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ARTICLE INFO ABSTRACT

MgCo» and MgNiCo crystallize with hexagonal Laves type intermetallic structures of the C14 type and do not
form hydrides at ambient hydrogen pressures. However, applying high hydrogen pressures in the GPa range
forces the hydrogen absorption and leads to the formation of multi-phase compositions, which contain
approximately 2.5 atoms H per formula unit of MgCo, or MgNiCo and remain thermally stable under normal
conditions.

The hydrogenation of MgCo, resulted in its decomposition to a ternary Mg,CoDs deuteride and metallic
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Magnesium > . - : :
Cobalt cobalt. Phase-structural transformations accompanying the vacuum desorption of deuterium in the temperature
Nickel range of 27-500 °C were studied using in situ neutron powder diffraction. The investigation showed a complete

recovery of the initial MgCo, intermetallic via a Hydrogenation-Disproportionation-Desorption-Recombination
process. At 300 °C, the Mg,CoDs deuteride first decomposed to elementary Mg and hexagonal Co. At 400 °C, a
MgCo phase was formed by interaction between Mg and Co. At the highest processing temperature of 500 °C, a
solid-state interaction of MgCo and Co resulted in the recovery of the initial MgCo,.

The interaction of MgNiCo with deuterium under the synthesis conditions of 2.8 GPa and 200 °C proceeded
in a more complex way. A very stable ternary deuteride MgNi,D3 was leached away while Co was separated in
the form of Mg,CoDs and the remaining nickel formed a solid solution with Co with the approximate
composition NigCog 3.

The thermal desorption of deuterium from MgCo,D» 5 and from MgNiCoD» 5 has been studied by Thermal
Desorption Spectroscopy with deuterium released into a closed volume. The observed effects nicely correlate
with changes in the phase structural composition of the hydrides formed.

MgCo, is a new example of the hydrogen storage alloy, in which a successful HDDR processing results in the
reversible formation of the initial intermetallic at much lower temperatures than in the equilibrium phase
diagram of the Mg-Co system.

1. Introduction

Cost- and performance-efficient hydrogen storage is required for
the broad implementation of zero-emission hydrogen-based energy
technologies. The advantages of Mg-based materials for the reversible
hydrogen storage include large H storage capacity of MgH, — 7.6 mass
% H, abundance of magnesium in the earth’s crust, and low cost of Mg
metal [1,2]. Compared to the individual MgH, hydride, the transition
metal-containing Mg-based Mg,FeH¢, Mg,CoHs and Mg,NiH, ternary
hydrides maintain relatively high gravimetric (5.5, 4.5 and 3.6 wt% H)
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and volumetric (150, 125 and 97 g H/L) hydrogen storage capacities
while offering advantages of decreased thermal stability caused by the
modifications of the thermodynamics of the metal-hydrogen interac-
tions [3,4].

In the Mg-Co-H system, two ternary hydrides have previously been
synthesized and characterized. These are the y-MggCooH;; hydride
with an orthorhombic crystal structure [5,6] and the Mg,CoHjs hydride
[7,8] forming two modifications. The low-temperature [-Mg,CoHs
modification has a tetragonal structure (space group P4/nmm;
a=0.4480; ¢=0.6619 nm at room temperature) [7]; it reversibly trans-
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forms into the high-temperature modification y-Mg,CoHs with a
disordered cubic structure at the temperature around 215 °C [5,7].

The Mg-Co based hydrides were synthesized by high temperature
sintering [5,6,9] and ball milling [5,10]. Despite MgCo, is the only
stable intermetallic compound existing in the Mg-Co system [11,12],
thermodynamically metastable MgCo [9] and Mg,Co [3,11] com-
pounds can also be formed during the thermal decomposition of
Mg,CoHs. The existence of the Mg,Co phase was first reported by
Ivanov [5], and subsequent investigations provided evidence that this
compound is in fact formed at different Mg/Co ratios, as Mg»Co
[10,13,14] and as MgCo [6,9].

Gennari et al. [15] found that the formation of the MgCo and
MgCo, phases depends on the synthesis conditions. Indeed, using the
temperatures below 450 °C favors the formation of MgCo; heating to
the temperatures near 500 °C causes the formation of MgCo, owing to
the increased diffusion rates, and these two phases coexist at inter-
mediate temperatures between 450 and 500 °C.

Norek et al. [16] investigated the synthesis and thermal decom-
position of Mg,CoHs by using in situ synchrotron powder X-ray
diffraction and observed that Mg,CoHs decomposed into elementary
Mg and Co at 300 °C, while MgCo intermetallic was formed at 400 °C.
Veroén et al. [17] studied the thermodynamic behavior of the milled Mg-
Co-H system and characterized the thermodynamic stabilities of
MgeCooH;; and Mg,CoHj; as being similar to each other.

In our earlier studies [18,19], a MgNi,H(D)3 trihydride was
synthesized at 300 °C at high hydrogen (deuterium) pressures using
H>(D») gas compressed to 2.8—-7.4 GPa. The hydrogen-induced phase
transformation from the C36 Laves-type structure of MgNi, to an
orthorhombic MoSi»-type related structure of MgNi,D3 took place. In
the crystal structure of MgNi,D3, deuterium atoms occupy two types of
interstices, inside the Mg4Ni, octahedra and within the buckled nickel
nets.

While the individual MgNi, intermetallic alloy crystallizes with the
C36 Laves-type structure [18,20,21], the crystal structure of MgCo, is
of the MgZn, C14 Laves type [20]. Thus, it can be envisaged that a
gradual change of the Co/Ni ratio within the quasi-binary compositions
Mg(Ni;_Coy)s (x=0-1) could be accompanied by interesting changes
in both structural and hydrogenation behaviors.

In the present study, MgCo, and MgNiCo intermetallic alloys were
loaded with deuterium under a D, pressure of 2.8 GPa at 200 °C and at
room temperature. Phase identification in the resultant Mg-Co-D and
Mg-Ni-Co-D compositions was performed by X-ray diffraction. The
thermal stability and the total deuterium content of these compositions
were probed by Thermal Desorption Spectroscopy (TDS). In order to
establish the mechanism of the phase-structural transformations in the
MgCo,-D> system, the deuterium desorption from a massive MgCo,-D
sample was studied by in situ neutron powder diffraction in the
temperatures range from 27 to 500 °C. We did not observe any
significant difference in the phase composition or deuterium deso-
rption from the samples synthesized at 200 °C and at room tempera-
ture. For certainty, we will further refer to the results obtained with the
200 °C samples only.

2. Experimental

The MgNi,Co,_, (x=0 and 1) intermetallic compounds were pre-
pared from the mixtures of Mg, Ni and Co powders with the purity
higher than 99.8%. An excess of 2% Mg was added to the stoichiometric
compositions in order to compensate for its evaporation during the
high temperature synthesis. The mixtures were compacted into pellets
at a pressure of 25 MPa, wrapped into a Ta foil and placed into
stainless steel tubes. The tubes were sealed by welding in Ar, annealed
at 800 °C for 24 h and quenched together with the pellets into iced
water. The pellets thus prepared were examined by X-ray diffraction
(XRD) with a Siemens D500 diffractometer using Cu-Ka radiation.

To prepare the MgCo,- and MgNiCo-based hydrides, approx.
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200 mg of the intermetallic alloy were powdered in an agate mortar
and loaded with deuterium by a 24 h exposure to a D, pressure of
2.8 GPa at 200 °C for 24 h followed by rapid cooling (quenching) to
100 K. The experiments were carried out in a “lentil” type high-
pressure chamber [22] using AlDj as an internal deuterium source. The
hydrogenation method is described in more detail elsewhere [23]. The
synthesized samples were then stored in liquid nitrogen to prevent
deuterium losses and oxidation by air.

The 1000 mg sample of deuterated MgCos for the neutron diffrac-
tion study was collected in a few successive runs of high-pressure
syntheses at 2.8 GPa and 200°C. In view of the small protium
concentration H/(H+D)=2.9(2) at% in the AID; powder [24], which
produced the D, gas in these experiments, we neglected the H
contamination of the obtained MgCo,-D sample in the analysis of its
neutron diffraction patterns.

Each deuterated sample was examined by X-ray diffraction at 85 K
with a Siemens D500 diffractometer using Cu Ka radiation selected by
a diffracted beam monochromator. The diffractometer was equipped
with a home-designed nitrogen cryostat that permitted the samples to
be loaded without any intermediate warming.

The thermal stability and the total deuterium content of the
samples were determined by hot extraction into a pre-evacuated
calibrated volume, which involved heating the sample from -186 to
450 °C at a rate of 10 °C min™'. The mass of the analyzed probe was a
few milligrams. The method is described in more detail in Ref. [18].

In situ neutron powder diffraction (NPD) studies were performed at
SINQ neutron source, Paul Scherrer Institute, Switzerland, using the
HRPT Diffractometer [25] in the high intensity mode (A=1.494 A, 20
range 3.85-164.75°, step 0.05°). The deuterated sample was loaded
into a stainless steel autoclave with a valve allowing its connection to
the gas/vacuum line during the in situ measurements. All reloading
operations were performed in high-purity Ar atmosphere.

The temperatures of up to 500 °C desired for the NDP studies were
achieved using a standard radiation type furnace. During the measure-
ments, the interior of the furnace was continuously evacuated with a
turbomolecular pump, thus protecting the tantalum heating elements
from oxidation. The temperature was controlled with an accuracy of at
least 0.1 K. The measurements were performed under two types of
testing conditions. In one set of experiments, the sample was heated in
a closed autoclave filled with argon and equilibrated (for at least 4 h) at
five setpoint temperatures of 27, 150, 200, 250, 300 °C. The initial Ar
pressure was 1 bar. In the second set of experiments, the sample was
subjected to the dynamic vacuum conditions and equilibrated at 300,
350, 400, 450, and 500 °C. In total, 10 data sets were collected in an
overall period of 37 h of hold time were analyzed.

The powder diffraction data were analyzed by Rietveld profile
refinements method using the General Structure Analysis System
(GSAS) software [26].

3. Results and discussion

3.1. Mechanism of MgCo, and MgNiCo interaction with high
pressure deuterium

According to the XRD analysis, both initial alloys are single phase
C14 Laves type alloys with hexagonal unit cells. The unit cell
parameters of MgCo, (a=4.85459(1), ¢=7.9412(2) A) and MgNiCo
(a=4.8367(1), c=7.8882(2) A) well agree with the reference data [9,27]
and show a small contraction of the unit cell (1.4% in volume)
following a replacement of Co in MgCo, by Ni to form MgNiCo.

Both intermetallic alloys proved to disproportionate during their
24 h interaction with deuterium at 2.8 GPa and 200 °C. Interestingly,
the disproportionation does not result in the formation of a
binary magnesium hydride MgH,. Instead, it leads to the formation
of stable ternary magnesium-based hydrides containing cobalt and
nickel.
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Table 1

Crystallographic data for the phase constituents in MgCo,-D system.

Temperature  Phases Space group  Unit cell parameters
a, A c, A V, A3
27°C Co P63/mme 2.5071(1)  4.0764(5)  22.19(1)
Mg,CoD5  P4/nmm 4.4683(5)  6.577(2) 131.31 (3)
MgO Fm3m 4.2128(6) - 74.77(3)
150 °C Co P63/mme 2.5134(1) 4.0817(5)  22.33(1)
Mg,CoDs  P4/nmm 4.4843(6)  6.593(2) 132.58(4)
MgO Fm3m 4.2187(8) - 75.08(4)
200 °C Co P63/mmc 2.5152(1)  4.0839(6) 22.38(1)
Mg,CoDs  P4/nmm 4.5059(7)  6.581(2) 133.61(5)
MgO Fm3m 4.2213(7) - 75.22(4)
250 °C Co P63/mme 2.5166(1)  4.0839(5)  22.42(1)
MgoCoDs  Fm3m 6.4591(6) - 269.47(7)
MgO Fm3m 4.2248(7) - 75.41(3)
300 °C Co P63/mme 2.5182(1) 4.0889(5)  22.46(1)
MgoCoDs  Fm3m 6.4754(6) - 271.52(7)
MgO Fm3m 4.2275(6) - 75.55(3)
V-300 °C Co P63/mmc 2.5182(1) 4.0889(5) 22.46(1)
Mg P63/mmc 3.234(2) 5.252(2) 47.56(4)
MgO Fm3m 4.2270(6) - 75.53(3)
V-350 °C Co P63/mmc 2.5136(1) 4.1187(5) 22.54(3)
Mg P63/mmc 3.239(2) 5.260(5) 47.79(4)
MgO Fm3m 4.2294(5) - 75.66(3)
V-400 °C Co P63/mmc 2.516(3) 4.140(6) 22.70(5)
Co Fm3m 3.555(2) - 44.94(7)
MgCo Fd3m 11.530(2) - 1532.9(9)
MgO Fm3m 4.2324(5) - 75.82(3)
V-450 °C Co P63/mme 2.522(3) 4.136(7) 22.79(6)
Co Fm3m 3.558(2) - 45.05(6)
MgCo Fd3m 11.542(2) - 1537.7(8)
MgO Fm3m 4.2355(5) - 75.99(3)
V-500 °C Co P63/mmc 2.523(4) 4.142(8) 22.83(8)
Co Fm3m 3.560(2) - 45.13(6)
MgCo Fd3m 11.555(5) - 1543(2)
MgCoo P63/mmc 4.8952(8)  7.999(3) 165.99(5)
MgO Fm3m 4.2394(4) - 76.19(2)

The XRD study of the quenched samples makes it possible to
establish the final products and therefore the mechanism of interac-
tion. For MgCo,, the deuteration process can be described by the
following equation:

MgCo, + D, — p-Mg,CoDs (38 wt. %) + &-CoDygo7(62 wt. %)

The atomic ratio D/Co=0.07 of the hep (¢) solid solution Co-D is
roughly estimated from the deuterium-induced lattice expansion of hcp
Co using results of Ref. [28] and agrees with the pressure dependence
of hydrogen solubility in hcp Co determined in Ref. [29]. We omit a
discussion of these results because a similar sample of deuterated
MgCo, was thoroughly investigated by neutron diffraction at 27 °C and
higher temperatures (see Section 3.3.1); the only difference was that
the e-CoDy o7 solid solution had lost all hydrogen and transformed into
the hep Co metal already at 27 °C.

The crystallographic data of Mg>CoD5 and hep-Co listed in Table 1
well agree with the reference data (Mg,CoHs: a=4.4832 &, ¢=6.5966 A;
hep-Co: a=2.5054 A, c=4.0743 A [16]).

Fig. 1 presents Rietveld fittings of the XRD patterns of the initial
MgNiCo intermetallic alloy collected at room temperature (a) and of
the quenched deuterated MgNiCo sample measured at 85 K (b). For the
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Fig. 1. X-ray diffraction patterns of (a) the initial MgCoNi alloy (room temperature, Cu
Ka, radiation) and (b) a quenched sample of the alloy deuterated at 2.8 GPa and 200 °C
(T=85 K, Cu Ka radiation).

deuterated material, the refinements show the formation of four
different phases: the low temperature tetragonal 3-Mg,CoDs (Sp.gr.
P4/nmm; a=4.889(1) A, c=6.465(3) A), orthorhombic MgNi,Ds, fcc
Nig.-Cog 3 alloy (Sp. gr. Fm3m, a=3.527(1) A) and hep Co (Sp. gr. P63/
mme, a=2.506(3), c=4.05(1) A). The crystallographic data for MgNi,D5
(Sp. gr. Cmea, a=4.590 A, b=8.794 A, c=4.686 A) was taken from ref.
[18], and the weight fraction of MgNi,D3 was only refined.
The scheme of the hydrogenation process is presented below:

MgNiCo + D, - Mg,CoDs(40wt. %) + MgNi,D5(6 wt. %)

+ Nig7Cog3(50wt. %) + e-Co (4wt. %)

The formation of Nij,Cog 3 was suggested based on the mass balance
considerations of Ni and Co between MgNiCo and the reaction
products, and based on a good agreement between the data for the
formed Ni-based solid solution and the reference data for the Nig -Cog 3
alloy [30].

3.2. Thermal decomposition of the hydrides formed by MgCo. and by
MgNiCo

Desorption of deuterium from each quenched sample of deuterated
MgCo, and MgNiCo alloys was studied by temperature programmed
desorption (TPD) in a pre-evacuated calibrated volume in the regime of
heating from —186 to 450 °C at a rate of 10 °C min~'. Fig. 2 presents
deuterium desorption plots for the MgCo,—D and MgNiCo-D systems
and shows the amount of the released deuterium and the rate of the
corresponding mass loss.

As one can see from Fig. 2a, the MgCo»-D sample starts releasing
D, after heating to about —50 °C. At temperatures up to approx. 200 °C,
the deuterium mostly evolves from the hecp CoDgo, phase, which
decomposes to hep Co metal. At temperatures higher than 200 °C, the
decomposition of the Mg,CoDs deuteride begins, and the rate of the
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Fig. 2. Thermal desorption traces of the deuterium release (left scale, wt% D) and the
rate of the mass loss (right scale, wt% D / K) measured in the regime of heating at a rate
of 10 °C min! for the (a) MgCo,-D and (b) MgNiCo-D quenched samples loaded with
deuterium at 2.8 GPa and 200 °C.

decomposition reaches its maximum at approx. 283 °C. The total
amount of the released deuterium is 3.34 wt% D.

As seen from Fig. 2b, the total content of deuterium of the MgNiCo-
D samples was slightly higher and equal to 3.39 wt% D. Two different
stages of the gas desorption were clearly demonstrated by the rate of
the mass lost, dm/dT. The lower broad peak extending between approx.
100-200 °C with the maximum at 175°C is mostly due to the
decomposition of MgNi,D3 in agreement with [18]. The second broad
peak observed between 200 and 300 °C with the maximum at 265 °C
corresponds to the decomposition of Mg,CoDs. Compared to the
MgCo,-D samples, this peak is shifted to lower temperatures by
approx. 20 °C.

Thus, the effect of Ni in Mg(Ni,Co),-D system is in decreasing the
starting decomposition temperature and in shifting the desorption
events to lower temperatures.

3.3. In situ neutron powder diffraction study of the MgCo»-D system

3.3.1. Experiments in argon gas (T=27-300 °C)

In order to study phase-structural transformations in the MgCo,-D
system, the in situ NPD experiments were carried out in the regime of a
step-wise heating of the sample in a temperature range between 27 and
500 °C. Initially, a stainless steel autoclave with the sample was filled
with argon gas at a pressure of 1 bar. At 300 °C, the autoclave was
evacuated and further experiments were performed in vacuum.
Altogether we have measured 10 NPD data sets, five of which were
collected under 1 bar of Ar at 7=27, 150, 200, 250, 300 °C and then
another five in vacuum at 7=300, 350, 400, 450 and 500 °C. Each data
set was measured for 4 min; the heating rate was 10 °C min™?; the
equilibration time was 4 h at each setpoint temperature before the
measurement was started.
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Fig. 3. In situ NPD patterns showing the evolution of the phase composition of the
starting Mg>CoDs+ Co system. The sample was heated from 27 to 500 °C; the neutron
wavelength was A=1.494 A. “V” stands for vacuum, otherwise — Ar gas at 1 bar.

In total, we identified the presence and refined the abundances of 7
phase constituents (further to the stainless steel sample cell and an
impurity of MgO), including two modifications of Mg,CoDs (low
temperature (LT) tetragonal and high temperature (HT) cubic ones);
two modifications of cobalt (LT hexagonal and HT cubic); Mg metal;
MgCo and MgCo, intermetallic compounds.

Rietveld refinements for the starting data set of the deuterated
MgCo, sample (T=27 °C, 1 bar of Ar) showed that it consists of two
phases, the LT tetragonal -Mg,CoDs (23.9 wt%) and LT hexagonal Co
(74.0 wt%); the indicated concentrations correspond to the mole ratio
Mg,CoDs/Co=1/6. A small amount of MgO (2.1 wt%) was also
identified as an impurity. The disproportionation of MgCo, under high
deuterium pressure established by X-ray diffraction (see Section 3.1)
should have resulted in the mole ratio Mg>CoDs/Co=1/3. The observed
deficiency of Mg»>CoDs could be attributed to the presence of amor-
phous or poorly crystallized Mg,CoDs.

Fig. 3 shows the evolution of the in situ NPD patterns of the MgCo,-
D system with increasing temperature. As one can see, various
reactions take place on heating. The evolution of the corresponding
phase compositions derived from Rietveld refinements of the NPD data
is shown in Fig. 4. The crystal structures of the identified phase
constituents are listed in Supplementary material, Tables S1-S6,
together with the Rietveld profile refinements plots of the NPD pattern
for all studied samples and temperature conditions (Figs. S1-S9).

No changes of deuterium content took place in the temperature
range 27-300°C on heating in the closed autoclave. When the
temperature rose to 250 °C, the tetragonal -Mg,>CoDs (LT) phase
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Fig. 4. Phase-structural transformations in the MgCo,-D system from Rietveld refine-
ments of the NPD data. The abundances of the phases are presented as a function of
temperature and time during the heating of the MgCo,D3 sample synthesized at 2.8 GPa
and 200 °C.
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impurity.

transformed to its cubic modification y-Mg»>CoDs (HT). This agrees
with the observation of the allotropic transformation of LT f-Mg>CoDs
into the HT y-Mg,CoDs at about 215 °C reported earlier [7].

Fig. 5 shows the refined NPD pattern of the MgCo»D3 sample
measured at 300 °C under 1 bar Ar. The sample was two-phase and
contained the LT hexagonal phase of cobalt and the HT cubic
modification of Mg,CoDs.

As shown in Fig. 4, the weight fractions of the Mg>CoDs and Co
phases remain almost unchanged when the sample is heated to 250 °C
in Ar gas. At 300 °C, the amount of Mg,CoD5 starts decreasing (by
approx. 2.3 wt%) and the amount of Co begins to increase. This is
because Mg,CoDs starts decomposing at this temperature rejecting
magnesium. However, the magnesium metal is not yet visible in the
reaction products due to its small amount and small grain size.

3.3.2. Processes taking place during deuterium desorption into
vacuum at 300-500 °C

Bragg reflections from the mixture of y-Mg>CoDs and hexagonal Co
are observed at temperatures up to 300 °C in the closed autoclave.
After an exposure of the sample to the same temperature in vacuum,
the diffraction peaks from the y-Mg,CoDs disappear that suggests a
decomposition of this phase. The reaction is:

Mg>CoD5+3Co—2Mg+4Co+2.5 Dy (1)

From the data presented in Fig. 4, it follows that the mole ratio of
the Mg and Co phases is close to 1:5.7, which is small compared to the
theoretical stoichiometry 1:2. This is likely to be due to sublimation of
the Mg metal in vacuum. Besides, the mean crystallite sizes of Mg
calculated using Scherrer Equation [25,31] are ~16 nm at both 300 and
350 °C. The sample obviously contains much smaller crystallites of Mg,
which only contribute to the diffuse neutron scattering. This is another
likely reason for the under stoichiometric content of Mg refined from
the NPD data.

During further heating from 300 to 350 °C in vacuum, no changes
are observed in the relative amounts of Mg and Co phases.

When the temperature increases to 400 °C, the MgCo compound is
formed by depleting the Co content (~15.0 wt%) and by involving all
available Mg (~6 wt%) into the chemical transformation. The solid-

state reaction in the Mg-Co matrix is as follows:
Mg+Co—MgCo (2

At 450 °C, no further changes happen in the sample. Our observa-
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tions are in agreement with the results shown previously in
[15,16,32,33].

According to Eq. (1), the amount of the MgCo product should
exceed 20 wt%. However, its refined weight content is lower (~15.0 wt
%), indicating that the MgCo compound has poor crystallinity. Indeed,
MgCo forms very small crystallites the size of ~8.0 nm (calculations
were performed using the Scherrer Equation).

In addition to the MgCo intermetallic, a small amount (~6 wt%) of
the HT cubic-Co appears in the NPD patterns collected at 400 and
450 °C, as a result of phase transformation of the LT hexagonal Co to
the HT cubic Co. The temperature of this allotropic transformation in
Co

3

Co-hexagonal—Co-cubic

well agrees with the reference data [15,16].

When the temperature increases to 500 °C, most of the crystalline
MgCo phase vanishes, while MgCo, compound (22.5 wt%) is formed.
Due to the stability of the MgCo compound at 500 °C [15], we can
exclude a possibility of decomposition of MgCo to form a more stable
MgCo, compound. This indicates that the solid-state interaction in the
Co-rich alloys of the Mg-Co system can be described as.

MgCo+Co—MgCo, (@)

The amount of the formed MgCo, compound well agrees with the
proposed scheme.

MgO impurity was present as an admixture phase from the very
beginning. It almost kept a constant value at all studied temperature
states, showing the absence of magnesium oxidation during the studied
processing.

Table 1 summarizes results of the Rietveld refinements of NPD data
for the MgCo»-D system at various temperatures. The crystallographic
data of the LT f-Mg,CoDs5 phase at 27 °C agrees within narrow ranges
with the reference data [7] of Mg,CoDs at 25 °C. As seen from the data
presented in Table 1, the unit cell of f-Mg,CoDs experiences a small
contraction (~-0.2%) in the [001] direction and small expansion (~
+0.5%) along the [100] and [010] directions when heated above
150 °C. This means that the unit cell undergoes a distortion preceding
the phase transformation. A similar distortion of the crystal structure
was earlier observed in B-Mg>CoHs near the point of allotropic
transformation at 215 °C [4].

The volumes Vi and Vyr per formula unit of the LT p-Mg,CoDs
and HT y-Mg,CoDs phases are presented in Fig. 6 as functions of
temperature. As one can see, the coefficients of thermal expansion are
considerably different for the LT and HT phases. The intersection of
linear fits for the Vp(T) and Vyr(T) dependences at a temperature

68.0
= B-Mg,CoD, V=1.025x10"T+64.805
—— Linear fit R*=1
67.5 4 e y Mg,CoD,
—— Linear fit
& 1
s 67.0
(0]
£
=]
© 66.5-
=
66.0
V=6.37x10"°T+65.44987
R?=0.93674
655 T T T T T T
0 50 100 150 200 250 300

Temperature (°C)

Fig. 6. Temperature dependences of the volumes per formula unit for the LT -Mg»CoDs5
and for the HT y-Mg,CoDs.
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much lower than Ty=215°C established earlier for the LT—HT
transformation [4] therefore confirms the positive volume effect of
this transformation. At 215°C, the fits give Vir =66.819 and
Vur=67.009 A%. The difference Vyr—Vir=0.19 A%, or 0.28% agrees
with the volume increase of 0.26% accompanying the LT—HT trans-
formation in Mg,CoHj [4]. The subtle volume effect suggests that the
transformation does not correlate with hydrogen release from the
structure.

The linear fit of the Vi 1(T) dependence in Fig. 6 gives Vyr(225 °C)
=67.111 A3, which agrees with the experimental value V(225 °C)
=67.178 A® determined for y-Mg,CoDs by Zolliker at al. [7].

Finally, it is of interest to compare some of the obtained results with
the reference data for similar systems.

In an earlier report [9], a mixture of Mg and Co powders with the
mean composition Mg, ¢5Co was compacted under 16 ton/cm? to form
pellets and then sealed and heated to 350 °C (13 weeks), 400 °C (4
weeks) and 500 °C (2 weeks). An X-ray analysis showed that the MgCo
phase with a cubic-structure (a=11.426 A) was formed at 350 and
400 °C, while the MgCo, compound was observed in the 500 °C
sample. In our work, the MgCo intermetallic phase could be produced
in several hours at 400 and 450 °C in vacuum, but it did not form at a
temperature as low as 350 °C. A possible reason is that our sample was
only exposed to 350 °C for a very short time of about 4 h compared to
13 weeks in Ref. [9]. In this connection, the formation of the cubic
MgCo phase at a relatively low temperature of 350 °C observed in [9] is
likely to be a more equilibrium result.

Furthermore, the thermal stability of f-Mg»CoDs proves to strongly
depend on its synthesis conditions. In earlier reports, the decomposi-
tion of the Mg>,CoHs hydride occurred at 290-300 °C in the samples
prepared by reactive mechanical alloying [15,32,34] and at a much
higher temperature of 390-410 °C if the sample was sintered in a
hydrogen gas [15,34,35]. In each case, the decomposition properties
were characterized under a hydrogen pressure of 1 bar. The decom-
position of Mg>CoD5 studied in the present work took place at 283 °C.
We can therefore conclude that the decomposition performance of the
sample obtained from the high-pressure D, synthesis is close to the
properties of this hydride synthesized by reactive ball milling under the
hydrogen gas. The increased interfacial area resulting from the RMA
microstructural refinement is known to be critical for reducing the
thermal stability of the hydride and for the corresponding decrease of
its decomposition temperature [4]. Most likely, the lower decomposi-
tion temperature of the Mg>CoDj5 deuteride in our experiments was due
to the small grain size and high concentration of defects in the particles
of this phase precipitated from the virgin MgCo» matrix during the high
pressure synthesis.

4. Conclusions

In this work, we synthesized deuterides of MgCo, and MgNiCo
Laves type intermetallic alloys by using high pressure synthesis at a
pressure of 2.8 GPa and temperature of 200 °C.

In both cases, a disproportionation of the metal lattice takes place.
The binary magnesium hydride is not formed as a product of the
disproportionation. Instead, we observed the formation of one
(Mg,CoDs5 for MgCo,) or two (Mg,CoDs and MgNi,D3 for MgNiCo)
ternary deuteride phases. Thus, the mechanism of interaction of the
alloys with hydrogen becomes significantly affected by the transition
metals, Co and Ni.

Time-resolved in situ neutron diffraction was employed to probe
temperature-dependent phase-structural transformations in the
MgCo,-D system. We proposed mechanisms of decomposition of the
Mg>CoDs5 deuteride and the formation of Mg-Co compounds in the Co-
rich part of the Mg-Co system and concluded that:

(a) The Mg>CoD5 deuteride decomposes into elementary Mg and Co at
approximately 300 °C.
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(b) An allotropic transformation from the LT tetragonal to the HT
cubic modification of Mg,CoDs takes place at around 250 °C.
MgCo and MgCo» compounds are formed in the Mg-Co matrix by
solid-state reactions at 400 and 500 °C, respectively.

(d) A formation of MgCo, after completion of the deuterium deso-
rption shows that this Mg-Co intermetallic is a new example of the
hydrogen storage alloy, for which a complete HDDR cycle was
successfully accomplished.
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