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a b s t r a c t

The influence of MgCo on the reaction paths during hydriding and dehydriding processes of Mg–Co
mixtures was studied using a combined HP-DSC and XRD approach. Mg–Co mixtures with different
compositions were mechanically milled under argon to prepare Mg–Co nanocomposites and then sub-
mitted to thermal treatment at 300 ◦C for 5 days to induce MgCo formation. The local Mg–Co composition
in the milled and milled-heated samples determines the nature of the phases obtained after hydrid-
ing/dehydriding cycling. The formation of Mg6Co2H11, Mg2CoH5 and MgH2 hydrides occurs after the first
echanical alloying
agnesium-based composites

obalt

hydriding stage of the 2Mg–Co and Mg–Co milled mixtures due to kinetic restrictions. On the contrary,
Mg–Co milled-heated mixture exhibits the selective formation of Mg2CoH5 during first hydriding via
two-step reaction. In the first one, MgCo disproportion to MgH2 and Co takes place simultaneously with
Mg hydriding (<200 ◦C). The second step involves MgCo hydriding to Mg2CoH5 through MgH2 as inter-
mediate phase (>200 ◦C). Dehydriding reaction is enhanced by dispersion of Co into Mg-matrix, which
reduces more than 100 ◦C the hydrogen desorption temperature when compared with the Mg–Co milled

heati
sample without previous

. Introduction

Hydrogen is considered the most promising and cleanest energy
arrier to replace fossil fuels. However, one of the challenges for
ts application in a zero-emission vehicle is to develop a safe and
conomic hydrogen storage medium. Research in many laborato-
ies around the world has focused on solid-state hydrogen storage
aterials. Among the materials under consideration magnesium

theoretically 7.6 wt% of hydrogen storage capacity) and transi-
ion metal complex hydrides of the family MgTHy (T = Fe, Co, Ni)
5.5 wt.%, 4.5 wt.% and 3.6 wt.%, respectively) are attractive because
f their high theoretical capacity, high volumetric densities of
ydrogen (between 80 and 150 kg H2 m−3) and low cost [1]. How-
ver, single-phase hydrides of this family are not easy to produce
ainly because the absence of a precursor alloy such as Mg2Co or
g2Fe, the large difference between melting points of the metals,
nd the high vapor pressure of magnesium [2–4]. As a consequence,
heir syntheses present important problems to resolve [3–12].

Mechanical milling is a synthesis technique used to prepare
anocrystalline materials that overcomes several limitations men-

∗ Corresponding author at: Consejo Nacional de Investigaciones Científicas y Téc-
icas (CONICET), Instituto Balseiro (Universidad Nacional de Cuyo), Centro Atómico
ariloche, 8400 S.C. de Bariloche, Argentina. Tel.: +54 2944 445118;

ax: +54 2944 445190.
E-mail address: gennari@cab.cnea.gov.ar (F.C. Gennari).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.07.047
ng.
© 2009 Elsevier B.V. All rights reserved.

tioned before. It favors the formation of special microstructures,
improves transition metal dispersion, modifies surface character-
istics and reduces particle size, which has a favorably influence on
hydrogen sorption properties. Our group has successfully obtained
transition metal complex hydrides (Fe, Co, Ni) using mechanical
milling combined with sintering or reactive mechanical milling
[13–20]. Due to the fact that the properties of reaction with hydro-
gen are very sensitive to microstructural modifications introduced
during milling, enhanced hydrogenation behavior were observed
for Mg2FeH6, Mg2CoH5 and Mg2NiH4. However, a more general
understanding of the role of Mg–Co–H and Mg–Fe–H reaction inter-
mediates for the complex hydride formation has not yet been
established.

In particular, the Mg–Co–H system is interesting per se: differ-
ent hydride phases can be observed as a function of temperature,
pressure and time, such as tetragonal �-Mg2CoH5, orthorhombic
�-Mg3CoH5 and tetragonal �-MgH2 [3,5,7]. The disorder struc-
ture of �-Mg3CoH5 was further determined as orthorhombic with
a composition equal to Mg6Co2H11 [6]. Moreover, a reversible
structural transformation is observed with temperature: tetrago-
nal �-Mg2CoH5 transforms into a disordered cubic modification
at 215 ◦C [3,5]. In addition, the only one stable intermetallic com-

pound reported in the Mg–Co phase diagram is MgCo2 [2], i.e.
there are no stable precursors such as Mg2Co or Mg3Co to produce
a single hydride. However, evaluation of Mg–Co thermodynamic
information available in the literature has demonstrated the exis-
tence of Mg2−xCo compound in the Mg-rich zone [5,9,12,21,22].

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gennari@cab.cnea.gov.ar
dx.doi.org/10.1016/j.jpowsour.2009.07.047
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solid-state reaction

Fig. 1A and C show the XRD patterns of the Mg–Co mixtures
2M and 1M after ball milling, in which the peaks of Co and Mg
are indicated. Neither new phases nor reactions can be observed
M.G. Verón et al. / Journal of P

ecently, the formation of an intermetallic between Mg–Co with a
omposition MgCo has been demonstrated [21,22]. It was obtained
y solid-state reaction of Mg–Co mixtures (reaction (1)) or during
he �-Mg2CoH5 decomposition (reaction (2)) [5,9,12,18,21,22]. The
ormation reactions can be represented as:

g(s) + Co(s) → MgCo(s) (1)

g2CoH5(s) → MgCo(s) + Mg(s) + 5/2H2(g) (2)

Although systematic studies of the factors that influence both
eactions have not been performed, they seem to be mainly func-
ion of temperature: MgCo was not observed after decomposition of

g2CoH5 at 350 ◦C but it was formed if the same sample is heated
p to 450 ◦C [18]. Therefore, thermally activated diffusion of Co

nto Mg could be necessary to favor the MgCo formation. How the
resence of MgCo intermetallic compound influences the forma-
ion of different hydrides and their hydriding/dehydriding kinetics
emains unknown. In particular, there is a lack of experimental evi-
ence of reversibility of reaction (2) and analysis for the reaction
ath. It is of both practical importance and scientific interest to elu-
idate the role of MgCo presence on the reaction of Mg–Co mixtures
ith hydrogen.

In this paper, we investigate the effect of MgCo phase on
he reactivity of Mg–Co mixtures and the nature of the hydride
hases through measurement of hydrogenation/dehydrogenation
eactions. Combination of high pressure differential scanning
alorimetry (HP-DSC) and X-ray diffraction (XRD) techniques
howed that MgCo can be rehydrogenated at 400 ◦C under 2 MPa
f hydrogen pressure. During hydriding of MgCo, the formation of
g2CoH5 is favored over other potential hydride phases. Possible
echanisms of hydrogenation and dehydrogenation reactions are

iscussed below.

. Experimental

.1. Material synthesis

Powders of Mg and Co (purity higher than 99.9%) were used to
erform mechanical milling (MM) using a Uni-Ball-Mill II appara-
us (Australian Scientific Instruments) with an external magnetic
eld controlling the ball movement. Mg–Co mixtures of 1:1 and
:1 relative composition were milled under argon during 200 h
sing ferromagnetic steel balls as milling media into a stainless
teel container. The final samples are hereafter indicated as 1M
nd 2M, respectively. Ball-to-powder weight ratio was 44:1. All
andling was performed in a glove box under purified argon atmo-
phere.

As-milled samples were placed in an aluminum capsule and
ermetically closed in a dry glove box. After this, the aluminum cap-
ules were placed in quartz tube and outgassed in vacuum (10−2 Pa)
or half an hour at room temperature. Then, the tubes were sealed
nd heated up to 300 ◦C during 5 days (samples labeled 1M and 2M).
fter that, the aluminum capsules were recovered by breaking the
uartz tube at room temperature under air atmosphere. Hereafter
hese samples are named 1MH and 2MH, in correlation with Mg–Co
ompositions 1:1 and 2:1, respectively.

.2. High pressure-differential scanning calorimetry (HP-DSC)
nd XRD approach

Differential scanning calorimetric were performed with a HP-

SC equipment (TA Instrument 2910) on samples of 0.03 g of loaded

nto aluminum capsules hermetically closed in a glove box under
urified argon atmosphere. Hydride phase content was estimated
rom DSC curves using the peak area and the mass of each sample.
o investigate the stages and hydride phases present during hydro-
Sources 195 (2010) 546–552 547

gen absorption/desorption reactions the following procedure were
performed into HP-DSC equipment:

(1) First absorption: sample was heated under 2.0 MPa of hydrogen
from room temperature to 300 ◦C (400 ◦C) and then kept at this
temperature for 1 h (0.5 h).

(2) First desorption: sample was heated from room temperature to
400 ◦C under vacuum and kept at this temperature for 0.5 h.

(3) Second absorption: sample was heated under 2.0 MPa of hydro-
gen from room temperature to 300 ◦C (400 ◦C) and then kept at
this temperature for 1 h (0.5 h).

Crystalline structure of as-milled, as-heated and hydrided/
dehydrided samples powders was characterized by XRD analysis on
a Philips PW 1710/01 Instruments with CuK� radiation (graphite
monochromator).

2.3. Microstructural and hydrogen sorption characterizations

The agglomerate microstructure and Co distribution were char-
acterized by scanning electron microscopy (SEM 515, Philips
Electronic Instruments) on resin-mounted and polished samples.
Isothermal hydrogen sorption curves were obtained using a modi-
fied Sieverts-type equipment, coupled with a mass flow controller
[23]. Hydrogen absorption/desorption rates were measured at
250–350 ◦C and 2.0 MPa following two different procedures: in
one of them the sample was heated at 400 ◦C for 1 h and then
cooled to 250–350 ◦C and kept at this temperature for 30 min before
observing its absorption/desorption reaction with hydrogen. In the
other procedure, the resulting sample was submitted to an absorp-
tion/desorption cycle at 250–350 ◦C without being heated at 400 ◦C.

3. Results and discussions

3.1. Formation of MgCo intermetallic from Mg–Co mixtures by
Fig. 1. X-ray diffraction patterns of: (A) 2M, (B) 2MH, (C) 1M and (D) 1MH samples.
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ig. 2. SEM backscattered electron images of (A) 2M and (B) 1M samples after 200 h
f milling under argon.

fter 200 h of milling. The average crystallite sizes were progres-
ively reduced from microns to nanometer order of magnitude.
inal crystallite sizes were 20 (10) nm and 22(15) nm for Mg and
o, respectively, in 2M (1M) sample. Heating as-milled samples at
00 ◦C for 5 days developed new phases (Fig. 1B and D). The new
eaks were attributed to cubic MgCo, in accordance with previous
orks [21]. Up to now, this is the lower temperature reported for

he formation of MgCo intermetalic via solid-state reaction. Phase
bundance depends on Mg–Co composition. For the sample with
:1 Mg–Co ratio, the amount of free Mg and Co was practically
ndetectable by XRD, whereas for that with 2:1 ratio both Co and
g peaks were clearly identified. The higher reactivity of the 1:1
ixture could be a consequence of a greater contact between Mg

nd Co (see Fig. 2), in agreement with previous results [22].

Co distribution into the Mg matrix was analyzed for 2M and 1M

g–Co mixtures by SEM (backscattered electrons). Fig. 2A and B
how Co particles (brightest phase) dispersed into Mg matrix (dark-
st phase). The best intermixing reached by ball milling under Ar
as observed after 200 h of processing, due to a combination of

able 1
RD analysis performed on the 2M and 2MH samples after different thermal treatments.

Sample Cycle Final temperatu

2M Absorption 1 300 ◦C, 0 h
Absorption 1 400 ◦C, 0.5 h
Desorption 1 400 ◦C, 0.5 h
Absorption 2 400 ◦C, 0.5 h

2MH Absorption 1 400 ◦C, 0.5 h
Desorption 1 400 ◦C, 0.5 h
Absorption 2 400 ◦C, 0.5 h

* The main hydride phase is indicated in bold letters.
Fig. 3. HP-DSC curves during first and second hydrogen absorption reaction cycles
for (A) 2M and (B) 2MH samples (heating rate 5 ◦C min−1 and 2 MPa of H2 pres-
sure). (C) HP-DSC curves during first hydrogen desorption for 2M and 2MH samples
(heating rate 5 ◦C min−1 under vacuum).

fracturing and cold welding mechanisms which produce the refine-
ment of the microstructure and a uniform dispersion of the Co
particles within the magnesium matrix. The size of the starting Co
particles was reduced to less than 10 �m.

3.2. Hydrogen reactivity of 2Mg–Co mixture: MgCo as
intermediate for Mg2CoH5 formation

In order to investigate the reactivity of 2M and 2MH samples
with hydrogen, absorption/desorption cycles were performed. HP-
DSC curves obtained are shown in Fig. 3. First hydrogen absorption
from 2M sample (Fig. 3A) is considered an activation process, as
can be inferred from the broad exothermic peak starting at 130 ◦C
[24]. For 2MH sample (Fig. 3B) hydrogen absorption started at
higher temperature (250 ◦C) in comparison with 2M sample, but
total hydrogen content was higher probably due to partial acti-
vation during pre-heating at 300 ◦C. Moreover, in the second cycle
both samples showed two sharp exothermic peaks involving higher
hydrogen storage than first cycle. The maximum amount of hydro-
gen absorbed was observed for 2MH after second cycle, being 1.5
times that of 2M. On the other hand, first desorption cycle started
at about 330 ◦C for 2M and 2MH samples (Fig. 3C), independently
of previous hydrogen absorption behavior observed.

To clarify the reaction paths involved during absorption/

desorption reaction, XRD analyses were performed after each cycle.
The phases detected at different temperatures and after different
absorption/desorption cycles are summarized in Table 1. It can be
seen that first absorption cycle for 2M sample leads to the for-
mation of Mg6Co2H11 as the main phase up to 300 ◦C, whereas

re (◦C) and time (h) Phases detected by XRD*

Mg6Co2H11≈MgH2/Mg/Co
Mg6Co2H11/MgH2/Mg2CoH5/Mg/Co
MgCo/Mg/Co
Mg2CoH5/Mg6Co2H11/MgH2/Co

Mg6Co2H11 ≈Mg2CoH5/MgH2/Co
MgCo/Mg/Co
Mg2CoH5/MgH2/Co
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Table 2
XRD analysis performed on the 2M sample after different thermal treatments.

Cycle Final
temperature (◦C)
and time (h)

Phases detected by XRD*

Absorption 1 300 ◦C, 1 h Mg6Co2H11/MgH2/Mg/Co
Desorption 1 400 ◦C, 0.5 h MgCo/Mg/Co
Absorption 2 300 ◦C, 1 h Mg6Co2H11/MgH2/Mg2CoH5/Mg/Co/MgCo
Absorption 1 300 ◦C, 1 h Mg6Co2H11/MgH2/Mg/Co
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formation with free Mg and Co (Fig. 5B). During the second absorp-
tion stage, two samples were taken out to identify the nature of the
phases: one after first exothermic peak (Fig. 5C) and the other at
the end of the cycle (Fig. 5D). Fig. 5C shows the presence of MgCo,
Desorption 1 400 ◦C, 0 h Mg/Co
Absorption 2 300 ◦C, 1 h Mg6Co2H11/MgH2/Mg/Co

* The main hydride phase is indicated in bold letters.

g2CoH5 was observed at high temperature (400 ◦C). Moreover,
fter second hydriding cycle Mg2CoH5 formation was favored over
ther hydrides phases. The main reactions occurring during first
bsorption cycle of 2M sample can be represented:

Temperature < 300 ◦C

g(s) + H2(g) → MgH2(s) (3)

Mg(s) + 2Co(s) + 5.5H2(g) → Mg6Co2H11(s) (4)

Temperature > 300 ◦C

Mg(s) + Co(s) + 5/2H2(g) → Mg2CoH5(s) (5)

MgH2(s) + Co(s) + 1/2H2(g) → Mg2CoH5(s) (6)

It is interesting to note that MgCo was obtained when desorption
rocess was performed up to 400 ◦C and kept at this temperature for
.5 h. The presence of MgCo at the beginning of the second absorp-
ion cycle suggests that this compound is an intermediate phase for
he formation of Mg2CoH5 under cycling according to

gCo(s) + Mg(s) + 5/2H2(g) → Mg2CoH5(s) (2)

Similar evidence was obtained from hydrogen cycling of 2MH
ample: MgCo compound was presented in the starting sample and
avored the formation of Mg2CoH5 during first cycle (Table 1). For
MH, additional formation of Mg6Co2H11 was possible due to the
resence of free Co and Mg (Fig. 1C). Hence, both the change in
he thermal behavior observed from the first to second absorption
ycle as well as the trends to the formation of Mg2CoH5 with cycling
vidence that the 2MH sample was not completely activated during
re-heating at 300 ◦C for 5 days.

To understand the role of MgCo on the formation of Mg2CoH5,
wo hydrogen absorption procedures for 2M sample were per-
ormed heating up to 300 ◦C, with an intermediate desorption
tep up to 400 ◦C. In one of the desorption procedures, the
ample was heated up to 400 ◦C and kept at this temperature
uring 0.5 h to induce MgCo formation. In the other case the
ample was continuously heated up to 400 ◦C and then cooled
own. Table 2 summarizes the phases detected after absorp-
ion/desorption cycles. From the analysis of the phases observed
fter each cycle, three important conclusions could be inferred.
he most important remark was that MgCo production during
esorption stage was responsible of the enhanced Mg2CoH5 forma-
ion at 300 ◦C observed after the second hydriding step. Additional
onversion of MgCo into Mg2CoH5 according reaction (2) was pos-
ible at high temperature, as solid–solid diffusion processes were
nhanced. Moreover, MgCo formation was due to the solid–solid
eaction between Mg and Co obtained from Mg6Co2H11/Mg2CoH5
ecomposition. To allow enough MgCo formation this reaction
equired the sample to be heated some time (0.5 h) at 400 ◦C.
It was also observed that kinetics restrictions limit Mg6Co2H11
ormation during the first cycle, being associated with Co availabil-
ty in Mg neighborhood. Homogenization of 2Mg–Co composition
ample was reached after additional heating up to 400 ◦C during
bsorption/desorption cycling. Then, local Mg:Co composition was
Sources 195 (2010) 546–552 549

modified after the first absorption stage, reaching a 2:1 distribution
that facilitated Mg2CoH5 formation via MgCo intermediate com-
pound (Table 1). Mg2CoH5 as unique hydride of 2MH sample after
second hydriding cycle reinforces this hypothesis.

3.3. Reversibility between MgCo/Mg2CoH5 during
absorption/desorption cycles

The above study for the 2Mg:Co system shows that hydrid-
ing and dehydriding cycling leads to multiple interactions with
the subsequent formation of hydride mixtures. In order to investi-
gate experimentally the reversibility of reaction (2), a 1:1 Mg–Co
milled (1M) and another milled and heated (1MH) samples were
in-situ hydrided/dehydrided with the HP-DSC technique. Fig. 4A–C
shows the absorption/desorption HP-DSC profiles obtained for
both samples. During first absorption stage of 1M sample, two
broad exothermic peaks were observed suggesting that hydriding
reaction occurred in two-steps. Second absorption showed again
two-step hydrogen absorption, but the exothermic peaks were
sharper and involved about 2.7 times more heat flow than dur-
ing the first cycle. As it was observed for 2M sample, first hydrogen
absorption should be considered as an activation-homogenization
step, where Co diffusion into Mg was improved [23]. On the other
hand, the first hydrogen absorption of 1MH sample showed two
sharp exothermic peaks, the same it was observed in 1M sample.
This behavior was ascribed to previous thermal activation of the
sample which produced homogenization of the Mg–Co composi-
tion and MgCo formation: in the first hydrogen absorption of 1MH
sample (Fig. 1D) or in the second of 1M sample. An analysis based
on XRD results will be showed below.

In order to identify each reaction step during hydrid-
ing/dehydriding, XRD analysis were carried out and the results
are summarized in Table 3. Fig. 5 compares the XRD patterns of
1M sample hydrided and dehydrided. After first absorption stage a
mixture of Mg2CoH5–Mg6Co2H11 was obtained, with Mg2CoH5 as
main hydride phase (Fig. 5A). Hydrogen desorption favored MgCo
Fig. 4. HP-DSC curves during first and second hydrogen absorption reaction cycles
for (A) 1M and (B) 1MH samples (heating rate 5 ◦C min−1 and 2 MPa of H2 pres-
sure). (C) HP-DSC curves during first hydrogen desorption for 1M and 1MH samples
(heating rate 5 ◦C min−1 under vacuum).
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Table 3
XRD analysis performed on the 1M and 1MH samples after different thermal treatments.

Sample Cycle Final temperature (◦C) and time (h) Phases detected by XRD*

1M Absorption 1 400 ◦C, 0.5 h Mg6Co2H11/Mg2CoH5/Mg/Co
Desorption 1 400 ◦C, 0.5 h MgCo/Mg/Co
Absorption 2 190 ◦C, 0 h MgH2/Mg/Co/MgCo

400 ◦C, 0.5 h Mg2CoH5/Co

1MH Absorption 1 190 ◦C, 0 h MgH2/Mg/Co/MgCo
Absorption 1 400 ◦C, 0.5 h Mg2CoH5/Co

, 0.5 h
, 0.5 h
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Desorption 1 400 ◦C
Absorption 2 400 ◦C

* The main hydride phase is indicated in bold letters.

gH2 and Co after the first exothermic peak, whereas Mg2CoH5
nd Co were detected at the end of the second cycle. These results
videnced the reversibility of reaction (2) and also the occurrence
f the transformation of MgH2 into Mg2CoH5 (reaction (6)). The
rigin of MgH2 after the first exothermic peak could be ascribed to
wo possible reactions: hydriding of free Mg (reaction (3)) and dis-
roportion of MgCo in the presence of hydrogen to produce MgH2
nd free Co (reaction (7)):

gCo(s) + H2(g) → MgH2(s) + Co(s) (7)

Analogous mechanisms to that proposed in Eq. (7) were found
or Mg2Cu alloy [25]. Reaction (7) was a necessary step for the for-

ation of Mg2CoH5 during second exothermic peak, considering
hat MgH2, MgCo and Co were the phases detected at the beginning
f this stage. The absence of free Mg made difficult the extension of
eaction (2). The complete reaction mechanism for Mg2CoH5 for-
ation during heating from room temperature to 400 ◦C could be

epresented as:
Temperature < 200 ◦C (first exothermic peak)

g(s) + H2(g) → MgH2(s) (3)
gCo(s) + H2(g) → MgH2(s) + Co(s) (7)

Temperature > 250 ◦C (second exothermic peak)

MgH2(s) + Co(s) + 1/2H2(g) → Mg2CoH5(s) (6)

ig. 5. X-ray diffraction patterns of 1M sample after: (A) first hydrogen absorption
ycle; (B) first hydrogen desorption cycle; (C) second hydrogen absorption cycle at
00 ◦C; and (D) second hydrogen absorption cycle at 400 ◦C.
MgCo/Mg/Co
Mg2CoH5/Co

The complete reaction could be summarized as:

MgCo(s) + Mg(s) + 5/2H2(g) → Mg2CoH5(s) (2)

Therefore, Mg2CoH5 formation requires MgH2 obtained from
reaction (7) to allow further reaction of MgH2 with Co (reaction
(6)). Additional XRD studies performed on 1MH samples during
hydriding/dehydriding cycling corroborated that the similar ther-
mal behavior than 1M (second cycle) and 1MH samples (first cycle)
was due to the same reaction path: MgH2 formation during the first
absorption peak and Mg2CoH5 phase growth after second exother-
mic peak. The above results confirmed that hydriding reaction of
1:1 Mg–Co mixture followed reaction (2), with an intermediate
step involving MgH2. Only when Mg and Co were available as free
phases, alternatives reaction paths were possible.

An additional observation emerges from Fig. 4: hydrogen des-
orption started at about 360 ◦C and 250 ◦C, for 1M and 1MH,
respectively. Then, reduction in hydrogen desorption temperature
was larger than 100 ◦C for the sample with MgCo phase submit-
ted to hydriding/dehydriding cycling. Moreover, we observed the
peak corresponding to tetragonal-cubic Mg2CoH5 transformation.
On the basis of XRD diffraction studies, the main difference between
1M and 1MH was the presence of MgCo in the starting sample
(Fig. 1). We believe that its formation is an evidence of good Mg–Co
homogenization during thermal treatment which leads to the for-
mation of Mg2CoH5 as the main hydride phase during the first
absorption cycle. The improved Co dispersion in the Mg-based
matrix acts as catalyst for hydrogen desorption from Mg2CoH5
[26,27]. The thermal behavior and the phases detected after first
hydriding reaction for 2M, 2MH and 1M samples showed that the
first cycle was an activation process which improved homogeniza-
tion of Mg–Co and Co distribution.

3.4. Effect of the MgCo formation on the absorption/desorption
rate

Fig. 6 shows hydrogen absorption curves at 250 ◦C, 300 ◦C
(Fig. 6A) and 350 ◦C (Fig. 6B) for a 2M sample without and with
preheating at 400 ◦C for 1 h. The sample was previously activated
by hydriding/dehydriding up to observe repeatability in its kinet-
ics behavior. The hydrogen absorption content decreased with the
temperature and it was dependent of the MgCo presence in the
sample for 250 ◦C and 300 ◦C (Fig. 6A). During the measurements
of the 2M sample without thermal treatment, Mg and Co were
free to react with hydrogen via reactions (3), (4), (5) and prob-
ably also reaction (6). These reactions were favored due to both
improved Mg–Co distribution and Co dispersion which acted as
catalysts, when MgCo compound was not present. When the 2M

sample was heated at 400 ◦C, free Mg and Co promoted MgCo for-
mation so the global reaction should involve the disproportion of
MgCo to MgH2 (reaction (7)). As a consequence, 2M sample sub-
mitted to pre-heating at 400 ◦C showed a reduction of the total
hydrogen storage capacity and a diminishing of the reaction rate.
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ig. 6. Hydrogen absorption kinetics for 2M sample without and with pre-heating

herefore, global reaction rate seemed to be controlled by reaction
7), probably by some mass transport process.

Absorption curves performed at 350 ◦C (Fig. 6B) showed sim-
lar behavior, i.e. the absorption rate and total hydrogen content
ecrease for the sample submitted to thermal treatment at 400 ◦C.
owever, the difference between them was less relevant than that
reviously observed at 250 and 300 ◦C, mainly due to the fact
hat the occurrence of reaction (7) was favored by a temperature
ncrease (Fig. 3). On the other hand, by comparison with the absorp-
ion experiment at 300 ◦C (Fig. 6A), the reaction rate is lower. It
ould be explained considering that Co reduced kinetics barriers
t all temperatures, but thermodynamic driving force at 350 ◦C
ominated the reaction rate and overcompensates the changes in
he kinetics barriers. In particular, for measurements performed
t 2 MPa, the thermodynamic driving force is seven times higher
t 300 ◦C, leading to the observed enhancement in the reaction
ate.

. Conclusions

Conclusions regarding the formation of MgCo and its influence
n the hydriding/dehydriding properties of Mg–Co mixtures are
isted below:

Formation of MgCo is obtained after Mg2CoH5 or Mg6Co2H11
decomposition only when Mg–Co diffusion is favored by adequate
combination of temperature and time. Then, MgCo formation
occurs by activated diffusion in the solid-state between Mg–Co.
Thermal history of Mg–Co mixtures modifies Mg–Co local
composition and as a consequence influences both hydrid-
ing/dehydriding behavior and the nature of hydride phases
produced. The 2Mg–Co mixtures before and after heating at
300 ◦C during 5 days need to be cycled under hydrogen up to
400 ◦C to get 2:1 local composition. In opposition, Mg–Co mix-
ture heated at 300 ◦C during 5 days achieves local homogeneous

composition according with the starting mixture. In this last case
the formation of Mg2CoH5 is favored over others hydrides phases,
being the only hydride phase produced. In addition, adequate
Co dispersion obtained in the Mg-based matrix acts as catalyst
for hydrogen desorption from Mg2CoH5 decreasing in more than
100 ◦C the temperature for hydrogen release.
◦C for 1 h, performed at: (A) 250 and 300 ◦C; (B) 350 ◦C. Initial pressure 2 MPa.

- The reaction path for the Mg2CoH5 formation from Mg–Co mix-
ture present two steps during heating up to 400 ◦C. It can be
represented as follows:

First step, up to 200 ◦C:

Mg(s) + H2(g) → MgH2(s)

MgCo(s) + H2(g) → MgH2(s) + Co(s)

Second step, up to 400 ◦C

2MgH2(s) + Co(s) + 1/2H2(g) → Mg2CoH5(s)

MgCo compound and MgH2 hydride are both intermediate
phases for the formation of Mg2CoH5. The global reaction of
Mg2CoH5 formation/decomposition can be expressed as

MgCo(s) + Mg(s) + 5/2H2(g) ↔ Mg2CoH5(s)

The reversibility of this reaction is possible and depends on
temperature and time, at hydrogen pressure fixed, according to
thermodynamic information.

- The presence of MgCo compound during isothermal hydriding
of Mg–Co mixtures decreases the absorption rate and the total
hydrogen storage capacity. Some mass transport step involved in
the disproportion reaction of MgCo/MgH2 seems to control the
global reaction rate.
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