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Abstract

A C15 AB: Laves-type Tio.1sZro.ssL.a0.03Ni12Mno.7Vo.12Feo.12 alloy was prepared by arc melting and
annealing. Phase-structural composition, microstructure, hydrogen absorption-desorption properties,
thermodynamic and electrochemical performances were characterized by X-ray diffraction, scanning
electron microscopy, hydrogen absorption-desorption measurements and electrochemical
characterization and were related to the use of the alloys as metal hydride battery anodes.

The alloy contains a C15 FCC intermetallic compound as the main phase and a LaNi secondary phase
as the minor constituent (~ 1 wt.%).

During the electrochemical tests, the anode electrodes quickly, after just a few activation cycles,
reached a maximum discharge capacity. This was related to the catalytic effect of the La-rich
secondary phase which acted as a catalyst of hydrogen absorption-desorption.

Annealing resulted in increase of the maximum discharge capacity from 345 mAh/g for the as cast
alloy to 370 mAh/g. Furthermore, the annealed alloy showed a better high rate dischargeability and a
higher cyclic stability. After 100 cycles with 100% DOD at discharge current density of 1 C, the
discharge capacity of the annealed alloy was very high, at a level of 90 % of the initial capacity.

The rates of hydrogen diffusion have been characterized by Potentiostatic Intermittent Titration
Technique and Electrochemical Impedance Spectroscopy. With increasing an extent of transformation
into the hydride, the H diffusion rate in the bulk of the alloy particles decreased. The maximum value
of Du measured by PITT for the annealed alloy was observed for the nearly fully discharged electrode,
(SOC 2 %).
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1. Introduction

Currently, ABs-, A2B7-, AB3- and ABa-type multicomponent metal hydride alloys are extensively
studied as anodes of the Ni-MH batteries [1]. AB2-type alloys in many aspects are advantageous as
compared to the other alloys [2, 3]. Due to the optimized design of the AB: alloys, during the
hydrogen sorption-desorption the crystal lattice volume variations keep the cubic symmetry
unchanged, thus reducing the strains and decreasing hysteresis between the pressures of hydrogen
absorption and desorption and overpotential of charge and discharge for the metal hydride anode
electrode. A smaller hysteresis assists in decreasing energy losses and in improving energy efficiency
[4]. One example of AB: alloy with high H storage capacity is ZrV2 intermetallic compound storing
4.8 at. H/f.u. (2.43 wt.% H) at 1 bar Hz [5]. However, at room temperature the formed hydride has a
very low equilibrium pressure of hydrogen desorption of 108 bar and thus it cannot be used as a metal
hydride anode material.

The alloys with attractive electrochemical properties should have a pressure of hydrogen sorption-
desorption below 1 bar at ambient conditions, allowing to reach a high reversible electrochemical
capacity. Such pressures can be achieved by a proper selection of the chemical composition of the
alloys.

One significant problem with the use of Zr- and Ti-based AB: alloys is in their difficult activation
requiring a long activation process. Thus, improvement of the activation behaviors is a very important
issue towards applications of metal hydrides as anode materials of the Ni-MH batteries.

Typically, battery anode AB2-type alloys consist of Zr and Ti on the A site together with a variable
combination of transition metals, including V, Cr, Mn, Ni and Fe on the B site [6]. Up till now, the
effect of various additives on hydrogen absorption-desorption and electrochemical properties of the
AB:> alloys such as Titanium [7, 8], Lanthanum [9], Yttrium [10, 11], Cerium [12], Praseodymium
[13], Neodymium [14], Nickel [15], Molybdenum [16, 17], Zinc [18], Aluminum [19], Manganese
[20], Vanadium [21], Iron [22, 23], Silicon [24] have been extensively studied and documented in the
reference publications.

Laves type AB: alloys predominantly crystallize with structures of two types, a C15 FCC MgCuz type
and a C14 hexagonal MgZn: type [2]. Analysis of the available reference data leads to a conclusion
that C14-predominated MH alloys are more suitable for high-capacity and long-life time applications,
while C15-predominated MH alloys provide improved high-rate and low-temperature performances [2,
3]. Therefore, many studies are aimed at optimizing the composition of C14/C15 Laves type alloys as
H storage and battery electrode materials [25, 26], and these works include the use of various mixtures
of intermetallic compounds with different structures [27], and the development of activation methods
[28] to increase the H storage capacity and to improve the hydrogenation-dehydrogenation kinetics. In
addition, the sensitivity of AB2 alloys to gaseous impurities should be addressed [29] together with
improvement of their performance in metal-H2 interactions at negative temperatures (down to —40°C)
[30].

In the present study we have prepared arc melted Tio.15Zr0.85La0.03Ni1.2Mno.7Vo.12Feo.12 AB2-type alloy
and performed detailed studies of its phase composition and microstructure, including the effect of the
annealing, on hydrogen absorption-desorption and electrochemical properties. The objective of the
present work was to study electrochemical performance of the predominantly C15 type phase, which
was obtained during the annealing. In addition, we used La as a catalyst to facilitate the process of
electrochemical exchange. The obtained results are discussed in comparison with the available
reference data.

The composition Tio.15Zro.8sLao.03Ni1.2Mno.7Vo.12Feo.12 was selected based on our in-house research of
ABoa-type alloys for their application as hydrogen storage materials. The studied alloy showed
excellent hydrogen sorption properties (high reversible storage capacity, easy activation, fast kinetics
and low hysteresis of isotherms of hydrogen absorption-desorption) which suggested that it could be
very promising for its electrochemical applications as well.



As a starting point in the development of this composition we have used the data which was reported
for the ZrixTixNii.3sMno7yVy alloys by Yoshida and Akiba [31]. They showed that use of a
multicomponent substitution is an effective method to improve hydrogen storage properties of AB2
alloys. Simultaneous substitution by Ti on Zr site and by V on the Mn site in a C15-type ZrNii.3Mno.7
phase alloy allowed to control the level of plateau pressures and to reduce hydrogen
absorption/desorption hysteresis. As hysteresis leads to the energy loss during absorption/desorption
cycle, in MH electrodes it causes voltage overpotential during the charging of the anode.

We have optimised composition of the alloys to obtain a flat and broad pressure plateau with a
minimum value of hysteresis. Selection of optimised composition of our alloy allowed to reach the
following benefits: proper choice of Ti/Zr ratio tuned the values of the plateau pressures; vanadium
substitution reduced hysteresis while small addition of Fe resulted in flat plateaux and increased the
values of the reversible H storage capacities.

2. Experimental

The Tio.15Zr0.85La0.03Ni1.2Mno.7Vo.12Feo.12 alloy was prepared by arc melting of the starting elemental
metals with a purity of not less than 99.7% in argon atmosphere. Manganese was taken in 4 wt.%
excess to compensate for its evaporation loss during the melting. As-cast alloy ingot was crushed and
enclosed into a sealed stainless steel tube sample holder. The sealing was performed in argon gas.
Subsequently the sample was annealed at 950 °C for 16 h before being quenched into cold water after
the annealing. The elemental composition of the obtained alloys was analyzed using EDX analysis.
According to this analysis, the elemental composition of the alloys corresponded to the gross formula
Ti0.15Zr0.85La0.03N11.2Mno.7Vo.12Feo.12.

X-ray diffraction (XRD) study with CuKa radiation was used to identify the phase structure and
composition of the alloys. The XRD data were collected using Siemens D500 BRAUN diffractometer.
Powder diffraction data were analyzed by Rietveld whole-profile refinements method using the
General Structure Analysis System (GSAS) software [32].

The surface morphology and phase composition of the alloys were analyzed using TESCAN VEGA I
XMU Scanning Electron Microscope (SEM) with OXFORD INCA X-Sight EDX Detector. The
samples were embedded into SpeciFix Resin (Struers), dried and polished. The backscattered electron
(BSE) imaging mode was used to characterize the phase-structural composition and morphology of the
prepared alloys at NTNU.

The isotherms of hydrogen absorption and desorption by theTio.15Zro.s5sL.a0.03N11.2Mno.7Vo.12Feo.12 alloy
were measured using a PCT setup. Annealed alloy powder was placed into a thermostated autoclave.
The samples were activated in vacuum at 250 °C for 30 minutes. Then one cycle of full hydrogen
absorption-desorption was performed. The hydrogen absorption-desorption isotherms were measured
after the alloy’s activation. The measurements were performed at 20, 50 and 80 °C (293, 323 and 353
K).

For the preparation of the MH electrodes, the annealed alloy was first ground and the fraction of the
powder with a particle size of 40—60 um and with average particle size around 50 pum was separated
for the preparation of the anodes. Pellet type MH electrodes were prepared by mixing a MH alloy
powder with carbonyl Ni powder having a specific surface area of ~0.7 m?/g. The mixture contained
100 mg of the alloy and consisted of 20 wt.% of the alloy powder and 80 wt.% of carbonyl Ni powder.
The pellet electrodes of 10 mm in diameter with a thickness of approximately 1 mm were fabricated by
cold-pressing under a pressure of 12 MPa for 5 min. Then the compressed pellet was sandwiched
between the two Ni foam plates.

For electrochemical measurements were performed at room temperature using a three-electrode cell
with a 9 M aqueous KOH electrolyte solution. Hg/HgO electrode served as a reference electrode.
Sintered Ni(OH)2/NiOOH plate obtained from a commercial supplier was used as a counter electrode
and got a much higher capacity as compared to the working electrode. The tests were performed using
a LAND CT2001A Battery Tester. Before starting the tests, MH electrode was firstly activated for 10



cycles by fully charging it at a current density of 100 mA/g for 5 h and then discharged at 100 mA/g to
the cut-off voltage of 0.7 V.

Alternating Current (AC) impedance measurements were performed for both as cast and annealed
alloys. SP-300-Potentiostat from Bio-Logic Science Instruments was used during the Electrochemical
Impedance Spectroscopy (EIS) characterization. Galvanostatic Electrochemical Impedance
Spectroscopy (GEIS) technique was applied in a range of frequencies from 1 kHz-0.5 mHz when using
the amplitude of the current of 10 mA. Four different States of Charge (SOC) of the electrodes were
selected for the studies, including SOC 0 % (completely discharged anode), 30, 70, and 100 % (fully
charged anode).

3. Results and discussion
3.1. Phase and structural composition

Fig. 1 and 2 show the XRD patterns of the Tio.15Zro.ssL.ao.03Ni1.2Mno.7Vo.12Feo.12 as-cast and annealed
alloys. Table 1 summarizes the crystallographic data, including refined unit cell parameters, unit cell
volumes and phase abundances. Refinements show that as-cast alloy contains three Laves phases:
C15-T1 (61.1 wt.%) and C15-1I (25.7 wt.%) with FCC structures as the main phase, and C14 (12.1
wt.%) intermetallic with hexagonal structure as a secondary phase. Furthermore, trace amounts of
LaNi orthorhombic structure phase (the most intense peak 111 is clearly seen at 31.75°) were
identified. The minor phases (except of LaNi) disappear during the annealing of the alloy at 950°C
(Table 1) and only one C15 intermetallic phase remains. Refinements of the XRD data show that the
experimental and calculated pattern well agree with each other (Fig. 1, 2).

Table 1

Crystallographic data for the Tio.1sZro.ssLao.03Nii2Mno.7Vo.12Feo.12 as-cast and annealed alloys from
Rietveld refinements of the XRD data.

Unit cell parameters, A Abundance,
Sample  Phase Space group 4 b . V. A3 W%
As-cast CI15-1  Fd3m 7.0252(2) — I 346.718(1)  61.1(3)
C15-11  Fd3m 7.01253) — 344.841(2) 25.7(2)
Cl4 P63/mmc 4.9813(3) 8.1155(8) 174.389(2) 12.1(3)
LaNi* Cmcem 3.906(6) 10.77(2)  4.399(7) 185.055(4) 1.1(1)
Annealed CI15 Fd3m 7.0235(1) 346.466(1)  99.1(1)
LaNi Cmcem 3.902(7)  10.78(2)  4.385(8)  184.449(6) 0.9(1)

*Rietveld refinements of LaNi phase was based on the reference data given in [33].

Formation of three Laves phases are due to inhomogeneous distribution of the components in the alloy.
Importantly, C15 phase is formed at higher Zr/Ti ratios while C14 intermetallic is formed at lower
Zr/Ti ratios. A trend to form C14 phase increases with increasing Ti content. Increase of Ti content
leads to a decrease in a lattice parameter of the C15 phase. Thus, Ti content in the C15—I phase should
be smaller than that in the C15—II phase.

C14 phase was formed due to inhomogeneous distribution of the components in the as cast alloy. For
the related Zr1-xTixNi1.3Mno.7-yVy alloys with similar chemical composition, increase in Ti (x>0.2) and
vanadium (y>0.3) contents leads to the formation of the C14 phase [31]. The C14 phase formation can
be explained by a variation in Ti/Zr ratio between the multiphase components of the as cast alloy. Heat
treatment results in a uniform distribution of the components and a formation of a pure C15 phase that
is the most thermodynamiclly stable intermetallic for the given alloy composition.
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Back-scattered electron SEM micrographs of  the as-cast and annealed
Ti0.15Zr0.85La0.03N11.2Mno.7Vo.12Feo.12 samples are presented in Fig. 3 and clearly show presence of two
phases, a dark gray main phase together with light inclusions of a secondary phase. Table 2 shows the
data the elemental EDX analysis. According to the EDX analysis, the main (matrix) phase in the as-
cast sample (1) is the AB2 alloy while the secondary phase (2) is formed by lanthanum and nickel
which are present in the atomic ratio La/Ni = 1:1, with no contribution from the remaining elements.
The content of the secondary phase is estimated as 3%. From quantitative analysis, the overall content



of the elements well agrees with the gross formula of the alloy. In the annealed alloy, the fraction of
the secondary phase significantly decreases, down to 1%. The reason for that could be in (a)
Interaction of LaNi with metallurgical impurity of oxygen resulting in binding of O by La followed by
a decrease of O content in the matrix phase; (b) Partial solubility of La in AB2 matrix phase, probably
at a trace level, but leading to a decrease on the content of LaNi secondary phase in the annealed alloy.

Even though the content of the secondary LaNi phase is rather low (1-3%) it was possible to identify it
by XRD analysis. On the other hand, C14 Laves phase was also clearly identified by the XRD study of
the as cast alloy but was not distinguishable in the SEM micrographs due to an insignificant difference
in its elemental composition in comparison with the main C15 phase.

From the reference publications it is known that La is poorly soluble in the Zr and Ti containing Laves
phase MH alloys and thus it forms very limited solid solutions. Instead it forms a secondary LaNi
phase, which is present in the microstructure as globular particles [34, 35]. However, despite its very
low content, the presence of the secondary LaNi phase is very important for the overall hydrogen
storage performance. Indeed, LaNi absorbs a large amount of hydrogen during the initial activation
forming LaNiH3.6 [33] and contributes to an increase in the effective surface area due to the cracking
and powdering of the alloy during the hydrogen absorption-desorption process. Thus, La acts as an
initiator and promoter of the initial hydrogen absorption-desorption also improving the electrochemical
performance at high current densities of charge and discharge.
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Table 2

Elemental compositions of Tio.15Zro.ssLao.03Ni1.2Mno.7Vo.12Feo.12 (at.%) as cast and annealed at 950°C
alloys from EDX study

Region Ti Zr La Ni Mn \% Fe
As cast alloy 1 432 2553  0.16 3490 2534 502 4.73

2 0.15 033 48.54  48.58 1.43 097  0.00
Annealed alloy 1 550 2655  0.17 3745 2195 445 393

2 0.00 0.50 47.55  49.80 1.95 0.00 0.20

Std. Dev. 0.60 0.20 0.12 0.45 0.40 025 0.20

3.2. Hydrogen absorption-desorption properties

Measured at room temperature isotherms of hydrogen absorption and desorption showed that
maximum hydrogen storage capacity of the annealed Tio.15Zr0.85La0.03N11.2Mno.7Vo.12Feo.12 alloy 1s 1.54
wt.% H. At 293 K, equilibrium plateau of hydrogen desorption is close to 1 bar H2 and shows presence
of a broad and rather flat plateau (Fig. 4). It should be noted that the difference between the hydrogen
absorption and desorption isotherms is rather small and the studied alloy shows a very small hysteresis.
Hysteresis is an important intrinsic property of the alloy-hydrogen systems. From the PCT data, we
conclude that hysteresis descreases with increasing temperature, indicating that critical temperature in
the studied system is low. Its evaluation from an intercept of the straight line dependances of InP vs
/T for absorption and desorption gives Terit value of around 393 K. The thermodynamic parameters of
interaction — enthalpy (AH) and entropy (AS) changes — during the phase transformation - were
obtained from the pressure-composition isotherms measured at different temperatures using the van't
Hoft equation [25]:

AH  AS

in(Py,) = —— (1)

where Pn2 is equilibrium mid-plateau pressure in the PCT diagram and R is a universal gas constant.
These values are equal to AH = -31£1 (kJ/mol); AS = —110£5 (J/K-mol) for the hydride formation
process and AH = 3441 (kJ/mol); AS = 115+5 (J/K-mol) for the hydride decomposition process (Fig.
5). Enthalpy change has a sufficiently low value, which allows a good reversibility of the system
during the electrochemical charge and discharge of the battery anode when cycled in an open cell. The
obtained values of AH and AS are in good agreement with the reference data for the chemcially similar
materials. As an example, in work [18] a similar value of AH = —33.7 (kJ/mol) was obtained for the
Ti12Z121.5V10Cr7.sMns.1CosNi322Sn0.3Alo 4 alloy based hydride.
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Absorption/desorption hysteresis is a typical phenomenon observed in the metal-hydrogen systems.
Hysteresis is related to the large volume expansion during a formation of the metal hydride, up to 25-
30%. It causes stresses which appear during a growth of an hydride nucleus inside the alloy matrix
having a smaller molar volume. The hysteresis decreases with increasing temperature. It should be
noted that PCT plateau also become narrower with increasing temperature. Decreasing hysteresis can
be explained by two factors: increased lattice mobility at a higher temperature and smaller volume
change during a transition between the hydrogen solid solution and the hydride phase. Hysteresis
completely disappears at critical temperature.



Critical temperature is the temperature above which a two-phase region, corresponding to the first
order transition between a-H solid solution and B-hydride phase, is replaced by a second order
transition with continuous changes in H content causing continuous changes in the unit cell
parameters. Two-phase region appears as a pressure plateau in the PCT curve at a specific temperature;
however, this plateau disappears above the critical temperature while the a-f transition becomes
continuous. From the available data we conclude that Teit is rather low and equals to 393 K.

3.3. Hydrogen diffusion properties

Fig. 6 and Table 3 present the data describing a relationship between the hydrogen diffusion
coefficient and state of charge (SOC) for the annealed Tio.15Zro.ssLao.o3Ni1.2Mno.7Vo.12Feo.12 alloy
electrode. The measurements were carried out by potentiostatic intermittent titration technique (PITT)
at low amplitude (0.02 V) current transients in the potentials range from —0.80 to —0.96 V (Fig. 6a).
To calculate the effective hydrogen diffusion coefficient, we used It"? vs. log t plots allowing to locate
a «Cottrellian maximumy» and to find corresponding time intervals needed to perform the calculations.
The observed maximum demonstrates pronounced deviations from a steady-state planar diffusion, as
well as presence of non-diffusion type slow processes in certain time domains (including effect of
Ohmic potential drop in the solution at high currents). The region of a pit in Fig. 6b is the «most
Cotrellian» part of the transients. Then 1/It'? vs. 1/t'"? plots were used to account for the deviations
from the ideal Cottrellian dependence caused by the Ohmic losses, and to calculate D (Fig. 6¢).
Hydrogen diffusion coefficient was calculated according to a modified Cottrell Equation (see [36, 37]
for the details):

i _ RZ Wrm
It AEVE  AQVD 2)

where Rs = Rsoition + Rsurface films + Rcharge ransfer; AQ 1s the total charge of electrode at a certain
potential; / is diffusion length that is equal to a half of a metal particle size (2.5x107 cm).

The obtained plots corresponding to Eq. (2) and the calculated D values are shown in Fig. 6d and in
Table 3. Total resistance Rs determined from the slope of this plot equals to 2.6 Ohm. We also
estimated Rsolution + Rsurface films (RR) contribution independently, by interrupting polarization during the
galvanostatic measurements. A sharp decrease of the potential after this interruption corresponded to
0.24 Ohm, which is by one order of magnitude smaller than RR. In spite analysis of all separate
contributions is beyond the scope of this paper, we underline that the resistance caused by the charge
transfer is an essential part of the overall Rs and cannot be ignored. However, for the studied
experiment RR had a small value, and the deviations from Cottrell behavior were not significant. The
maximum value of D (2.84x107° cm?/s) was obtained at a minimum studied state of charge (SOC) of
2.1%. Hereinafter as the state of the charge increased, hydrogen diffusion coefficient became lower
decreasing to 4.55x107!* ¢cm?/s. Such a behavior is typical for all hydride-forming alloys [35].
Nevertheless, the obtained maximal values of D are somewhat higher as compared with the AB3 based
hydrides (for example, 2.87x107'! c¢cm?s for LaisNdosMgNio) [37] and ABs based hydrides
(1.81x1071% cm?/s for MmNi425Mno.25Co0.45Al0.3) [38] type alloys.
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hydrogen diffusion coefficient on the state of charge of the electrode (d).

Table 3

Diffusion  parameters as related to the state of charge for the annealed
Ti0.15Zr0.85La0.03N11.2Mno.7Vo.12Feo.12 alloy electrode at different potentials

{’/otentlal, S:X)}?Clty’ EA)OC | /Itl/2 Slope D, cm?/s
—-0.80 0.02 0.1 — — —

-0.82 0.08 0.6 — — —

—0.84 0.11 1.2 — — —

-0.86 0.17 2.1 47.45 183.25 2.84x107%
—0.88 0.32 3.9 28.23 203.58 4.81x10710
-0.90 0.67 7.6 22.33 170.34 1.54x1071°
-0.92 1.21 14.4 12.30 178.20 3.76x107!!
-0.94 5.74 46.4 4.84 196.06 1.26x107"2
—0.96 9.63 100 2.03 191.48 4.55x1071

3.4. Electrochemical properties

Lanthanum present in the alloy caused the formation of a La-rich LaNi intermetallic compound which
efficiently catalyzed the process of activation of the electrodes. Both as-cast and annealed alloys
approached maximum capacity during the fourth charge-discharge cycles and then showed only a
slight increase in the capacities (Fig. 7). The maximum capacity during the activation of the cast alloy
at a charge-discharge current density of 100 mA/g was 345 mAh/g, while for the annealed alloy it was
higher reaching 370 mAh/g.



Similar studies were performed in [28] where the activation behavior of an ABa-type
(T10.36Zr0.64)(Vo.15Nio.s5sMno.20Cro.07)2 Laves phase alloy was investigated and lanthanum was not
present in the alloy. The alloy contained C14 Laves phase as the main constituent and (Tio.sZro.5)Ni
intermetallic as a secondary phase. Untreated alloy initially had almost zero capacity and reached a
capacity of 220 mAh/g only after 14 cycles. A significant improvement of the activation performance
of the alloy was achieved only after boiling of the alloy powder in a hot KOH solution for 80 min.
After that it was possible to achieve a capacity of 390 mAh/g. In contrast, the alloys containing
lanthanum which were used in [10, 13], reached maximum capacity values already at the very
beginning of the activation without any additional processing. In all cases, the presence of a secondary
La-Ni phase was noted. From that we conclude that presence of La in the composition of the alloy is
essential to reach its efficient activation performance.

It should be noted that in addition to the larger discharge capacity, the annealed alloy had a flatter and
longer plateau of discharge potentials which is located between —0.85 and —0.9 V (Fig. 8).
Furthermore, the plateau of potential for the annealed alloy moves to the slightly less negative values
(middle of the plateau is located at -0.88 V) as compared to as-cast alloy (middle of the plateau at -
0.90 V) which can be translated to a lower pressure of desorption of hydrogen from the metal hydride
formed by the annealed alloy. Furthermore, the annealed alloy shows a better high rate dischargeability
and a higher cyclic stability as compared to the as-cast alloy. The discharge capacity reaches 65 %
(246 mAh/g) at a discharge current density of 1000 mA/g (Fig. 9, a, b). After 100 cycles with 100 %
DOD at discharge current density of 300 mA/g (1C), the discharge capacity for the annealed alloy
equaled to 90% of the initial capacity which is 10 % higher as compared to the cast alloy (Fig. 10).
Improved performance of the annealed alloy appears to be related to its more homogeneous
composition resulting from the annealing process.

The improvement of HRD performance after the annealing well correlates with increased hydrogen
diffusion coefficient in the annealed alloy as compared to that of the as-cast alloy. Such improvements
can be related to the changes in the structure as the annealed alloy contains only C15 alloy and this
phase is known to be superior for the high-power batteries and is superior to the hexagonal C14 alloy
which transforms into a homogeneous C15 type alloy after the annealing. Furthermore, the
microstructure of the alloy changes after the annealing treatment. As can be seen from the micrographs
(Fig.3), after the annealing LaNi phase becomes uniformly and finely dispersed in the alloy matrix and
shows presence of very small particles. The amount of LaNi visibly decreases based on the area
occupied by LaNi in the SEM image but also decreases, even though less significantly, based on the
analysis of the XRD data. This could be associated with the fact that La from LaNi can raffinate the
alloy from the metallurgical oxygen thus purifying the grain boundaries by removing the Ti/Zr-
containing oxides because of the formation of the clusters of La2Os3. Because of that the activity of
these alloys in the hydrogenation process becomes higher. Finally, the reason for such a change could
be in partial solubility of La in AB2 matrix phase, probably at a trace level, leading to a decrease of
LaNi content in the alloy.
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Fig. 7. Activation performance of the as-cast and annealed Tio.15Zro.85L.20.03N11.2Mno.7Vo.12Feo.12 alloy
electrodes.
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Fig. 10 Cyclic stability of the as-cast and annealed Tio.15Zro.s5Lao.03Ni12Mno.7Vo.12Feo.12 alloy
electrodes.

The annealing treatment leads to the homogenization of the alloy composition and formation of a pure
C15 Laves phase intermetallic. This results in a higher reversible H storage capacity of the alloy. In



addition, LaNi phase (which acts as a catalyst of hydrogen absorption) becomes finely and uniformly
dispersed in the alloy. This results in an increased hydrogen diffusion coefficient and improved high
rate dischargeability of the annealed alloy. An improvement in the electrochemical characteristics after
the annealing was observed by us earlier when studying AB3 and A2B7 type alloys, and the values of
specific capacitance, HRD, and cyclic stability obtained in this study are quite comparable with the
data for the La-Mg-Ni alloys [39-44]. Further studies of the effect of the rare earth metals on the
improved electrochemical performance of the Zr-based Laves type alloys are required to better
understand the mechanism governing catalytic interaction between the main phase and the rare earth
containing secondary phases, to systematically extend observations available for the multiphase Zr-
based alloys doped by La, Ce, Pr or Nd [45] or Zr-based C15 type Laves phase alloys doped by 3 wt.%
La [46].

3.5. Electrochemical Impedance Spectroscopy (EIS) characterization

Electrochemical impedance spectroscopy (EIS) was applied to characterize the kinetics of surface
electrochemical reactions occurring in the studied electrode [47]. This technique is very sensitive and
is very useful; however, it meets the challenges in the evaluation of the data due to a multiparameter
dependence of the results from the various processes taking place in the studied samples. The objective
of the current study was in evaluating how State of Charge and homogeneity of the samples affects
their impedance/resistivity and rates of hydrogen diffusion in the electrode.

The most commonly used to model the Nyquist impedance dependencies contain a hemicycle and a
straight-line part which can be modeled by a Randles equivalent circuit consisting of a charge transfer
resistance (Rct) connected in series with a Warburg impedance (Zw) and in parallel with a double-layer
capacitance (Ca) (Fig. 11a). It appears that the original Randles circuit is not suitable to fit the
experimentally measured in present work Nyquist plot because of a more complex shape of the latter
plot indicating that several processes are contributing to the collected data. To fit a more complex
experimentally measured data than described by a classical Nyquist plot (Fig. 11b), Randles
equivalent circuit has been modified by including a Constant Phase Element (CPE), which is
connected in parallel while the individual Warburg impedance is in a series connection. Capacitance
was replaced by CPE to describe the depressed hemicycle shape of the Nyquist plot which can
originate from the surface inhomogeneity of the electrodes. A CPE is introduced because the
semicircles in the Nyquist plots are depressed due to heterogeneity of the surface / surface roughness,
or other effects that cause uneven current distributions at the electrode surface [48]. By replacing the
capacitance C with CPE in the equivalent circuit, a much better fit of the EIS was achieved.
Furthermore, in the present study, an additional parallel circuit element consisting of R and CPE in
series was added to achieve a more accurate modelling of the studied electrode.

The circuit element capacitance, C, has an impedance of:
1
Zec =700 (3)
while the impedance for CPE is:
1
Zepp = ———
CPE ™ Yo(jwyn

(4)

where, Y; is the admittance of an ideal capacitance and » is an empirical constant, ranging from 0 to 1.
We note that when n = 1, the CPE behaves as a pure capacitor C = Yo, while when n = 0, the CPE
behaves a pure resistor R = Yo'!. Furthermore, when n = 0.5, the CPE is an equivalent of the Warburg
element.
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Fig. 11. Original (a) and modified (b) of Nyquist plots containing charge transfer resistance and
Warburg element (W).

To fit the Nyquist impedance, the observed impedance dependence was assumed to consist of two
individual hemicycles as shown in Fig. 12. These two hemicycles are related to the selected circuits as
depicted in the lower part of Fig. 12. The first arc in the higher frequency range represents the
electrolyte resistance shown by intersection of the smallest arc with the real axis of impedance (Zrear),
and the contact resistance and capacitance between the current collector and the alloy particles
(Reontact), while the second arc is related to the charge transfer resistance (Rct) and the capacitance of
the electrode surface containing the Warburg element (W).
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Fig. 12 Equivalent circuit well describing the Nyquist impedance plot.

Following the circuits model described above, the EIS experimental data for each studied sample was
fitted and deconvoluted to determine the values of individual circuit components. The deconvolution
has been done by setting two initial semicircles and a linear part to represent the assumed circuit
model. Typical deconvolution procedure results in obtaining EIS parameters for the individual
deconvoluted parts which overlap with each other resulting in the overall EIS shown in Fig. 13.

From the fitting process on the EC-Lab, 8 different parameters describing the properties of the studied
system were obtained, including Relectrolyte, Rcontact, CPEcontact, ni, Rcharge transfer, CP Echarge transfer, 112, and o.
The fitting values of these parameters for as-cast and annealed alloys are shown in Table 4, while the
plots presenting experimental data and modeling results as related to the SOC of the anodes are given
in Supplementary Information, Fig. S1 (for as cast alloy) and Fig. S2 (annealed alloy). Excellent fit of



the experimental data has been achieved by using such modeling. Quality of the fit can be evaluated by
calculating the Goodness of fit (y?) values and Coefficient of determination (R?).
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Fig. 13. Deconvolution of Nyquist impedance plot for 0% SOC of as cast alloy achieved by using a
superposition of equivalent circuits, where Ri = Relectrolyte, R2 = Rcontact, R3 = Ret, and W = Warburg
element. As the value of R2 is rather close to 1, this shows that the proposed fit well described the
data.

When comparing the data of numerical fitting, we can easily conclude that fitting of two hemispherical
parts shows their very different properties. By applying annealing of the alloy, almost all parameters
including electrolyte resistance, contact resistance, and Warburg element decreased, showing that the
annealing generally reduces the total resistance. Furthermore, the hydrogen transport in the annealed
alloy is faster than in the as-cast alloy. In addition, the fitted value of CPE for contact and charge
transfer impedance and the empirical constant for CPE for the as-cast alloy are larger than for the
annealed alloy. The reason for that is in a fact that the annealing improves the homogeneity of the
alloy and enlarges the surface area of the alloy. We note that increasing of Rt for some SOC due to the
annealing process gives a smaller effect on hydrogen diffusion as compared to the decreasing of the
value of the Warburg element. Annealing caused the decrease of the Warburg element which appears
to be very sensitive to the increase of the diffusion coefficient. This happens because H diffusion
coefficient is proportional to an inverse square of Warburg element, as it follows from a simplified
equation of Fick’s diffusion in a metal hydride.

The following equation has been utilized to determine the diffusion coefficient Du [49]:

R?T?
Dy = 242n4F4C2g2 ()
where Du — diffusion coefficient of hydrogen; R — ideal gas constant; T — absolute temperature; A —
electroactive surface area per unit volume of electrode; n — number of electrons transferred; C —

concentration of hydrogen ions; ¢ — Warburg impedance coefficient.

The electroactive surface area, A, was estimated assuming that the spherical alloy particles in the
studied electrode all have the same size and their entire surface is exposed to the electrolyte, being
described by the following expression [50]:
__3(1-¢)

- r

A (6)

where € = electrode porosity, assumed to be 0.3 [51]; r = radius of spherical particle (active alloy), an
average value was chosen as 25 um (as mentioned in the experimental part).



Table 4

Fitted parameters of EIS spectra for the as-cast and annealed Tio.15Zro.s5Lao.03Ni1.2Mno.7Vo.12Feo.12 alloy

0% SOC 30% SOC 70% SOC 100% SOC
Parameters

As-cast Annealed  As-cast Annealed  As-cast Annealed  As-cast Annealed
Retectrotyte, Ohm 0.1247 0.08927  0.1350 0.07515  0.1360 0.06093  0.1574 0.07609
Reontact, Ohm 2.1670 1.306 1.8570 1.812 2.133 1.128 2.3660 1.964
CPEcontact, F.s*" 0.5213 0.6748 0.3652 0.3129 0.2648 0.456 0.2880 0.3152
ni 0.7592 0.905 0.9039 0.8893 0.7858 0.9918 0.7864 0.7532
R, Ohm 1.9990 2.219 3.054 2.686 2.751 2.987 2.730 2.331
CPE, F.s*! 0.05219  0.05697  0.03525 0.04039 0.03679 0.04328 0.03559 0.04313
n 0.6459 0.6569 0.6750 0.6741 0.662 0.6647 0.6781 0.6662
6, Ohm.s."? 0.2366 0.2040 0.02547  0.02199  0.02727  0.0250 0.02802  0.02700
Goodness of fit, x** 0.05429  0.1855 0.07281  0.1159 0.09871  0.3070 0.04163  0.1610
Dy, cm>s™! 3.59¢? 4.82¢?  3.09¢"  4.15¢1°  2.70e°  321e" 2560 2.75¢71°

n -
* 2 _ Z |Zmeas (l) = Zimodel (fw param)|2
X = Z
i=1

i
where,
Zmeas (1) = measured impedance at f; frequency
Zmodel (fi, param) = calculated impedance, based on a selected model
fi = frequency
param = model parameters (R1, R2, C1, Q1)
i = standard deviation

From the fitting results, it is easy to conclude that annealing increases the rate of hydrogen diffusion as
compared to the as-cast alloy. In line with these observations, the fitting of the EIS data showed
differences appearing between the as cast and annealed samples. In particular, it could be noted that
the annealed alloy shows a smaller Nyquist impedance resistance as compared to the as cast one. This
could be related to the increased homogeneity of the annealed alloy which contains 99.4 wt.% of the
C15 phase. For the as cast alloy content of C15 phase was smaller, 94.5 wt.%.

As expected, impedance spectrum is strongly dependent upon state of charge of the electrodes. The
refined values of the hydrogen diffusion coefficient are significantly lower for the samples of the
initial intermetallic alloy with 0% SOC, both for the as-cast and the annealed alloy. With further
saturation of the alloy by hydrogen when a transformation from a-solid solution to the B-hydride phase
takes place, the hydrogen diffusion in bulk of the alloy increases sharply and then decreases as extent
of the alloy’s transformation into the hydride progresses from 30 to 100% SOC (Fig. 14).

From the data collected at different SOC, it can be clearly seen that annealed alloy has lower contact
resistances and lower Warburg element values as compared to the as cast alloy. The annealing
improves the homogeneity of the phase structure where C15 is the dominant phase, which results in a
to decreased resistance between the alloys particles and between the alloy and the current collector.
However, a larger total area of the C15 phase contributes to the larger CPEc values and makes the
charge transfer process becoming more difficult to accomplish, therefore the Ret should be higher in
the annealed alloy in comparison with that for the as cast alloy.
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Fig. 14. Hydrogen diffusion coefficient for the as-cast and annealed alloys as related to SOC of the
electrodes. The blue bars in the Fig. 14 show the smallest values of hydrogen diffusion coefficient
observed at 0% SOC.

When comparing the data of the PITT and EIS experiments, we should stress that investigating the
hydrogen diffusion using PITT measurements neglects the interfacial resistance and assumes that the
system is diffusion-controlled. This can result in smaller Du values than these values when using the
EIS technique [52]. The diffusion coefficient derived from PITT measurements is calculated based on
Cottrell equation, which is directly related to the time and concentration of the species undergoing a
transient diffusion. The Ohmic potential drops, interfacial kinetics, double-layer charging and phase
transitions in the bulk of host materials are neglected in this approach. This is very much different
from the EIS techniques, where the diffusion process is assessed for a steady state diffusion mode.
Furthermore, in the real conditions, the diffusion is the rate limiting step of the mass transport being
independent of time. In the Cottrell domain, there are two diffusion control paths, a semi-infinite
diffusion in a short-time domain and the finite-space diffusion in a long-time domain [53]. The semi-
infinite diffusion in the short-time domain was considered during evaluation of the EIS data to obtain
the diffusion coefficient of hydrogen, which is thus very much dependent of the time-dependent
changes of hydrogen concentration during the short-time diffusion.

To conclude, none of the above methods (PITT and EIS) gives an unambiguous absolute value of the
diffusion coefficient of hydrogen and can be used for a rough estimation of the Dun only. Nevertheless,
the data obtained by using these two methods well correlate with each other, and the obtained values of
Dn are mutually consistent and well agree with the reference data.



4. Conclusions

The ABa-type Tio.15Zro.85Lao.03Ni1.2Mno.7Vo.12Feo.12 alloy was prepared by arc melting and annealing.
Rietveld refinements of the XRD data show that the as-cast alloy contains three Laves phases: FCC
C15-T1 (61.1 wt.%) and CI15—1II (25.7 wt.%) intermetallics as the main component, and C14 (12.1
wt.%) type hexagonal alloy as a secondary phase, together with trace amounts (appr. 1 wt.%) of
orthorhombic LaNi intermetallic which was however clearly identified in the XRD and SEM data. The
homogenization by annealing at 950 °C results in a disappearance of the secondary C14 phase (while
the amount of LaNi slightly decreases).

At room temperature, the annealed alloy has a low, close to 1 bar H2 (AHdes = 34+1 (kJ/mol); ASdes =
115+5 (J/K-mol); critical temperature 393 K), plateau of hydrogen absorption-desorption and shows a
very small hysteresis, flat equilibrium plateaux and H storage capacity of 1.54 wt.% H.

Both as-cast and annealed alloys reach maximum H storage capacity already in the fourth activation
cycle. The maximum capacity is higher for the annealed alloy reaching 370 mAh/g (345 mAh/g for the
as cast material). The annealed alloy shows higher values of HRD capacity and a better cyclic stability
as compared to the as-cast alloy. After 100 cycles with 100% DOD at discharge current density of 300
mA/g (1C), the discharge capacity for annealed alloy amounted 90% of the initial capacity.

The phase-structural composition affects the EIS behavior and the alloy with the highest content of
CI15 Laves phase present in the annealed alloy shows the fastest hydrogen diffusion. SOC of the
electrode has a direct influence on the rates of hydrogen diffusion which reaches maximum values for
the electrodes with smallest SOC of 2 %.

The electrochemical behavior of the alloy is significantly affected by the secondary LaNi phase which
acts as a catalyst of hydrogen sorption-desorption processes, both during the alloy-H> gas interactions
and during the electrochemical tests in aqueous electrolyte.
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and inverse temperature based on the PCT diagrams measured at 293, 323 and 353 K.
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fitting analysis derived from graph plotted in 1/It"? vs. 1/t coordinates for E = —0.92 V
(c); The dependence of the effective hydrogen diffusion coefficient on the state of charge
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Activation performance of the as-cast and annealed Tio.15Zro.85La0.03Ni1.2Mno.7Vo.12Feo.12
alloy electrodes.
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Fig. 14.

Deconvolution of Nyquist impedance plot for 0% SOC of as cast alloy achieved by using a
superposition of equivalent circuits, where Ri = Relectrolyte, R2 = Rcontact, R3 = Ret, and W =
Warburg element.

Hydrogen diffusion coefficient for as-cast and annealed alloys as related to SOC of the

electrodes. The blue bars in the Fig. 14 show the smallest values of hydrogen diffusion
observed at 0% SOC.



