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Hydrogen storage behavior of hanocrystalline and
amorphous Mg—Ni—Cu-La alloys
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Alloying and structural modification are two effective ways to enhance the hydrogen storage kinetics and
decrease the thermal stability of Mg and Mg-based alloys. In order to enhance the characteristics of Mg,Ni-
type alloys, Cu and La were added to an Mg, Ni-type alloy, and the sample alloys (Mg,4NiipCuz)100_xLax (x =
0, 5, 10, 15, 20) were prepared by melt spinning. The influences of La content and spinning rate on the
gaseous and electrochemical hydrogen storage properties of the sample alloys were explored in detail.
The structural identification carried out by XRD and TEM indicates that the main phase of the alloys is
Mg,Ni and the addition of La results in the formation of the secondary phases LaMgsz and La,Mg;;. The
as-spun alloys have amorphous and nanocrystalline structures, and the addition of La promotes glass
formation. The electrochemical properties examined by an automatic galvanostatic system show that the
samples possess a good activation capability and achieve their maximal discharge capacities within three
cycles. The discharge potential characteristics were vastly ameliorated by melt spinning and La addition.
The discharge capacities of the samples achieve their maximal values as the La content changes, and the
discharge capacities always increase with increasing spinning rate. The addition of La leads to a decline
in hydrogen absorption capacity, but it can effectively enhance the rate of hydrogen absorption. The
addition of La and melt spinning significantly increase the hydrogen desorption rate due to the reduced

rsc.li/rsc-advances activation energy.

Introduction

Hydrogen is considered to be one of the main contenders as
a candidate for modern fuels.”® One of the largest advantages of
hydrogen is that clean energy is obtained when it is burnt in air,
which has been noticed all over the world in recent decades.
Moreover, the amount of hydrogen available is very large and it
remains available for an infinite period. As a globally accepted
clean fuel, hydrogen can be used in various applications, such
as jet planes, generating electricity, hydrogen-powered indus-
tries, vehicle fuel, cooking food and most other inland energy
requirements. Using hydrogen as fuel in vehicles has been
investigated extensively, which is very hopeful for eliminating
the environmental problems resulting from fossil fuel
consumption.*® How to prepare a practically usable hydrogen
storage system is a key technical issue for the application of
hydrogen fuel in a vehicle.”*® Among all hydrogen storage
materials, metal hydride hydrogen storage systems are thought
to be preferential choices for meeting the requirements of
mobile facilities.™* The application goal has been achieved by
some reported hydrogen storage materials. What is more, some
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AB,-type and other alloys appear regularly in daily life. Unfor-
tunately, for automotive applications, there is no material that
can achieve all the performance demands set out by the U.S.
Department of Energy."> Among the potential hydrogen storage
materials, Mg,Ni-type metallic hydrides are used in automo-
biles powered by Ni-MH batteries or hydrogen fuel cells,*
because of their merits, like the high theoretical gaseous
hydrogenation capacity and electrochemical capacity of
Mg,NiH,.**** Although Mg-based alloys have many intrinsic
defects that restrict their practical application, including poor
electrochemical cycle stability, low hydrogen absorption/
desorption kinetics and high dehydrogenation temperature,*®
they are still considered to be an option for increasing hydrogen
storage capabilities. Two approaches of alloying and micro-
structure modification are usually used to improve the
hydrogen storage capability of alloys."”*® Specifically, for Mg-
based alloys, replacing some Mg with transition and/or rare
earth elements will decrease the hydride stability and facilitate
hydrogen desorption.** Moreover, the hydrogenation and
dehydrogenation dynamics of Mg-based alloys can be improved
by diminishing the grain size, especially to smaller than micron
scale.”»** Nanocrystalline and amorphous alloys in which the
elements are homogeneously distributed can be synthesized in
many ways including melt spinning and mechanical milling.>***
Huang et al*® prepared an amorphous and nanocrystalline
(MgeoNips)ooNdyo alloy by melt-spinning which achieved
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a maximum discharge capacity of 580 mA h g~ . Spassov et al."®
reported that for the melt-spun nanocrystalline/amorphous
Mg,sNi,oMm; alloy (Mm = Ce, La-rich mischmetal)), Mm
apparently improved the hydrogen absorption capacity. Adding
transition elements to Mg-based alloys can improve their
hydrogen storage properties. Vyas et al.** added Cu to an Mg,Ni
alloy in varying amounts (0, 2, 5, 10 wt%) and found that the
stability of the hydride was decreased by this addition. Shi
et al.” reported that partially replacing Ni with Cu in the
LaMgg 5,Ni, 33 alloy decreases its initial dehydrogenation
temperature by 18.20 K.

Our previous research has shown that for the Mg,Ni alloy,
the addition of Nd and Y can dramatically enhance the alloy in
some aspects, including the gaseous and electrochemical
hydrogen storage kinetics.?*** Besides the rare earths Nd and Y,
La is also a commonly used alloying element in Mg-based
alloys.**** Moreover, compared with Nd and Y, La has
a lighter atomic mass. Ren et al.** partially replaced Mg with La
in the Mg,Ni alloy and found that appropriate La content can
improve the hydrogen storage properties of the Mg,Ni alloy in
terms of hydrogen storage capacity and hydrogen desorption
kinetics. Ming et al.** showed that adding La can reduce the
thermodynamic stability of Mg-Ni composites. So we intro-
duced La in Mg,,Ni;(Cu, in this study. For the (Mg,4Ni;o-
Cuy)100_xLay (x = 0-20) alloys, the influences of the two factors
of spinning rate and La content on the structure and hydrogen
storage properties have been researched in detail.

Experimental

The sample alloys (Mg,4Ni;oCus)100_xLa, (x = 0, 5, 10, 15, 20)
were made in a vacuum induction furnace. The purity of all
ingredients was above 99.9%, as provided by CISRI Corporation.
As the volatilization of Mg needs to be avoided, the furnace was
filled with a helium atmosphere and the pressure was
controlled at 0.04 MPa. The main difference between the alloy
compositions is the La content, so we name them La,, Las, La,
La;s and La,,. After obtaining the as-cast alloys, a portion of the
alloys was subjected to melt spinning. The spinning rate was
represented by the linear velocity of the copper roller which was
10, 20, 30 or 40 m s~ . To facilitate a comparison, a spinning
rate of 0 m s~ ' is used to represent the as-cast alloys.

By way of X-ray diffraction (XRD) (D/max/2400), the phase
structures of the as-cast and spun alloys were examined. The
experimental parameters were set as 160 mA, 40 kV and
10° min~". For the as-spun alloys, the thin film samples were
subjected to ion etching and examined under a high-resolution
transmission electron microscope (HRTEM) (JEM-2100F). The
crystalline states were verified by electron diffraction (ED).

After mechanical milling, the alloys were changed into fine
powders with a diameter of 30 um, and then carbonyl nickel
powder and the alloy powder were mixed in a weight ratio of
4:1. The mixture was cold pressed at 35 MPa into a round
electrode pellet 15 mm in diameter and 1 g in weight. At 303 K,
the electrochemical properties were tested using a tri-electrode
open-cell consisting of a working electrode, a Hg/HgO reference
electrode and a sintered Ni(OH),/NiOOH counter electrode, and
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the electrolyte was 6 M KOH. The so-called discharge voltage
was the voltage between the reference and negative electrodes.
During every cycle, the alloy electrode was first charged at
a constant current density, and after a break of 15 min, the alloy
electrode was discharged to —500 mV at the same current
density.

The hydrogenation/dehydrogenation kinetics was measured
using an automatically controlled Sieverts apparatus. Before
testing the de-/hydrogenation kinetics, several hydrogenation
and dehydrogenation cycles were needed to activate the sample
alloys. Hydrogen absorption happened at 2 MPa and 473 K, and
dehydrogenation was carried out at 1 x 10~ * MPa and 523 K.
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Fig.1 XRD profiles of the as-cast and spun (Mg,4Ni;oCus)100_xLax (x =

0-20) alloys: (a) Layg alloy, (b) as-spun alloys (40 m s™4).
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Results and discussion

Microstructure characteristics

The XRD profiles of the as-spun (Mg,4Ni;oCu,)100_xLay (x = 0-
20) alloys are shown in Fig. 1. The XRD pattern of the as-cast
Lay, alloy in Fig. 1(a) shows three phases including the main
phase Mg,Ni (PDF#35-1225) and the secondary phases La,Mg;
(PDF#17-0399) and LaMg; (PDF#26-0426). However, only Mg,Ni
(PDF#35-1225) can be identified in the XRD pattern of the La,
alloy spun at 40 m s~ ' shown in Fig. 1(b). Both the as-cast Lay
alloy and the as-spun La, alloy have fairly sharp diffraction
peaks, implying that a crystalline structure is formed. The
diffraction peaks of all the La-containing as-spun alloys are
much wider and smoother, showing the formation of amor-
phous phases. Increasing the La content and spinning rate
leads to an increase in the degree of amorphization, demon-
strating that glass formation is promoted in Mg,Ni-type alloys.

In this study, the morphology of the alloys was observed by
HRTEM and the crystal state was observed by ED, as shown in
Fig. 2. Fig. 2(a)-(c) show that the as-spun La,, alloy has
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a nanocrystalline and amorphous structure, and that the
amorphous phase content clearly increases with increasing
spinning rate, indicating that the proportion of the glass phase
is strongly impacted by the spinning rate. Fig. 2(d) shows the
nanocrystalline structure of the as-spun La, alloy which
contains crystal defects and disordered areas. The sharp multi-
halos seen in the electron diffraction (ED) pattern imply that it
has a nanocrystalline structure as well. Nevertheless, the as-
spun La;, and La,, alloys display apparent characteristics of
nanocrystalline materials implanted in amorphous structures.
Broad and dull halos appear in their electron diffraction
patterns, revealing the appearance of amorphous structures in
the alloys, in keeping with the results from XRD.

Electrochemical hydrogen storage properties

Fig. 3 depicts the alteration of the discharge capacity with cycle
number at a current density of 60 mA g~ ', reflecting the activa-
tion process of the sample alloys, namely the discharge capacity
reaches its top value with increasing cycle number. A conclusion

Fig.2 TEM micrographs and ED patterns of the as-spun alloys: (a)-(c) Layg alloy spun at 10, 20, and 30 m s~

and Layg alloys.
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can be made that after at most three charge/discharge cycles, the
maximal discharge capacity can be reached, showing a great
activation capability. As is well known, a change in the internal
energy during the hydrogenation process affects the activation
capability of alloy electrodes significantly. The activation capa-
bility will decrease as a result of an increase in internal energy.>
Generally speaking, there are two kinds of energy, namely the
interface energy and the strain energy, that correspond to the
internal energy. The interface energy originates from the oxidized
film on the electrode alloy surface, and the strain energy appears
during the process of H atom diffusion into interstitial sites in
the octahedral or tetrahedral lattice. The excellent activation
performance of alloys depends on the nanocrystalline/
amorphous structure created during melt spinning, which is
the reason for the plentiful grain boundaries. During the
hydrogen absorption process, the strain energy and lattice
distortion could be released greatly by these grain boundaries.
Fig. 4 demonstrates the relationships between the discharge
potential and discharge capacity of different experimental
alloys. It has been noted that the improvement in discharge
capacity always occurs with a decrease in discharge potential,
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implying instability of the output power. The stability of a cell is
directly decided by the discharge potential characteristics, key
parameters of sample electrodes reflected by the potential
plateau of a discharge curve. A curve with a long and horizontal
discharge potential plateau indicates excellent discharge
potential characteristics. According to the findings, the
discharge potential properties can be significantly improved by
two factors, namely La addition and melt spinning, which will
elongate and enhance the discharge plateau. The internal
resistance mainly consists of ohmic internal resistance and
polarization resistance. The potential characteristics of an
electrode basically depend on its internal resistance, which is
determined by the diffusion capability of H atoms inside the
electrode. Increasing the diffusion coefficient of H atoms will
reduce the internal resistance of alloys.*” The positive impact
caused by La addition and melt spinning is related to the
refinement of grains and the increase in grain boundaries,
which increases the diffusion coefficient of hydrogen atoms by
providing diffusion paths.*

For the as-cast and spun (Mg,4Ni;oCu,)00_xLa, (x = 0-20)
alloys, their discharge capacities vary with the changes in La
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Fig. 4 Discharge potential curves of the as-cast and spun (Mg4NiioCUs)100_xLay (x = 0—20) alloys: (a) Layg alloy, (b) as-spun alloys (40 m s~ 3.
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content and spinning rate, as Fig. 5 shows. The discharge
capacity usually increases with an increase in spinning rate.
Increasing the spinning rate from 0 to 40 m s~ ' enhances the
discharge capacity of the La, alloy from 42.5 to 100.6 mAh g,
and the discharge capacity of the La,, alloy from 80.4 to
425.6 mA h g~ '. Moreover, at a fixed spinning rate, varying the
La content can result in a change in discharge capacity as well.
The alloys spun at 0, 10, 20, 30 and 40 m s " achieve their
maximal discharge capacities of 80.4, 166.9, 221.7, 358.6 and
425.6 mA h g, respectively, when x = 10.

Compared with the interior of grains and amorphous areas,
grain boundaries have much higher hydrogen concentration.*
Melt spinning can improve the discharge capacity of alloys by
creating an amorphous and nanocrystalline structure that holds
a large amount of grain boundaries. Moreover, the absorbability
of hydrogen atoms on the surface of nanocrystalline nickel is
stronger than that on polycrystalline nickel, which accelerates
the dissociation of H and improves the electrode capacity.*® The
alloys have maximal discharge capacities when the spinning
rate is fixed and the La content changes, which shows both
positive and negative influences of La addition on the discharge
capacity of alloys. Because the discharge capacity will increase
with increasing cell volume, the beneficial effect is connected
with the increased cell volume caused by adding La.** As to the
unfavorable influence, it is related to the decrease in the
amount of the Mg,Ni phase, which results from the combina-
tion of Mg and newly added La to form La,Mg;, and LaMg; as
secondary phases. In this experiment, the two secondary phases
La,Mg,, and LaMg; appear when the La content reaches x = 10.
Electrochemical hydrogen desorption at room temperature is
hard for the two new secondary phases.

Gaseous hydrogen absorption and desorption kinetics

Under the initial conditions of 473 K and 2 MPa, the as-cast and
spun (Mg,4Ni;oCuy)i00_La, (x = 0-20) alloys were tested in
order to investigate the relationships between hydrogenation
capacity and time, as displayed in Fig. 6. We can see that the

This journal is © The Royal Society of Chemistry 2020
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samples exhibit a very quick initial hydrogenation rate, and
then the hydrogenation rate declines dramatically. The
hydrogen concentration in the alloys becomes saturated grad-
ually over time. The saturated hydrogenation capacity obviously
falls with increasing La content, owing to the decreased amount
of the major Mg,Ni phase which results from adding La. For
a comparison, the hydrogen absorption kinetics are represented
by the hydrogen absorption saturation ratio (R,) established as
R, = Cy/Cip0 *x 100%, where C; means the hydrogenation
capacity at ¢ min and C,, represents that at 100 min. When the
hydrogen absorption time is 100 min, all the sample alloys can
reach more than 98% of their saturated hydrogenation capacity.
So, we use Cjoo to approximately represent the saturated
hydrogenation capacity for each sample in this work. Based on
the above definition, we take the R (¢ = 5) value as a criterion to
compare the effects of spinning rate and La content on the
hydrogen absorption kinetics, as shown in Fig. 6. An increase in
spinning rate and La content enhances the R; value. For
example, raising the spinning rate from 0 to 40 m s~ " makes the
Rs value increase from 41.3% to 94.7% for the La,, alloy, and
raising the La content from 0 to 20 results in the R value rising
from 88.4% to 94.7% for the as-spun (40 m s~ ') alloys. The
results suggest that the alloy’s hydrogenation kinetics can be
affected by its composition and structure. Through refining the
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(Mg24Ni;oCuz)i00_xLax (x = 0-20) alloys: (a) Layg alloy, (b) as-spun
alloys (40 m s™3).
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alloy grains, melt spinning can improve the hydrogen absorp-
tion kinetics of alloys. The refinement will provide many new
paths for hydrogen atoms to diffuse through by creating
numerous new grains and grain boundaries. Adding La gives
rise to enlargement of the cell volume. The volume expansion
required for hydrogenation will be smaller for a bigger cell,
consequently resulting in lower diffusion activation energy.
Thus, adding La facilitates the hydrogen absorption kinetics.
Over time, the dehydrogenation capacities of the alloys
change. The variation of the dehydrogenation capacities of the
sample alloys at 523 K and 1 x 10~ * MPa is displayed in Fig. 7.
The dehydrogenation capacity can be enhanced by melt spin-
ning and adding La. Moreover, the dehydrogenation capacity
also increases with increasing spinning rate and La content.
The relationships between the dehydrogenation kinetics and
the spinning rate and La content were investigated as well. The
symbol r; is used to represent the dehydrogenation kinetics
according to the expression r; = ¢,/C199 X 100%, where c; means
the dehydrogenation capacity at ¢ min, and C;o, has been
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defined previously. Taking the dehydrogenation capacity at
10 min (ry0) as a benchmark, the effects of La content and
spinning rate on the dehydrogenation kinetics could be estab-
lished and compared, as demonstrated in Fig. 8. Increasing the
La content and spinning rate clearly enhances the r;, value. The
r10 value of the La,, alloy is increased from 31.1% to 55.2%
when the spinning rate rises from 0 to 40 m s, and the ry,
value of the as-spun (40 m s~ ') alloys is enhanced from 38.9% to
55.2% on increasing the La content from 0 to 20. As is well
known, there are two key determinants of the dehydrogenation
kinetics, which are the H atom diffusion capability and the
hydride thermal stability. As to the beneficial influence on
dehydrogenation kinetics caused by melt spinning, it is related
to the newly formed nanocrystalline and amorphous structure,
which has a mass of grain boundaries and a high specific
surface area, thus facilitating the dehydrogenation reaction.*
Zaluski et al. found that the dehydrogenation temperature of
a polycrystalline Mg,Ni alloy dropped below 473 K on
decreasing the grain size to nanometer-scale.*” The beneficial

251 (b)
—0—3—0—0—0—3—0—7
= 20t -l
E
- 15F
o
2
2 1.0} —lLa
% i —0—Lag
~ —a—La
T | 10
0.5 —o—La,,
/ Lay,
0.0F¢ ) \ : ) ) .
0 20 40 60 80 100 120
Time (min)
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effect of adding La on the dehydrogenation kinetics is con-
nected with two aspects, namely reducing hydride stability and
facilitating amorphous phase formation.*®*

Hydrogen desorption activation energy

The whole potential barrier is represented by the gas-solid
reaction activation energy which is a crucial part of the kinetic
properties of the reaction. Recent research has suggested that
the gaseous hydrogen desorption reaction is related to the
whole energy barrier.*® The Kissinger method is a useful way to
obtain the dehydrogenation activation energy of an alloy. By the
Kissinger equation, the dehydrogenation activation energy (E)
can be calculated:*

d[In(8/ T THYA(UIT,) = —E/R (1)

where Ey, 8 and R represent the activation energy, heating rate
and ideal gas constant, respectively, and T}, means the absolute
temperature corresponding to the maximal desorption rate in the
differential scanning calorimetry (DSC) curves. Considering the
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calculation conditions of the Kissinger equation, the dehydro-
genation reactions of saturated hydrogenation alloys were tested
by DSC with heating rates of 5, 10, 15 and 20 K min~'. The
hydrogen desorption DSC curves of the as-spun (40 m s~') Lay,
and La,, alloys are shown in Fig. 9. For every heating rate, it could
be seen that there is an obvious endothermic peak during
hydrogen desorption, and the samples have little difference in
peak shapes, which means every reaction has the same reaction
process. At a fixed heating rate, the endothermic peaks of the
DSC curves of the La,, alloy drift to lower temperature compared
with the La;, alloy, showing that increasing the La content is
beneficial for improving the hydrogen desorption reaction rate.
The Kissinger plots of In(8/T,,/T},) vs. 1/T;, are shown in Fig. 9,
which shows that the Kissinger plots are almost linear. Thus, the
activation energy Ey can be obtained from the slope of the Kis-
singer plot, and the results are shown in Fig. 10. It has commonly
been assumed that the Ej value is lowered with increasing La
content and spinning rate. The Ej values decline from 60.41 to
48.26 k] mol " for the La,, alloy on increasing the spinning rate
from 0 to 40 m s %, and from 65.54 to 48.26 k] mol~* for the as-
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Fig. 9 DSC curves and Kissinger plots of the as-spun (40 m s™%) Layg and Layg alloys: (a) Layg alloy, (b) Layg alloy.
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spun (40 m s~ ') alloys on increasing the La content from 0 to 20.
Based on the above, a conclusion can be made that melt spinning
and adding La can improve the dehydrogenation activation
energy, which is thought to be the real driving force of hydrogen
desorption reactions. The beneficial influence caused by melt
spinning is related to the decreased grain size and the newly
generated nanocrystalline and amorphous structure. The change
in microstructure results in the appearance of a mass of grain
boundaries, which facilitates hydrogen diffusion and decreases
the energy needed for hydrogen diffusion inside the alloys.** The
beneficial effect of adding La is because of two reasons, namely
facilitated amorphous phase formation and reduced stability of
hydrides. The mechanism by which La addition decreases the
hydride stability involves the unsaturated d electron shells of La
interacting with the valence electron of H, which results in
weakening of the Mg-H bond.*

Conclusions

(1) The as-spun (Mg,4Ni;oCu,)i00_xLay (x = 0-20) alloys have
a nanocrystalline and amorphous structure. The main phase of
the alloys is Mg,Ni. La addition facilitates amorphous phase
formation and leads to the formation of the secondary phases
La,Mg,,; and LaMg;.

(2) The electrochemical hydrogenation/dehydrogenation
reactions of the alloys at room temperature show that the
electrochemical discharge capacity always increases with
increasing spinning rate. However, a maximum value appears
during the variation of La content. Furthermore, the discharge
potential characteristics can be improved by melt spinning and
adding La.

(3) Adding La reduces the gaseous hydrogenation capacity.
However, it can significantly improve the de-/hydrogenation
kinetics. The values of Rs; and r;, can be obviously increased
by increasing the La content and spinning rate.

(4) By the Kissinger method, we found that raising the
spinning rate and La content clearly decreases the dehydroge-
nation activation energy, which is regarded as the true driving
force behind the hydrogen desorption kinetics being improved
by raising the spinning rate and La content.
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