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Hydrogen production from highly corroding Mg-based
materials elaborated by ball milling
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Abstract

It is universally known that the reaction between magnesium or magnesium hydride and water produces hydrogen. However, this reaction
stops rapidly due to the formation of a passive Mg(OH)2 layer onto the reactive material. In this paper, we present an investigation of the
hydrogen production by hydrolysis of Mg-based materials elaborated by high-energy ball milling. The best performance is obtained with a
Mg–10 at.% Ni composite material milled for 30 min, which leads to a conversion yield of 100% after 1 h of hydrolysis in neutral aqueous
solution containing chloride ions.
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. Introduction

The conception of a compact, safe and inexpensive hydro-
en source is a key issue for the development of fuel cells.
ifferent sources of hydrogen can be considered, including
ompressed H2, carbon-based H2 storage, metal hydrides,
hemical hydrides and methanol. Among them, chemical
ydrides (e.g. NaBH4, LiAlH 4, MgH2) [1–6] appear very
romising due to their high theoretical hydrogen yield by
eight.
For example, pure hydrogen can be obtained by reacting

gH2 with water through the reaction:

gH2 + 2H2O → Mg(OH)2 + 2H2

Hr = −277 kJ mol−1 (1)

The hydrogen yield of this reaction is 6.4 wt.% when
ater is included in the calculation. The hydrogen yield

ncreases to 15.2 wt.%, if the water produced by the fuel

cell is recovered for the hydrolysis reaction. Moreover,
reaction has the advantage to produce residual Mg(O2,
which is environmental friendly. It is also possible to prod
hydrogen by using very cheap Mg material by the follow
reaction:

Mg + 2H2O → Mg(OH)2 + H2

�Hr = −354 kJ mol−1 (2)

It this case, the hydrogen yield is 3.3 wt.% (conside
water mass) and 8.2 wt.% (no water included in the ca
lation). However, the hydrolysis reaction using conventi
Mg or MgH2 is rapidly interrupted because of the format
of a passive magnesium hydroxide layer onto the rea
material. Acid can be added to form soluble Mg2+ species
but this is detrimental to the equipment and provides a p
tial hazard for users.

In this work, we present an investigation of the hydro
production by the hydrolysis of Mg-based materials ela
rated by high-energy ball milling. The aim is to conce
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highly corroding materials to assure a full completion of the
hydrolysis reaction in neutral aqueous solution.
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2. Experimental

MgH2 (95 wt.% MgH2, 5 wt.% Mg, 20�m), Mg and Ni
(99.8 wt.%,−325 mesh) were used as starting materials. Ball milling
was performed under argon atmosphere with a ball-to-powder mass
ratio of 8:1 using a SPEX 8000 ball mixer. The milling time was
varied from 0.5 to 10 h.

The specific surface area of the powders was measured by N2

adsorption (multipoint BET).
The hydrolysis reactions were carried out in flask reactor of

1000 ml with two openings, one for water addition and the other
one for hydrogen exhaust. The produced gas was flown through a
condenser and drierite to remove all water vapour before passing
through a flowmeter (ADM 3000, Agilent Technologies). One-
hundred millilitres of aqueous solution were added to react with
250 mg of powder.

3. Results and discussion

Fig. 1shows the hydrogen production profiles of Mg and
MgH2 powders reaction in pure water and in 1 M KCl solu-

tion for different milling times. The hydrogen production is
expressed as a conversion yield (%) defined as the volume
of produced H2 over the theoretical volume of hydrogen that
should be released assuming that all material is hydrolysed.

As seen inFig. 1a, the ball milling treatment has no effect
on the Mg reactivity in pure water. All curves show a very
rapid H2 release in the first 30–60 s of hydrolysis followed
by a drastic interruption of the reaction, leading to a very
low conversion yield (<15%). The abrupt stop of the hydrol-
ysis reaction is due to the well-known formation of passive
Mg(OH)2 layer onto the Mg powder surface, which prevent
further contact between water and un-reacted Mg material.
The formation of Mg(OH)2 occurs although the bulk pH of
the solution is lower than the pH predicting the appearance of
Mg(OH)2 (i.e. pH≥ 10–11)[7] because the pH at the pow-
der/solution interface is greater than 10 due to the hydrogen
evolution reaction leading to the formation of hydroxide ions
(2H2O + 2e− = H2 + 2OH−).

In contrast, the ball milling affects the MgH2 hydrolysis
reactivity in pure water as seen inFig. 1b. The highest reac-
tivity is obtained with 30 min milled MgH2, which displays a

F
0

ig. 1. Hydrogen production curves of (a) Mg in pure water, (b) MgH2 in pure wa
.5, 3 and 10 h).
ter, (c) Mg in 1 M KCl, (d) MgH2 in 1 M KCl for different milling times (0,
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Fig. 2. Conversion yield of MgH2 powders after 1 h of hydrolysis in pure
water as a function of the powder effective surface area.

conversion yield of 26% compared to 9% for unmilled MgH2
powder. Actually, the more the specific surface area of the
powder is increased by the milling treatment, the more the
fraction of powder likely to react with pure water before its
passivation is large. Indeed, a correlation can be clearly estab-
lished between the conversion yield of the MgH2 powders
and their effective surface area (seeFig. 2). The specific sur-
face area of MgH2 powder displays a maximum of 12.2 m2/g
after 30 min of milling – indicating that the powder fractur-
ing is predominant in the first stages of the milling – and
then decreases to 7.8 m2/g after 10 h of milling due to for-
mation of particle agglomerates for longer milling period.
In contrast, the specific surface area of Mg powder decreases
almost linearly from∼0.7 m2/g for as-received Mg powder to
∼0.1 m2/g for 10 h milled Mg powder. This reflects the major
difference in the mechanical properties between MgH2 and
Mg, i.e. the brittle characteristic of MgH2 powder favours
its fracturing during ball milling whereas with ductile Mg
material the cold welding phenomenon predominates.

When hydrolysis is performed in 1 M KCl aqueous solu-
tion rather than pure water, the results are drastically different
for Mg powders as seen inFig. 1c. The Mg powder milled
30 min displays the best efficiency with a conversion yield
reaching 89% after 1 h of hydrolysis compared to 54, 25 and
17% for 3 and 10 h and unmilled powders. In addition, the
hydrolysis curves for milled Mg in KCl solution presents a
d riod.
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passive layer by chloride ions as demonstrated by corrosion
studies[8,9]. The Cl− ions substitute OH− ions to form
MgCl2. This salt is more soluble than Mg(OH)2 (the sol-
ubility of MgCl2 in water at 20◦C is 542 g/l compared to
0.009 g/l for Mg(OH)2 [10]). Then, localized breakdown of
the passive layer occurs leading to a pitting corrosion pro-
cess. Thus, the increase of the H2 production with milled Mg
powders (in particular with 30 min milled Mg sample) may
reflect their higher susceptibility to pitting corrosion. It can
be ascribed to the formation of defects (grains boundaries,
dislocations, vacancies, etc.) through the milling process,
which may favor localized chloride enrichment accentuat-
ing the pitting corrosion. The breaking of the native surface
oxide layer on Mg powder during milling may also create
fresh active surfaces for corrosion. On the other hand, the
fact that Mg powders milled 3 and 10 h are less reactive
than 0.5 h milled Mg powder can be ascribed to the accen-
tuation of the powder oxidation during prolonged milling
[11] in addition to the decrease of its specific surface area
as indicated previously. Prolonged milling may also induce
a more uniform distribution of the defects compared to
the 30 min Mg sample, resulting in a better distribution
of Cl− on the powder surface and thus, localized chlo-
ride enrichment favorable to pitting corrosion might be less
marked.
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hat is, after the first 30 s of rapid hydrolysis (region
ig. 1c), the hydrolysis rate decreases for few minutes (re

I) and reaccelerates again (region III) before stopping
ressively (region IV). The duration of this induction per
region II) differs with milling time (i.e.∼1 min for 0.5 h Mg
owder compared to∼3 min for 3 h Mg powder and∼7 min

or 10 h Mg powder). This period may correspond to the in
ation time for pit initiation.

The increase of the Mg conversion yield with KCl ad
ion is associated with the destabilization of the Mg(O2
ent of the hydrolysis activity of MgH2 powders as shown
ig. 1d. For example, the conversion yield of the MgH2 pow-
er milled for 30 min is 37% in 1 M KCl compared to 26

n pure water. It can be related to the insulator characte
f the MgH2 material that must limit the corrosion proce

It is well known that magnesium is highly susceptible
mpurities that promote internal galvanic attacks[9]. Nickel
onstitutes an appropriate cathode material to cause s
alvanic corrosion in Mg due to its low hydrogen overpo

ial. Thus, in order to increase the conversion yield of
nd to accelerate the hydrolysis reaction, Mg–Ni comp
aterials were elaborated. Optimization procedure (re
ot shown) by varying the milling time (from 0 to 10 h), t
roportion of Ni (from 1 to 25 at.%) and the Ni particles s
from ∼0.1�m to −325 mesh) indicated that milling of M
owder with 10 at.% Ni (−325 mesh) for 30 min are appr
riate synthesis parameters to obtain highly active Mg-b
aterial for H2 production. This is illustrated inFig. 3, which

ompares the hydrogen production profiles in 1 M KC
.5 h milled Mg and 0.5 h milled Mg–10 at.% Ni powders
onversion yield of 100% is obtained after 1 h of hydrol
ith a mean hydrogen production rate of 70 ml/min per g
f powder in the first 10 min of reaction compared to a c
ersion yield of 89% with a mean hydrogen production
f 30 ml/min per gram of powder in the first 10 min of re

ion for 0.5 h milled Mg alone. However, due to the prese
f unreactive Ni material, the 0.5 h milled Mg–10 at.%
owder produces less hydrogen per gram of material tha
.5 h milled Mg powder, i.e. 763 ml H2 compared to 856 m
2, corresponding to a hydrogen yield of 6.8 and 7.6 w
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Fig. 3. Hydrogen production profiles in 1 M KCl of (a) unmilled Mg, (b)
0.5 h milled Mg and (c) 0.5 h milled Mg–10 at.% Ni.

respectively (the KCl solution weight is not included in the
calculation).

4. Conclusion

We have elaborated a very effective and cheap H2 source
material, which consisted of a mixture of Mg + 10 at.%. Ni
milled for 30 min. The high reactivity of this material for
hydrolysis is explained by the presence of fresh active sur-
faces with numerous defects in addition to the creation micro-

galvanic cells between close Mg and Ni components that
accentuate greatly the corrosion process.
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