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ABSTRACT

The Mg-Co mixture was milled using a low energy mill during 200 h under argon and then submit-
ted to thermal treatment. The mechanical milling (MM) of Mg-Co mixture leads to microstructural
refinement reducing the diffusion distances and then favoring the kinetics of solid-state reaction. As
a consequence, the formation of MgCo compound occurs at temperatures of 573 K which is lower than
previously reported. As-milled sample (Mg and Co phases) and as-milled plus heated sample (with mainly
MgCo compound) were non-isothermally heated under hydrogen pressure using high-pressure differ-
ential scanning calorimetric equipment. The presence of MgCo intermetallic compound improves the
reactivity with hydrogen, reducing both hydrogen absorption and desorption temperature, as well as
increasing the total hydrogen storage capacity. An analysis of the interplay of hydride phases as a function
of the starting samples and experimental conditions is presented.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Mechanical milling/alloying is a powerful technique used for
the refining/synthesis of different materials, in particular alloys and
intermetallic compounds. Cold welding and fracturing mechanisms
allow the formation of homogeneous alloys and intermetallics
from metals with very different melting points, which are hard to
produce by the traditional metallurgical processes. In the Mg-Co
system, MgCo, is the only stable intermetallic compound reported
[1,2]. However, a deep analysis of the literature and additional
experimental evidence [3-7] corroborate the existence of MgCo
intermetallic in the Mg-rich zone. Although the MgCo compound
has not been formed during milling of the Mg-Co mixtures, further
heating of as-milled mixtures leads to the formation of MgCo by
solid-state diffusion [5-7]. In addition, MgCo intermetallic com-
pound has been obtained after 3-Mg,CoHs and/or MggCoyH1q
decomposition [3-5,7]. Then, the understanding of the experimen-
tal conditions and kinetics constrains which favoring the MgCo
formation is a key issue for the production of Mg-Co hydrides,
such as Mg,CoHs and MggCo,H11, with promising properties for
hydrogen storage applications. In this work the interplay between
high-pressure differential scanning calorimetry and XRD diffrac-
tion allows to analyze the role of MgCo in the formation of complex
hydrides at 573 K. The relation between the reactivity of the Mg-Co
mixture with hydrogen, the influence of MgCo presence on the
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hydride phase formation and the changes of the hydride phases
during cycling will be discussed.

2. Experimental
2.1. Synthesis

Starting materials were elemental powders of Mg and Co (purity of 99.9%). A
mixture of 1:1 Mg-Co powders and ferromagnetic steel balls were placed in a stain-
less steel container that was closed within an argon dry box. The powders were
milled up to a total time of 200 h using the Uni-Ball-Mill Il apparatus (Australian Sci-
entific Instruments). The final sample is hereafter indicated as MM200. The milling
processes proceeded in a stationary argon atmosphere. The ball to powder weight
ratio selected was 44:1. All handling of the powders was performed in a glove box
under purified argon atmosphere.

MgCo intermetallic synthesis was performed using the Mg-Co mixture milled
during 200 h (MM200). The as-milled sample was placed in an aluminum capsule
and closed hermetically in a dry glove box. After this, the aluminum capsule was
placed quartz in the tube and outgassed using mechanical vacuum for half an hour
at room temperature. Then, the tube was sealed and heated up to 573K during 5
days. After that, the aluminum capsule was recovered by breaking the quartz tube
at room temperature under air atmosphere. Hereafter this sample is designed as
MM200H.

2.2. Characterization

The crystalline structure of the samples was characterized by X-ray diffrac-
tion (XRD) on a Philips PW 1710/01 instrument with Cu Ka radiation (graphite
monochromator). The crystalline size was calculated using Scherrer equation.
The microstructure and Mg-Co distribution was studied by scanning electron
microscopy (SEM 515, Philips Electronic Instruments) on resin-mounted and pol-
ished samples. The thermal behavior was investigated by high-pressure differential
scanning calorimeter (HP-DSC, TA Instrument 2910 calorimeter) using a heating rate
of 5K min~". Absorption cycles were performed heating up to 573 K under 2 MPa of
hydrogen pressure and kept at this temperature for 1 h. Desorption cycle was mea-
sured heating up to 673 K under vacuum and kept at this temperature for 0.5 h. The
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amount of hydride phase was estimated from the DSC curves, using the peak area
and the mass of sample (Jg~').

Pressure-composition isotherm (PCI) at 623 K was obtained using a modified
Sieverts-type device, coupled with a mass flow controller [8]. The as-milled sample
was heated up to the reaction temperature under vacuum and kept at this temper-
ature for 30 min before hydrogen reaction. The reported PCI curve corresponds to
the first absorption/desorption cycle.

3. Results and discussion

Mechanical milling of Mg-Co is a powerful technique for pow-
der processing that improves diffusion distances and mixing. The
repeated welding together of particles and fracture accompanying
ball/powder collisions enable the creating of new surfaces during
milling. Fig. 1 shows the agglomerate morphology of Mg-Co mix-
ture after 200 h under argon (backscattered electrons), where Co
particles are dispersed in the Mg matrix. The analysis of numerous
agglomerates shows a reduction in the size distribution from 150 to
400 pm for starting Mg to a final agglomerate size of 5-150 wm. In
addition, a good intermixing between Mg and Co is observed, with
Co particles smaller than 10 wm (bright phase). The XRD pattern
of MM200 (Fig. 2a) shows the peaks of magnesium (JCPDS Powder

Fig. 1. SEM image of Mg-Co mixture after 200 h of milling under Ar (MM200).
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Fig. 2. X-ray diffraction patterns of (a) MM200; (b) MM200H; (c) MM200 after HP-
DSC second absorption cycle; and (d) MM200H after HP-DSC second absorption
cycle.
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Fig. 3. Absorption/desorption PCI under static conditions at 623 K.

Diffraction Data Card No. 35-0821) and Co (JCPDS Powder Diffrac-
tion Data Card No. 5-0727). For both phases, the crystallite sizes
were reduced to nanometric range, i.e. to a final size of 10and 15 nm
for Mg and Co, respectively. In addition, no new phases were formed
due to the milling process, such as MgCo or MgCo, intermetallics.
Then, the main effects of Mg-Co milling were improvement of
Mg-Co intermixing, microstructure refinement and reduction in
the agglomerate size distribution.

Heating of the MM200 sample for 5 days at 573 K (MM200H)
introduces structural modifications in the sample. Fig. 2b shows
mainly the characteristic diffraction pattern of MgCo intermetal-
lic (JCPDS Powder Diffraction Data Card No. 44-1149) [5,6]. This
novel result evidences that the formation of MgCo is possible by
solid-state diffusion at temperatures as low as 573 K when Mg-Co
contacting is improved (Fig. 1). No formation of MgCo, is detected,
as is indicated by the absence of the peaks at 26 =21.08° and 48.93°
(JCPDS Powder Diffraction Data Card No. 29-0486).

Absorption/desorption pressure-composition isotherm (PCI) at
623 K of the MM200 sample is shown in Fig. 3 (first cycle). The total
hydrogen storage capacity of MM200 is about 2.6 wt.%, indicating
the practically complete hydrogenation of the sample. Hydrogen
absorption occurred in two stages given by well-defined plateaus:
a flat one at 311 kPa and a sloped one developed between 915 and
1588 kPa. On the contrary, during desorption only one plateau can
be identify at about 178 kPa. Then, the MM200 sample exhibits a
strong hysteresis during hydrogen absorption/desorption process.
This result is in agreement with our previous results [9-11], where
from XRD analysis each plateau was associated with the formation
of MggCoy,Hy7 and MgyCoHs hydrides. However, no thermody-
namic information has been reported for Mg-Co mixture with 1:1
composition.

The kinetics behavior of Mg-Co-H system is complex. Dif-
ferent hydride phases have been formed due to the interplay
between temperature, hydrogen pressure and time [3-7,9-12]:
MgH;, Mg,CoHs and MggCoyHq1. In addition, factors such as
Mg-Co mixture composition, the presence of MgCo intermetallic
and microstructural/structural characteristic of the Mg-Co pow-
der mixture have not been discarded. To determine the reactivity
with hydrogen of the MM200 and MM200H samples and to pro-
vide information about the role of MgCo intermetallic on the
kinetics formation of different hydrides in the Mg-Co-H, a study
using HP-DSC measurements was performed. From the thermody-
namic information obtained for MM200 during first cycle (Fig. 3),
a hydrogen pressure of 2 MPa was selected as enough to allow the
formation of any hydride phase at 573 K.

HP-DSC curves in Fig. 4 correspond to the first and second cycles
of hydrogen absorption for the MM200 (Fig. 4A) and MM200H
(Fig. 4B) samples, respectively. As can be seen from each sam-
ple, the cycling and the MgCo presence significantly influence the
kinetics of the absorption reaction, which is indicated by a shift
of absorption peaks towards higher/lower temperatures as a func-
tion of starting sample. The first cycle for MM200 is considered
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Fig. 4. HP-DSC curves during absorption reaction of MM200 (A) and MM200H (B).
First cycle (—); second cycle (-0-). Heating rate 5Kmin~'; 2 MPa of Hy.

as an activation step, in similar way to reference [13]. For MM200
sample (Fig. 4A) two broad exothermic peaks are observed. The
temperature of first peak shifts from 382 to 424K, whereas the
starting temperature of second peak does not change with cycling.
Moreover, the heat flow involved in the first peak (1.6 ] g~1)is dupli-
cated from the first to second cycle (2.9] g~1). On the other hand, the
hydrogen reactivity of MM200H sample (Fig. 4B) is characterized by
a sharp exothermic peak at 420 K which shifts to 355 K after cycling.
In this case the heat flow involved in the first peak is reduced about
1/3 with cycling (from 2.9 to 1.1 g~1). In addition, in several cycles
an endothermic peak at 503 K is clearly identified. It is associated
with the structural transition of Mg, CoHs from tetragonal to cubic.
The slight temperature increase observed respect to the reported
temperature of 488 K [3,4] is due to the hydrogen pressure effect.
In the case of desorption step for MM200 and MM200H samples
(Fig.5), an important reduction in the hydride temperature decom-
position is observed for MM200H sample (520 K) respect of MM200
(620K).

The diffraction patterns of the final phases obtained after cycling
for MM200 and MM200H are shown in Fig. 2 (curves cand d, respec-
tively). The Mg,CoHs phase is the only hydride phase detected
after second absorption cycle independently of the starting sample.
Simultaneously, residual Co phase is also observed in correlation
with the Mg/Co composition. No MgCo compound is detected.
This result indicates that the reactivity of the Mg-Co system with
1:1 composition after cycling under 2 MPa of hydrogen tends to
formation of Mg,CoHs over other hydride phases, i.e. MgH, and
MggCoyHy1.
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Fig.5. HP-DSC curves during desorption reaction of MM200 (—) and MM200H (-o0-).
Heating rate 5Kmin~'; under vacuum.

To further clarify the absorption/desorption paths, XRD analy-
ses were performed after each cycle. In the activation cycle of the
MM200, minor amount of MggCo,Hq; was detected simultaneously
with Mg, CoHs as major phase (not shown). After a desorption step
under vacuum up to 673K leads to the formation of MgCo com-
pound, with Mg and Co as residual phases (not shown)its formation
can be associated with the Mg-Co solid-state reaction at 673K
and/or the decomposition of MggCo,H11/Mg,CoHs [4-6,9-12]. On
the other hand, first cycle of MMH200 is similar to the second
cycle of MM200, in relation with both hydrogen absorption behav-
ior (exothermic peak at about 420K) and the phases formed due
to Mg-Co-H reaction. Clearly, the presence of MgCo compound in
the starting MM200H sample is equivalent with the first absorp-
tion/desorption cycle of MM200.

Two relevant aspects need additional analysis. One of them is
the reduction of 100K in the hydrogen desorption temperature in
MM200H respect to MM200. The main difference between these
samples is the presence of MgCo in the MM200H starting mixture
that improves the kinetics and the amount of Mg, CoHs formation
via MgCo compound. We believe that MgCo formation is an evi-
dence of good Mg-Co homogenization during thermal treatment.
Thus, the desorption peak observed in Fig. 5 for MM200H is due
to the decomposition of Mg,CoHs (the only hydride phase) in the
presence of free Co, which could act as catalyst for the hydrogen
recombination during desorption [9-11,14].

The second interesting result is the increment (reduction) of the
heat flow associated with the first peak after cycling for MM200
(MM200H). A possible explanation of this behavior is in connec-
tion with the amount of MgCo in the sample. For the starting
MM200H sample, the MgCo amount obtained after solid-state
reaction is practically the maximum for 1:1 Mg-Co composition
(residual Mg/Co phases are undetectable, see Fig. 2b). However,
MgCo amount after desorption up to 673 K is lower, whereas the
most intense Mg and Co diffractions are clearly identified (not
shown). Then, the absorption peak area decreases for the sample
MM200H after cycling. In opposition, in the MM200 sample the
amount of MgCo increases due to activation on cycling of Mg-Co
mixture. Therefore, the amount of MgCo obtained after desorption
from hydride decomposition is relevant to the further reactivity
with hydrogen and is dependent of the thermal history of the sam-
ple. Additional measurements will be performed to clarify this
behavior in relation with the reversibility of MgCo to Mg,CoHs
reaction.

4. Conclusions

Mechanical milling of Mg—Co mixture improves the refinement
of the microstructure and Mg-Co intermixing. These microstruc-
tural characteristics allow the formation of MgCo at 573K, the
lowest temperature reported for this intermetallic.

The presence of MgCo in the starting sample (MM200H) has
a great influence on the reactivity with hydrogen. Hydrogen
absorption in the first cycle is higher than the corresponding to
the Mg-Co mixture with Mg and Co phases (MM200). In addi-
tion, temperature desorption is decreased in 100K, in connection
with the hydriding/dehydriding of MgCo/Mg,CoHs. Moreover,
cycling under hydrogen of the Mg-Co as-milled and as-heated
samples leads to the formation of Mg,CoHs via MgCo, despite
thermodynamic data allow the existence of different hydride
phases: MgH,, Mg, CoHs and MggCo,H11. Thus, local compositional
homogenization reached under hydrogen cycling/thermal treat-
ment determines the amount of MgCo formed and the further
hydriding/dehydriding characteristics. Understanding the MgCo
role on the hydride formation will be useful to establish experimen-
tal conditions that maximize technological properties for hydrogen
storage applications.
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