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a b s t r a c t

In the present paper, hydrogen desorption kinetics from hydrided Mg–Ni–In–C alloys was investigated. A
chemical composition that substantially accelerates hydrogen desorption was found. It was observed that
carbon improves the hydrogen desorption kinetics significantly. Its beneficial effect was found to be opti-
mum close to the carbon concentration of about cC ffi 5 wt.%. With this composition, stored hydrogen can
be desorbed readily at temperatures down to about 485 K, immediately after hydrogen charging. This can
substantially shorten the hydrogen charging/discharging cycle of storage tanks using Mg–Ni-based alloys
as hydrogen storage medium. For higher carbon concentrations, unwanted phases precipitated, likely
resulting in deceleration of hydrogen desorption and lower hydrogen storage capacity.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

There are numerous reviews summarizing the broad class of
hydrogen storage materials (HSMs), e.g., [1–3]. The most recent
survey of solid materials for future energy storage can be found
in [4,5]. Among the prospective HSMs, Mg-based alloys seem to
be of an on-going interest [6,7]. Ball milling [6,8,9] and catalysis
[10–20] are effective techniques used to improve the hydrogen
storage characteristics of pure Mg. The mechanism of catalytic ac-
tion and the effective loci of catalyst atoms were studied in papers
[21,22]. Transition metals [19,23–27] and their oxides [28–32]
were used as catalysts. The most efficient addition element was
Ni. A special class of Mg–Ni-based HSMs are alloys containing Mg2-

Ni, whose hydrogen storage characteristics were studied, e.g., in
papers [33–35]. Other techniques were also applied to improve
hydrogen storage properties – for example melt spinning [36,37]
and high pressure technique [38].

The present work continues our previous measurements of
hydrogen diffusivity in binary Mg–Ni alloys [39], study of catalytic
effects [40] and chemical composition of ternary Mg–Ni–X alloys,
where X are elements from the 13th and 14th groups [41].

The beneficial influence of carbon on hydrogen sorption in Mg-
based materials has been reported in the literature [42–57]. Hydro-
gen storage in pure Mg was studied in [42–48], hydrogen storage
in Mg-based complex hydrides was investigated in [49,50].
Authors of [55] observed improvement of hydrogen absorption of
Mg with C only, whereas almost no effect on hydrogen desorption
was reported. Several possible mechanisms were proposed in
the literature explaining the observed influence of carbon on the
ll rights reserved.
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sorption characteristics of Mg and Mg–Ni alloys. Carbon is consid-
ered an anti-sticking agent [54] that prevents agglomeration,
bonding and welding of Mg particles in ball-milling. Carbon is thus
believed to facilitate fine ball-milling and production of powder of
smaller grains. Authors of papers [55,56] conclude that carbon pro-
vides Mg alloys with enhanced resistance to oxidation. It was also
found that carbon enhances the density of matrix defects, which
may decrease the hydride decomposition temperature. Catalytic
[51,53] and synergic effects of carbon and other alloy components
[52,54] result in improved hydrogen desorption from various
HSMs. A large number of dangling bonds of carbon generated dur-
ing milling was reported [51] as sites of easy hydrogen absorption.
In [57], a limiting carbon concentration was reported: The authors
concluded that addition of more than 9 wt.% of graphite to Mg–V
fine powder did not lead to any further acceleration of hydrogen
absorption.

The aim of the present paper is to find improved hydrogen
desorption characteristics of chosen Mg–Ni-based ball-milled
alloys containing In, which effectively enhances resistance to oxi-
dation [41]. The influence of graphitic carbon on the hydrogen
desorption kinetics was tested.
2. Experimental

2.1. Experimental alloys – Preparation and thermal treatment

Samples were prepared in Fritsch Pulverisette6 ball-mill using fine splinters of
pure Mg (typical thickness was about 100 lm, purity 99.98%), Ni powder (grain size
3–7 lm, purity 99.9%) and In powder (grain size 150 lm, purity 99.99% except for
1% of Mg added to In as an anticaking agent). Carbon powder to be used as an
additive was prepared by crushing spectroscopic-pure carbon lumps in a mortar.
The mass ratio of the milling balls to the blend milled was about 60 and the milling
cycle – 10 min milling/50 min cooling – was repeated 20 times.

http://dx.doi.org/10.1016/j.jallcom.2012.08.037
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Table 1
Average chemical composition of experimental alloys.

Material Concentration in wt.% cC/cMg cNi/(cNi + cMg) Note

cMg cNi cIn cC

E 76.49 23.51 – – – 0.24 Eutectic

E–In 72.40 16.86 10.74 – – 0.19 Alloyed eutectic
E–0.14C 72.65 16.92 – 10.43 0.14 0.19
E–In–0.07C 68.91 15.94 10.21 4.94 0.07 0.19
E–In–0.14C 65.68 15.20 9.74 9.38 0.14 0.19
Ea–In–0.14C 67.86 12.92 9.80 9.41 0.14 0.16
Eb–In–0.14C 69.63 10.37 10.05 9.95 0.14 0.13
E–In–0.22C 62.64 14.58 9.28 13.50 0.22 0.19
E–In–0.29C 60.00 13.90 8.95 17.15 0.29 0.19

I–In 42.87 48.87 8.26 – – 0.53 Alloyed Mg2NiH4

I–In–0.26C 38.54 43.93 7.42 10.11 0.26 0.53
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Eleven alloys were prepared of an average chemical composition listed in
Table 1. The ball-milled powder blend was compacted at room temperature into
cylindrical pellets, the diameter and height of which were 20 and 4 mm, respec-
tively. The pellets were annealed in Ar (purity 99.9999%) at 630 K for 20 h. Anneal-
ing was carried out under Ar pressure of 2 mbar to suppress oxidation and to
prevent Mg evaporation.

The structure of the samples was observed by SEM JEOL JSM 6460 equipped
with the EDAX/WEDAX Oxford Instruments analyzer. XRD patterns were obtained
by the X’Pert Pro MPD device using CoKa radiation and the results were interpreted
(Rietveld analysis) with the HighScore Plus SW and ICSD databases [58].
2.2. Hydrogen charging and desorption

The samples for desorption measurements were hydrided by annealing in
gaseous hydrogen (purity 99.9999%, pressure 30 bars) at temperature Tc = 620 K
for 20 h. This optimum charging temperature was found in a series of hydrogen
charging experiments. It was verified that longer charging times at Tc = 620 K did
not lead to a higher content of hydrogen. The hydrogen storage capacity was mea-
sured by precise weighing of samples, whose typical total mass was about 2 g.

The desorption of hydrogen was measured in isothermal regime in a Sieverts-
type apparatus that was described in detail elsewhere [39]. The pressure p(t) of des-
orbed hydrogen at desorption time t was measured by a piezoelectric gauge with a
sampling frequency of 10 s. Knowing the volume of the desorption chamber (about
5 l) and the desorption temperature, the mass of desorbed hydrogen was calculated.
The mass of each individual sample for low-temperature desorption experiments
was chosen so that the final total hydrogen pressure in the chamber was well below
the hydrogen equilibrium pressure of respective hydrides [59].

The desorption experiments were carried out at temperatures ranging from 458
to 640 K. The desorption temperature T was measured by a Pt/Pt-10Rh thermocou-
ple that was in contact with the sample and stabilized within ±1 K. The samples
were moved into the hot zone of the tempered furnace at the beginning and
returned into the cold zone after the anneal so the initial and final temperature
changes of the sample were always very short compared to the desorption time
period needed for the total isothermal hydrogen desorption.

The desorption curves were measured immediately after hydrogen charging
(minimum ageing time designated as s0) and the measurement was repeated with
other samples of the same hydrogen-charged alloy after specified ageing times s.
Fig. 1. Hydrogen concentration achieved after hydrogen charging at temperature Tc

for time tc = 20 h. 1 – E, 12.5 bar H2; 2 – E–In, 2 bar H2; 3 – E-In, 30 bar H2; 4 – E–In–
0.14C, 2 bar H2; 5 – E–In–0.14C, 30 bar H2. The limiting cover curve represents
maximum hydrogen concentration at the (a + b)/b phase boundary in the PCT
diagram [60]. Error bar – typical experimental error.
3. Results and discussion

3.1. Optimum conditions for hydrogen charging

Experimental samples were hydrogen-charged from a H2-gas
phase. The isothermal charging was carried out under a constant
hydrogen pressure pc that was always higher than the equilibrium
hydrogen pressure peq, which is represented by the hydride disso-
ciation pressure in a PCT diagram at respective charging tempera-
ture Tc (see, e.g., in [59]). Bearing in mind the decreasing course of
the a + b/b interphase boundary in the PCT diagram [60], it is clear
that higher values of c should be reached at lower temperatures Tc.
However, due to the charging kinetics, the charging time tc, which
is needed to reach the maximum value of cmax at low charging
temperatures can be too long for practical application and, hence,
a reasonable charging regime has to be found.
Hydrogen concentration in the sample, c, measured for various
values of tc, increased initially with pc and Tc (Figs. 1 and 2). In
Fig. 1, the hydrogen concentration c is plotted in dependence on
Tc for chosen experimental alloys. As a reasonable charging time,
tc, 20 h was chosen. It is obvious from Fig. 1 that with Tc increasing,
the maximum value of cmax can be reached which corresponds to
the equilibrium chemical composition on the a + b/b interphase
boundary in the PCT diagram. A further increase in Tc (and constant
values of p and tc) leads to a decrease in cmax and, above a certain
maximum temperature (critical temperature Tcrit in PCT diagram),
the b phase can no longer exist and, hence, no hydrogen can be
stored in the alloy [60]. In the present work, optimum hydrogen
charging conditions were used for all experimental alloys:
Tc,optim = 620 K, pc = 30 bar and tc = 20 h.

It is clear from Fig. 1 that an admixture of In and carbon led to a
beneficial effect on the hydrogen charging kinetics: cmax is reached
much more easily when the alloy’s chemical composition is modi-
fied by In and C. An improvement of hydrogen desorption kinetics
by In in binary Mg–In alloys was reported, e.g., in [61,62].



Fig. 2. Hydrogen concentration in E–In–0.14C achieved after hydrogen charging at
temperature Tc = 523 K after charging for time tc. Error bar – typical experimental
error.
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3.2. Estimation of maximum hydrogen desorption pressure

The equilibrium hydrogen pressure peq is an important param-
eter of a hydrogen storage material, since it is the limiting value of
maximum pressure pmax (pmax 6 peq) of desorbed hydrogen at cho-
sen temperature Tc. To obtain an assessment of peq, the hydrogen
pressure on the a/(a + b) interphase boundary [60] was measured
in the rising-temperature regime for alloys E, E–In and E–In–xC.
The obtained values are close to the dissociation pressure of
MgH2 (it is the lower PCT plateau of the MgH2 + Mg2NiH4 mixture
of hydrides [63]). The results are plotted in Fig. 3 together with
literature values of dissociation pressure peq published for MgH2

and Mg2NiH4 hydrides [59]. A typical standard deviation r (proba-
bility level 68.2%) of the calculated values of pmax was about 5%,
Fig. 3. Measured maximum hydrogen pressure pmax (points and dashed straight
lines) plotted together with literature values of equilibrium dissociation pressure
peq [59] (solid straight lines).
which was within the size of the points in Fig. 3. Due to the exper-
imental scatter of the observed pmax measured with E–In–xC alloys
(at two lowest temperatures, the values of pmax fell outside the
interval ±r), no significant dependence of pmax on carbon concen-
tration x was observed. It can be seen in Fig. 3 that the presence of
In and C causes pmax to reach higher values, which is beneficial
from the point of view of possible technology applications.
3.3. XRD phase analysis

Two XRD patterns for minimum and maximum concentrations
of carbon cC in E–In–xC alloys shown in Fig. 4 illustrate two main
features of the obtained results: They document that (i) MgH2 is
the majority hydride phase in E–In–xC alloys and (ii) that there is
a crowding-out effect. The latter was observed for higher values
of cC, where In and Ni components precipitated either as pure
elements, or as Mg3In compound. This is shown quantitatively in
Fig. 5, where it can be seen that the amount of Mg2NiH4 (b) + Mg2-

NiH3 (a) decreased slightly whereas the amount of MgH2 increased
with the increasing of carbon-to-magnesium concentration ratio
x = cC/cMg. It can also be seen that Ni and In are partly crowded-
out by carbon from the hydrogen-charged, mechanically alloyed,
ball-milled Mg–Ni–In mixture. A precipitation of three new phases
of alloys with x > 0.7 caused a decrease in hydrogen storage capac-
ity cmax (Fig. 5). Interestingly, the ratio of non-microtwinned and
microtwinned low-temperature phases of Mg2NiH4 ([64]), LT1/LT2,
increased with x increasing.

Calculation of a size-broadening factor allowed for an estimate
of the mean crystallite size dc. It can be seen in Fig. 6 that dc values
were lower in Mg2NiH4 than the values measured in MgH2. In both
cases, dc decreased with increasing carbon concentration x = cC/cMg.

The dependence is relatively strong for the MgH2 phase within the
concentration interval of x < 0.7. The decreasing dependence of dc

on increasing x is most likely caused by the dislocation pinning
by carbon, which implies formation of finer crystallites. The
presence of In did not seem to affect the value of dc significantly.
A typical standard deviation of values of dc obtained from the Riet-
veld analysis was about 5% (r). The observed scatter of repeatedly
measured points is in some cases outside the interval ±r due to the
influence of other factors (measurement with different alloys, etc.).
Fig. 4. XRD pattern measured with hydrogenated E–In–xC alloys containing
minimum (x = 0) and maximum (x = 0.29) carbon concentration. 1 – MgH2, 2 –
Mg2NiH4 LT1, 2’ – Mg2NiH4 LT2, 3 – Mg2NiH0.3, 4 – Mg3In, 5 – In, 6 – Ni.



Fig. 5. Phase composition f, hydrogen storage capacity cmax and ratio of un-twinned
(LT1) and twinned (LT2) modification of Mg2NiH4 low-temperature phase in E–In–
xC alloys. Error bars – typical experimental error.

Fig. 6. Mean size of XRD domains in principal phase components MgH2 and
Mg2NiH4 of E–In–xC alloys.
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3.4. Desorption experiments

Examples of desorption curves measured with eutectic and al-
loyed eutectic are shown in Fig. 7. The measurements were carried
out at a constant desorption temperature T from the temperature
range of 430–640 K; the desorption time tc varied from 102 s to
about 3 � 105 s. The desorption experiments performed at the
lowest temperatures were interrupted before achieving a totally
desorbed state due to the extremely long values of tc needed to
complete desorption.

3.4.1. Influence of chemical composition
To compare the desorption rates for various experimental

alloys, time t0.5 was introduced ad hoc. Within this time, one half
of hydrogen stored was desorbed. The plot of t0.5 vs. desorption
temperature T obtained for freshly hydrogen-charged (time s0)
alloys is shown in Fig. 8. It was proven that time t0.5 remained
unchanged within ±5% in repeated desorption experiments carried
out at the same desorption temperature and after the same ageing
time s. Hence, the experimental error of t0.5 values plotted in Fig. 8
in co-ordinates log t0.5 vs. T is comparable with the size of points.
The plot in Fig. 8 classifies the desorption behavior of the studied
alloys: It can be observed that the hydrogen desorption rate of a
non-alloyed eutectic E (crosses) was the lowest. It should be noted
that the value of t0.5 obtained for E and for the lowest desorption
temperature is underestimated because of ageing (see the next
paragraph) during long desorption experiment itself. The actual
value of t0.5 could be expected a little higher, as indicated by the
dotted line in Fig. 8.

It can be clearly seen that the values of t0.5 obtained for alloy E
at two lowest temperatures are significantly higher than those that
could be expected from a high-temperature extrapolation. This
additional low-temperature inhibition can be suppressed by In. It
is obvious from Fig. 8 that the introduction of In improves the
desorption kinetics significantly at temperatures approximately
below 590 K. This improvement most likely originates in the cata-
lyst effect or in the oxidation suppression [40]. The beneficial effect
of In observed in the present work is in agreement with the results
reported in [61,62] for similar materials. It is worth noting that the
beneficial effect of In occurs to effect just in the temperature range
which may be important for potential technology application. One
can see in Fig. 8 that alloying by In did not impart any significant
improvements in hydrogen desorption kinetics to alloy E at higher
desorption temperatures where the desorption process runs suffi-
ciently fast without any stimulation of In added.

Addition of carbon led to another beneficial contribution to
hydrogen desorption acceleration. It is clear from Fig. 8 that all
studied freshly hydrogen-charged carbon-containing E–In–xC
alloys desorbed hydrogen faster than alloys without carbon. How-
ever, the accelerating effect of carbon is not proportional to the
amount x of carbon added to the E–In alloy. The optimum acceler-
ation of hydrogen desorption (the lowest values of t0.5) was
observed for x = 0.7. A further increase in carbon content led to a
slight deceleration of hydrogen desorption.

This observation, which is in qualitative agreement with the
conclusions drawn in [57] for hydrogen absorption in a similar al-
loy (Mg–V)nano, can be rationalized with the help of our results on
XRD study – see in Fig. 5. It was observed that a higher content of
carbon (x > 0.7) caused a phase decomposition of hydrogen storage
alloys, since new phases (pure In, Ni and a Mg3In compound)
appeared after hydrogen charging. The phase decomposition at
x > 0.7 shows detrimental effect on the hydrogen storage charac-
teristics (t0.5 and cmax), since In and Ni, which ensure a desired
catalytic effect, are drawn to build new phases that are neutral
with respect to the hydrogen storage efficiency.

Interestingly, carbon stabilized the catalyzing Mg2NiH4 phase,
which is illustrated in Fig. 9 for I–In–0.26C and I–In alloys. The fact
that hydrogen desorption from Mg2NiH4 catalyzing phase does not
depend on s ensures its catalyzing effect [40] for a longer time than
expected in alloys without carbon.

The hydrogen desorption rate was also influenced by the Mg:Ni
ratio. It is illustrated in Fig. 10 that an increasing amount of Ni re-
sulted in acceleration of the hydrogen desorption rate. This effect
originates in the content of the Mg2NiH4 catalyzing phase which
increased with the increasing Ni concentration. The improvement
of the desorption kinetics was, however, outweighed by a lower
specific hydrogen storage capacity due to a higher specific weight
of the alloy.

We found that presence of In did not significantly improve the
hydrogen desorption kinetics in samples alloyed by carbon, as



Fig. 7. Examples of desorption curves measured with alloys E (a), E–In (b), E–In–0.07C (c), E–In–0.14C (d) and E–In–0.22C (e).
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compared to the desorption kinetics in samples containing carbon
only. This is documented in Fig. 11, where it can be seen that the
values of t0.5 for both alloys with carbon are very close to each
other. However, the beneficial effect of In in alloys with carbon
was primarily in the fact that it effectively prevented oxidation
of samples with carbon.
3.4.2. Ageing
In a series of subsequent desorption experiments performed

with samples of the same alloy, time t0.5 decreased in dependence
on the duration of room-temperature ageing, s. It is illustrated in
Fig. 12 for alloys E, E-In and E-In–0.07C (for the mechanism of
ageing, see in [65]). One can see that the E–In alloy showed the



Fig. 8. Comparison of hydrogen desorption kinetics measured immediately after
hydrogen charging. F, C – finer and coarser fraction of ball-milled alloy E,
respectively.

Fig. 9. Comparison of hydrogen desorption kinetics measured with I–In–xC alloys:
influence of carbon and s.

Fig. 10. Comparison of hydrogen desorption kinetics measured with E–In–0.14C
alloys: influence of Mg/Ni ratio.

Fig. 11. Comparison of hydrogen desorption kinetics: influence of In in carbon-
containing alloy.
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same desorption behavior immediately after hydrogen charging (at
time s0 = 0 days) as the E alloy did after a time of about s = 9 days
(cf. curves E–In/0d and E/9d). The addition of In considerably short-
ened t0.5 at temperatures below approximately 580 K, which is
obvious while comparing the E–In/0d and the E/0d curves. After
a rapid change (decrease in t0.5) of the desorption curves observed
with alloys E, E–In within the first 9 days, its ageing went on very
slowly and reached an almost fully aged state (no further change of
t0.5 after an extremely long ageing time) after the time of about
s ffi 90 days when the values of t0.5 became close to the values of
t0.5 measured for E–In–0.07C alloy at s0 (cf. point E–In/92d with
values measured for E–In–0.07C/0d).
Alloys modified by carbon showed the ageing effect, too. How-
ever, their fully aged state was reached much earlier as is illus-
trated in Fig. 12. Above the temperature of approximately 480 K,
the E–In–0.07C alloy reached its stationary state immediately after
hydrogen charging (cf. curves for alloy E–In–0.07C desorbed at
times s0 and s = 54 days).

It is likely that the desorption curves for any E-type alloy (i.e.,
Mg–Ni eutectic modified by In and C) reach a certain limiting posi-
tion in co-ordinates t0.5 vs. T after a sufficient ageing period s (i.e.
they converge in the shaded area in Fig. 12). This limiting state
seems to be an optimum for an E-type hydrogen storage material,
characterized by very rapid hydrogen desorption. It was found that



Fig. 12. Comparison of hydrogen desorption kinetics: influence of s. Shaded area –
see text.

Fig. 13. Comparison of hydrogen desorption kinetics in the first four hydrogen
charging/discharging cycles.

Fig. 14. Grain size (a) and hydrogen desorption time t0.5 for desorption temperature
T = 550 K (b) in dependence on carbon content in E–In–xC alloy. s0; s1 – measured
immediately after hydrogen charging and after a very long ageing time,
respectively.
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this state is immediately reachable (without ageing) when the
concentration of carbon is close to its optimum value of 5 wt.%
(alloy E–In–0.07C).

Assuming the hydrogen desorption described by the depen-
dence of t0.5 on T is controlled by a thermal-activated process of
the Boltzmann-type, the dependence of t0.5 �exp (Q/RT) can be fit-
ted to the experimental points. Fitting the points obtained for
E-In/92d, E–In–0.07/54d and E–In–0.07C/0d (i.e. points close to
fully aged state) led to the activation enthalpy Q = (60 ± 6) kJ/mol
H2. The shaded area in Fig. 12 represents a confidence interval of
99.9% for the fit.

3.4.3. Cycling
It was observed that another decrease in t0.5 can be achieved

after several hydrogen charging/discharging cycles. This activation
of the hydrogen storage capability of the material is illustrated in
Fig. 13 for the E–In–0.14C alloy. It was found that four cycles are
sufficient for an effective activation of this HSM. A further decrease
of the t0.5 value was less than the scatter of experimental results
only after the first four cycles. The observed effect may be – at least
partially – caused by the cracking of great MgH2 grains, which
effectively resulted in a decrease in the mean grain size.

3.4.4. Effect of carbon on hydrogen desorption
It was frequently concluded in the literature (see, e.g., in [54])

that the beneficial effect of carbon on ball-milled hydrogen storage
materials is caused mainly by its anti-sticking effect. In other words,
it is believed that carbon prevents conglomeration of particles of
the milled blend which results in their lower mean grain size.
Measurement of grain size in hydrogen charged E–In–xC alloys
confirmed a weak decrease in the grain size of MgH2 only with
increasing carbon content: Shaded areas in Fig. 14a capture the
obtained values of grain size of about 90% of grains. It is clear that
the grain size of MgH2 is greater than that of Mg2NiH4 and that
it decreases slightly with increasing x, while the grain size of
Mg2NiH4 seems to be unaffected by the presence of carbon.

In Fig. 14b, the dependence of t0.5 on x is plotted for tempera-
ture T = 550 K. The line represents the values of t0.5 mea-
sured immediately after hydrogen charging (s0), the shaded area
represents the expected limit values of t0.5 for a fully aged state
(s1). The area corresponds to the range of the confidence interval
in Fig. 12 at temperature T = 550 K. Comparing Fig. 14a and b, it is
obvious that there is no simple relation between the grain size and
hydrogen desorption kinetics scaled by t0.5 – both taken with the
same carbon content x.

It may be concluded that the hydrogen desorption rate at s0 is
not primarily controlled by the geometrical size of particles in the
ball-milled powder. It can be easily deduced that the same conclu-
sion can be drawn also when the mean size of domains dc (see in
Fig. 6) is considered instead of the mean grain size (Fig. 14a) as
the characteristic size of particles.

To prove the above conclusion that the grain size is not the
main and/or unique factor influencing the hydrogen desorption
kinetics immediately after hydrogen charging, two desorption
experiments were done with two size fractions of milled alloy E
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at temperature T = 545 K. The fine fraction (F) consisted of grain
sizes from 40 to 100 lm (34.3 wt.% of the milled blend), the coarse
fraction (C) consisted of particles of grain sizes from 100 to 250 lm
(52.8 wt.%). Both fractions, separated by sieving, were compacted
into pellets and hydrogen charged as described above. From the
desorption tests done for ageing time s0, times t0.5,F = 1.03 � 105 s
and t0.5,C = 8.5 � 104 s were obtained for the F and C fractions,
respectively. Values of t0.5,F and t0.5,C agree reasonably well with
an extrapolation of values obtained for non-separated samples E
at higher desorption temperatures (see crosses in Fig. 8). However,
the obtained relation t0.5,F > t0.5,C reflects a slightly different stage
of ageing of the F and C fractions rather than a consequence of dif-
ference in effective grain size, since a reversed relation t0.5,F < t0.5,C

should be expected: If the simple out-gassing model is accepted in
the first approximation, an analytical solutions of a related case, i.e.
out-gassing from a cube or from a sphere into a closed volume
[66,67], predict a relation of t0.5 �1/q2 (q stands for the character-
istic linear size of the degassing body).

Based on the above reasoning, it may by concluded that the
observed improvement of the hydrogen desorption kinetics from
carbon-containing alloys is not a consequence of carbon-induced
refinement of the mean grain size of ball-milled samples. It is most
likely that other effects declared in the literature come into play,
such as enhanced resistance to surface oxidation caused by the
presence of carbon [53,55,57] and, above all, the catalytic effect
of carbon [51,52,56].

The limitation of the beneficial effect of carbon (cC 6 5 wt.%) is
most likely due to the precipitation of unwanted phases with higher
carbon contents (see in Fig. 5). The presence of these phases leads to
the downgrading of the hydrogen desorption kinetics and hydrogen
storage capacity for higher carbon contents (cC > 5 wt.%).
4. Conclusions

In the present paper, the influence of carbon additions to ball-
milled Mg–Ni-based alloys, containing In to prevent oxidation, on
the hydrogen desorption kinetics was investigated. It was observed
that carbon improves the hydrogen desorption kinetics signifi-
cantly. The optimum of its beneficial effect was found close to the
carbon concentration of about cC ffi 5 wt.% C. For the optimum com-
position, the onset of hydrogen desorption at temperatures above
485 K occurs immediately after hydrogen charging. This shortens
substantially the hydrogen charging/discharging cycle of storage
tanks that use Mg–Ni-based alloys as the hydrogen storage medium.

The study of grain size influence (controlled either by the
carbon content or by fractioning the milled powders by sieving)
on hydrogen desorption led to a conclusion that there is no signif-
icant improvement of the hydrogen desorption rate caused by gain
refinement. Nevertheless, the beneficial effect of carbon on hydro-
gen desorption kinetics was observed for alloys with carbon con-
tent up to cC ffi 5 wt.% C. It can be ascribed to the catalyzing
phase stabilization of by carbon, as it was reported in Ref. [40],
or to the contribution of carbon to an easier formation of bridges
of rapid hydrogen desorption [65]. Better hydrogen desorption
kinetics from alloys with carbon may also originate in the catalytic
effect of carbon itself [51,53] and/or in the enhancement of the sur-
face oxidation resistance by carbon [55,56]. It was also observed
that carbon increases the maximum pressure of desorbed hydro-
gen at given temperature.

For carbon concentrations above cC ffi 5 wt.% C, unwanted phases
precipitated, which most likely led to downgrading of hydrogen
desorption kinetics and hydrogen storage capacity, since the
elements which improve the desired hydrogen storage features (Ni
and In) were withdrawn from the phases useful for hydrogen stor-
age, forming new phases that are ineffective for hydrogen storage.
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