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Synthesis and characterization of nanocrystalline
Mg.CoHs obtained by mechanical alloying
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The stoichiometric mixture of 2MgH, + Co was ball milled under a hydrogen atmosphere to
synthesize nanocrystalline metal hydride Mg>,CoHs. Upon milling, the mixture was
analyzed by X-ray powder diffraction (XRD) and thermal methods employing the
techniques of differential scanning calorimetry (DSC), thermogravimetry (TG) and
differential thermal analysis (DTA). Hydrogen absorption and desorption measured by
pressure-composition-temperature (P-C-T) curves indicated that the capacity loss was small
after 20 consecutive cycling tests. The enthalpies associated with hydride formation and
decomposition were measured to be —69.5 and —83.2 kJ mol~" H,, respectively. At the
temperatures of this study (553 to 653 K), hysteresis decreases with increasing temperature.
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1. Introduction

Metal hydrides have been of steadily increasing im-
portance for a long time owing to their technical ap-
plications [1-5]. Recently, a large number of ternary
metal hydrides having the general formula A, M, H., in
which A is an alkali or alkaline earth and M is a tran-
sition metal, have been synthesized and characterized
[6, 7]. Among them, the Mg, NiH, [8-10], Mg,CoHjs
[11], and Mg,FeHg [12], which have been rational-
ized by the 18-electron counting rules, are of signifi-
cance because of their high hydrogen storage capacity
(about 3.6 to 5.5 wt%). However, the transition metal-
hydrogen bonds in such metal hydride complexes are
stronger than that in the commercialized LaNis sys-
tem, thus making them unsuitable for most hydrogen
storage applications. An effective way of improving
the hydriding or dehydriding kinetics is to use the me-
chanical alloying (high energy ball-milling) technique
[13—-16]. Hydrogen storage materials, which are ob-
tained by this method, possess various nanometer-scale
nanocrystallites, showing enhanced hydrogen absorp-
tion properties over their polycrystalline counterparts
e.g. mild activation conditions and lower absorption
temperature [17].

It is worth noting that the mechanical alloying pro-
cess has already been applied to the Mg, Ni-H [18-21]
and Mg,Fe-H [22] systems, but not to the Mg,Co-H.
It is well known that Mg and Co do not alloy at
all in the H-free solid metallic state. This is the
reason why the metal hydride complex Mg,CoHjs is
normally prepared by sintering Mg and Co powders
under high hydrogen pressures. The preparation and
hydrogenation properties of magnesium-cobalt hydride
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have been characterized. As reported by Zolliker et al.
[11] Mg;CoHs and its deuteride were prepared by
sintering Mg and Co at temperatures between 620
and 720 K under a hydrogen (or deuterium) pres-
sure of 4 to 6 MPa. These compounds are black crys-
talline solids with a tetragonally distorted CaF,-type
metal atom structure, which transforms at 488(5) K
into a disordered cubic modification. Values of —86
and —60 kJ mol~! H, were obtained, respectively, for
the heats of dissociation and formation of Mg,CoHjs
phase, indicating a considerable hysteresis. Ivanov
et al. [23] measured a series of pressure-composition-
isotherms and found two hydride phases Mg,CoHjs
and Mg3;CoHs that had the enthalpies of —79 and
—70 kJ mol~!' H, for hydrogen desorption, respec-
tively. Yoshida et al. [24] estimated the enthalpies of
Mg,CoHs with —95 kJ mol~! H, for lower plateau
and —108 kJ mol~! H, for upper plateau. Reiser
et al. [25] carried out an excellent cyclic-stability test
with a mixture of Mg and Co powder in an atomic
ratio of 2:1, and calculated a heat of about —76(4)
kJ mol~! H; for desorption of MggCo,H; ;. From these
published works, it can be seen that the hydrogen load-
ing and cycling stability of Mg,Co-H have been ex-
amined, however, the results were in disagreement and
the equilibrium absorption pressures were not reported.
Therefore, considerable issues still remain in this sys-
tem, in particular regarding the effect of ball milling
on its thermodynamic and dynamic properties. Herein,
we are prompted to investigate the hydrogenation char-
acteristics of MgyCoHs prepared by ball-milling the
stoichiometric composition of 2MgH, + Co under a
hydrogen atmosphere.
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2. Experimental
The metal powders Mg (99.9%) and Co (99.99%)
were supplied by Santoku Metal Industry Corporation.
Hydride powder MgH;, which was obtained through
the reaction of Mg with hydrogen in an automatic
Sieverts apparatus for several days, showed a X-ray
powder diffraction pattern consistent with data listed in
the JCPDS card [26]. Both the stoichiometric mixture
2MgH; 4 Co of 5 g and 5 steel balls of 4 mm in diam-
eter were sealed in a vial of 100 cm? internal volume.
The weight ratio between the powder and ball was 1: 8.
High-purity hydrogen (7N) of 0.1 MPa was introduced
into the vial through a connection valve. The milling
was carried out in a Kurimoto BX254E apparatus at
a speed of 700 round min~', which corresponds to a
maximum acceleration of 47.9 G (the gravity of the
Earth), for periods from 1 to 10 h at ambient temper-
ature. At regular intervals, a small amount of powder
was taken out for analysis. All material handling (in-
cluding weighing and loading) was always performed
in a glove box filled with pure argon (99.999%) so as to
minimize the effect of oxygen and water on the powder.
The X-ray powder diffraction (XRD) was studied on
a Rigaku RU-200 system with monochromatic Cu K,
radiation operated at 40 kV with a current beam of
150 mA. Powders were mixed with a protective coat-
ing of pyrophyllite oil, smeared on a glass slide. The
X-ray intensity was measured over a diffraction an-
gle from 5 to 85° with a velocity of 0.02° per step
and 2° min~!. Differential scanning calorimetry (DSC)
was performed using a DSC 8230HP calorimeter at a
heating rate of 5 K min~! under 3.0 MPa of hydrogen
with the aim of determining the influence of tempera-
ture on hydrogen absorption and desorption. The ther-
mogravimetry (TG) and differential thermal analysis
(DTA) were performed employing a TG 8120 appara-
tus. Prior to the run, the sample (typically 20 mg) was
stabilized for 10 min at 303 K and then the tempera-
ture was linearly increased to 773 K with a ramp of
5 K min~! in a slow stream of argon. The microstruc-
ture was examined using a JEOL JSM-5600 scanning
electron microscope equipped with an energy disper-
sive X-ray spectroscope (SEM-EDXS). The pressure-
composition-temperature (P-C-T) curves for hydrogen
absorption/desorption were determined by using an au-
tomated Sieverts-type apparatus in the fixed temper-
ature range from 553 to 653 K and in the hydrogen
pressure range from 0.01 to 3.3 MPa. The volume in
the hydriding/dehydriding process had been carefully
calibrated before the actual measurement. The sample
holders were held in a KOYO LINDBERG furnace and
the temperatures were maintained constant within 2 K
at any temperature by controlling a portion of the heat-
ing current with a chromel-alumel thermocouple.

3. Results and discussion

The initial color of the 2MgH; + Co mixture was light
gray. After ball milling only for 1 h, the color was
dark gray. After ball milling for 2 h, the color of the
powder was dark. The ball-milling process lasted for a
total of 10 h, and the final powder was black in color.
Fig. 1 shows the XRD patterns of the 2MgH; + Co
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Figure 1 XRD patterns of 2MgH; 4 Co mixture as a function of ball
milling time: (a) 0 h; (b) 1 h; (c) 2 h; (d) 5 h; and (e) 10 h. (M) MgH>;
(N) Mg-Co-hydride.

mixture as a function of ball-milling time. Note that
the phase structure has been greatly changed after ball
milling. By inspection of the XRD pattern of the initial
2MgH; + Co, it is easy to identify the presence of
MgH; (marked by M) and Co, as expected. However,
after only 1 h of ball milling, there is evidence of new
peaks that are marked by N, indicating the formation
of new phases. In addition, the peak intensities of the
phases of MgHj; and Co decrease obviously. The XRD
pattern of the 2MgH, 4+ Co mixture ball-milled for
2 h shows an increased abundance of the new phase.
The MgH, and Co phases are seen present. After
5 h of milling, the MgH, and Co phases have nearly
disappeared, illustrating that the initial MgH, phase
has been basically used up to synthesize the new phase.
This is confirmed by the fact that further ball milling
up to 10 h does not significantly change the phase dis-
tribution. Previous studies have identified four phases
in the Mg-Co-H system: tetragonal Mg,CoHs [11],
hexagonal MgzCoHs [23], orthorhombic MggCo,Hy;
[27], and cubic Mg;_, CoH;, (¢ = 0) [24]. Interestingly,
the d-values of the sample obtained after 10h of
ball-milling of the 2MgH, + Co are very close to those
of a mixture of x-ray lines dominated by the tetragonal
Mg,CoHs and the hexagonal Mg;CoHs. In this study,
a structure analysis was not attempted because of some
broad peaks that are not ideal for lattice parameter
determination.

Morphological changes of the as milled powders
were examined by SEM observation (Fig. 2). The par-
ticle sizes of the mixture before ball milling are in the
range of 5 to 15 um, having a smooth surface. The
particles consist of visibly separated MgH, (the gray
portion) and Co (the white portion). However, the SEM
images of the powders after ball milling show rather dif-
ferent appearances. After 1 h of ball milling, the parti-
cles experience a rapid decrease in average size to about
2 pm with a relatively homogenous distribution of Co.
By further ball milling, the element Co reacts with the
MgH, particle to form a phase with a large surface
area, evidenced by EDXS analysis. It was found that
these zones contain the elements of Mg and Co, with
atomic ratios of Mg: Co=1.96:1.00. This result indi-
cates that the composition of the phase formed during
ball milling is about Mg,Co not considering the hy-
drogen concentration. After 5 h of ball milling, powder
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Figure 2 SEM images of 2MgH; + Co mixture during ball milling
under a hydrogen atmosphere: (a) 0 h; (b) 1 h; (¢) 2 h; (d) 5 h; and
(e) 10 h.

microstructures consist of porous nanoparticles; more-
over, those crystallites agglomerated such that the
boundaries of individual nanocrystallines were not
completely discernable. Since the “crystal” size of the
final milled powder is in the range of nanometers with
a highly disordered subsurface layer, it can be deduced
that this sample has a huge specific surface area. The
mechanism of the present mechanical alloying is dry
milling of MgH; and Co powders in a high-energy
ball mill under hydrogen atmosphere, so the MgH,
and Co powders are repeatedly cold-welded by the col-
liding balls. Initially, composite powder particles with
a characteristically layered microstructure (Mg,Co-H)
are formed. Subsequently, interdiffusion takes place, re-
sulting in a strongly disordered subsurface layer. Thus,
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Figure 3 DSC curves: (A) initial 2MgH, + Co mixture; and ball milling
for (B) 1 h; (C) 2 h; (D) 10 h.

the ball-milled sample is not simply a mixture of the
starting components, but a single phase Mg,CoH, is
formed. This behavior should be favorable for hydro-
gen desorption and absorption of the studied Mg, Co-H
phase.

The effect of ball-milling time on the positions of
the DSC peaks is illustrated in Fig. 3. The DSC heat-
ing curve of the initial 2MgH; 4 Co mixture (Fig. 3a)
shows one sharp endothermic peak around 693 K de-
noted as 1 owing to the dehydrogenation of MgH, to
Mg. Based on the area of this peak, the enthalpy change
associated with the hydrogen desorption was calculated
to be —72 kJ mol~! H,, which is very close to —74 kJ
mol~! H, for the decomposition of MgH, reported by
Stampfer et al. [28]. However, such a DSC behavior is
strongly affected by the ball-milling. As indicated in
Fig. 3b and c, there are three endothermic peaks de-
noted as 1, 2 and 3, respectively, illustrating that new
hydride phase was formed during the milling process.
By further milling (Fig. 3d), peak 1 disappeared, while
peak 2 and 3 still existed. Since a new hydride phase is
formed at the expense of MgH, and since pure Co does
not desorb hydrogen, peak 1 can be attributed to the
thermal decomposition of MgH,. The disappearance
of this peak after 10 h of milling is in agreement with
the XRD analysis as given in Fig. 1. As deduced from
previous thermal analyses [11, 23], peak 2 is related to
the allotropic phase transition of the new hydride, and
this transformation is almost unaffected by the milling
time. Peak 3 is attributed to the thermal decomposition
of Mg, Co-H, and it shifts towards lower decomposition
temperature. As an example, for 10 h of milling, this
peak is lowered by about 40 K relative to its position
in the DSC curve after 1 h of milling. The lowering
of its decomposition temperature from 693 K to 610 K
should result from the increase of kinetics because the
ball-milling operation leads to a phase having a high
specific surface area, and possibly leads to a decrease
of activation energy for dehydrogenation [29, 30]. It is
noteworthy that peak 3 occurs at a higher temperature
range than that of peak 1, suggesting that this phase is
more stable than MgH>.
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Figure 4 TG (dotted curves) and DTA (full curves) of (a) initial
2MgH, + Co mixture; and ball milling for (b) 2 h; (c) 10 h.

Fig. 4 shows the thermal analyses (TG and DTA) of
the 2MgH, 4 Co with the change of ball-milling time.
It is obvious that both the dehydriding and thermal re-
actions are rather different among the three samples
analyzed. The results of TG analysis indicate that the
hydrogen content increases with increasing ball-milling
time owing to absorption of hydrogen by the starting
2MgH; + Co; whereas the DTA data reveal that the
starting temperature of the dehydriding reaction shifts
to lower temperature with increasing ball-milling time,
resulting from the changes of kinetic factors such as
the surface characteristics of the milled particles. In the
case of the initial mixture, there is one weight loss in
the TG profile and one endothermic reaction in the DTA
profile. The desorption of hydrogen starts at 650 K and
ends at 740 K, giving a total loss value of 3.5 weight %
H;. The endothermic reaction is attributed to the dehy-
driding reaction of the MgH, to Mg. In the case of the
sample after 2 h of ball milling, there are two obvious
weight losses in the TG curve and three endothermic
reactions in the DTA curve. The starting temperature
of hydrogen desorption is around 590 K, and the dehy-
driding reaction is completed at 700 K, reaching a value
of 3.8 wt%. The endothermic peak at 460 K confirms
the allotropic phase transition of the Mg,Co-hydride
phase as mentioned in DSC analysis of Fig. 3. Here,
we will focus on the two endothermic peaks around
590 and 640 K. Owing to the small content of MgH,
coexisting in the milled sample, the former one could

be attributed to the dehydrogenation of MgH;, while
the latter corresponds to the decomposition of Mg, Co-
hydride. Note that the peak for MgH; desorption is
lowered by about 50 K in comparison with the pro-
file of the initial hydride. For the sample after 10 h of
ball milling, the dehydriding reaction begins at around
580 K and ends at 650 K, reaching higher hydrogen
content of 4.4 wt%. The DTA results show that two
endotherms are observed, one at 460 K and a slightly
more intensive endotherm at 590 K, meaning that all the
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Figure 5 P-C-T curves of nanocrystalline 2MgH, + Co milled for 10 h:
(open square, circle, up-triangle) desorption; (solid square, circle, up-
triangle) absorption. Arrows marked by a, b, ¢, and d indicate examined
XRD patterns that are shown in Fig. 7.

MgH; has been transformed into the Mg, Co-hydride.
The maximum hydrogen content of 4.4 wt% obtained
in this study is nearly the same as that in the formula
unit of Mg, CoHs (4.5 wt%). Combining the results ob-
tained through XRD, SEM and DSC, it is thus deduced
that the Mg, Co-hydride is Mg, CoHs.

The stability of the sample after 10 h of ball milling
was characterized through P-C-T measurements. Fig. 5
shows the representative curves at 553, 593, and 653 K.
There exist two plateau regions corresponding to either
the absorption or the desorption data. At any temper-
ature, the lower plateau on the absorption side corre-
sponds to the conversion of Mg to MgH,, whereas the
upper one on the desorption side is due to the decom-
position of MgH,. However, the upper plateau on the
absorption curve and the lower plateau on the desorp-
tion side result from hydriding of Mg,Co + Mg + Co
and dehydriding of ternary Mg, CoHs. From the plateau
length, one can estimate that the phase abundance
of the Mg,CoHs is much higher than that of MgH,.
The two plateaus reported for ternary Mg-Co-hydride
[11, 23-25] were not observed in our data, only one
sloping plateau except that MgH, was observed. The
different synthesis method and the various measure-
ments of temperature range between the present study
and literature work could explain this difference. Fur-
thermore, it can be seen that the equilibrium hydrogen
pressures for hydrogen absorption (P,) are greater
than for hydrogen desorption (Pges). This is the phe-
nomenon known as hysteresis [31]. Table I summa-

rizes the plateau pressures as well as the hysteresis
factor (In(Pyps/ Pges)) for the studied MgrCoHs. As
can be seen from those data, hysteresis decreased with
increasing temperature owing to the smaller free en-
ergy loss at higher temperatures. It is known that the
time-independent plateau pressures for hydride forma-
tion or decomposition are affected by the irreversible



TABLE I Plateau pressures for hydrogen absorption and desorption
(Pabs and Pges) as well as the hysteresis factor (In(Paps/ Pges) for the
studied Mg, CoHs

Temperature (K) P,ps (atm) Pyes (atm) In(Pabs/ Pdes)
553 1.6 0.65 0.90
593 4.5 2.10 0.76
653 16.0 10.2 0.45

dissipation of free energy which may contain contri-
butions from plastic deformation, hydrogen dissocia-
tion and hydride (metal) nucleation processes [32]. At
higher temperatures, the less the energy dissipation, the
lower the plateau pressure for hydride formation and the
higher the plateau pressure for hydride decomposition,
and thus the smaller the hysteresis.

The Van’t Hoff plot is a convenient way to obtain the
thermodynamic parameters that can be used to com-
pare hydrides of varying stability. Based on the plateau
pressures at different temperatures listed in Table I, a
plot of InP vs. 1/T, given in Fig. 6. The plot can be
fitted by a straight line with its slope being a measure of
enthalpy (A H) and the intercept a measure of entropy
(AS). The obtained values are summarized in Table II.
The AH and AS are negative, meaning the hydriding
reaction is exothermic and the dehydriding reaction is
endothermic. The AH values derived from the shorter
plateaus for absorption and desorption are —68.4 and
—74.5 kJ mol~! H,, respectively. The latter is in good
agreement with previous values obtained by Stampfer et
al. [28] and Reilly et al. [33] confirming that the higher
plateau on desorption corresponds to dehydriding of
MgH; and that the analyses of DSC, TG and DTA men-
tioned above are correct. Similarly, the A H values from
the longer plateaus are —69.5 kJ mol~! H, (absorp-
tion) and —83.2kJ mol~! H, (desorption). Those values
agree well with reported data of such systems, indicat-
ing that the strength of M-H bonding in these ternary
hydrides is almost the same. Moreover, the ternary hy-
dride shows higher value of AH (absolute) than that
of MgHy, suggesting this hydride is more stable. The
above results indicate the ball milling technique is very
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Figure 6 The Van’t Hoff plot for the detected Mg, CoHjs: (solid square)
absorption; (open square) desorption.

TABLE II Thermodynamic parameters of the prepared sample for
hydrogen absorption (abs) and desorption (des)

AH (k] mol~! Hy) AS (J mol~! K Hy)

Composition Abs Des Abs Des
Mg, CoHs —69.5 —83.2 —129.6 —146.7
MgH, —68.4 —74.5 —124.2 —134.0

useful in synthesizing the stable hydride Mg,CoHjs di-
rectly at room temperature rather than by sintering at
high hydrogen pressures and high temperatures.

In this work, no extensive cycling test has been car-
ried out. The hydrogen uptake of the sample decreased
by only 2% after a preliminay test to 20 consecutive
cycles of absorption and desorption. This result shows
that the fine microstructures help to maintain favorable
absorption/desorption characteristics. It is interesting to
note that Mg, CoHs decomposes in a particularly inter-
esting step. Considering the small amount of coexisting
MgH,, it is believed that the desorption corresponds to
the following reactions

MgH, — Mg+ H; (1
Mg,CoHs — Mg, Co+Mg+Co+H, (2)

and Equations 1 and 2 can be confirmed from the XRD
spectra of Mg,CoH, at different values of x, as shown
in Fig. 7. The value of x was estimated from the corre-
sponding PCT curves. The upper spectrum is for the
fully hydrided sample Mg,CoHs, and the peaks are
quite similar to those of the monoclinic phase as men-
tioned in Fig. 1 for 2MgH, 4 Co after 10 h of ball
milling. The second spectrum (Fig. 7b) shows the ap-
pearance of new peaks which can be attributed to pure
magnesium. These new peaks are from the decompo-
sition of MgH; to Mg, and the fine particles of Mg
have agglomerated and fused together to form larger
grain sizes. Comparing MgrCoH; with Mg,CoHy, we
observed growth of an alloy phase and an increase of
Mg content at the expense of the monoclinic hydride
phase. The alloy phase is marked by X, in particular
at the two-theta angles around 13 and 22.5°. With the
complete desorption of hydrogen, the peaks of the bot-
tom spectrum showed evidence of the presence of the
alloy phase as well as Mg and Co. It is pointed out that
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Figure 7 XRD patterns of MgyCoH, for different values of x that are
estimated from P-C-T curves as marked in Fig. 5: (a) x =5; (b) x =4;
(c) x=1; and (d) x ~ 0. (X) Mg, Co; (Y) Mg; (Z) Co.
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the color of Mg,CoHs and Mg,CoHy is black, while
that of Mg,CoH; and Mg,CoHx~yg is gray. When the
resultant was hydrided by saturating with hydrogen,
the XRD pattern of the residue showed similar phases
as presented in Fig. 7a. Thus, on the basis of X-ray
studies, reactions 1 and 2 in the plateau regions are re-
versible. The existence of Mg,Co phase has been pre-
viously reported [23], with a face-centered cubic cell
(a=11.43(1) A) [34]. In this study, however it is not
possible to determine the crystal structure of the pure
alloy (or with little hydrogen) phase because of the dif-
ficulty of separating the alloy phase from the others. To
illustrate this satisfactorily, a detailed study would be
required to verify the alloy phase formed.

The above experimental results prove that mechani-
cal alloying of MgH; and Co crystalline powders pro-
duces the intermetallic phase Mg, CoHs by milling at a
high intensity. This shows a new way for the synthesis
of Mg,CoHs by milling directly starting from a mix-
ture of MgH, and Co. To our knowledge, the reversible
hydrogen content of 4.4 wt% in Mg, CoHjs presented in
this work can be obtained at the relatively low tempera-
ture of 553 K, which is the lowest temperature reported
for this system, giving potential to this material as a
hydrogen storage medium.

4. Conclusions

The ternary hydride Mg, CoHs was synthesized by ball
milling the mixture 2MgH; + Co under a hydrogen
atmosphere. This denoted an improvement in the ki-
netics of hydride formation. The sample as prepared
by the milling technique showed the characteristics of
nanocrystalline structure with a high specific surface.
The thermal analysis study indicated that the decom-
position temperatures for MgH, and Mg,CoHs were
reduced owing to their very fine microstructure. The
sample showed rapid dissociation and uptake of hydro-
gen at 3 MPa, indicating that the cobalt milling was
thus playing a very active role at the alloy/hydride sur-
face in dissociating hydrogen and so enabling more
rapid hydride formation via the metastable phase. The
enthalpies relating to the dissociation and formation of
Mg, CoHs, which were based on pressure-composition-
temperature curves, were —83.2 and —69.5 kJ mol~!
H,, respectively. X-ray diffraction results appear to con-
firm that in the desorption step, the Mg,CoHs decom-
poses to Mg, Co + Mg + Co + H, where x is around 2,
while in the absorption process it is reversible. After 20
consecutive cycles at 553 K, the hydriding capacity loss
was only 2% and the hysteresis value (In(Pyps./ Pges.))
was 0.90.
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