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Hydriding/dehydriding properties of Mg-Ni-based ternary alloys
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Abstract: The Mg-Ni-based ternary alloys Mg, . Ti,Ni(x=0, 0.2, 0.4) and Mg,Ni,_Zr,(x=0, 0.2, 0.4) were successfully synthesized by
mechanical grinding. The phases in the alloys and the hydriding/dehydriding properties of the alloys were investigated. Mg,Ni and
Mg are the main hydrogen absorption phases in the alloys by XRD analysis. Hydriding kinetics curves of the alloys indicate that the
hydrogen absorption rate increases after partial substitution of Ti for Mg and Zr for Ni. According to the measurement of
pressure-concentration-isotherms and Van’t Hoff equation, the relationship between In p(H,) and 1 000/7 was established. It is found
that while increasing the content of correspondingly substituted elements at the same temperature, the equilibrium pressure of
dehydriding increases, the enthalpy change and the stability of the alloy hydride decrease.
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1 Introduction

It is well-known that Mg and Mg-Ni-based alloys
are considered as one of the most potentially important
hydrogen storage materials owing to several advantages:
light weight, rich natural resources, and high hydrogen
storage capacity together with being friendly to the
environment. However, it usually takes a long time and a
high temperature to absorb/desorb hydrogen. The slow
desorption kinetics hinders its application[ 1-3]. Mg,Ni is
one of the most representative materials with the
hydrogen storage capacity of 3.6% (mass fraction) and
much smooth desorption isotherm, which can be
definitely regarded as an ideal hydrogen storage
alloy[4—7]. Elemental substitution, chemical plating and
surface treatment are always done by researchers in order
to improve the properties and provide a theoretical
instruction for the practical application of hydrogen
storage materials.

In this work, the ternary alloys in which Mg was
partially substituted by Ti and Ni by Zr were synthesized
by mechanical grinding. The phases in the alloys and the
hydriding/dehydriding properties of the alloys were
investigated. According to the measurement of

pressure-concentration-isotherms (p-C-7) of the prepared
samples at different temperatures and Van’t Hoff
equation, it is easy to obtain linear relationship between
hydrogen pressure (In p(H,)) and temperature (1 000/7)
for each alloy.

2 Experimental

The alloys of Mg, Ti,Ni(x=0, 0.2, 0.4) and
Mg,Ni,_Zr(x=0, 0.2, 0.4) were synthesized by
mechanical grinding, with the equipment of planetary
ball mill (Fritsch Pulverisette P-5). Powders of
magnesium, nickel and titanium/zirconium with 99% in
purity were commercially gotten and mixed in a certain
molar ratio of Mg, TiNi(x=0, 0.2, 0.4) and
Mg,Ni_ Zr(x=0, 0.2, 0.4). Grinding was done with a
ball-to-powder mass ratio of 20:1, and the speed was 600
r/min for 30 h at room temperature under argon
atmosphere (99.999% in purity).

The phase structures of different samples prepared
were analyzed by X-ray diffraction (XRD) on a
RigakuD/max-2500PC X-ray diffractometer with the
experimental condition: Cu K, radiation, graphite
monochromator, anode voltage of 40 kV, the anode
current of 150 mA and scanning speed of 4.000 (*)/min.
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The absorption/desorption properties of different
samples were tested on p-C-T measurement apparatus
which was produced by Sichuan University, China. All
those parameters were investigated at reaction
temperatures of 473 K, 573 K, 673 K respectively and
hydrogen pressure (99.999% in purity) of 2.0-3.5 MPa.
Together with Van’t Hoff equation and the equilibrium
pressure of dehydrogenation obtained, it is clear to
establish a relationship among In p(H,), 1 000/7 and the
enthalpy change (AH) of each alloy. It is also easy to
calculate the equilibrium pressure of dehydriding in a
permitted temperature.

3 Results and discussion

3.1 XRD analysis of ternary alloys
3.1.1 XRD analysis of Mg,_, Ti,Ni(x=0, 0.2, 0.4) alloys
The X-ray diffraction patterns of Mg, Ti,Ni(x=0,
0.2, 0.4) prepared by mechanical grinding are shown in
Fig.1. It can be seen from Fig.1 that the main phase is
Mg,Ni which has been clearly identified as an efficient
hydrogen adsorption phase and the intensity of Mg,Ni is
increased by the addition of titanium. The sharp peaks of
Ni become flat and the phases of Ni, Ti(x=0.5, 1, 2, 3)
also exist in the alloys, which illuminates that there is a
solid solution with an increasing of the lattice volume of
Ni, making the lattice distortion in order to absorb more
hydrogen. Besides, Ni peak moves to a low angle with
the increase of Ti content with the strongest peak of Ni
from 44.416° to 44.351°, compared with the similar
investigation reported by LI et al[8]. In addition, there is
residual element of Ti in the alloys.
3.1.2 XRD analysis of Mg,Ni,_,Zr,(x=0, 0.2, 0.4) alloys
The X-ray diffraction patterns of Mg,Ni,_ Zr(x=0,
0.2, 0.4) prepared by mechanical grinding are shown in
Fig.2. It can be clearly seen that, the main phases are
Mg,Ni and Mg. And the element of Zr and Ni can easily

“—MgNi
._MgNi:
o—Ni
" Ti

v—Ni, Ti(x=0.5. 1, 2, 3)

Fig.1 XRD patterns of alloys prepared by mechanical grinding:
(a) Mg,Ni; (b) Mg, sTig 2Ni; (¢) Mg; Tl 4Ni

form some new substances by grinding, such as Nij;Zrg
and Ni;Zr,. According to Ref.[9], these compounds of
Ni-Zr can also absorb and desorb hydrogen reversibly
and take on active site for desorption. A large number of
crystal lattice defects exist because of the addition of Zr,
which provides a passway for hydrogen atoms to diffuse.
Besides, the broad peak shows the existence of
amorphous alloys through the addition of Zr, which is
helpful to hydriding[10] .

:
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Fig.2 XRD patterns of alloys prepared by mechanical grinding:
(a) MgoNi; (b) MgoNig sZrg 25 (¢) MgaNig 6Zr0.4

3.2 Hydriding/dehydriding properties of ternary
alloys
3.2.1 Hydriding kinetics of ternary alloys

The hydriding kinetic characterises of the ternary
alloys at different temperatures are clearly shown in
Fig.3. This indicates that the hydrogen absorption rate
increases after being substituted for Ti and Zr at 473 K
and 573 K, respectively. Basically, although the
maximum of hydriding capacity decreases for those
ternary alloys, they could get close to the value at about
60 s or 120 s, and Mg,Ni needs about 300 s at least. But,
the hydrogen absorption capacity of those ternary alloys
increases compared with Mg,Ni at 673 K. The hydriding
absorption capacities of Mg,NigsZrg, and Mg,Nig¢Zrg4
reach 3.48% and 2.92%, whereas that of Mg,Ni could
only achieve 2.60%. The detailed data are shown in
Table 1.

There would be active sites of atoms, reducing the
distance of diffused hydrogen atoms and increasing the
fresh surface atoms after adding the elements of Ti and
Zr. Thus, it could result in the expansion of the lattice
volume and form more defects along the interface of
particles, in order to provide a way for hydrogen atoms
to easily diffuse and improve the performance of ternary
alloys. This conclusion was the similar with KWON et
al[11] and LU et al[12].
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Fig.3 Kinetics curves of Mg, Ti,Ni(x=0, 0.2, 0.4) and Mg,Ni,_Zr(x=0, 0.2, 0.4) at different temperatures: (a), (d) 473 K; (b), (¢)

573 K; (c), (f) 673 K

3.2.2 Dehydriding dynamic of ternary alloys

The comparisons of desorbing p-C-T curves for
different alloys at the same temperature are detailedly
shown in Fig.4. Clearly, the dehydriding properties of
Mg, Ti,Ni(x=0.2, 0.4) could desorb little hydrogen,
while Mg,Ni_Zr,(x=0.2, 0.4) had an evident indication
of dehydriding, compared with Mg,Ni at 473 K and 573
K respectively. All the dehydriding results are
considerable with clear and broad platform at the

temperature of 673 K.

It is also indicated that the equilibrium pressure of
dehydriding would be increased, when increasing the
content of correspondingly substituted elements at the
same temperature. For example, the equilibrium pressure
of Mg,Ni is 0.040 8 MPa, is about 0.041 2 MPa for
Mg, sTiy,Ni and 0.066 1 MPa for Mg, ¢Tiy4Ni; and the
equilibrium pressures of Mg,Ni;_Zr(x=0.2, 0.4) are
about 0.065 2 and 0.065 5 MPa at 673 K, respectively.
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Table 1 Comparison of hydriding/dehydriding data for ternary complex hydride Mg-based alloys

Hydriding Hydriding Remaining hydrogen Desorption
Temperature/K Sample . . .
time/s capacity/% content/% ratio/%
Mg,Ni 3300 2.28 2.21 3.07
Mg sTigoNi 3000 2.01 1.94 3.48
473 Mg ¢Tig4Ni 4500 1.25 1.21 3.20
Mg,NiggZrg 300 1.42 1.22 14.01
Mg,Nig¢Zrg 4 60 1.20 1.19 0.83
Mg,Ni 1 800 2.72 2.52 7.35
Mg gTiy,Ni 5400 2.81 2.73 2.85
573 Mg, ¢Tip4Ni 5400 1.77 1.68 5.08
Mg,NiggZry, 1 800 1.53 1.24 19.00
Mg,Ni 360 2.60 0.76 70.54
Mg; sTig,Ni 1500 3.48 1.98 43.10
673 Mg ¢Tig4Ni 3000 2.64 1.66 37.12
Mg, Nig¢Zrg 4 1200 2.92 1.79 38.70
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The detailed desorbing p-C-T curves of each alloy
at different temperatures are shown in Fig.5. We could
see that the relationship between dehydrogen pressure
and temperature for the same alloy is just the same as the
calculation of enthalpy change later.

3.3 Effects on enthalpy change of dehydrogenation
According to Van’t Hoff equation and correlational

Fig.4 Comparisons of desorbing p-C-T

curves for different alloys at

temperature: (a) 473 K; (b) 573 K; (c) 673 K

same

data of dehydrogenation p-C-T curves of the prepared
samples at different temperatures in Fig.4 and Fig.5,
the relationship between In p(H,) and 1 000/7 was
established. The enthalpy change (AH) and the entropy
change (AS) for different alloys can be gotten from the
rate of slope and intercept of the linear equations, as
shown in Table 2.

The linear relationships of hydrogen pressure and
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Fig.5 Desorbing p-C-T curves of each alloy at
different temperatures: (a) Mg;gTigoNi; (b)
Mg; 6Tig4Ni; () MgoNi; (d) MgyNijsZrys; (e)
MgyNij Zro 4

Table 2 Comparison of dehydrogen data for ternary complex hydride

Sample AH/(Jmol ™" AS/(TK " mol ™" Linear equation"

Mg,Ni —11.636 011 —59.878 809 5 Y1=—1.399 4X,+7.201 3
Mg, Tip,Ni —3.950456 5 —56.058 067 Y,=—0.471 5X,+6.741 8
Mg 6Tig 4Ni —3.886 431 —57.683 649 Y;=-0.467 4X3+6.937 3
Mg,NigZrg, —10.283 992 —58.651 5155 Y,=-1.269 1X,+7.170 2
Mg,Nig ¢Zro 4 —8.778 145 5 —63.541 567 Ys=—1.055 7X5+7.641 8

1) Y=In p, X=1 000/T, T (473K, 673 K)

temperature are shown in Fig.6 and Fig.7 respectively,
and the temperature ranges from 473 to 673 K. They
illuminate that the dehydrogenation plateau is elevated
by increasing the amount of substituting elements at the

same temperature, which is equivalent to the
phenomenon that the dehydrogenation temperature of
alloys would slow down under the same equilibrium
pressure while raising the replacing elements.
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Fig.6 Linear relationship between hydrogen pressure and
temperature for Mg, Ti,Ni (x=0, 0.2, 0.4) alloys
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Fig.7 Linear relationship between hydrogen pressure and
temperature for Mg,Ni,_,Zr(x=0, 0.2, 0.4) alloys

KANDAVEL and RAMAPRABHUJ[13] concluded that:
the volume of Mg phase was decreased in the unit cell
due to the formation of solid solution after adding the
element of Ti, which causes an increase in strain energy
to accommodate the interstitial hydrogen. Thus, the
equilibrium pressure of hydrogen was increased, too.

The comparison of dehydrogen data for ternary
complex hydride are given in Table 2, including AH, AS
and the linear equations of different alloys. The results
indicate that AH decreases while increasing the content
of substitutive elements, which makes clear the
instability of hydrides, and is helpful to desorbing
hydrogen at a low temperature. Besides, the new phases
are formed because of the addition of substituted
elements, which decrease the AH while desorbing
hydrogen. Thus, the instability of metal hydrides is
increased. These results are in accordance with the
conclusions that reported by TANG et al[14] and VAJO
et al[15].

4 Conclusions

1) Although the hydrogen storage capacity of

Mg, Ti,Ni(x=0, 0.2, 0.4) and Mg,Ni,_,Zr,(x=0, 0.2, 0.4)
alloys is much lower than that of Mg;Ni, the absorption
kinetics of them are better.

2) The AH decreases while increasing the content of
substitutive elements, which makes clear the instability
of hydrides and is helpful to desorbing hydrogen at a
relatively low temperature.
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