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The present work is focused on the studies of structure, hydrogen storage and electrochemical properties
of the Laz_xMgxNig (x = 1.0, 1.1 and 1.2) alloys as active materials of negative electrodes in the Nickel-
Metal Hydride (Ni/MH) batteries. A change of Mg content affects properties of the studied alloys such
as the phase homogeneity, hydrogen storage and electrochemical capacities, cycle stability, and high-rate
discharge performance. X-ray diffraction study shows that Mg substitution for La and annealing of the
Las_xMgxNig alloys promotes the formation of more homogeneous materials, with a predominant for-
mation of the target ABs PuNis structure type intermetallics. The electrodes prepared from the annealed
alloys show the maximum discharge capacities of ~400 mAh g~ ! at discharge current density of ~60 mA/
g. The high rate discharge-abilities (HRD) at the discharge current density of 350 mA g~! keep high
values of the remaining reversible discharge capacities, ~86, 85 and 80%, for the La;MgNig, Laj.gMg1.1Nig
and La;.gMgj.2Nig alloy electrodes, respectively. After 200 cycles with 100% depth of discharge (DOD), the
La;.9Mgq.1Nig alloy electrode exhibits a very good cycling stability with its discharge capacity remaining

at a level of ~64% of its initial capacity.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Hydrogen energy has a great potential in generating clean power
in efficient way and is currently utilized in stationary, portable and
transport applications [1,2]. Among various technologies used to
store hydrogen, metal hydrides, which were studied and developed
during the last 50 years, are recognized as a volume-efficient
hydrogen storage technology which is highly suitable for energy
storage and conversion systems, particularly when utilized in Ni-MH
battery applications [2,3].

Among various types of hydrides, Mg and Mg-based compounds
have been intensively studied due to the favorable low cost of Mg
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metal as a raw material and high gravimetric (7.6 wt % H in MgH)
and volumetric (110 gy/L in MgH;) hydrogen storage densities [4,5].

Within the Mg-based alloys, RE-Mg-Ni intermetallics (RE = Rare
Earth Metals), including (RE,Mg)Ni3 [6—8], (RE,Mg),Ni7 [9,10] and
(RE,Mg)sNiqg [11,12] compounds, attract significant interest as active
materials for the anodes of the Ni/MH batteries. All these in-
termetallics belong to the layered hybrid structures which are
formed by stacking on the top of each other of the RENis layers with
CaCus type of structure and (RE,Mg)Niy layers with Laves type
structure. However, the ratio between RENis and (RE,Mg)Ni, layers
changes as related to the type of intermetallic; 3 (REMg)
Niz = RENis + 2 (RE,Mg)Nip; (RE,Mg)Ni; = RENis + (RE,Mg)Nip;
(RE,Mg)sNiyg = 3 RENis + 2 (RE,Mg)Ni,. Formation of the layered
Mg-containing RE-Mg-Ni intermetallics is associated with the for-
mation of the extensive solid solutions of Mg by substituting RE in
the RENi, layers. At the same time, increase of Mg content improves
the electrochemical properties of these alloys used as battery anodes
in the Ni-MH batteries, including increase in their electrochemical
discharge capacity, easy activation and improved high-rate
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dischargeability.

Recently, a significant research effort has been devoted to the
studies of the RE-Mg-Ni alloys for Ni-MH battery applications. 1:3,
2:7 and 5:19 intermetallics all show suitable performance as bat-
tery anodes, particularly because their electrochemical discharge
capacities of 392 for LaMgNig, 386 for LasMgNi4 and 367 for
LagMgNig are superior as compared to 320 mAh/g characteristic
for the commercial ABs type Co-containing alloys [13].

In our earlier studies, ternary RE-Mg-Ni and RE-Mg-(Ni,Mn) in-
termetallics crystallizing with the PuNiz trigonal type of structure
were systematically studied as hydrogen storage materials and
anode electrode materials for Ni/MH batteries. These studies showed
that Mg atoms substitute RE atoms in RE-Mg-Ni compounds
entering the AB, [RE(Ni,Mn),] slabs only, while Mn atoms mostly
replace Ni atoms in the ABs5 [RE(Ni,Mn)s] slabs, with small amount of
Mn being located in the Kagome nets joining the AB, and AB;5 slabs
[14]. Because of the stabilization of the metal sublattice by Mg, the
studied alloys do not show amorphization and disproportionation
during the prolonged cycling of hydrogen absorption and desorption
[15] thus allowing to achieve long cycle and calendar life of the alloys
used in H storage and electrochemical applications.

Mg content has a strong effect of the properties of RE3_xMgxNig
intermetallics as H storage materials. Both AB, and ABs slabs un-
dergo a significant volume contraction; a contraction level linearly
increases following the increase of the Mg/La ratio [16]. Studies of
the hydrogenation behaviors showed that for the ABs-type Las.
xMgxNig [16] alloys a substitution of La by Mg decreased the sta-
bility of the hydrides, with equilibrium hydrogen desorption
pressures changing at room temperature from 0.011 bar (for
Lay.3Mgp.7Nig) to 18 bar (for La;.oMg.oNig) Ho. The highest
reversible hydrogen storage capacity, 1.58 wt% H, has been reached
for a La,MgNig alloy, with half of La in AB; slabs being substituted
by Mg.

The substitutions of La by Nd, Pr and Mg were studied for the RE3.
«xMgyNig (RE = La, Nd and Pr; X = 1.0—1.2) intermetallics and showed
that they are efficient anodes for the rechargeable Ni-metal hydride
batteries [17]. A partial substitution of Mg for RE and of La for Nd and
Pr improved the discharge capacity to reach 400 mAh/g (@ 60 mA/g)
and with almost 50% capacity remaining after 300 cycles (with 100%
DOD) [6,8,18]. In the (La, Nd);MgNig alloys, the presence of Nd
improved the properties of the anode electrodes, including appear-
ance of the broader and flatter plateaus, higher H exchange rates,
better cycling stability and better performance at high discharge
current rates [6,8,19].

When changing the type of the layered structure from 1:3 to
5:19 intermetallic, the (La,Mg)sNij9 phase is formed and its for-
mation enhances the cycling stability and high rate dischargeability
of the La—Mg—Ni-based alloys, which is ascribed to its higher
structural stability and higher hydrogen desorption plateau pres-
sure [9], however together with a decrease in the discharge
capacity.

A partial substitution of La with Sm in the
Lag g3Smg2Mgp.17Ni3.1Cog.3Alp1 alloy resulted in the increased
abundance of the 2:7 Ce,Ni;-type phase, which leads to the
improved cycle and high rate discharge ability. The optimized alloy
exhibited good overall electrochemical discharge capacity (393.3
mAh g~ 1) and cycling retention (87.2% after 100 cycles) [20].

On the other hand, effect of substitution of Ni by Co has been
studied in a multiphase ABs; type La;MgNi;Co, alloy. This alloy
showed an increased hydrogen storage capacity of 1.90 wt% H (@
10 bar Hy) [21].

Further to the effect of chemical composition by using sub-
stitutions, in our earlier studies, we showed that phase-structural
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composition of RE-Mg-Ni samples has a strong influence on their
H storage and electrochemical behaviors. In particular, properly
annealed alloys have superior behaviors as compared to the as cast
alloys [22]. When annealing temperature equals to 950 °C, this
leads to the highest abundance of La;MgNig and LasMgNiq4 phases
in LapMgNig alloys and improves the electrochemical perfor-
mances, with a full discharge capacity of ~400 mAh/g and cycling
stability retaining 50% after 300 cycles in half-cell tests [22]. When
applying rapid solidification, it is possible to control the Mg content
and to synthesize an optimized from the point of view of electro-
chemical performance La;MgNig alloy [23].

By controlling the precursor ratio (LaMgNig4/
Lag 60Gdo15Mgo.25Ni3 60), the single-phase PuNis-, CeaNiz-, PrsCoqg-
type La-Gd-Mg-Ni based alloys can be prepared by a powder sin-
tering method at 1203 K. The electrochemical discharge capacity of
the PrsCoqo-type electrode could reach 200 mAh g~ at a very high
current density of 1800 mA g~' [24]. Hence, the RE-Mg-Ni alloys
can be considered as having a great potential alloy materials for
hydrogen storage and metal hydride batteries.

Optimal conditions of homogenization of the alloys were found
in our earlier work [7], where La—Mg—Ni alloys were studied in situ
during their heating while performing neutron diffraction study in
a neutron beam. In situ study allowed to determine the mechanism
of the phase-structural transformations during the annealing at
high temperatures [7,8,25]. Several peritectic reactions take place
in sequence in the La;MgNig and La;s5Ndg5MgNig alloys in a tem-
perature range from 300 K to 1273 K [7,8].

Based on the in situ temperature-dependent neutron diffraction
study, the increase of Mg amount leads to a continuous shrinking of
unit cells for all studied alloys and to the phase-structural trans-
formations involving ABs, A;B4, AB3, A;B; and AsBio-type in-
termetallics [7]. AB3 PuNis-type structures appear to be the major
constituent of a multiphase alloys. Interestingly, only one modifica-
tion from two known, rhombohedral 3R structure A;B7, was exper-
imentally observed during the annealing while a polymorphic
transformation from a low temperature to the high temperature
modifications was observed in case of the AsBig compounds [7,8].

Furthermore, use of neutron diffraction allowed to determine
the crystal structures of the RE-Mg-Ni hydrides based on the PuNi3
type of structure of the initial intermetallic alloy. The saturated by
hydrogen La,MgNigD13; hydride has been found to form via an
isotropic expansion of the initial unit cell of the intermetallic alloy
and crystallizes with a trigonal (space group R-3m) unit cell [26]. D
(H) atoms are equally distributed between the REMgNi4 and RENi5
layers; while local hydrogen ordering takes place in the hydrides,
with hydrogen sublattice being built from the MgHg octahedra and
NiHy4 tetrahedra [17,26].

Hydrogen storage and electrochemical properties of La;MgNig
alloys were most extensively studied for LaMgNig alloy which
exhibits superior reversible capacity and a suitable for use in the
metal hydride batteries equilibrium pressure of H, absorption-
desorption (at 293 K, abs. P = 0.095 bar/des. P = 0.045 bar Hy)
[16]. Therefore, it is important to make a more comprehensive
investigation of the impact of Mg substitution for La on the prop-
erties of the La3.xMgxNig-based alloy.

In the present study, the crystal structure, hydrogen absorption-
desorption, and electrochemical properties are systematically stud-
ied as related to the variable Mg content by changing the La/Mg ratio.
The focus was on a detailed study of the Laz xMgxNig intermetallics
containing Mg at amounts x = 1.0, 1.1 and 1.2. The objective is in
finding an interrelation between the Mg content and the electro-
chemical performance of the Las_4MgyNig alloys as anodes of the
Nickel/Metal Hydride batteries.
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2. Experimental

2.1. Preparation of the Las.xMgxNig alloys and their structural
characterization

The precursor La—Mg—Ni alloys were prepared by intermediate
frequency induction melting from the starting elementary metals
with a purity of not less than 99.5% under a protective gas atmo-
sphere. In order to achieve a control over the Mg content and to
reduce vaporization of magnesium during the smelting processes,
Helium gas was used as a protective gas while the amount of
magnesium metal used to prepare the alloy contained appr. 3%
excess of Mg as compared to the stoichiometric composition. After
the induction melting, the melt was poured into a water-cooled
copper mould. As-cast alloy ingots, about 3 kg per batch, were
obtained.

The alloy ingots were crushed into pieces of about 5—10 mm in
diameter. Subsequently the pieces were sealed in argon filled
stainless steel cylindrical tubes and were annealed at 950 °C for 6 h
before quenching the tubes into an iced water.

The quenched alloys were then further ground into the powders
with particles size of 40—60 um which were used in the electro-
chemical measurements and for the phase-structural analysis. X-
ray diffraction (XRD) with Cu Ka; radiation was used to identify the
phase structure and composition of the alloys as well as their
crystalline state. The XRD data were collected using a Bruker D8
DISCOVER diffractometer with a Ge-monochromator and a LYNX-
Eye detector. The morphology and phase composition of the al-
loys were analyzed using a Zeiss Supra 55 VP scanning electron
microscope (SEM) with a field emission gun (FEG) and equipped
with a Bruker EDX detector. The samples were embedded into
polyfast resin with carbon filler and prepared by grinding in suc-
cessive steps, and polishing. In order to enhance phase contrast
images were obtained in the backscattered electron (BSE) mode.
For accurate chemical analysis of the samples, ZAF corrections were
also applied to the EDX spectroscopy data.

2.2. PCT studies and hydrogen storage characterization

Hydrogen absorption-desorption properties of the alloys were
characterized using a Sieverts type system. The samples were
activated in vacuum at 523 K for 30 min, cooled to 293 K and then
charged with a high purity hydrogen gas (99.999%). Pressure-
Composition-Temperature (PCT) dependences of hydrogen ab-
sorption and desorption were measured on the activated samples
at 293 K and Hj pressures from 0.005 to 10 bar Hy.

2.3. Preparation of MH electrodes and electrochemical
measurements

Electrochemical properties were tested in a three-electrode
system with a 9 N KOH solution electrolyte at room temperature.
The system consisted of a metal hydride (MH) working electrode, a
sintered NiOOH/Ni(OH), counter electrode with a larger than the
MH electrode capacity and a Hg/HgO (9 N KOH) reference electrode.

The MH electrodes were first activated at a 0.1 C rate for three
charge-discharge cycles. Then, the rate capability and cycling sta-
bility were evaluated galvanostatically. Each electrode was fully
charged at a 0.1 C rate and then the rate capability and cycling sta-
bility were evaluated, and the cut-off potential of the discharge was
set at —0.74 V vs the Hg/HgO electrode (1 C = 300 mAh/g).

The electrodes were prepared as pasted electrodes and alter-
natively also pressed as pellets. Pasted MH electrodes were pre-
pared in the following steps: (a) mixing of the alloy powder
(40—60 pm particles) with a fine graphite powder in a weight ratio
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of 10:1 and then adding 3% PTFE solution as a binder to make a
paste; (b) the mixture was then pasted on a Ni foam substrate with
asize of 30 x 30 x 1.5 mm with a nickel strip welded on to the foam
in advance; (c) after the drying, it was cold pressed with an extra Ni
foam forming a sandwich structure.

Pellet MH electrodes were prepared by mixing MH alloy powder
having a particle size of 40—60 pm with carbonyl Ni powder with a
surface area of ~0.7 m?/g. The weight ratio of MH alloy to carbonyl
nickel powder was chosen as 1:4. The pellet electrode was made by
cold-pressing of the powder mixture into a pellet under a pressure
of 10 MPa with a diameter of 10 mm and then sandwiched between
two Ni foams which were welded to a nickel strip.

3. Results and discussion
3.1. Phase-structural analysis for the alloys

3.1.1. As cast Laz_yMgyNig alloys

As listed in Table 1, XRD study of the as cast alloys showed the
presence of intermetallics crystallizing with 6 different types of
structures including PuNis3, Gd,Co7, Ce5Co1g, Pr5Co19, MgCusSn and
CaCus types. As can be seen from the data of Rietveld profile re-
finements, PuNis-type Las_xMgyNig intermetallics were a majority
phase in each studied case (43.9—58.1 wt%). With the increase of
Mg content, the abundance of target PuNis-type compound in-
creases in the as-cast Las_xMgyNig alloys. However, a significant
amount of LaNis was present in each as cast alloy, 19.3—28.3 wt%.
Furthermore, MgCusSn-type AB, compounds were observed in all
studied alloys, at the content of 6.7—13.6 wt%. The Rietveld re-
finements of XRD pattern of the as-cast Laz_xMgxNig (X = 1.1 and
1.2) alloys were performed using GSAS software [27] and the results
are shown in Fig. S1 in Supplementary Materials.

3.1.2. Annealed at 1223 K Las.xMgxNig alloys

The data of the refinements of the XRD patterns (measured at
300 K) of the annealed at 1223 K samples is shown in Fig. 1. From
analysis of the data given in Table 2, it can be concluded that after
the annealing, the content of PuNi3 type structure vastly increased
for each studied alloy, with its amount exceeding 88 wt% for
La;.gMg1.2Nig alloy. PuNis; and Gd,Co-type intermetallics together
formed an overwhelming majority, > 90 wt% in each studied case.
At the same time, amount of Mg-free LaNis dramatically decreased
to below 5 wt% for each alloy.

La;.sMg1.2Nig alloy exhibits presence of a nearly-homogeneous
single (La,Mg)Ni3 phase (~89 wt%); furthermore, (La,Mg);Ni7-3R
and LaNis are the minor phases. We also observe that no MgCu4Sn-
type (La,Mg),Ni4 intermetallic is present in the studied annealed
alloys. Thus, annealing treatment is helpful to deplete LaNis and
(La,Mg),Niyq phases. We believe that a homogeneous single phase
(La,Mg)Nis alloy can be obtained by optimizing the Mg content and
the conditions of the annealing treatment.

Moreover, among the studied annealed alloys, with the increase
of Mg content, the unit cell parameters a, ¢ and volumes of the
(La,Mg)Nis unit cells show a continuous decrease, as shown in Fig. 2.
Reference lattice parameters of PuNis-type (La,Mg)Ni3 phases are
taken from our earlier works [16,17]. The shrinking of the volumes of
the unit cells was caused by the substitution of La by Mg. This is as
expected, because of an obvious difference between the atomic radii
ofLa(1.87 A)and Mg (1.60 A); thus, the unit cell dimensions (a and c)
for La;.9Mgq.1Nig and Laj.gMgi.oNig phase are slightly lower, by
0.1-0.3%, as compared to La,MgNig phase.

In the La—Mg—Ni superlattice structures built from the stacking
of the CaCus (ABs) and Laves type layers (A;B4), Mg atoms enter
only the [A;B4] slabs, with no La substitution by Mg taking place
within the CaCus type layers. This means that Mg exclusively
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Table 1
Phase-structural composition of as-cast Las_x\MgxNig alloys from XRD analysis.
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Sample Phase Type of structure Sp.gr. Unit cell parameters, A Abundance, wt.%
a c

La,MgNi (as cast) [22] La;MgNig PuNi; R3m 5.0320(1) 24.2885(9) 43.9(3)
LazMgNiq4 -3R Gd,Coy R3m 5.0298(6) 36.234(5) 16.4(5)
LazMgNiqg -3R CesCo1g R3m 5.0272(7) 48.194(7) 7.4(4)
LayMgNijo—2H PrsCoig P63/mmc 5.026(2) 32.10(1) 3.6(3)
LaMgNiy4 MgCusSn F43m 7.1671(2) — 9.4(1)
LaNis CaCus P6/mmm 5.0274(2) 3.9877(1) 19.3(2)

La;.oMg.1Nis (as cast) La;.9Mgy.1Nig PuNis R3m 5.0295(3) 24.266(3) 44.2(4)
La;.9Mgy.1Nij4 -3R Gd,Coy R3m 5.0255(4) 36.192(3) 22.9(7)
Lag.oMg;.1Nig MgCusSn F43m 7.1663(4) — 6.7(2)
LaNis CaCus P6/mmm 5.0271(2) 3.9874(2) 26.2(5)

La;.gMgj.2Niy (as cast) La;.gMgy.2Nig PuNi; R3m 5.0188(2) 24.176(2) 58.1(3)
Lag.gMgy.2Nig MgCu,Sn F43m 7.1433(4) - 13.6(5)
LaNis CaCus P6/mmm 5.0288(3) 3.9884(2) 28.3(5)

occupies the Laves type layer, substituting half of La atoms in PuNis3-
type LapMgNig phase at maximum. This suggests that when Mg
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Fig. 1. X-ray diffraction patterns (Cu-K,; radiation) of the annealed La,MgNio,
La;.9Mgy.1Nig and La;.gMg; .oNig alloys measured at 300 K. Vertical bars show positions
of the Bragg peaks for the phase constituents. The 1:3 R, 2:7 R, 5:19 R, 5:19 H, and 1:5
abbreviations represent the (LaMg)Ni;, (La,Mg),Niz-3R, (La,Mg)sNijo-3R,
(La,Mg)sNijo—2H and LaNis phases.

content increases from 1.0 to 1.2, the La substitution by Mg in-
creases continuously in the [A2B4] slabs. Hence, the unit cell volume
of the PuNis-type phase continues to decrease from 531.86 to
529.29 A3 (~0.5%). The relatively high temperature of the annealing
treatment, 1223 K, as compared to the melting temperature of
magnesium metal, 923 K, ensures a quick enough kinetics to allow
homogenization of the (La,Mg)Ni3 phase with evenly distributed
magnesium in the sample. Absence of the MgCusSn-type phase
indicates that this phase is unstable at such high annealing tem-
perature of 1223 K.

The La—Mg—Ni intermetallics, such as (La,Mg)Nis, (La,Mg),Ni7
and (La,Mg)sNiqg, stack along the c-axis with different ratios of
[(La,Mg),Ni4] and [LaNis] subunits. As described above, when Mg
atoms are introduced into the super-stacked structures, La
replacement by Mg proceeds only within the Laves-type subunits.
This indicates that the solid solubility of Mg decreases when the
ratio between LaNis and (La,Mg);Nigy subunits increases in
(La,Mg),Ni7 and (La,Mg)s5Nijg phases. When Mg content reaches a
significantly high amount, it becomes favorable to form a (La,Mg)
Nis; phase with a relatively high solid solubility of Mg, as shown in
the present study (x = 1.2).

Furthermore, we note that the abundance of the PuNis-type
phase can reach 100 wt% after the annealing performed at 1073 and
873 K for 16 h, as in the annealed Laz_xMgyNig (x = 0—2) alloys,
when x equals 1.5, as in our earlier work [16]. This suggests that
controlling the Mg content and choosing appropriate annealing
conditions is an effective way to prepare single pase PuNis-type
alloys.

In Nds3_xMgyNig (X = 0.3—1.5) alloys [28], with x equal to 1.2,
when La is replaced by Nd, the single phase PuNis-type alloy was
obtained after the annealed at 1183 K for 4 days. Furthermore, in
Pr3_xMgxNig (x = 0.45—1.2) alloys [29], the homogeneous Pr,MgNig
(x = 1.0) alloy contained 100 wt% PuNis-type phase after annealing
at 1173 K for 4.8 days. These differences in the behavior may be
associated with the different solid solubility of Mg in the
(La,Mg)2Ni4, (Nd,Mg)2Nig and (Pr,Mg),Niy4 slabs.

It is interesting that a value of LaNis phase quite significantly
decreases for x = 1.2. This can be attributed to the possible varia-
tions of stoichiometry of LaNis.y, (increase of Ni content to form an
overstoichiometric LaNis x); this suggestion requires further
analysis using SEM/EDX data (see Fig. S3 in the Supplementary
Material file).

Further to the XRD data, we have also collected and analyzed the
data from the in situ NPD study of the annealing process for the
alloys performed from ambient temperature up to 1223 K. The
results of the Rietveld refinements are listed in Table S1. It becomes
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Table 2
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Phase-structural composition of the annealed Las_ \MgyNig alloys.(annealing was performed at 1223 K for 6 h in Ar).

Sample Phase Type of structure Sp.gr. Unit cell parameters, A Abundance, wt.%
a c

La,MgNig (annealed) [22] La;MgNig PuNis R3m 5.0304(1) 24.2625(8) 51.1(3)
LazMgNiq4 -3R Gd,Coy R3m 5.0336(1) 36.279(1) 39.9(4)
LazgMgNijg -3R CesCoqg R3m 5.031(-) 48.30(—) 5.9(4)
LasMgNijo—2H PrsCoqg P63/mmc 5.033(-) 32.14(-) 3.1(3)

La;.9Mg;.1Nig (annealed) Lay.90(2)Mg1.10(2)Nig PuNi3 R3m 5.0279(3) 24.232(2) 48.8(4)
Laz.oMgy.1Ni14 -3R Gd;Co; R3m 5.0297(4) 36.246(3) 33.9(5)
LasMgNiqg -3R CesCoqg R3m 5.030(1) 48.24(1) 10.3(6)
LasMgNijo—2H Pr5Coqg P63/mmc 5.032(-) 32.15(-) 4.7(6)
LaNis CaCus P6/mmm 5.033(2) 3.993(2) 2.3(2)

La;.gMg;.2Nig (annealed) Laq go(1)Mg1.20(1)Nig PuNi; R3m 5.0190(2) 24.187(1) 88.6(8)
La;.gsMgy.2Nij4 -3R Gd,Coy R3m 5.0291(7) 36.177(7) 7.3(4)
LaNis CaCus P6/mmm 5.0257(5) 3.994(1) 4.1(3)

evident that almost all the (La,Mg)sNijg and (La,Mg),Ni7 phases
transformed into (La,Mg)Ni3 phase in La;.gMgq.oNig alloy during
the annealing followed by the quenching and it indicates that the
transformation (La,Mg)sNijg 3R/2H + (La-Mg);Niy — (La,Mg),Niy
— (La,Mg)Ni3 proceeds in all studied alloys. However, for the
La;.sMgq.2Nig alloy, the phase transformations indicate that the
(La,Mg)Ni3 phase is the last end-product formed before the
quenching.

For R,Ni7 alloys an intermetallic compound with Ce,Ni; type
(2H) structure has been identified as a low temperature modifica-
tion while intermetallic crystallizing with Gd;Co7 type (3R) modi-
fication is formed as the high temperature phase. In our earlier
study [15], a single phase Ce;Ni7-type Laj.sMgg.5Niy alloy has been
obtained by powder sintering and annealing for 4 days at 750 °C,
which agrees with the suggestion that the Ce;Ni; type (2H) is the
low temperature modification.

In the present work, the Laz_yMgxNig alloys were prepared by
induction melting followed by their annealing at 950 °C. At such
high temperature equilibrium conditions a formation of A;B7-3R
(GdzCo7-type) as a secondary phase (further to the main rhombo-
hedral PuNis type (La,Mg)3Nig intermetallic) was observed in both
as cast and annealed samples, in line with a suggestion that 3R type
intermetallic is a high temperature modification. Absence of the 2H
type intermetallic in these alloys is because the annealing tem-
perature is outside of the stability range of the low temperature
A,B7—2H modification.

A related reference publication revealing results of the study of
the La;.5sMgp.5Niy alloy by Zhang et al. [30] reported that the alloy
cast from the melt contained only a 3R Gd,Co7-type high temper-
ature modification of the A;B; phase, while the samples further
annealed for 24 h at 800—900 °C consisted of both Gd;Co; and
Ce,Ni; types, indicating that on cooling down a transformation
from 3R to 2H modifications occurred in this mentioned temper-
ature range. Thus, it is obvious that a careful control over the
preparation conditions is required to achieve a formation of either
A,B7-3R or A;B7;—2H phases (or their mixture) as related to the
temperature and time of the annealing process.

3.1.3. SEM characterization

From the SEM images, the as-cast and annealed La;MgNig,
La;.9Mgq.1Nig and La;.gMgq.2Nig alloys possess a segregated multi-
phase structure with coarse grains as is shown in Figs. 3 and 4.

To identify the phases present in the samples, EDX spectroscopy
study was performed and three distinct phases are clearly visible in
the microstructure. The as-cast alloys mainly consist of (La,Mg)Nis,
LaNis, and (La,Mg),Niq phases. The (La,Mg),;Ni; phase was also
observed in the as-cast LaMgNig alloy as a minor phase. All phases

present are shown in Fig. 3. The data for the annealed La;.gMg;.1Nig
alloy are shown as an example and show that it mainly consists of
two predominate phases, (La,Mg)Ni3 and (La,Mg),;Ni;, together
with a small residual amount (~2 wt%) of LaNis as shown in Fig. 4b.

The abundance of LaNis intermetallic decreases appreciably on
annealing, while the phase (La,Mg);Nis completely disappears;
instead, the amount of the electrochemically active phases, (La,Mg)
Nis and (La,Mg),Ni~, significantly increases. The phase composition
from the SEM microstructural characterization shows a good
agreement with the XRD data presented in Tables 1 and 2

A complex multiple phase equilibrium involving a large number
of intermetallic constituents present in the La—Mg—Ni-based alloys
leads to the multiphase samples when prepared by conventional
induction melting. Thus, even during annealing it is difficult to
obtain the alloys with a single-phase composition. This is largely
because of the diffusion limitations in the migration of atoms in the
bulk alloys. Adding Mg can enhance atomic migration in the alloys,
thus improving homogeneity, due to the faster kinetics of atomic
redistribution and also because the lower melting point of mag-
nesium decreases the temperatures of phase-structural
transformations.

As shown in Fig. 4c, the annealed La;.gMg1.oNig alloy displays a
two-phase structure, (La,Mg)Ni3 and (La,Mg),Ni; phases. Further-
more, in comparison with La;MgNig and La;.gMgq.1Nig alloys, the
content of (La,Mg)Ni3 (A region) is relatively much higher than that
of (La,Mg),Ni7 (B region). This indicates that the increase in Mg/La
ratio is a step in the right direction to control the composition of the
La—Mg—Ni alloy. In our work [23], we proved that a nearly-
homogeneous single (La,Mg)Ni3 phase can be obtained by adding
an optimum amount of Mg in the melt and by achieving high
cooling rates during the rapid solidification.

The obtained average compositions of Laj.gMgq.1Nig and
La1.3Mg1.2Ni9 alloys are La; .34Mg1.34Ni9 and La1.83Mg1 .43Ni9,
which indicates a slight variation in the stoichiometry as compared
to the initial stoichiometry (see Figs. S2 and S3 in the Supple-
mentary Information file).

3.2. Hydrogenation characteristics for the annealed alloys

Fig. 5 shows the P—C hydrogen absorption-desorption iso-
therms for the annealed LaMgNig, La;.9Mg7.1Nig and La;.gMg1.oNig
alloys measured at 293 K. As is can be seen, the reversible hydrogen
storage capacity of the annealed samples does not show significant
differences, being in the range of 1.5—1.6 wt% H. Based on a con-
version of the PCT data, the theoretical electrochemical capacity of
the annealed alloys corresponds to ~420 mAh g~ .

In the view of practical applications requiring a reversibility of
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Fig. 2. Metrics of the unit cells of the Las_xMgxNig (x = 0—2.1) intermetallics as related
to the magnesium content.

the H storage performance, among the studied alloys, the annealed
La;MgNig and the La;.9Mg1.1Nig alloys have the highest reversible
capacity, with a hydrogen desorption capacity of around 1.4 wt% H
when measured below 1 bar of equilibrium hydrogen pressure.
The P—C diagrams of hydrogen absorption-desorption for all
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studied alloys show multi plateau isotherms, which indicate multi-
phase compositions in the studied alloys. A comparison of the
isotherms shows that increase in Mg content leads to the rise of
hydrogen absorption-desorption plateau pressures for the studied
alloys. Among the annealed alloys, the La;.gMgj.2Nig alloy has the
highest plateau pressure, while the La;MgNig alloy has the lowest
plateau pressure.

According to the earlier reports, the plateau pressures show the
following increasing order [31] for the La—Mg—Ni intermetallics:
La;MgNig< LazMgNijg< LagMgNiqg. Thus, for the multicomponent
alloys the shape and position of their PCT isotherms will reflect (a)
increase of Mg content in the (La,Mg)Ni, layer; (b) increase in the
content of the LaNis layer in the layered structures which is the
lowest for La;MgNig, the highest for LajMgNig with an interme-
diate value characteristic for LazMgNi4.

As expected, for the La;.gMgq.oNig alloy containing ~89 wt%
(La,Mg)Ni3 with a relatively higher Mg content, the plateau pres-
sure has the highest value, while the La,MgNig alloy consisting only
of the intermetallics with super-stacking structures having a rela-
tively lower Mg content, it has the lowest plateau pressure.
Furthermore, presence of LaNis in the multiphase alloys is visible in
their PCT diagrams which show a shoulder at the highest level of
studied pressures. Indeed, the hydrogen plateau pressure of LaNis
phase is much higher than that for the super-stacking in-
termetallics [31—34], in appr. 5—10 times. Thus, in spite of rather
small amounts, the LaNis phase still has a significant influence on
the overall plateau pressure shape.

In general, the compositional homogeneity will help to reach a
higher value of the reversible hydrogen storage capacity and to
achieve a flat shape of plateau pressure isotherm. As the
La;.gMgq.oNig alloy with (La,Mg)Ni3 as the main composition
(~89 wt%), does not exhibit a better performance than the other
alloys, this can be related to the fact that at the upper part of the
isotherms crosses 1 bar H; pressure making the hydride unstable
and decreasing the available H discharge capacity. We believe that a
higher reversible capacity and lower plateau pressure can be ach-
ieved by properly controlling the phase homogeneity and content
of Mg in the alloys.

3.3. Electrochemical performance of the annealed alloys

As shown in Fig. 6, the maximum discharge capacities for both
annealed La;MgNig and Laj.gMg;.1Nig are close to ~400 mA g~ In
contrast, for the Laj.gMgq.oNig alloy the capacity is very much
lower, ~370 mA g~ !, at 0.2 C rate (~60 mA/g). The lower discharge
capacity of La;.gMgq.2Nig alloy may be ascribed to the lower sta-
bility of its hydride, as is evident from the PCT study, see Fig. 5.

The current rate density-dependent electrochemical discharge
ability is jointly defined by the maximum electrochemical capacity of
the anode material and by the kinetics of electrochemical reactions
of hydrogen charge and discharge. This is an important characteristic
of the metal hydride anodes as it determines the HRD performance
which is one of the most important properties defining practical
applications of the MH batteries. The graph presented in Fig. 6d
shows the discharge capacities for all studied materials as related to
the applied current densities. We note that the LapMgNig and
La;.gMgq.1Nig alloys exhibit higher full discharge capacities (~25%
higher) in comparison with the commercial ABs5 alloy (~320 mAh/g;
not shown in this paper) measured at the same conditions [22]. In
addition, at lower current densities, all the samples display a flatter
discharge potential between —0.85 V and —0.9 V vs. the Hg/HgO
electrode. This is in a good agreement with the relatively flat plateau
pressures observed in the PCT experiments.

As shown in Fig. 6d, with increasing of the discharge current
density, the discharge capacities of LaMgNig and La;.gMg;.1Nig
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Fig. 3. SEM micrographs of the as-cast La;MgNig (a) [22], La;.oMg;.1Nig (b) and La;.gMg;.oNig (c) alloys showing a multi-phase structure containing (La,Mg)Nis (A), LaNis (B),

(La,Mg),Nig (C) and (La,Mg),Ni (D) phases.
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Fig. 4. SEM micrographs of annealed La;MgNig (a) [22], La;.oMg;.1Nig (b) and La;.gMg;.oNig (c) alloys at 1223 K for 6 h showing a multi-phase structure containing (La,Mg)Nis (A),

(La,Mg),Ni7 (B) and LaNis (C) phases.

alloys show almost the same variations, while their differences
with the La;.gMgj.2Nig alloy become more and more pronounced.
With the current density further increasing to 350 mA g, the
discharge capacities of the annealed La;MgNig, Laj.9Mg;.1Nig and
La;.sMgq.oNig alloy electrodes decrease to ~340, ~340 and ~300
mAh g, respectively. Hence, it can be concluded that the high rate
electrochemical discharge capacities of the LapMgNig and
La;.9Mgq.1Nig alloys appears to be superior as compared to the
La; .sMg1 .2Ni9 alloy.

Fig. 7 shows a comparison of the electrochemical cycling sta-
bility of the annealed alloy electrodes during 200 cycles with 100%
DOD measured using pasted electrodes. It can be seen that all the
alloy electrodes can be fully activated within 3 cycles (see the inset).
As shown in Fig. 6 and Table 3, during the cycling at room
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Fig. 5. P—C isotherms of hydrogen absorption-desorption at 293 K for the annealed
La,MgNig (A), La;.oMg;.1Nig (B) and La;.gMg;.oNig (C) alloys.

temperature, the studied pasted electrodes exhibited similar initial
discharge capacities Ci,, LaoMgNig (~345 mAh/g), La;.9Mgi.1Nig
(~346 mAh/g) and La;.gMg1.2Nig (~340 mAh/g), at 0.33 C (100 mAh/
g), which is in agreement with the similarities in their character-
istics during storage of gaseous hydrogen.

Among the studied in the present work electrodes, the annealed
La;MgNig and La;.gMg;.1Nig alloys showed obviously improved
cycle life as compared to the annealed La;.gMg.2Nig alloy during
the first 100 cycles. This can be attributed to a higher content of
magnesium in the La;.gMgi.oNig alloy causing its decreased
corrosion stability. When the number of the cycles increased to
200, we observe that the cycling stability Cpoo/Cmax of the
La;.gMgq.1Nig alloy electrode is much better than that for the
La;MgNig and La;.gMgq .2Nig alloy electrodes, probably because of a
higher amount of the (La,Mg)sNijg phase with excellent cycling
performance which is present in the multiphase La;.gMgi.1Nig
electrode. Liu et al. [13] found that capacity degradation of the
single-phase intermetallics decreases following an increase in the
[LaNis]/[(La,Mg)2Nig4] ratio. Thus, the cycling stability improves in
the order of La,MgNig< LagMgNi4< LagMgNiqg.

Faster cycling degradation of the annealed La—Mg—Ni alloys
may be related to the oxidation and corrosion of Mg and La, which
form Mg and La hydroxides on the fresh particle surfaces during the
repeated charge-discharge cycles. The influence of the other factors
on oxidation-corrosion of the alloy surfaces and the cycling stability
will be studied in our future work focused on probing the effect of
using small substitutions of Ni by Co.

As the content of Ni in super layered intermetallics follows the
order La;MgNig< LazMgNij4< LasMgNiig, changes in the content of
Ni with higher electro-catalytic activity can catalyze electro-
chemical reactions involving structural units in the super-stacking
phases [35]. As described above, the increase of Mg content leads to
the preferable formation of the (La,Mg)Ni3 phase and a decrease in
the amount of (La,Mg)sNig and (La,Mg),Ni~. This contributes to the
fact that La;.gMgq .2Nig alloy exhibits relatively inferior properties at
high discharge current densities, as compared to other two
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10 activation cycles. Charging and discharging were performed at 100 mAh/g and room
temperature with 100% DOD.

annealed alloys. As shown in Fig. 7b, the La;.9Mgj.1Nig alloy shows
a high discharge capacity of 175 mAh/g at a high current density of
875 mA/g. This makes the La;.gMg;.1Nig alloy suitable for use at

Table 3

high HRD conditions.

HRD ability of MH/Ni batteries is determined by the kinetics of
the hydrogen absorbing/desorbing reactions [36,37]. It is well
known that the kinetic performance mainly depends on the charge
transfer resistance at the alloy surface and the diffusion rate of the
hydrogen atoms in the alloys bulk, which can be estimated by the
value of the surface exchange current density (Ip) and diffusion
coefficient (D), respectively [38,39]. All the kinetics properties are
related to the composition and the microstructure of the hydrogen
storage alloys.

The exchange current density (Ip) of the hydride electrode re-
action can be calculated according to the linear polarization curves
[40], which are described by the following formula [41]:

IRT

IOZT’)’]

(1)

where R is the gas constant, T is the absolute temperature, [ is the
applied current density, F is the Faraday constant and n is the over-
potential of the electrochemical reaction.

Fig. 8a shows the linear polarization curves of the annealed
La;MgNig, Laj.9Mg.1Nig and La;.gMgq.2Nig alloy electrodes at 50%
DOD and 298 K. When the overpotential is changed within a small
range (+10 mV), the current and the overpotential responses show
a linear dependence. As listed in Table 3, the exchange current
density Ip increases from 64.2 mA/g (La,MgNig alloy) to 67.4 mA/g
(La;.oMg1.1Nig alloy) and then decreases to 63.3 mA/g
(La1 .gMg1 .2Nig alloy).

Summary of the half-cell measurements of the pasted electrodes: Initial capacities before the cycling (Ci,), Capacity retention after 100 and 200 cycles (C100/Cmax and C200/Cin),
Full discharge capacity Cg,y at 0.2 C, HRD ratio at discharge current density of 350 mA/g (HRDss0), the exchange current density (Ip), the hydrogen diffusion coefficient (D) and

the charge-transfer resistance (Re).

Annealed alloy Cin mAh/g C100/Crmax (%) C200/Crmax (%) Crun mAh/g HRD350 (%) Ip (mA/g) D ( x 107'° cm?fs) R¢t (Ohm)
La,MgNig 345 75.2 551 397 85.6 64.2 14.0 1477
La;.9Mg;.1Nig 347 72.6 64.1 399 853 67.4 16.2 1.525
La;.gMg;.2Nig 340 63.2 559 371 80.2 63.3 14.2 2.144
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Since the Laj.gMgi.1Nig alloy shows a superior HRD perfor-
mance, it can be suggested that the exchange current density Iy has
a direct effect on the HRD performance. This means that the
hydrogen oxidation on the surface of alloy electrodes can control
the process of HRD performance.

In addition, a lower exchange current density leads to a higher
overpotential while the larger overpotential leads to a decrease in
useable capacity and an increase in anode corrosion [42]. In other
words, the higher exchange current density Iy of the La;.gMgq.1Nig
alloy electrode should result in a higher discharge capacity and a
better cycling stability, which well agrees with the electrochemical
properties described in Table 3.

The hydrogen diffusion coefficient, which has an important in-
fluence on the charging/discharging reactions, was evaluated by
using potentiostatic step-size measurements. Fig. 8b shows the
semi-logarithmic curves of anodic current vs. time responses of the
annealed LayMgNig, Laj.9Mg1.1Nig and La;.gMgq.oNig alloy elec-
trodes. In such curves it can be distinguished two regions separated
by a black line, as is shown in Fig. 8b. In the first region (0—2000 s),
the current dramatically decreases due to the consumption of
hydrogen at the surface of the electrode. However, in the second
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Fig. 8. (a) Linear polarization curves of electrodes measured at 50% DOD and 298 K, (b)
Semi-logarithmic plots of anodic current vs. time responses measured at 0.6 V, for the
La,MgNiy, La;.9Mgy.1Nig and La;.gMg; .oNig alloys alloy electrodes.
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region (>2000 s) the decreasing trend becomes rather gentle and
the anodic current (log i) reveals its approximately linear depen-
dence on time (t). The hydrogen diffusion coefficient (D) can be
estimated according to the following equation [40,43]:

. 6FD 72 D
logt:log(W(CofCSO fm?t (2)

where i, D, Cy, C;, a, and t are the diffusion current density (A/g), the
hydrogen diffusion coefficient (cm?/s), the initial hydrogen con-
centration in the bulk of the alloy (mol/cm?), the hydrogen con-
centration on the surface of the alloy particles (mol/cm?), the alloy
particle radius (cm), the density of the hydrogen storage alloy (g/
cm?), and the discharge time (s), respectively.

To satisfy the condition for a purely diffusion controlled process,
the fully charged electrode was discharged at a constant anodic
potential of E = —0.6 V vs. Hg/HgO up to 3600 s. Setting the average
particle radius as a = 60 um, the hydrogen diffusion coefficient D
was calculated by using the above equation and tabulated in
Table 3. It is found that the hydrogen diffusion coefficient D in-
creases from 201 x 107'° cm?/s (LayMgNig alloy) to
233 x 1071% cm?/s (La.gMgq.1Nig alloy) and then decreases to
20.5 x 1071 cm?/s (La;.gMg;.oNig alloy). The higher D value of
La;.9Mgq.1Nig alloy electrode corresponds to its better HRD per-
formance, which indicates that the hydrogen diffusion in the alloy
bulk plays a direct role in determining the HRD performance for the
annealed La;MgNig, Laj.gMgq.1Nig and La;.gMgq.oNig alloy
electrodes.

As mentioned above, the hydrogen diffusion is related to the
composition and the microstructure of the hydrogen storage alloys.
The La;.9Mgq.1Nig alloy electrode with a higher D value contains
more phases as compared to the La;MgNig and La;.gMg1.2Nig alloy
electrodes. Because of the higher amount of the available phases
and well developed phase boundaries area, this provides more
diffusion paths for hydrogen and thus accelerates the hydrogen
diffusion [44—46]. In present study the higher exchange current
densities (Ip) and hydrogen diffusion coefficient (D) values show
their positive impact on the HRD performance of the studied alloy
electrodes.

4. Conclusions

In the present study, the annealed Laz_xMgxNig (x = 1.0, 1.1 and
1.2) alloys were characterized as H storage and MH battery anode
materials to probe the effect of Mg-substitution on the structure,
hydrogen absorption-desorption and electrochemical perfor-
mances of the alloys crystallizing with trigonal PuNis-type
structures.

The following conclusions summarize the results:

The Laz_xMgxNig (x = 1.0, 1.1 and 1.2) alloys were prepared by
induction melting and annealed at 1223 K showing a successful
formation of PuNis; type AB3 layered intermetallics as the major
phase constituents. At the highest Mg content a nearly-
homogeneous single (La,Mg)Ni3 phase (~89 wt%) was formed in
the La;.sMgq.2Nig alloy.

PCT characterization of the studied alloys showed a gradual
destabilisation of the formed hydrides following an increase of the
Mg content, with a values of the middle plateaux at 0.085—0.15 bar
H>/293 K.

The maximum discharge capacities of La;MgNig and
La;.9Mg.1Nig alloys are ~400 mA g~ ! at 0.2 C rate (~60 mA/g) while
decreased to ~370 for La;.gMg1.oNig.

The transformations of (La,Mg)sNi;9 3R/2H — (La,Mg);Ni; —
(La,Mg)Ni3 proceeded during the quenching in all studied alloys.
The presence of a higher amount of (La,Mg)sNijg and (La,Mg),Niy
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phases led to a better cycling stability and an enhanced rate
discharge ability.

Superior HRD performances and cycling stability was associated
with the synergetic effect of high exchange current density (Ip) and
increased values of hydrogen diffusion coefficients (D).

The findings in this work are expected to help in further im-
provements of the electrochemical properties of La—Mg—Ni alloys
based on optimization of their chemical and phase-structural
compositions.
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