crystallite size
was reduced to 28 nm. This indicates that secondary rolling is a very
effective means of reducing crystallite size. For comparison, Fig. 1D
shows the XRD pattern of the 10 h ball-milled 2Mg + Ni mixture.
We see that the diffraction pattern is identical with respect of the
Mg, Ni phase observed in Fig. 1C. The only difference is the absence
of free nickel in the milled sample.

The effect of primary (before heat treatment) and secondary
(after heat treatment) rolling processes on the end product struc-
ture was investigated. The effect of the number of primary rolling
passes on the final structure is shown in Fig. 2. In this experiment,
after a number of primary rolling passes varying from 60 to180, all

Intensity (a.u.)

- L | P Mg
I [ I N

J o | T Tner e rienem e pee neme Mg Ni

20 30 40 50 60 70 80
2-Theta (26)

Fig. 3. X-ray patterns of 2Mg+ Ni when 90 primary rolling passes are followed by
heat treatment and 0 (A), 10 (B), 20 (C) and 50 (D) secondary rolling passes.
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Fig. 4. Variation of the concentration of oxygen and nitrogen contaminants as a
function of the number of rolling passes.

samples were heat treated and subjected to the same number of
secondary rolling passes (20). It could be seen that at least 90 pri-
mary rolling passes are needed before all the magnesium is alloyed
to nickel to form the Mg, Ni phase. Increasing the number of pri-
mary rolling passes has almost no effect on the structure of the
Mg, Ni phase.

The effect of secondary rolling treatment on the product struc-
ture is shown in Fig. 3. In this experiment, the samples were first
rolled 90 times (primary rolling), heat treated and then subjected
to various numbers of secondary rolling passes (0, 10, 20 and
50). After only 10 secondary rolls, the crystallite size of Mg, Ni is
already reduced to 12 nm. However, further rolling only marginally
decreases the crystallite size and increases microstrain. After 50
secondary rolls, the Mg;Ni phase shows an average crystallite size
of 8 nm and a microstrain of 2.2%.

As all our manipulations are done in air, sample oxidation could
be important. Fig. 4 displays the evolution of oxygen and nitro-
gen contents during primary rolling, heat treatment and secondary
rolling. Primary rolling does not have a large impact on the sample
contamination. Oxygen level goes from 0.004 wt.% for the starting
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Fig. 5. Typical charge-discharge curve (first cycle) of cold-rolled Mg;Ni electrode

(90 primaryrolling passes, heat treatment at 400 °C and 20 secondary rolling passes).
Charge at 200 mAh g~! for 3 h and discharge at 20mAh g-' up to —0.6 V vs. Hg/HgO.

materials to 0.02 wt.% after 90 rolls. Nitrogen contamination is even
lower. However, a 10-fold increase (please note the change of scale
on the graph) of oxygen and nitrogen contamination occurs during
heat treatment despite the fact that argon gas was always flowing
inside the furnace. After heat treatment the samples are much more
sensitive to air as indicated by the important increases of contami-
nation as a function of the number of secondary rolling passes. The
reason for such behavior may be due to a higher sensitivity of the
Mg, Ni phase to oxygen than the unalloyed Mg and Ni phases.

3.2. Electrochemical performance

Fig. 5 shows a typical charge-discharge curve (first cycle) of
cold-rolled Mg,Ni electrode. During charge (at 200mAg-! during
3h), the potential decreases progressively from —0.92 to —1.04V
vs. Hg/HgO, reflecting the occurrence of the hydrogen absorption
reaction. After 2 h of charge, the Mg;Ni electrode is fully charged
and then the potential stabilizes around —1.04V vs. Hg/HgO, due
to the hydrogen evolution reaction. During the discharge step
(at 20mAg-! up to —0.6V vs. Hg/HgO), the electrode potential
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Fig. 6. (A) Variation of the first discharge capacity as a function of the number of
primary rolling passes. In this case, 20 rolling passes were done after heat treatment.
(B) Variation of the first discharge capacity as a function of the number of secondary
rolling passes. In this case, 90 rolling passes were done prior to heat treatment.
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Fig. 7. Cycling discharge capacities of 2Mg+Ni samples ball milled 10h and cold
rolled (90 primary rolling passes, heat treatment at 400 °C and 20 secondary rolling
passes).

increases slowly with a quasi-plateau around —0.8V vs. Hg/HgO
related to the [3-to-a phase transition. When the hydrogen des-
orption reaction is completed, a rapid increase of the potential is
observed. On the basis of the discharge duration, the discharge
capacity of the material can be estimated (205mAhg-! in the
present case).

The electrode discharge capacity (first cycle) depends on both
primary and secondary rolling pass numbers as seen in Fig. 6A
and B, respectively. On the basis of our previous characteriza-
tions, too many rolling passes result in more sample oxidation.
On the other hand, a too low number of primary rolling passes
yields to a partial formation of Mg;Ni intermetallic compound.
Moreover, an insufficient number of secondary rolling passes
results in a too large Mg,Ni crystallite size. The highest dis-
charge capacity (205mAhg-1) is then obtained by first rolling 90
or 120 times, followed by a heat treatment and then roll again
20 times.

Fig. 7 shows the variation of the discharge capacity upon cycling
for our best cold-rolled sample and the ball milled one. As can be
seen, the results are quite the same for both electrodes in terms of
initial discharge capacity and decay capacity with cycling. Indeed,
the initial discharge capacity of the cold-rolled Mg, Ni electrode is
205 mAh g~ with a decay capacity of 81% after 5 cycles compared
to an initial discharge capacity of 231 mAh g~! and a decay capacity
of 83% after 5 cycles for the ball-milled Mg, Ni sample. In compari-
son, Mg, Ni electrode fabricated from 25 h ball-milled Mg, Ni alloy
(intermetallic phase already formed before ball milling) displayed
aninitial discharge capacity of 244 mAh g~ with a decay capacity of

72% after 25 cycles whereas unmilled (polycrystalline) Mg, Ni alloy
was inactive with a maximum discharge capacity of 2mAh g1 [14].

The data in Fig. 7 suggests that the cold-rolled material exhibits
a slower loss of discharge capacity on cycling than the ball-milled
material. However, for both cold-rolled and ball-milled materi-
als, the discharge capacity is reduced to ~40mAhg-! after 5
cycles that prohibit their use in Ni-MH batteries. The rapid decay
capacity with cycling is well known for Mg-based materials and
is attributed to Mg(OH), formation [2]. Actually, Mgy Ni under-
goes spontaneous hydrolysis in water and in hydroxide solutions
(AG°=-544Kk]mol~1) [15]. The accumulation of Mg(OH), on the
electrode limits the hydrogen absorption/desorption reaction in
addition to consuming active material. Thus, more works needs to
be done in order to get better cycle life, as successfully done with
ball-milled MgNi-based materials [3].

4. Conclusion

This work showed that cold rolling combined with heat treat-
ment could be a promising synthesis method of nanostructured
metal hydrides. It has enabled us to get a nanocrystalline Mg, Ni
material in sheet form which displays similar electrochemical
hydrogen storage properties to that of nanocrystalline Mg, Ni pow-
der obtained by ball milling.
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