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Mg80\\Ti20 hydride systems were prepared via reactive ball milling following two different procedures: grind-
ing Mgwith Ti or TiH2, in both cases under H2 atmosphere. Such systems were subjected to several cycles of hy-
drogenuptake and release in volumetric Sieverts apparatus under different pressure and temperature conditions.
A structural characterization from SEM images and XRD patterns reveals no essential microstructural differences
between the samples obtained by different routes, although a growth in domain size with temperature is ob-
served. Also, the slowing of the kinetics when the temperature goes down is more pronounced in the specimen
fabricated by the second route.
The influence of the transformed and untransformed phase fractions on the absorption kinetics can be well de-
scribed using a double Hill function. Such complex function takes into account two distinguishable processes,
with andwithout nucleation, that differentiate themselves as temperature increases. The first onemay be related
to surface absorption and the second tentatively ascribed to reactions at grain boundaries, dislocations and other
extended defects.
The fitted values may then be associated to physical constants of the processes occurring during hydrogen ab-
sorption in both regions.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Solid hydrides are thought to be of crucial importance as hydrogen
storage materials in global energy prospects based on hydrogen as an
energy carrier. While Mg is nominally a good candidate for solid-state
hydrogen storage, due to its capacity (up to 7.6 wt% H), availability
and low cost, its sorption kinetics should be considerably improved for
it to become of practical use in reliable applications. The reduction of
grain sizes to the nanometer scale has demonstrated to be useful for re-
ducing hydrogen uptake/release times [1,2]. Furthermore, the addition
of small quantities of transitionmetals has been usedwith the objective
of destabilizing the hydride. Kinetic properties can be significantly im-
proved by combining a nanometric microstructure and the addition of
metals. Particle size reduction shortens the length of the diffusion path
for H atoms and produces a high surface density for H chemisorption.
Additives such as transition metals facilitate H chemisorption and pro-
mote the dissociation of the H molecule. For example, sorption kinetics
has been highly enhanced by milling Mg with several transition metals
such as Nb [3,4,5], V [4,6], Pd [7] and Ni [8].

The Mg\\\\Ti system is immiscible, so metastable alloys and hy-
drides can be produced either in thin film [9,10] by vapor deposition
.

or bulk geometries [11,12] via ball milling among others. These meta-
stable phases constitute a promising route to destabilize magnesium
hydride. Anastasopol et al. [13] reported a reduction in the formation
enthalpy (−45KJ/mol H2) and entropy (−84 J/Kmol H2) of hydrogena-
tion of MgTi alloys made by spark discharge, but the thermal stability
upon cycling is problematic, affecting their potential use for hydrogen
storage. On the other hand, good cycling and kinetic results have been
obtained in theMgH2\\TiH2 system synthesized by reactive ball milling
[14–17].

Ponthieu et al. [18] studied the Mg\\\\Ti system, in particular
Mg0.7Ti0.3, and concluded that it can store reversibly up to 3.7 wt% at
573 K without changes up to 100 cycles.

In previous work [19], we studied the formation kinetics and micro-
structure of Mg\\\\Ti hydrides produced via reactive ball milling fol-
lowing two different routes. We found that alloying Mg with Ti or
TiH2 leads to very fine Mg\\\\Ti dispersions with good hydrogenation
properties without significant reduction in their hydrogen gravimetric
capacity [20,21]. Indeed, the need for a hydrogen gravimetric density
up to 6% [22] is well satisfied for MgxTi(1 − x) systems with x ≥ 0.7.

In the present work, we focus our attention on the study of the ab-
sorption kinetic properties in some of the samples fabricated via reac-
tive ball milling. The 80:20 ratio was found to be satisfactory,
accounting for the hydrogenwt% requiredwith good formation kinetics
[19].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2016.11.026&domain=pdf
http://dx.doi.org/10.1016/j.powtec.2016.11.026
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http://www.sciencedirect.com/science/journal/00325910
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Fig. 1. Powder diffraction patterns for as prepared and after cycles specimens. Also are
shown the peak positions for the main phases observed.
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In studying the kinetics, different approaches have been employed
to identify the processes involved, among them, the search for a rate-
limiting step and the identification of nucleation and growth processes
[23–27]. In the present work, a composite function with two additives
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Fig. 2. SEM images for samples prepared through
Hill functions [28]:

χ tð Þ ¼ χ1
tn1

τ1n1 þ tn1
þ χ2

tn2

τ2n2 þ tn2
ð1Þ

is necessary to consistently fit the whole set of measured absorption
curves. An interpretation in terms of two different regions, with distinct
absorption behavior, is thus suggested.

2. Experimental

Mixtures of Mg\\\\Ti in atomic ratio 80:20 were obtained fromMg
granules and Ti powder of purity 99.9% and 99.4%, respectively. The
mixtures were placed in a cylindrical steel milling vial together with
one steel ball (ø = 12 mm) and ground in an oscillatory ball mill in H2

atmosphere (route a). A second group of samples was prepared from
a mixture of Mg and TiH2 (obtained also by mechanosynthesis), which
was ground in H2 atmosphere (route b). The details of the milling pro-
cedure and the resulting formation kinetics were described previously
[19].

Sieverts type apparatus [29,30] was used to carry out several
dehydriding and hydriding cycles on the studied systems as well as
many thermal treatments. Specimens of 100–200 mg were extracted
from the as-prepared powders and placed in the reactor, which consists
of a stainless steel cylinder of about 0.6 cm3. A quartz wool filter was
used at the extremes of the reactor, avoiding powder spreading outside
the reactor. Temperature wasmeasured with a PT 100 sensor in contact
with the sample, inside the reactor. On the other hand, the instanta-
neous pressure P as a function of timewasmeasuredwith a gauge trans-
ducer sensor. A configuration of manual and automatic valves was
designed in order to perform different experiments controlling the ini-
tial pressure for absorptions and minimize the valve operation times.
A standard known volume was used to determine the effective reactor
volume at the working temperature.

Basically, two kinds of experiments were carried out. On the one
hand, hydrogen desorption–absorption experiments at constant vol-
ume: first heating the sample from an uptake state at RT, and then
cooling it again. Specifically, the temperature was increased up to
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routes a and b, as prepared and after cycles.
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380 °C at a heating rate of 10 K/min and then, the oven was turned off,
while P-T curves in which desorption and absorption processes are well
identified were obtained [31]. From them, equilibrium pressure–
temperature curves were built. On the other hand, we carried out hy-
drogen desorption-absorption experiments at constant T. Specifically
for absorption from a discharged state, at an initial pressure below
0.3 bar and a defined T, one valve connecting the reservoir chamber and
the reactorwas openedand closed automatically, injecting gas into the re-
actor from the reservoir compartment. From this value, the reactor pres-
sure starts decreasing due to a change in the number ofmoles (absorption
process) of gas according toΔχH2

¼ ΔPV
RT . The pressure as a function of time

was recorded till the change in the pressure value fell below the signal
noise during a fixed time,whichwas long enough to consider that further
sorptionwas negligible. In desorption experiments, from an initial uptake
state, at defined T and pressure above the equilibrium pressure, the same
valve was opened-closed automatically, but now evacuating H2 gas and,
in the same way as before, the increment of pressure in the reactor due
to desorption was recorded as a function of time.

X-ray diffraction patterns were obtained with a Philips PW1710 and
PW1732/10 diffractometers, both using CuKα radiation in Bragg
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Fig. 3. Kinetics absorption curves for samples fabricated through routes a
geometry in the 2θ range: 20° to 80°, with steps of 0.05°. For selected
samples, a step of 0.02° was used to improve the statistics in order to
perform a Rietveld refinement.

SEM images were recorded using a Philips SEM 505 microscope at
several magnifications from 500× to 1000×. Also, composition maps
and analysis were obtained using the EDAX microprobe.

3. Results

3.1. Microstructures

X-ray diffraction patterns were obtained both for the as-prepared
ground mixtures by routes a and b, and the same specimens after ther-
mal treatments.

In the diffraction patterns for both fabrication routes, γ-MgH2

(metastable), rutile-MgH2 and δ-TiH2 phases were identified. A small
proportion of MgOwas also identified, probably due to the unavoidable
oxidation occurring during XRD measurements performed at open at-
mosphere. The XRD powder patterns are displayed in Fig. 1, which
shows a change in the cell dimensions of the TiH2 phase for milling
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(left) and b (right) for different pressures and varying temperature.
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route a, probably due to substitutional Mg. Rietveld analysis was per-
formed in order to estimate themean crystallite size and to refine lattice
parameters.

The SEM images corresponding to the as-prepared mixtures and
those for the same ones after thermal treatments are shown in Fig. 2.
Some particles above 40–50 μm were founded, but most of them are
below 20 μm diameter.

Representative images were chosen to illustrate the heterogeneous
size particle distribution. Compositionmaps reveal a finemicrostructur-
al dispersion ofMg and Ti in the as-prepared specimens aswell as in the
thermally treated ones.

3.2. Kinetic curves

Absorption kinetic curves of the samples obtained by routes a and b,
at different initial pressures and different temperatures, are shown in
Figs. 3 to 5. It has to bementioned that our specimens are able to absorb
hydrogen from 240 °C at pressures from 3 bar.

Similarly, some desorption kinetic curves comparing both routes at
different temperatures are depicted in Fig. 6.

The progress of the absorption (desorption) reaction in the reactor
was represented by the instantaneous number of hydrogen atoms
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Fig. 4. Kinetics absorption curves for samples fabricated through routes a
incorporated into the mixture relative to the number of reactive metal-
lic atoms

χ tð Þ ¼ NH2 tð Þ
NMg

where NH2
(t): number of H2 moles absorbed (desorbed) at a time t,

and NMg: number of Mg moles of the specimen.

4. Analysis and discussion

From the XRD patterns we could identify the phases present before
and after the specimens were subjected to thermal treatments. It must
to be noticed that the γ-MgH2 metastable phase disappeared after the
first thermal cycle. Since XRD measurements were performed at open
atmosphere, a partial oxidation of the specimens after they were re-
moved from the Sieverts reactor was unavoidable. The XRD patterns
of the ground samples prepared through the two different routes
were very similar as regards the phases present.

On the other hand, Rietveld refinements of the patterns were
performed to characterize the crystal structure and estimate the
grain size. The XRD pattern refinements of a ground specimen and
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Fig. 5. Kinetics absorption curves for samples fabricated through route a for 290 °C at
different pressures.
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of a thermally treated one are shown in Fig. 7. FullProf software was
used tomake the refinements [32]. Table I lists the refined lattice pa-
rameters and the estimatedmean grain sizes from such refinements.

The mean grain size of thermally treated samples increased. We
then performed a single experiment of the first type described above
and analyzed the sample by XRD. The respective pattern revealed that
a single absorption/desorption cycle was enough to produce the grain
growth observed.

According to microscopy images, both fabrication routes lead to fine
homogeneous dispersion of the constituents and a broad distribution of
particle size and shape. MgH2 particle sizes are below 50 μm in diame-
ter, which assures complete hydrogenation after the absorption
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Fig. 6. Kinetics normalized desorption curves for samples fabricated through routes a
(unfilled symbols) and b (filled symbols) for different temperatures.
processes in the volumetric equipment, as was experimentally
established [33–38].

Compositional analysis by EDAX showed that the Mg:Ti ratio was
kept near 80:20 through all the observed particles in all the studied
samples.

The MgH2\\TiH2 systems result in a heterogeneous fine dispersion
powder.

In summary, as revealed by SEM and XRD, structural characteristics
do not show significant differences between the two sets of samples;
however, the powders fabricated by different routes exhibit different ki-
netics and also different capability of holding the reversibility observed
at the first sorption cycle.

From this, we should say that the simultaneous formation reactions
of MgH2 and TiH2 related to route a, leads to a configurational nano-
structure different form that of route b, in which TiH2 is already formed
This shouldmean that a different sort of defects and different configura-
tions at nanostructure scale probably should be the responsible of such
behaviors.

peaks is evident.
4.1. Modeling kinetic curves

A great number of hydrogen absorption/desorption cycles were
carried out for the samples prepared through routes a and b. Empha-
sis was put on comparing the kinetics for different pressures, tem-
peratures and fabrication routes. These dependences are displayed
in Figs. 3 to 5.

As can be seen in Fig. 3, route a has better kinetics than route b, but a
decrease of capacity is noted. At the lower pressures, temperature af-
fects more markedly the kinetic corresponding to route b. At pressures
around 10 bar, temperature changes mainly affect the capacity rather
Table I
Rietveld refined cell parameters and averages crystallite size and strain.

Fabrication
route Phase Cell parameters [Å]

Crystallite
size
[nm]

Strain
[×10−4]

a (As-prepared) β−MgH2 a: 4.5064 c: 3.0260 10 120
γ−MgH2 a: 4.8544 b: 4.8991 c:

4.9900
δ−TiH2 a:4.4541
MgO a:4.4112

b (after cycles) β−MgH2 a: 4.5217 c: 3.0226 350 ~0
δ−TiH2 a: 4.4478
MgO a: 4.2300
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than the kinetic properties for route a. However, in the case of route b,
both the kinetic and capacity are affected by the change of temperature.
This can also be observed in Fig. 4, where the kinetic values are ordered
as a function of temperature.
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Fig. 9. Fits for the kinetic absorption curves of samples prepared through route a. The two
components of the fitted doubly hill function, are represented by dotted curves and the fit
by a red line.
In Fig. 5, kinetic absorption curves at 290 K and different pressures
are compared in order to show the compromise between kinetic prop-
erties and capacity related to the initial pressure Pi. When the pressure
increases from 7 to 20 bar, although the kinetics is faster, there is a re-
duction in capacity, as observed by H.-Y. Tien et al. [39]. When the pres-
sure is high, a great number of nuclei of the hydride phase emerge at the
beginning and start to grow quickly, probably covering all the particle
surfaces, then damping the subsequent hydriding of the core. However,
at lower pressures there are fewer quantities of initial nuclei that grow
up without covering the entire surface. This allows the diffusion of hy-
drogen towards the inside of the core.

Characteristic Avrami plots corresponding to high and low tempera-
ture absorption processes are shown in Fig. 8. For high temperatures,
the plot exhibits two defined straight regions associated with well-
defined kinetic regimes. On the other hand, for low temperatures it is
hard to determine a finite number of regions and instead, a continuous
variation is found.

Due to such limitationswe tested a model to describe the kinetics as
a function of the transformed and untransformed phases.

The influence on the sorption reaction rate of the transformed χ
χmax

and the untransformed 1− χ
χmax

fractions can be described by the follow-

ing kinetic equation:

dχ
dt

¼ A
χ

χmax

� �p

1−
χ

χmax

� �q

ð2Þ

where

χmax asymptotic χ value
A constant dependent on χmax and on the parameters p and q.

That expression leads to the well-known Hill function as a solution:

χ tð Þ
χmax

¼ tn

τn þ tn
ð3Þ



Table II a
Kinetic parameters and asymptotic values for the doubly hill function fitted for pressures of about 10 bar.

Route a Route b

[P]:bar
[T]:K

Kinetic parameters Asymptotic values [P] = bar
[T] = K

Kinetic parameters Asymptotic values

Pi = 9.5
T = 523

τ1 = 0.054
τ 2 = 1035

n1 = 1.25
n2 = 0.81

χ1 = 0.128
χ 2 = 0.116

Pi = 10
T = 513

τ 1 = 1.32
τ 2 = 18.75

n1 = 0.682
n2 = 1.66

χ 1 = 0.372
χ 2 = 0.135

Pi = 9.5
T = 543

τ 1 = 0.09
τ 2 = 3.19

n1 = 1.08
n2 = 1.22

χ 1 = 0.212
χ 2 = 0.035

Pi = 9.5
T = 563

τ 1 = 0.353
τ 2 = 0.239

n1 = 0.799
n2 = 3.77

χ 1 = 0.457
χ 2 = 0.02

Pi = 9.5
T = 563

τ 1 = 0.109
τ 2 = 7.955

n1 = 1.32
n2 = 0.87

χ 1 = 0.246
χ 2 = 0.036

Pi = 10
T = 568

τ 1 = 0.130
τ 2 = 10.1

n1 = 1.19
n2 = 1.05

χ 1 = 0.270
χ 2 = 0.020

Table II b
Kinetic parameters and asymptotic values for the doubly hill function fitted for pressures of about 7.5 bar.

Route a Route b

[P] = bar
[T] = K

Kinetic parameters Asymptotic values [P] = bar
[T] = K

Kinetic parameters Asymptotic values

Pi = 7.5
T = 513

τ 1 = 0.67
τ 2 = 6.1

n1 = 1.07
n2 = 1.69

χ 1 = 0.159
χ 2 = 0.065

Pi = 7.5
T = 533

τ 1 = 0.841
τ 2 = 20.0

n1 = 0.81
n2 = 6.8

χ 1 = 0.252
χ 2 = 0.003

Pi = 7.5
T = 513

τ 1 = 1.30
τ 2 = 18.0

n1 = 0.873
n2 = 1.115

χ 1 = 0.239
χ 2 = 0.231

Pi = 7.5
T = 563

τ 1 = 0.167
τ 2 = 9.4

n1 = 1.20
n2 = 1.77

χ 1 = 0.262
χ 2 = 0.013

Pi = 7.5
T = 563

τ 1 = 2.04
τ 2 = 0.37

n1 = 0.88
n2 = 1.13

χ 1 = 0.31
χ 2 = 0.15
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where

n ¼ 2
q−p

and

pþ q ¼ 2

With τ: time to achieve the half uptake state, called characteristics
time

Then, A ¼ n
τ χmax

When n N 1, the curves show an inflexion point generally associated
with a nucleation process.

While a single Hill function fitted the kinetic desorption curves rela-
tively well, in the case of absorption curves good fits require the use of a
composite Hill function (Eq. (1)) under the constraint χ1+χ2=χmax.

In Figs. 9 and 10, some of the fits performed to the kinetic curves are
shown.

At high temperatures, one component becomes dominant as if
just one process were accounting for the kinetics. At low tempera-
tures instead, both components have similar intensities and both
processes became relevant. The fitted values are summarized in
Tables II a and b.

At pressures about 10 bar—high enough above the equilibrium
pressure—the difference between the kinetic parameters τ from each
component depends on the temperature, changingby oneorder ofmag-
nitude. Although the powder consists of a heterogeneous particle size
distribution, the kinetic constant shows a well-defined behavior with
temperature in the case of route a, in which one of the components
keeps its characteristic time τ1 practically constant compared with the
other τ2, which becomes greater with increasing temperature.

The asymptotic values χ1 and χ2 of the components also change
when T is increased, and the majority component dominates the
whole process. Such behavior is less marked at lower pressure.

On the other hand, in all cases, there exists a nucleation process
(n N 1) associated at least with one component. The nucleation behavior
is different for each component and route. At higher temperatures, for
the specimen fabricated by route a, the nucleation process is associated
with the majority component, while it is associated with the minority
component in the case of route b. This evidence that the route b favors
the processes which don't require nucleation.
5. Conclusions

The MgH2\\TiH2 systems result in a heterogeneous fine dispersion
powder that is able to absorb hydrogen from 240 °C at pressures from
3 bar. A compromise between capacity and kinetics has been already
observed and we found that the best kinetics was achieved at around
10 bar.

The kinetics of absorption agrees very well with the proposed dou-
ble Hill function that takes into account two distinguishable processes,
with andwithout nucleation. The first onemay be related to surface ab-
sorption and the second tentatively ascribed to reactions at grain
boundaries, dislocations and other extended defects. Both milling
methods lead to similar microstructures; however, route b produces a
specimen with kinetics that decreases more markedly with tempera-
ture but has a greater capacity for hydrogenation. The minor substitu-
tion of Mg in the TiH2 phase, responsible for the change in TiH2 cell
size, does not suffice to explain the change in the sorption properties.

Substitutional Mg in the TiH2 phase in samples of route a could lead
to a more distorted state of TiH2, responsible for better kinetics than in
samples of route b [40]

Finally, we conclude that the proposed double Hill functionwas able
to fit thewhole set of absorption kinetic curves for all temperatures and
fabrication routes. Moreover, the parameters reflect the different be-
havior of the kinetic curves obtained by such different ways.
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