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Hydrogen storage characteristics of ball-milled

magnesium-nickel and magnesium-iron alloys
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Of potential hydrogen storage materials, pure magnesium would be best from the
standpoint of hydrogen capacity per unit mass. However, pure magnesium has poor
hydriding kinetics. Alloying magnesium with nickel and other transition metals aids
catalysis of the hydrogen dissociative chemisorption and yields other benefits by lowering
the dehydrogenation temperature, although at the expense of decreased storage capacity.
Magnesium-nickel alloys with about one percent nickel prepared by ball-milling yield the
most significant improvements in hydrogen storage behavior relative to pure magnesium.
C© 1999 Kluwer Academic Publishers

1. Introduction
Magnesium-nickel alloys are used for practical hydro-
gen storage systems [1, 2]. Pure magnesium has a hy-
drogen capacity of 7.6 wt % in the form of MgH2, and
this is the highest of any solid hydride except LiH.
Pure magnesium, however, is prone to oxidation and
low catalytic activity for dissociative chemisorption of
H2, and this limits the hydriding and dehydriding rates.
Pure magnesium also has a hydride dissociation tem-
perature (at one atmosphere of hydrogen) of 290◦C,
which is marginal for prospective applications. The al-
loy Mg2Ni is more stable in air, with a lower hydride
dissociation temperature of 250◦C. Nickel significantly
improves the catalytic activity, and consequently the
hydriding and dehydriding rates are improved, as well.
On the other hand, Mg2Ni has a lower theoretical max-
imum hydrogen capacity, 3.6 wt %, than magnesium. It
is desirable to reduce the nickel concentration in order
to increase the hydrogen capacity, but retain the ben-
efits of higher hydriding-dehydriding rates and lower
hydriding-dehydriding temperatures.

Magnesium-nickel alloys with compositions as low
as 2 at % prepared by mechanical alloying have been
reported [3, 4] and have been shown to have high hydro-
gen capacities and high hydrogen reaction rates com-
pared to both Mg and Mg2Ni. It has also been shown
[5, 6] that small concentrations of dispersed nickel par-
ticles prepared by chemical vapor deposition enhance
the hydrogen storage characteristics of magnesium.
This occurs possibly by altering the surface catalytic
activity of the magnesium in contact with nickel parti-
cles in a manner similar to that observed for palladium
nanoparticles in contact with Mg2Ni [7].

As suggested above, benefits of small concentrations
of nickel in magnesium are realized even if the nickel is
present as dispersed particles; i.e., not reacted to form
a magnesium-nickel compound. It has been suggested
that substituting other transition metals for nickel in

Mg2Ni could increase the hydrogen capacity [8] and
perhaps lower the hydride dissociation temperature [9].
Based on these observations, it was decided to explore
the behavior of magnesium-iron alloys and compare to
results obtained for magnesium-nickel.

2. Synthesis
Alloys of magnesium-nickel and magnesium-iron were
prepared using a Union Process ball mill. Commer-
cial Mg (−20+ 100 mesh), and Ni (−100 mesh) or
Fe (−100 mesh) powders were milled immersed in min-
eral oil for 50 hours. Excess oil was poured off, leaving
the milled powder damp with oil. The process is de-
scribed in detail elsewhere [10]. Specimens with nickel
concentrations of 0.1, 1, 2.5, 5, and 10 at % and with
iron concentrations of 1, 5, and 10 at % were made,
along with pure magnesium.

Microstructures of the as-milled materials were ex-
amined with a scanning electron microscope (SEM)
equipped with an energy dispersive X-ray spectrome-
ter (EDX). The EDX spot size was about 2µm. Fig. 1
shows backscattered electron micrographs of as-milled
Mg-10% Ni and Mg-10% Fe. As seen in the figure,
the as-milled materials consist of irregular granules or
flakes of gray material generally 5 to 10µm thick, 10
to 50µm lateral dimensions. The granules contain em-
bedded particles, the light spots in Fig. 1, generally one
tenth to one micron in size. The flakes are larger in the
Mg-Fe material than in the Mg-Ni. The EDX was used
to study the composition of the granules and particles.
Several of the large granules and about a dozen of the
small particles were examined in both the Mg-Ni and
Mg-Fe specimens. The EDX results are consistent with
the granules consisting predominantly of magnesium
with the embedded particles predominantly of nickel
or iron. Since the SEM/EDX spot size was larger than
the particles and their separations, it was not possible to

0022–2461 C© 1999 Kluwer Academic Publishers 2655



Figure 1 Backscattered electron SEM of as-milled (a) Mg-10% Ni and (b) Mg-10% Fe showing the large granules of Mg with embedded small
particles of the Ni or Fe. The grey material making up the bulk of the large granules is predominantly Mg, and the small light spots are particles of
(a) nickel or (b) iron.

completely isolate the EDX spectra of the small parti-
cles from that of the bulk of the granules. Therefore, the
presence of some nickel/iron alloyed with magnesium
in the bulk of the granules, or of magnesium in the em-
bedded nickel/iron particles, cannot be ruled out. Some
particles of tungsten also were found. These generally
were micron-sized, much larger than the nickel/iron
particles. The tungsten undoubtedly was the result of
residual contamination of the ball mill and stainless
steel balls from an earlier project. Tungsten does not
absorb significant amounts of hydrogen in the temper-
ature and pressure ranges we studied, so this contami-
nation should not affect the results noticably.

X-ray diffractographs of the as-milled powders,
shown in Fig. 2, are unremarkable, showing mostly
magnesium and nickel or iron peaks, with some traces
of magnesium oxide. All of the Mg-Ni samples show
only peaks of Mg, Ni, and MgO in the X-ray diffraction
patterns and all Mg-Fe samples show only peaks of Mg,
Fe, and MgO. The absence of diffraction peaks of Mg-
Ni or Mg-Fe compounds is consistent with the SEM and
EDX results described above. It is reasonable to inter-
pret these SEM, EDX, and X-ray diffraction results as
indicative of microstructures consisting of magnesium
granules with embedded submicron nickel or iron par-
ticles.

Portions of the milled product were cold compacted
at 900 MPa uniaxial pressure into pellets of one cen-
timeter diameter, with a mass of about one gram each.
Densities were measured by hydrostatic immersion.
Relative to theoretical densities (assuming a rule of
mixtures) the measured densities of both magnesium-
iron and magnesium-nickel are similar as a function of
transition metal content. For pure magnesium, relative
densities of 0.97 were achieved. With increasing transi-
tion metal concentration, the relative densities decrease

linearly to approximately 0.85 at 10% transition metal
content.

3. Hydriding-dehydriding behaviors
Hydriding-dehydriding was carried out on single pel-
lets of the alloys sealed in a thick walled stainless steel
tube reaction chamber with a volume of 180 cm3 and
heated with a tube furnace. Thermocouples were at-
tached to the outside of the tube. Digital thermocou-
ple and pressure gauge readouts were interfaced to a
computer and the temperature and pressure were mon-
itored and recorded during the hydriding-dehydriding
process.

Hydrogen in the reaction system was assumed to be-
have as an ideal gas. Because the temperature varies
throughout the system from room temperature in the
external plumbing to close to the furnace temperature
in the reaction zone, the equation of state must be inte-
grated over the entire system. A general representation
of the gas law for the system with pressureP of N
moles of gas, with temperatureT and room tempera-
tureTR, is:

PV = N RT8(T, TR), (1)

which can be expressed as

8(T, TR) = PTR/PRT, (2)

wherePR is the pressure at room temperature. The func-
tion8(T, TR) was determined experimentally by mea-
suring pressure and temperature for a chamber without
a specimen (so thatN is constant) under isothermal
conditions for a range of combinations ofP, T , and
amount of gas (or equivalently,P0, the pressure at room
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Figure 2 X-ray diffractometer scans of as-milled (a) Mg-10% Ni and (b) Mg-10% Fe.

temperature). For our system, the resulting calibration
can be expressed as

PV = N R(C0+ C1T ), (3)

whereC0 andC1 are the experimentally determined cal-
ibration constants, 214 and 0.2747, respectively, with
both values±2%.

Fig. 3a and b show the temperatures and pressures
as a function of time for a typical rapid thermal cycle
with no specimen in the chamber (so thatN is con-
stant). The interior gas temperature can be estimated
using the measured pressure and the calibration given
above, and this estimated temperature versus the mea-
sured exterior furnace temperature is plotted in Fig. 3c.
There is hysteresis between the measured exterior fur-
nace temperature and the gas temperature inside the
chamber. This occurs because of the placement of the

thermocouple on the outside surface of the chamber,
where it responds more quickly to furnace temperature
changes than the interior of the reaction vessel. Using
the curve shown in Fig. 3c, the interior gas temperatures
during rapid thermal cycling can be estimated from the
furnace temperature.

The volume of the reaction system was determined
using Boyle’s law and a standard volume with an ac-
curacy of 3.5%, and this value was used to scale the
effective gas law, Equation 1. At room temperature, a
1.0 MPa pressure change is equivalent to 0.1466 grams
of hydrogen absorbed or desorbed. At 350◦C, the con-
version factor is 0.1123 grams of hydrogen per MPa.
Overall accuracy in hydrogen mass changes is±5%.

Two types of hydriding-dehydriding procedures were
used. Fig. 4a shows the procedure for determining total
hydrogen capacity. A dehydrided specimen is heated
from room temperature to 350◦C at about 10◦C/min,
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Figure 3 Furnace response during rapid thermal cycling: (a) exterior temperature of the furnace, (b) pressure of the hydrogen gas in the reaction
system, and (c) derived relationship of gas temperature inside the reaction zone versus the exterior furnace temperature during rapid thermal cycling.

with an initial hydrogen pressure at room temperature
of 1 MPa. The system is then cooled to room temper-
ature. The difference in pressure before and after this
heat-cool cycle is due to the total amount of hydrogen
absorbed by the specimen. The temperature at which
the hydrogen pressure starts to decrease upon the initial
heating from room temperature is defined as the “hy-
drogenation onset” furnace temperature. After cooling
to room temperature to determine the pressure change
as explained above, the hydrogen gas in the chamber is
pumped out and the reactor sealed again. The specimen
is not removed from the reactor. The “dehydrogenation
onset” furnace temperature is defined as the tempera-
ture at which the pressure starts to rise upon heating
a fully hydrided specimen starting in vacuum at room
temperature.

The second type of cycle, shown in Fig. 4b, was used
to evaluate the isothermal dehydriding rates. A spec-
imen is first fully hydrided in 1 MPa of hydrogen at
350◦C. After rapidly reducing the pressure to one at-
mosphere (0.1 MPa), the increase of pressure as a func-
tion of time is monitored as hydrogen evolves from the

specimen. The initial slope of the pressure versus time
is defined as the “initial hydrogen delivery rate”.

The hydrogen capacity of each specimen was mea-
sured on the first and sixth cycle, while the other cycles
were of the isothermal type described. The hydrogen
capacity and onset temperatures were measured on the
sixth cycle for all specimens, and the delivery rates
were measured on the seventh cycle. This was done be-
cause it generally took several cycles for the properties
to stabilize completely.

Fig. 5 shows the hydrogen capacity of the Mg-Ni and
Mg-Fe alloys in weight percent of hydrogen. Absolute
accuracy of the hydrogen capacity shown is about 5%
due to the uncertainty in the calibration of the system,
but there is negligible uncertainty in the relative capac-
ities of the various specimens.

For the Mg-Ni series, the hydrogen capacity peaks
at Mg-1% Ni. The capacity of 6.13 wt % is about 85%
of the theoretical maximum capacity for this composi-
tion, assuming that a stoichiometric mixture of MgH2
and Mg2NiH4 was obtained. For the Mg-Fe series,
the capacity increases linearly with Fe content and the

2658



Figure 4 Types of hydride-dehydride cycles used. (a) A rapid thermal cycle starting with 1 MPa of hydrogen at room temperature, increasing the
temperature to 350◦C, then cooling back to room temperature, is used to measure total hydrogen capacity. (b) Isothermal cycling at 350◦C is used
for measuring hydride-dehydride kinetics.

Figure 5 Hydrogen capacity of the ball-milled Mg-Ni and Mg-Fe alloys.

capacity of Mg-10% Fe is slightly higher than that of
Mg-10% Ni.

Fig. 6 shows the hydrogen discharge behavior at
350◦C. It shows that as little as 0.1% Ni in Mg improves
the discharge rates dramatically, although adding more
than 1% Ni yields no additional benefit in the rates. The
rates must be limited by a mechanism independent of
the nickel content. For 10% Fe in Mg, the discharge
curve is comparable to that of 1, 5, or 10% Ni in Mg,
again suggesting that the rates are limited by a mech-

anism independent of the transition metal. However,
for 1 and 5% Fe, the discharge is somewhat slower,
indicating that Fe is involved in the rate limiting mech-
anism. This behavior indicates that Ni is more active
than Fe in the mechanisms that depend on transition
metal, but that above a certain concentration, it does not
matter because some other mechanism independent of
the transition metal limits the discharge.

Fig. 7 shows the initial hydrogen delivery rates at
350◦C; that is, the rate at which hydrogen can be ex-
tracted from the specimen when it is fully hydrided,
corresponding to the initial slopes of the curves in
Fig. 6. Both Ni and Fe substantially increase the de-
hydrogenation rates relative to pure Mg, but clearly, Ni
is nearly twice as effective as Fe at low concentrations.
For Ni concentrations above 1%, the dehydrogenation
rate seems to be independent of Ni concentration, while
for Fe it increases with concentration. At 10% concen-
tration, both Ni and Fe produce essentially the same
effect on dehydrogenation rate.

Related trends are found in the hydrogenation and
dehydrogenation onset temperatures versus concentra-
tion. While both Ni and Fe result in a lowering of the
hydrogenation onset temperature, shown in Fig. 8, there
is a large nonlinear effect for Ni. A huge drop of over
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Figure 6 Hydrogen delivery (discharge) versus time at 350◦C after charging with initial 1 MPa pressure. (a) Mg-Ni and (b) Mg-Fe.

Figure 7 Initial dehydrogenation rates of the Mg-Ni and Mg-Fe alloys at 350◦C.

100◦C in the hydrogenation onset temperature with
the addition of just 1% Ni was noted. Further addi-
tion of Ni produces further linear change of onset tem-
perature. The same behavior and slope occurs for Fe
addition. For the dehydrogenation onset temperatures
shown in Fig. 8, there is a large drop of about 50◦C
relative to pure Mg for 1% additions of either Ni or Fe.
For higher Ni concentration, the dehydrogenation onset

temperature seems to be essentially independent of Ni
content, but continues to decrease with additional Fe
content.

After the hydriding cycles, the pellets, which were
initially soft and ductile, were hard, somewhat brittle,
and brown in color. Scanning electron micrographs
of hydrided Mg-10% Ni and Mg-10% Fe are shown
in Fig. 9. Comparing with as-milled powder shown
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Figure 8 Furnace temperature at onset of (a) hydrogenation and (b) dehydrogenation of Mg-Ni and Mg-Fe alloys in vacuum.

Figure 9 Scanning Electron Micrographs of (a) Mg-10% Ni and (b) Mg-10% Fe after hydriding. Compare with Fig. 1 to see refinement of micro-
structure.

in Fig. 1, we see that the transition metal or tran-
sition metal rich inclusions (the bright particles in
these backscattered electron images) are still dispersed
throughout Mg. This indicates that Ni or Fe have not

fully reacted with the Mg. The scale of the microstruc-
tural inhomogeneities are similar in both alloys, and are
of the same nature as the as-milled material, except, of
course, that the hydrided material has been compacted
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Figure 10 X-ray diffractometer scans of (a) Mg-10% Ni, (b) Mg-10% Fe, (c) Mg-1% Ni, and (d) Mg-1% Fe after hydriding. (Continued)
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Figure 10 (Countinued).

into a pellet. There was no significant degree of pul-
verization or microstructural refinement, as was found
in previous work on alloys with higher transition metal
content [10]. Following hydriding, all of the specimens
with less than 5% Ni or Fe contain mostly MgH2 with
some Mg, traces of MgO, and Fe or Ni. The Mg-10%
Ni specimen also contained some Mg2NiH4 and the
Mg-10% Fe specimen contained several peaks corre-
sponding to the same phase, presumably Mg2FeH4, as
shown in Fig. 10

4. Conclusions
Addition of about one atomic percent of nickel to mag-
nesium significantly improves the hydrogen storage
characteristics in the following ways: (1) the hydrogen
capacity is increased by 50%, (2) the rates of isother-
mal dehydrogenation are increased by a factor of ten,
(3) the temperature for onset of hydrogenation is low-
ered by nearly 100◦C, and (4) the temperature for onset
of dehydrogenation is lowered by nearly 50◦C. No sig-
nificant additional benefit is attained by increasing the
nickel concentration above one atomic percent, and in
fact the hydrogen capacity decreases with increasing
nickel concentration.

Addition of iron to magnesium have little effect on
the hydrogen capacity or the temperature of hydrogena-
tion onset, but increase the dehydrogenation rates by a
factor of five relative to pure magnesium. However, iron
is only about half as effective as nickel in increasing
the dehydrogenation rates. Iron decreases the dehydro-
genation onset temperature by about 50◦C, which is
about the same effect as obtained with nickel. Unlike
nickel, further increasing the iron concentration above
one percent results in increased hydrogen capacities,
increased dehydrogenation rates and lower dehydro-
genation onset temperatures.

The principal role of the transition metal at these
low concentrations is to aid dissociative chemisorp-

tion of hydrogen. The concentrations are too low to
produce significant amounts of magnesium-transition
metal compounds. The results described above are con-
sistent with the other rate limiting processes compet-
ing with the catalytic activity of the transition metal
additions. Nickel is more catalytically active for hy-
drogen dissociative chemisorption than iron, and even
very small concentrations of nickel saturate that part of
the process. Some other rate limiting effect, which is
independent of nickel concentration, then takes over,
probably related to diffusion of hydrogen into the mag-
nesium. Iron, on the other hand, is less active catalyt-
ically so that it takes a higher concentration of iron to
achieve the same effects as nickel.
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