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The present work was focused on the studies of the effect of variation of stoichiometric composition of Ti
—Zr based AB,.x Laves phase alloys by changing the ratio between A (Ti + Zr) and B (Mn + V + Fe + Ni)
components belonging to both hypo-stoichiometric (AB190, AB195) and over-stoichiometric (ABy0g) al-
loys further to the stoichiometric AB; o composition to optimize their hydrogen storage behaviours and
performances as the alloy anodes of nickel metal hydride batteries.

AB;_xLag o3 Laves type alloys (A = Tig15Zro.85; B = Mnge4-0.69V0.11-0.119F€0.11-0.119Ni1.097-1.184; X = 0, 0.05
and 0.1) were arc melted and then homogenized by annealing.

The studies involved probing of the phase-structural composition by X-Ray diffraction (XRD), together
with studies of the microstructural state, hydrogen absorption—desorption and thermodynamic char-
acteristics of gas—solid reactions and electrochemical charge-discharge performance, further to the
impedance spectroscopy characterization. The alloys were probed using scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS), and XRD.

These studies concluded that the alloys contained the main C15 FCC Laves type AB; intermetallic co-
existing with a secondary C14 hexagonal Laves phase and a small amount of LaNi intermetallic. The
gaseous H storage capacity and electrochemical performances were found to be closely dependent on the
stoichiometric compositions of the alloys. High discharge capacities approaching 500 mAh/g were
achieved for the AB1 g5 alloy. At 500 mA/g current density, the discharge capacity was maintained as high
as 80%, with very low capacity retention after 500 cycles. The alloy which had the highest capacity
retention after 500 cycles was found to be AB; o alloy. Furthermore, AB; ¢ alloy showed an excellent cyclic
stability together with a high hydrogen diffusion coefficient. Studies of hydrogen diffusion coefficients
showed that annealing enhanced the H diffusion rates allowing advanced performance at high discharge
current densities. This has been related to a higher content of C15 Laves compound which allows to reach
a higher H mobility in contrast with higher storage capacity observed for the C14 Laves type polymorph.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nickel metal hydride (Ni-MH) batteries are considered as safe
and robust batteries with low manufacturing costs, high energy
efficiency and environmental friendliness [1—3]. Zr-based AB;
Laves phase type hydrogen storage alloys are promising materials
as negative electrodes in metal hydride batteries that show high
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storage capacities and a long cycle life [4]. On the other hand, these
alloys are inferior in their activation performance, high-rate dis-
chargeability (HRD), and cycle durability [5—7].

Laves type intermetallic compounds are used not only as anode
electrodes of the metal hydride batteries but also form the largest
group of hydrides used for the storage of hydrogen gas. Hexagonal
C14 (MgZn, type) and cubic C15 (MgCu, type) are the most
frequently used types of Laves phases which are suitable for the H
storage and for the electrochemical applications. The electro-
chemical performance of the battery anodes when applied in the
Ni-MH battery is closely related to the type of their crystal struc-
ture. C15 type alloys show an excellent HRD performance and are
superior in this aspect as compared to the C14 type alloys [8,9].
However, further improvements should be achieved to advance the
discharge capacity of the C15 type intermetallics, and optimization
of the composition of the alloys is an important tool allowing to
reach such a goal [10,11].

The stoichiometry plays an important role in designing multi-
phase C15 type AB; based alloys in order to achieve improved
performance [12,13]. Variation of the stoichiometry in the C15 type
AB; based alloys composition was found to have a very significant
effect on the phase structural and electrochemical properties
[14—16]. Hypo-stoichiometric Zr-based AB,.x alloys with excess of
the elements on the A-side and B/A ratio <2.0, were reported to
show improved hydrogenation kinetics, higher hydrogen storage
capacities, and lower plateau pressures than the stoichiometric and
over-stoichiometric ABy,x ones [17]. As an example, in Ref. [18] it
has been shown that an excess of Mn in the composition of the
ZrMny.x alloy system with x = 0.6, 0.8, and 1.8 substantially
reduced the stabilities of the hydrides and raised the equilibrium
hydrogen pressures. This has been linked to the replacement of
large Zr atoms (atomic radius 1.602 A) by small Mn atoms (atomic
radius 1.264 A) in the lattice causing a significant decrease of the
lattice parameters and “shrinking” of the unit cells.

Studies of the hydrogen storage capacity, equilibrium hydrogen
pressure, and the stability of hydrides of the Zry7TipsMnFe alloy
showed that they all significantly change as compared to the
ZrogTip2MnFe alloy [19] having a higher Zr/Ti ratio. In particular,
the replacement of Zr by Ti decreased the unit cell parameters
which caused the reduction of the stability of the hydrides. The
work [20] also showed that the hydrogen storage capacity gradually
decreased when x > 1 in the ZrggTig1(MnggVo2C001Niy1)x alloys.
Furthermore, the increase of the stoichiometric ratio (x > 1) led to
an increase of the equilibrium pressure (to the values exceeding
1 bar) creating the conditions when the reversible electrochemical
capacity would be difficult to achieve. At the same time, two over-
stoichiometric alloys showed a smaller hysteresis than the other
alloys.

15 alloys with three different B/A element combinations with
various ratios for 5 different AB;..x stoichiometries (1.8, 1.9, 2.0, 2.1,
and 2.2) were studied in Ref. [21]. It has been found that the
maximum capacities were obtained for the AB1g alloys. For the
alloys with over-stoichiometric composition (B/A > 2.0), the
hydrogen storage capacities decreased.

Three hypo-stoichiometric
Zro.7Tip.3(Mng2Vo 2Cro.15Nip.45)18,
Zro65Tip.35(Mno3Vo.14Cro11Nioes)1.76, and Zr(Mng2Vo2Nige)1e al-
loys, were studied in Ref. [22]. Excellent hydrogen storage capac-
ities were achieved, together with improved cycle life and higher
electrochemical discharge capacities.

Our earlier publications related to the topic studied in the cur-
rent work were focused on the effect of rapid solidification process
of Ti122r21.5V10Cr7.5Mn8.1CosNi32‘2A10.4Sn0‘3 as Cl14 [23] and
Ti(),]521‘0.85Lao.03Ni1'2M1'10‘70V0b12]:90.12 as C15 [24] predominated al-
loys aimed to improve the performance of the AB; based Laves type

alloys, including

alloys as battery anode materials. After the rapid solidification both
alloys achieved a significant improvement in their discharge ca-
pacities and rate performances. However, the activation perfor-
mance of the alloys became inferior. The worsening of the
activation performances occurred for the melt-spun alloys due to
the formation of the thicker oxide layers and the changes in
chemical composition of the LaNi-based secondary phase which
was no longer acting as a catalyser to speed up the hydrogenation
during the activation.

Annealing treatment was applied to the two C15 predominated
alloys including Ti0.1521‘0.35La0.03Ni1_2M1‘10.7V0_12FeO_12 [25] and
Tio_zZI‘o_gLaXNi]'2MH0_7V0_12F60V12 (X = 0.01—0.05) [26] and resulted
in achieving excellent discharge capacity performance including
high reversible storage capacity, together with easy activation, fast
kinetics of charge, and low hysteresis observed in the isotherms of
hydrogen absorption-desorption. Both alloys achieved high
discharge capacities, 410 mAh/g and 420 mAh/g, respectively. 3 wt%
of La was added to both alloys causing an easier activation and an
increased capacity.

However, the improvements of the performance for the anode
materials are still in need aimed to achieve higher discharge ca-
pacities and better rate performances.

In the present study, to satisfy the demands for developing the
advanced Ni-MH battery with improved performance and
enhanced hydrogen storage capacity, the alloys with the hypo-
stoichiometric Laves type composition ABy_xLag o3
(A = Tigi5Zrogs; B=Mnge4-0.69V0.11-0.119F€0.11-0.119Ni1.097-1.184;
x = 0, 0.05 and 0.1) were prepared by arc melting and annealing.
Our goal was to study the effect of changing the ratio between A (Ti,
Zr) and B (Mn, V, Fe, Ni) components in the annealed alloys
including their phase-structural composition and microstructure,
gaseous hydrogen absorption-desorption and electrochemical
properties, together with Alternating Current (AC) impedance
characterization to probe the rates of hydrogen diffusion in the
alloys.

2. Experimental methods

Approximately 10 g alloys with the composition of AB,xLag o3
(A = Tig15Zrog5; B=Mngs4-0.69V0.11-0.119F€0.11-0.119Ni1.097-1184; X =
0, 0.05 and 0.1) (see Table 1) were prepared by arc melting on a
water-cooled copper hearth under argon atmosphere and re-
melted three times to improve their homogeneity. The purity of
each element constituent was not less than 99.7%. The variation of
chemical composition of the alloys for the B components (transi-
tion metals) was intended at the preparation of the hypo-
stoichiometric compositions AB1g, AB1gs5, and AB, g (see Table 1).
In order to compensate for the partial evaporation at high melting
temperatures, 3 wt% of excess of Mn was added to the mixture of
the components prepared for the arc melting preparation as
compared to the aimed stoichiometric composition.

After the melting, the as-cast alloy ingots were sealed into
stainless-steel tube sample holders filled with Ar and then trans-
ferred into an annealing furnace. These alloys were then annealed
at 950 °C for 24 h and then quenched into cold water (4 °C)
resulting in their homogenization.

Table 1
Chemical composition of the annealed alloys AB;_xLag 3 (in atoms/AB; xLag o3).

Alloys Ti Zr La Ni Mn \Y Fe B/A

AB1g 0.15 0.85 0.03 1.097 0.64 0.11 0.11 1.90
AB195 0.15 0.85 0.03 1.126 0.657 0.113 0.113 1.95
AB; o 0.15 0.85 0.03 1.155 0.674 0.116 0.116 2.0
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The annealed alloys were characterized using the following
techniques:

2.1. Structural characterization

XRD measurements were performed on the powders of less
than 40 um in size by using a monochromator-equipped Bruker D8
diffractometer (A = 1.5418 A (CuK,;), step-size: 0.01975° 26, Bragg-
Brentano geometry), with a 2 theta measurements range of
10°—120°. The experimental data was processed using Rietveld
refinements and GSAS software [27]. A HITACHI FlexSEM 1000 VP-
SEM equipped with EDS analysis was used to study the micro-
structures, distribution of phases, and the local composition of the
phases in the samples.

2.2. Characterization of alloys interaction with hydrogen using
alloy-H; gas and electrochemical techniques

The powdered samples, about 0.5—1 g in mass, were inserted
into a stainless-steel sample cell placed into a thermostated auto-
clave and activated in vacuum at 250 °C for 30 min. The hydrogen
absorption-desorption isotherms were measured at 20, 50 and 80
°C (293, 323 and 353 K), after a completion of the alloy’s activation.
Several hydrogen absorption-desorption cycles were performed
before measuring equilibrium P—C-T diagrams.

The powders of 40—60 pm were mixed with carbonyl Ni powder
in a weight ratio of 1:4, respectively. The mixture (appr. mass 500
mg) was then cold-pressed under a 12 MPa pressure to prepare the
pellets with a diameter of 10 mm. The final step to make the anodes
was to place the pellet in between two Ni foams and to prepare a
compacted sandwich type electrode. Electrochemical performance
was characterized using a CT 2001 Land Battery Tester and three-
electrode system measurements.

2.3. EIS characterization

Electrochemical Impedance Spectroscopy (EIS) characterization
was performed using SP-300-Potentiostat from Bio-Logic Science
Instruments. Galvanostatic Electrochemical Impedance Spectros-
copy (GEIS) technique was applied by performing the measure-
ments at 0.1 kHz—0.5 mHz frequencies with the 10-mA current
amplitude. Hydrogen diffusion coefficients in the electrodes were
calculated using Fick’s equation, for more details please consult our
earlier publication [24].

2.4. Studies of the metal - hydrogen gas interactions

The experimental study of metal - hydrogen gas interaction was
carried out using in-house made Sieverts-type installation, in the
range of temperatures 20—80 °C at hydrogen pressures from 0.1 to
25 bar absolute. The accuracy of the measurements was +0.02 bar
for Hy pressure and +0.3 Ncm?/g for the hydrogen concentration in
the solid.

The PCT data was further processed by:

(a) Plotting experimental data in van’t Hoff coordinates Ln(Peq)
versus 1/T to yield apparent values for the entropy (AS) and
entropy (AH) changes during hydrogenation and dehydro-
genation. The experimental values of the equilibrium pres-
sures, Peg, were taken for the plateau midpoint at hydrogen
concentration, Cy, of 0.7 wt %, separately for H absorption
and desorption.

(b) Fitting of the whole PCT datasets using a semi-empirical
model of phase equilibria in the metal - hydrogen systems
[30]. The fitting of the experimental data allowed to further

refine the AS and AH values for the desorption (commonly
considered as representing a “true” equilibrium), as well as
to further analyze PCT diagrams to derive maximum H
storage capacity, critical temperature, hysteresis energy loss,
plateau slope (see Supplementary information for the
details).

3. Results and discussion
3.1. Phase-structural characterization by XRD

Measured XRD patterns and Rietveld refinements of the XRD
data for three studied alloys are shown in Fig. 1 and in a Supple-
mentary Information file (Figure S1, a and b). The annealing
improved the homogeneity of the alloys, as compared with the as
cast alloys. The refinements showed that C15 phase is a predomi-
nant constituent (>95 wt %) in all studied annealed alloys. Further
to the main cubic C15 phase the homogenized alloys also contained
two secondary phases, a C14 Laves phase intermetallic and a LaNi
intermetallic compound.

The crystallographic data and abundances of the phase con-
stituents are listed in Table 2.

Refinements of the XRD data show that the experimental and
calculated pattern well agree with each other. ABg5 alloy has the
highest abundance of C15 phase (98.3 wt%), followed by AB;g
(97.2 wt%), and AB1g (95.2 wt%). In turn, AB1 g alloy has the highest
abundance of C14 phase (4.6 wt%), followed by AB, o (2.7 wt%), and
AB195 (1.5 wt%). For LaNi phase, its abundance is small, 0.8 wt% in
maximum for the AB1g95 alloy. Nevertheless, despite of the small
abundance, LaNi phase has an important role in the activation of
the hydrogenation process by the alloys.

From Table 2 we conclude that:

(a) The XRD refined crystal structure data for the annealed alloys
well agree with the results of our previous publications
[25,26]. With increasing B/A stoichiometry in the alloys, the
lattice constants and the unit cell volumes decrease. The
atomic radii of the A site elements are normally larger than
that for the B elements. With increasing B/A stoichiometry,
the excessive elements in B site occupy A sites which causes
shrinking of the unit cells [28].

(b) The alloy with higher content of Ti [26] shows the smallest
unit cell volume of C15 phase as compared to the results of
the present study and previous alloy with less content of Ti.
The substitution of Zr atoms (1.602 A) by Ti atoms which
have the smaller radii (1.462 A) caused shrinkage of unit cells
[29].

(c) When changing the stoichiometry (from AB1g to ABg), the
abundance of C15 phase increases and the abundance of the
C14 phase decreases. Thus, increasing the B/A stoichiometric
ratio causes a better homogeneity of the alloys.

3.2. Microstructural analysis

Microstructures of as-cast and annealed ABgs5 alloys charac-
terized using SEM in a back-scattered electron (BSE) mode and are
presented in Fig. 2 as a typical example.

The microstructure of the as cast alloy shows presence of three
phase constituents which based on the data of the XRD study were
identified as a C15 type matrix phase (dark grey grains in Fig. 2a)
and two minor in abundances phase constituents, including a light
grain C14 phase formed in between the grain boundaries of the C15
intermetallic, and a white globular grains of the LaNi intermetallic.

Annealing of the alloy resulted in its homogenization
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Fig. 1. XRD patterns (Cu-K,;) for the studied alloys (a) and typical Rietveld refinement for the AB, ¢ annealed alloy shown as an example (b). Two Laves phase type intermetallics
(C15 and C14) are present. Content of C15 phase exceeds 95 wt % for all studied alloys, see Table 1.

manifested by a decreased content of the C14 phase in the annealed
alloy, as is clearly seen from a comparison of the micrographs
shown in Fig. 2a—d. The annealing also results in a growth of the
size of the LaNi grains as is clearly seen from a comparison of the
Fig. 2a and c.

Table S1 shows that the annealing leading to the homogeniza-
tion of the alloy does not change the overall stoichiometry of the
alloy which remains very close to the composition of the as-cast
alloy.

3.3. Hydrogenation properties of the AB1g9, AB1.95 and AB> ¢ alloys

After the activation by heating in vacuum for 30 min at 300 °C all
studied AB1g09, AB1gs and ABjg alloys show a fast kinetics of
hydrogen absorption and in just a few minutes form saturated
hydrides when hydrogenated at hydrogen pressure of 20 bar H,.
After the synthesis of the saturated hydrides these hydrides of the
AB,_x alloys with stoichiometric B/A ratios of 1.90, 1.95 and 2.0 were
used to study Pressure-Composition-Temperature (PCT) isotherms

of hydrogen absorption and desorption. Studies of the PCT shown in
Fig. 3 were performed at 20, 50, and 80 °C.

Increase in BJ/A leads to a decrease in the H storage capacity,
from appr. 1.72—1.75 wt % H for AB1g and AB1gs alloys to 1.55 wt%
for the AB; g-based hydride. Increasing the temperature of the P—C
measurements leads to the narrowing of the plateau range for of
each of the studied alloys indicating increased homogeneity range
for both a-solid solution and for the B-hydride phase. It is easy to
note that the hysteresis between the hydrogen absorption and
desorption plateau decreases with increasing temperature of the
measurements and is the smallest at 80 °C. This indicates that the
critical temperature of the studied metal-hydrogen systems should
be slightly above 80 °C.

By using van't Hoff equation and PCT modelling approach [30],
the thermodynamic parameters of the hydride formation-
decomposition were obtained. These parameters for the ABy.x-
based hydrides are listed in Table 3. As can be seen from the Table 3,
AB1g alloy has the lowest AH and AS formation of 33.98 kj/mol H,
and 107.67 J/mol H, followed by the AB195 and AB,  alloys. The

Table 2
Crystallographic data and phase abundances for the annealed AB,_«Lag o3 Laves type alloys from the Rietveld GSAS refinements.
Alloys Phase Space group Unit cell parameters, A Abundance (wt.%)
a b c v, A3
ABig C15 Fd3m 7.0374(6) - - 348.532(1) 95.2(1)
C14 P63/mmc 4.9969(1) — 8.1817(5) 176.920 (1) 4.3(1)
LaNi* Cmcm 3.902(7) 10.78(2) 4.385(8) 184.449(6) 0.5(6)
ABj 95 C15 Fd3m 7.0338(6) - - 348.004(9) 98.3(4)
C14 P63/mmc 4.9834(4) - 8.1053(1) 174.325(2) 0.9(1)
LaNi Cmcm 3.902(7) 10.78(2) 4.385(8) 184.449(6) 0.8(5)
ABy o C15 Fd3m 7.0235(7) - - 346.468(1) 97.2(1)
C14 P63/mmc 4.9941(3) - 8.1533(8) 176.111(2) 2.7(7)
LaNi Cmcm 3.902(7) 10.78(2) 4.385(8) 184.449(6) 0.1(5)
Reference data for Tig 15ZrggsLag o3Nij 2Mng 7Vg 12Feg 12 alloy [25]
AB; 08 C15 Fd3m 7.0235(1) - - 346.466(1) 99.1(1)
LaNi Cmcm 3.902(7) 10.78(2) 4.385(8) 184.449(6) 0.9(1)
Reference data for Tig»Zroglag 03Ni12Mng7Vo 12Feo 12 alloy [26]
AB5 08 C15 Fd3m 7.0163(1) — — 345.41(1) 100

¢ Rietveld refinements of LaNi phase were performed by using the reference data from Ref. [25].
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Fig. 2. SEM images of AB;g5 as-cast (a) and its elemental mapping (b), annealed (c) and its elemental mapping (d). Different color on the images indicates different element
composition. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

data presented in Table 3 are in good agreement with our earlier
publication on the properties of the hydride of the AB; og alloy [25].

In addition to Table 3, we can see that the critical temperatures
have rather low values, around 100 °C, with a trend of decrease in
their values following an increase in B/A ratio and the lowest value
of 366 K (93 °C) observed for AB; ¢ alloy.

3.4. PCT modelling results

The experimental PCT data (both H; absorption and desorption
in one dataset) were fitted by the developed by the authors semi-
empirical model [30] assuming that the metal hydride formed is
described by a core model of van der Waals lattice gas with one
plateau segment present at the Pressure-Composition isotherms.

All model parameters except of slope factors (fixed values were
used) were refined. Refinement of the slope factors which has the
range between 0 and 0.1 was required only in the cases when the
isotherms showed a combination of flat plateaux and smooth
transitions from the - and B-solid solution regions into two-phase
(o+B) region.

As can be seen from the results presented in Supplementary
Material (Tables S3—S5), in all cases the fitting was reasonably
good, with the goodness of fit R-factors below 0.15% for AB; o and
below 0.3% for the alloys with B/A < 2.0.

According to the modelling procedure [30], the accuracies of the
refinements of the fitting parameters (values in brackets in Table 3;
column “Error” in Table S4) were estimated as their variances
which resulted in the increase of the total squared deviation of the
experimental points from the calculated isotherms by 1%.

From Fig. 3 (f) and Tables S3—S5 we can conclude that enthalpy
of formation remains practically unchanged, -(34—35) kJ/mol H;
and is independent of the composition for the AB1gg, AB1g5 and
AB, alloys. Thus, an obvious decrease in the stability of the

hydrides manifested by a significant increase of equilibrium
dissociation pressure, from 0.4 to 0.85 bar H, is caused by the
changes in entropy of phase transformation, from —108 to — 118 J/
(mol H; K).

All the alloys are characterized by rather low (below 366—386 K)
critical temperatures of a—f transformation (T¢; minimum value
was observed for the stoichiometric alloy) and low (below 1 kJ/mol)
hysteresis energy losses (AGy). At the same time (see Fig. 3 (g)), the
increase of B/A from 1.9 to 2.0 results in a doubling of AGp and a
significant increase of hysteresis.

The pressure — composition isotherms for all the alloys were
characterized by moderately sloping plateaux (distribution width
parameter shows width of hydrogen absorption-desorption
plateau, w~0.15 which is obtained by PCT modelling, see
Tables S3—S5) but quite high contributions of Lorentz profile shows
the shape profile of the plateau PCT, n (which is obtained by PCT
modelling, in most cases, higher than 0.5, see Tables S3—S5) that
indicates a low PCI curvatures in the transient regions between
plateau and o- or B-solid solutions. As it was noted in Ref. [31], such
a feature (sloping of P(C) dependence at the initial and final stages
of hydride formation/decomposition) is associated with stress ef-
fects accompanying the hydride phase formation.

3.5. Electrochemical characterization

The activation performances of studied alloys at 100 mA/g cur-
rent density are shown in Fig. 4 (a). As mentioned earlier, the aim of
adding Lanthanum was to improve the activation performance of
the alloys. 3 wt¥% La is the optimized and effective amount resulting
in the most efficient activation of the Zr based AB; alloys. This is in
agreement with our earlier publications [25,26]. Indeed, the alloys
studied our earlier publications which were activated in the fourth
cycle with a maximum capacity of 370 mAh/g [25] and 360 mAh/g
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Table 3
Thermodynamic properties of ABy hydrides (taken from the PCT modelling data).

Samples Fitting parameters

Calculated H content

Plateau parameters (H, Hysteresis energy loss

Critical temperature

- X (P =100 bar, T = 298 K)
Asymptotic H concentration

desorption)
—AH, kJ/mol H,  —AS, J/mol H, K AGy, J/mol H, Te K Cmax Ncm®/g wt.% H Cy, Nem?/g wt% H - Cy, mAh/g
AB,o (annealed)  33.98(2) 107.67(1) 333(17) 386(3) 231.1(6) 192 4623
2.077 1.725
AB1gs (annealed) 35.25(1) 113.33(3) 715(13) 370(1) 236(2) 195 469.8
2.121 1.753
AB,, (annealed)  34.54(1) 116.61(1) 785(14) 366(1) 210.9(5) 173 416.8
1.896 1.555

[26], while the presently studied hypo-stoichiometric alloys
became activated in the fifth cycle with maximum capacity of 390
mAh/g reached for the AB1g5 alloy. ABy alloy shows a slightly
lower activation capacity, 370 mAh/g.

Fig. 4 (b) presents discharge capacity of AB199, AB195, and AB>
alloys performed at 100 mA/g current density. As can be seen, all
studied alloys show close values of the plateaux of discharge po-
tentials, which became longer, flatter, and were located
between —0.875 and —0.915 V AB1.g5 shows the longest and flattest
plateau of discharge potentials and the best performance among
the studied alloys.

As shown in Fig. 4 (d), AB1.95 alloy achieved the best HRD per-
formance among the other alloys by showing the smallest decrease
in the discharge capacity at increasing current densities (see Fig. 4
(c) and (e)).

HRD performance can be characterized as the ratio between the
capacities shown at the highest current density of 500 mA/g as
compared to the capacity at the lowest current density of 10 mA/g.
The ABqg alloy with the largest unit cell showed the best discharge
capacity as shown in Fig. 4 (d).

Cyclic performance of the alloys studied at charge-discharge
current density of 300 mA/g is shown in Fig. 4 (g). With
increasing the number of cycles, we observe that the alloys show a
decreased linear slope. Indeed AB; alloy shows the best capacity
retention among other alloys, followed by AB1g, and ABg5 alloy.
The better mechanical stability in AB, alloy causes its smaller
surface area thus further pulverization can be hindered resulting in
its better cyclic stability [20]. Further to this, the higher content of
Ni in AB, o contributed to lower a corrosion rate of the alloy which
resulted in the best capacity retention during the cycling.

With changing the stoichiometry of the alloy to AB, og [25,26],
the capacity retention shows even higher values than that for the
AB; ¢ stoichiometry alloy. This is caused by a decreased pulveriza-
tion due to a better mechanical stability during the cycling of the
hyper-stoichiometric alloys.

3.6. H storage capacity during studies of the metal-gas interactions
vs. electrochemical performance

Even though hydrogen storage capacity of the metal hydride
forming alloy should provide converging data, however differences
normally are observed since PCT diagrams are measured in equi-
librium conditions while electrochemical characteristics are ob-
tained dynamically during discharge in the open cells. Thus, many
features can diverge, including (a) H storage capacity; (b) slope of

the PCT curves or slope of the capacity-voltage dependence; (c)
hysteresis or overpotential; (d) homogeneity ranges for the a-solid
solution and B-hydride phase.

Thus, it is interesting to compare the data of the metal-gas in-
teractions vs. electrochemical performance as related to the
chemical composition/ratio between B and A components in the
AB]~90, AB1.95 and ABz.o alloys.

Fig. 5 and Fig. S3 show the gaseous H capacity vs. electro-
chemical capacity of the anode electrode for the studied AB; g alloy.
The data in Fig. S3 also show a similar comparison for AB1g and
AB1g5 alloys. Gaseous capacity is smaller than the electrochemical
capacity indicating that metal hydride reaches a deeper saturation
during the electrochemical environment. Furthermore, we note
that the plateau of gaseous H capacity in the PCT diagrams is
shorter and flatter than in for the voltage plateau of electrochemical
capacity plot. AB1g alloy showed the best agreement between the
experimentally measured gaseous and electrochemical capacities
probably because it forms the most stable hydride (PeqHy is 0.3 bar
@ 293 K) thus preventing uncontrollable loss of hydrogen gas
because of the desorption from the anode electrode during the
electrochemical experiments in an open cell.

The hysteresis of hydrogen absorption-desorption/overpotential
for the electrochemical charge-discharge process for the studied
alloys shows a clear trend with increasing B/A stoichiometric ratio.
The smallest hysteresis was observed for the alloy with the lowest B
content, AB19. However, for the alloys with B content higher than
1.9 the hysteresis increases and becomes independent of the B/A
ratio. This finding is in agreement with the results of our earlier
publication [25] for the hyper-stoichiometric AB; g alloy, which
shows a similar hysteresis with the presently studied AB;g5 and
AB, alloys.

Furthermore, the changes in the plateaux of electrode potentials
show similar trends as variations of AG for the studied hydrides.
Indeed, the changes in discharge potential, —0.9385 V for
AB1g, —0.9505 V for AB19s5, and —0.9652 V for AB, o (middle points
of the plateaux in each case), correlate with the changes in AG,
AB19: 333; AB19s5: 715: ABy: 785 J/(mol Hy) showing an interre-
lation between the values of the overpotential and hysteresis
following an increase in the B/A ratio.

When comparing interrelation between the gaseous and elec-
trochemical H storage capacity, one should account that the open-
to-air configuration might cause loss of hydrogen from the formed
hydride during the electrochemical process leading to the smaller H
content in the studied metal hydride. On the other hand, it is well
known that electrochemical charging can cause an opposite

Fig. 3. PCT isotherms of hydrogen absorption and desorption for AByg (a), AB;.95 (b), AB, o () alloys, gaseous H; vs. electrochemical capacity of the studied alloys at 293 K (d), van’t
Hoff plots showing dependence of equilibrium pressure (In Peq) of hydrogen absorption and desorption based on the PCT diagrams measured at 293, 323 and 353 K from 1/T, (e),
dependencies of changes in hydrogenation entropy and enthalpy (left Y-axes) and desorption plateau pressures at T = 20 °C (right Y-axis) (f), and dependencies of hysteresis energy
loss and critical temperature of o—p transformation on the stoichiometry of the AB,_xLag o3 alloys (g). The plateau pressure for absorption is shown by filled symbols while open

symbols are used for the desorption in each data set.
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Fig. 5. Gaseous capacity vs. electrochemical capacity for AB, o alloy. The inserts of the
graphs show the tails of the curves measured from —0.85 to —0.6 V (cut-off voltage
applied during the measurements of the discharge electrochemical capacity).

behaviour when electrochemical charging allows even at ambient
conditions using a promotor of the hydrogenation to synthesize
hydrides requiring application of high pressures of hydrogen gas
(example: Ni hydride NiH which has been synthesized electro-
chemically [32] while in the nickel-hydrogen system equilibrium
pressure of hydrogen desorption was measured as being around 4
kBar Hy at room temperature [33]. Thus, measurements in the close
electrochemical cells allowing to control H, pressure and to use
overpressures could be valuable in the future work.

3.7. EIS studies

EIS characterization was performed for the studied alloys to
assess characteristics of hydrogen diffusion. 50% State of Charge
(SoC) samples were used to measure the EIS spectra after per-
forming different number of cycles, 10, 100, 200, 300, 400, and 500.

EIS spectra of the studied alloy electrodes at 50% SoC and
different number of performed cycles are shown at Fig. S4. We note
that all the alloys show an unusual depressed semicircles shape of
EIS spectra. Such a behaviour was also observed in our earlier study
[25], were we used an equivalent circuit containing the Constant
Phase Element (CPE) instead of a commonly used capacitance.
Surface inhomogeneity/surface roughness is expected to cause
such an uncommon shape of the EIS spectra. Therefore, in order to
achieve a better fit of the EIS data, CPE was used to replace
capacitance to properly describe the depressed semicircle shape of
Nyquist plot. In addition to the equivalent circuit, a series of
modified Randles circuits with added CPE and parallel circuit ele-
ments consisting of R and CPE was applied to fit the EIS spectra to
achieve more accurate fitting results (Fig. 6 (a)).

As shown in Fig. S4, the alloys show a similar shape of the EIS
spectra for the cycled sample by containing a Warburg element in
the low frequency region related to the hydrogen transport in the
studied alloys. It appears that the slope and the length of Warburg
elements are different for each measurement. For longer cycled
samples, the contact resistances, charge transfer resistances, and
Warburg elements were all decreased, showing that the cycling
performance generally results in a better hydrogen transport in the

Recontact Rct
| L W
/-l I—(i Fe W 7
Relectrolyte 3} )
CPEcontact CPEct
(a)
2.0 _
O Experiment
Coefficient of determination, R?= 0.99 —— Fitting
""" Deconvolution
)2
i =115 0=
: (J/' — y)z yi= experimental data
i . fi= calculated value
Y = mean of the
o O o experimental data

00 T T T T T 2 T 1
oR1 1 2 3 4 5 6 7
Re(Z)/Ohm
(b)

Fig. 6. Modified equivalent circuit used to fit the EIS experimental data (a), and
deconvolution of Nyquist impedance plot for 50% SoC of AB;9 annealed alloy achieved
by using a superposition of equivalent circuits, where Ry = Relectrolytes R2 = Reontacts
R3 = R, and W = Warburg element (b). Successful deconvolution result was shown by
the coefficient of determination (R?) value of 0.99, or close to 1.

electrodes.

The EIS spectra resulted from the measurements were fitted by
using the modified equivalent circuit shown in Fig. 6 (a) - to
determine the values of parameters in equivalent circuit. Further to
the fitting, the deconvolution has also been done by configuring
and by superimposing two semicircles and a straight-line depen-
dence to represent the equivalent circuit model. The EIS parameters
values resulting from the deconvolution (see Fig. 6 (b)) were then
compared with the results from the fitting. 8 different parameters
describing the physical properties of the studied alloy electrodes
were obtained by the fitting, including Rejectrolytes Reontacts CPEcontact,
N1, Reharge transferr CPEcharge transfer, N2, and c. The values of these
parameters for the studied alloys as related to the number of the
applied cycles are shown in Tables S6—S12. Further to these results,
in order to determine the quality of the fit and deconvolution, the
Goodness of fit () and Coefficient of determination (R?) values
were used. As the values for %2 obtained from the EIS spectra fitting
were less than 0.9, this indicated that the applied equivalent circuit
model produces an excellent fitting. Thus, suggested deconvolution
resulted in the excellent agreement with experimental data as R?
values were close to 1.

To summarize, the EIS spectra for each studied alloy at 50% SoC
and subjected to a different number of cycles were shown in Fig. S4.
After the activation, all alloys show a larger total resistance, while
after 500 cycles the results show that the total resistance decreased.
We also can see that the length and the angle of Warburg imped-
ance decreased during the cycling which means the that the

Fig. 4. Activation performance (a); discharge capacity (b) for the studied alloys at 100 mA/g current density; the capacity of the studied alloys at variable discharge current densities
and cut-off potentials (c); rate performance (d); HRD performances (e); comparison of the performance of the studied samples as related to composition of the studied alloys (f);
cycling performances of studied alloys measured at 300 mA/g with the capacity retention of AByg = 46.7%, AB195 = 40.7%, and AB, = 48.7% (g).
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Fig. 7. Hydrogen diffusion coefficient (Dy) for the studied alloys as related to the cycles
number at 50% SoC. The smallest decrease of hydrogen diffusion coefficient vs. cycle
number is observed for AB, ¢ alloy.

hydrogen diffusion was significantly facilitated by the cycling.
Probably this can be associated with a gradual cracking of the alloy
powder particles resulting in a faster charge and discharge of the
smaller particles.

We observe that the contact resistance of the studied alloy
electrodes decreased with repeated cycling indicating that corro-
sion of the alloys surface has not been extensive and did not pro-
duce the oxide/hydroxide layer on the surface, while the reduction
of the resistance could be related to a gradual decrease of the
particle size during expansion and contraction followed by the
cracking taking place during the cycling of hydrogen uptake and
release.

Fig. 7 shows the hydrogen diffusion coefficient (Dy) for the
studied alloys as related to the number of applied cycles for the
electrodes with 50% SoC. We observed a large difference between
the hydrogen diffusion coefficient value after activation and during
the cycling. After activation, ABjgs shows the largest hydrogen
diffusion coefficient which is almost 2 x 10~ cm?/s, followed by
ABy 1.5 x 1072 cm?/s and ABqg alloys 1.0 x 10~2 cm?/s. Further-
more, we note that stoichiometric ABy alloy shows an excellent
cyclic stability and shows a fast H diffusion even after 500 cycles
(see Fig. 7).

4. Discussion

PCT isotherms of hydrogen absorption and desorption for all
studied alloys were measured at 20, 50, and 80 °C. These isotherms
are presented in Fig. 3 and show that they all form stable at ambient
conditions hydrides with dissociation pressures 0.4—0.8 bar H,.
Increasing B/A results in a gradual decrease in the H storage ca-
pacity. Fitting of the PCT data for the studied alloys shows that for
the hypo-stoichiometric alloys their H storage capacity is around
2.1 wt % H, while the capacity drops to 1.9 wt% H for the hydride
formed by a stoichiometric AB; og alloy. Indeed, AB1 g5 alloy has the
highest capacity among other alloys with the similar Zr-based AB,
Laves phase alloys, which are ZrggTip1V19 alloy with the capacity
1.1 wt% of hydrogen [17], ZrMny g and ZrMns g alloys with the ca-
pacity 1.44 and 1.14 wt% of hydrogen respectively [18], and AB1g
produced by Young with having capacity of 1.4 wt% of hydrogen
[21]. This concludes that the studied alloy shows an excellent
hydrogen storage capacity.

Increasing temperature leads to a narrowing down the plateaux
indicating that the H capacity is the highest at room temperature.
Interestingly, the hysteresis at higher temperatures becomes
smaller confirming that the loss in the efficiency of the material due
to its deformation during absorption-desorption of hydrogen be-
comes less pronounced at higher temperatures. In addition to this,

plateaux become narrower, and equilibrium pressures increase (see
Fig. 3 (d)). It appears that the hysteresis in the alloy hydrides shows
an opposite trend with increasing stoichiometry. The smallest
hysteresis was observed for the alloy with the lowest B/A stoichi-
ometry, AB1g. However, the alloys with a higher than 1.9 B/A stoi-
chiometry show a similar behaviour concluding that varying the
stoichiometry in Ti—Zr AB; based Laves alloys has a modest effect
on the hysteresis. Indeed hyper-stoichiometric AB; g alloy studied
in our previous work [25] got a similar value of hysteresis as
presently studied AB1g95 and AB; ¢ alloys.

Using van't Hoff relation and a modelling approach [30], the
thermodynamic parameters of the interaction in the studied sys-
tems were obtained and these are listed in Table 3. We can see in
the Table 3, ABig alloy has the lowest AH and AS formation
33.98 kJ/mol H; and 107.67 J/mol H, which are in good agreement
with our previous publication AB, g alloy [25], followed by AB;q,
and ABjg5 alloys. From the Table 3, enthalpy of desorption has
similar values for all studied hydrides, being a range 34.0—35.3 kJ/
mol H,. However, significant differences in the stabilities of the
hydrides were observed with equilibrium pressure of H, desorption
@ 293 K changing from 0.4 to 0.85 bar H; following increase in B/A
ratio from 1.90 to 2.00. Thus, changes in their stability are related to
the gradual increase in changes in entropy as related to the hy-
drogenation, from 107.7 to 116.5 J/mol H, K. We note that critical
temperature gradually decreases following an increase of B/A.

Furthermore, the change of electrode potential has the similar
values changing between with —0.9385 V for ABqg, —0.9505 V for
AB195, and —0.9652 V for AB; .

When converted to the electrochemical capacity, this results in
the capacities approaching 500 mAh/g for all three alloys. However,
since the measurements of the capacity were performed using the
open cells, the measured capacity were limited to the values cor-
responding to hydrogen pressures in gaseous phase of 1 bar Hy,
even though in the close cells one can expect to achieve electro-
chemical capacities exceeding 500 mAh/g, depending on the
applied hydrogen pressure.

In case of electrochemical capacity conversion, increasing the
stoichiometry, capacity decreases from 568.5 mAh/g for ABigs
alloy, followed by 556.6 mAh/g for AB1 g alloy, and 508.1 mAh/g for
AB, alloy (see Table 3, the data are taken from PCT modelling). It
appeared that ABig5 alloy achieved the highest capacity among
others which might be caused by the optimizing phase composition
and structures obtained during annealing.

With regards to the interrelation between the gaseous and
electrochemical capacities of the alloys, we note a good agreement
between these two sets of the data. However, there are also some
differences as the higher driving force causing the hydrogenation of
the alloy during the electrochemical charging leads a higher ab-
sorption capacity of the metal hydride anode as compared to the
experiments during studied of the metal-hydrogen gas in-
teractions. Thus, the electrochemical capacity is slightly higher
than the gaseous capacity. Furthermore, the potential plateau slope
in electrochemical discharge curves is flatter and the plateau is
longer as compared with the corresponding PCT diagrams while in
addition o- and B-phases have longer homogeneity ranges in
studied of the electrochemical characteristics.

5. Conclusions

Q Annealed hypo-stoichiometric and stoichiometric ABy.xLag o3
Laves type alloys (A = Tip15Zr0 85; B=
Mng 64-0.69V0.11-0.119F€0.11-0.119Ni1.097-1.184; X = 0, 0.05 and 0.1)
were studied as materials for the metal hydride battery anodes.
Their performance was characterized by metal-H, gas and
electrochemically as metal hydride battery anodes;
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Q A significant increase of discharge capacity of AB,.x with A = Zr,
Ti, La, B= Ni, Fe, Mn, V and x = 0; 0.05 and 0.10, Laves type alloys
was achieved by shifting alloys composition from hyper-
stoichiometric AB; g (420 mAh/g; reference data) [25,26] to
hypo-stoichiometric AB g9 and AB1gs5 alloys (495 mAh/g; pre-
sent study).

Q Increasing B/A ratio (1.9, 1.95, and 2.0) significantly increases
equilibrium pressure of hydrogen desorption, from 0.3 to 0.4
and 0.8 bar H, @ 293 K, while this change in composition of the
alloys only slightly affects the enthalpy of hydrogen desorption,
with all values being within a narrow interval between 34.0 and
35.2 kJ/mol Hy. Thus, decreasing of the stability of the hydrides
is associated with a significant increase in the entropy change
during the phase transformation which changes from 107.67 to
113.33 and 116.61 J/mol H, K, respectively. Furthermore, the
critical temperature also continuously decreases from 386 to
370 and 366 K, while the hysteresis energy losses are increasing
from 333 to 715 and 785 J/mol, respectively.

Q ABqg5 alloy showed the best activation performance with the
best rate performance between all studied materials when high,
80% of the maximum, discharge capacity maintained at 500 mA/
g (1 C) of applied current density.

Q The stoichiometric AB, alloy showed an excellent cyclic sta-
bility associated with efficient hydrogen diffusion process which
maintained practically unchanged after 500 cycles. During the
cycling, hydrogen diffusion coefficients of the alloys show only
marginal changes indicating that they maintain stable hydrogen
transport characteristics.

Q Some differences in hydrogen storage performance character-
ized by metal-H; gas interactions and electrochemically can be
associated with reaching thermodynamic equilibrium during
the PCT studies of the metal-H, systems in contrast to the dy-
namic process of hydrogen change and discharge in open cells
applied during electrochemical characterization of the metal
hydride anodes.
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