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ARTICLE INFO ABSTRACT

Article history:

The structural composition and electrochemical capacity of four AB, Laves-type intermetallic alloys with
various Ti/Zr ratios (TixZr-xLag 03Ni;2Mng 7Vg12Feg 12, X = 0.12, 0.15, 0.18, and 0.22) were investigated in this
study. The alloys were characterized by X-ray diffraction, scanning electron microscopy and energy dis-
persive spectroscopy. These data revealed the coexistence of the main phase of the C15-type FCC Laves-type
AB, compounds with a secondary La-Ni intermetallic that was present in minor amounts. Increasing the Ti
substitution for Zr caused the gradual shrinkage of the unit cells of the C15 phase. The neutron powder
diffraction studies demonstrated that in the trihydride (Ti Zr, V)(Ni, Mn, Fe, V),D3,, D atoms filled A;B,
tetrahedra, whereas V atoms occupied not only conventional 16d sites but also partially replaced Zr/Ti at 8a
sites. All studied alloys showed similar activation behaviors, wherein four cycles were required to realize
the highest electrochemical capacity of the anodes. The Ti12/Zr88 alloy demonstrated excellent full dis-
charge capacity that reached 466 mAh/g. The Ti22/Zr78 alloy electrode exhibited good cycling stability
(retention rate of ~71%) after 500 cycles and a superior high-rate discharge capability (retention rate of
~71%) at a discharge current density of 400 mA/g. The cycling of the Ti22/Zr78 alloy electrode was studied
by electrochemical impedance spectroscopy (EIS) to understand the reasons for the deterioration of cycling
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capacity, which was related with the pulverization of the alloys and increase in irreversible capacity.
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1. Introduction

The Ni/MH (nickel hydride) batteries have for a long time been
the most extensively used energy/power sources for hybrid electrical
vehicles [1,2]. The AB, Laves-phase alloys are potential negative
electrode materials for the rechargeable nickel hydride batteries
[3,4]. However, AB, MH alloys have inferior activation performance,
exhibit low rate capabilities and insufficient cycle durability [5]. In
general, the AB, Laves-phase alloys that are used as anodes for Ni/
MH batteries are multielement (Zr and Ti as A atoms and Cr, Ni, Mn,
and V as B atoms), multiphase (Laves phases and other phase con-
stituents), and disordered materials [6-8].

The effects of Ti substitution for Zr on the structure and perfor-
mances of Zr-based AB,-type alloys were strongly dependent on the
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used alloy system. Our earlier studies showed that battery anode (Zr,
Ti)(Ni, Mn, V), alloys contained three types of intermetallic phases,
including C14, C15 Laves-type compounds, and BCC solid-solution
phases [4,9,10]. Despite of the high mutual solubility of Ti and Zr,
only trace amounts of Ti could substitute for Zr in AB,-type Y-Zr-Fe
alloys [11]. The increasing Ti concentration at the A site resulted in
decreasing lattice parameters of the C15 phase and increasing pla-
teau pressures. Du et al. [12] reported a decreasing lattice para-
meters of C15 and C14 phases in Zr_,Tix(Nig gMng 3V 1Cro.o5)2 alloys
caused by an increment in Ti concentration. In alloys, Ti substitution
for Zr improves activation and high-rate discharge ability (HRD).
However, cycling stability and HRD deteriorate at high Ti contents
(x > 0.3). Huot et al. [ 13] reported that with the increasing discharge
current, the alloys with C15-type structure demonstrated a large
decrease in discharging capacity, whereas the alloys only containing
the C14 phase did not significantly alter the discharge capacity. Shu
et al. [14] found that in the Zr,_4Ti(NiMnVCr),; alloys, the Ti sub-
stitution for Zr showed no obvious impact on the microstructure and
activation performance but increased the discharging capacity.
Given the excellent corrosion resistance of Ti, Ti additives improve
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charging/discharging cycle life and reduce the average capacity at-
tenuation rate. Sun et al. [ 15,16] observed that the increasing amount
of Ti additive resulted in the increasing abundance of the C14 Laves
phases but lowering the content of C15 Laves phases and non-Laves
phases. The discharging capacities of electrodes were closely de-
pendent on the amount of the constituent Laves phase compounds.

The formation of Laves-phase structures is well known to be
related to the average values of electron density and atomic radii.
Many investigations have mostly concentrated on optimizing the
C14/C15 phase abundance ratio and on introducing a secondary
phase to enhance the electrochemical performances of AB, alloys
[7,17,18]. Compared with C14-type alloys, the C15 structure offered a
better HRD performance because of its enhanced hydrogen bulk
diffusion rates, improved specific power, and a better performance at
low temperature with the disadvantage of an inferior cycle life [18].
Moreover, Zr-Ni and Ti-Ni phases play important roles in improving
battery performances, including activation, HRD, and cycle
life [19-21].

Annealing [22-24] was known to change the abundances of Laves
phases and non-Laves-type minor phases in AB, alloys without
varying the total compositions [18]. With the aim of determining the
effects of constituent phases on the performance of the AB, alloys,
we prepared homogeneous alloys through the annealing while
adding small amounts of La to the composition of the alloys to im-
prove their activation. Furthermore, many works have been per-
formed on the multielement alloys with various additives, including
Cr [25], V [26], Li [27], and O [28], introduced into the AB, alloys.
Hence, we believe that the introduction of multi-elemental additives
can improve the performance of the developed alloys.

Although earlier performed studies showed interesting results,
we expect to further improve the electrochemical performances by
optimizing the Ti/Zr ratios. Considering that the atomic weight of Zr
is considerably higher than that of Ti, the discharging capacity of the
alloys was expected to be improved through the substitution of Zr by
Ti. Moreover, the Zr substitution by Ti led to a decreasing stability of
the alloy’s hydride [16]. This increased the dynamics of hydrogen
desorption from the formed hydrides. Meanwhile, a significantly
smaller atomic radius of Ti than Zr resulted in the contracted unit
cell volumes of the hydrogen storage phases. The hydrogen-storing
and electrochemical capacity of AB, alloys were closely dependent
on the abovementioned parameters, thus the improvements upon
the Ti doping was expected to be achieved.

In the current work, the impact of Ti/Zr ratios in the annealed Zr-
based C15-type AB, alloys was systematically studied to uncover a
relationship between the phase- structural and chemical composi-
tions and the electrochemical performances.

2. Experimental
2.1. Synthesis and annealing of the alloys

Four alloys with various Ti/Zr ratios
(TiXZr1_XLa0_03Ni1_2Mn0_7V0.12Fe0A12, x = 0.12, 0.15, 0.18, and 022) de-
signated as Til12/Zr88, Ti15/Zr85, Ti18/Zr82, and Ti22/Zr78 were
synthesized by means of arc melting with enough constituent ele-
ments (the purity of each individual element was better than 99.7%).
Considering that Mn is consumed at high temperatures because of
evaporation, an excess of 4% Mn was charged into the initial mix-
tures. The arc melting was conducted by using a water-cooled
copper hearth in an atmosphere of high-purity Ar (99.998%). The
samples with weights of 10 g were melted several times to guar-
antee the homogeneity and uniformity of the alloys. The prepared
alloy ingots were placed in an atmosphere of Ar into the sealed
stainless steel tubes, followed by transferring into a furnace. The
annealing of the as-cast alloys was carried out at 950 °C for 10 h,
followed by quenching into cold water.
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2.2. Structural and microstructural characterization of the annealed
alloys

The X-ray diffractometery (XRD, Philips X'Pert Pro) was em-
ployed to determine the phase-structural compositions of the pre-
pared samples. The XRD data were collected in the 26 range of
20-80° with a step of 0.01° and a CuK, as the radiation source
(» = 1.5406 A). The XRD data were treated via the whole powder
pattern fitting and Rietveld refinement approach by the General
Structure Analysis System software [29]. The scanning electron mi-
croscopy (SEM) was performed by using a JEOL-JSM6320F equipped
with energy dispersive spectroscopy (EDS) to measure the compo-
sitions and phase distribution.

The neutron powder diffraction (NPD) measurements were
conducted at SINQ Neutron Source with an HRPT diffractometer at
the Paul Scherrer Institute, Switzerland [30] operating in a high-
intensity mode (A = 1.494 A; 20 range of 3.8°-164.75° with 0.05°/
step). The deuteride was prepared from the Ti15/Zr85 alloy in an
atmosphere of gaseous D, in a stainless-steel holder (with the wall
thickness of 0.2 mm and inner diameter of 6 mm) connected to a
Sievert-type apparatus and employed as an in-situ NPD sample
container. The Rietveld refinement of neutron diffraction data was
conducted using a GSAS software [29].

2.3. Electrochemical measurements

The MH electrodes for the half-cell measurements were prepared
for the electrochemical characterization. Our earlier article could be
consulted for the details of the electrode preparation process [31].
The electrochemical performance was measured in a 3-electrode
system (9 N KOH solution electrolyte) at ambient conditions. The
system was composed of a working electrode (MH), a sintered
counter electrode (NiOOH/Ni(OH);), and a reference electrode (Hg/
HgO). The full activation of each electrode was carried out at a rate of
0.3 C by performing 10 charging-discharging runs. The HRD and
cycling stability were assessed, and the cut-off potential of dis-
charging was set at -0.74 V vs. the Hg/HgO electrode.

The electrochemical properties were measured with a VSP-
BioLogic Electrochemical Workstation at ambient temperature. The
electrochemical impedance spectroscopy (EIS) tests were carried out
in the frequency range of 100 kHz to 1 mHz with an amplitude of
5 mV vs. the open circuit potential at 50% depth-of-discharge (DOD)
state. The linear polarization profiles were collected in a narrow
overpotential range of+5 mV. The potentiostatic discharge was
performed at a constant anodic potential of E = -0.6 V (vs. Hg/HgO)
for 3600 s at 100% state of charge. Note that these electrodes were
already subjected to 10 activation cycles before the tests.

3. Results and discussion
3.1. XRD analysis and microstructural characterization

The studied alloys contain a cubic C15 Laves phase with a MgCu,-
type structure as the only phase constituent. The Rietveld refine-
ment plots of the XRD data of the TixZr;-xLag03Nii2Mng7Vo12Feo 12
(x=0.12-0.22) are shown in Fig. 1(a-d). The unit cell parameters and
phase abundances of the alloys were provided in Table 1. The cal-
culated profiles of the studied alloys fit the experimental pattern
very well. The goodness-of-fit values are low and fall in the range of
1.6-3.1. The above data demonstrate that the proposed model is
reliable and accurate.

The data indicate that a homogeneous single-phase C15-type
intermetallic can be obtained by optimizing the multielement
composition. Notably, all studied alloys were subjected to 10h of
annealing at 950°C. Hence, the annealing treatment and
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Fig. 1. Rietveld refinements of the XRD data for the annealed alloys. The vertical bars
indicate the peak positions of the constituent C15 intermetallic phase.

optimization of the composition are necessary for producing
homogeneous single C15 intermetallic alloys.

The lattice cell parameters of the C15 phases show a contraction
following an increase in the Ti content of the studied alloys because
smaller Ti atoms (r = 1.462 A) substituted larger Zr (r = 1.602 A) atoms
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Table 1
Rietveld refinements results of the crystallographic parameters of the annealed alloys.

Alloys Phase Space group Unit cell parameters

a, A v, A3
Ti12/Zr88 C15 Fd3m 7.0599(1) 351.88(2)
Ti15/Zr85 C15 Fd3m 7.0384(1) 348.67(2)
Ti18/Zr82 C15 Fd3m 7.0227(1) 346.35(1)
Ti22/Zr78 C15 Fd3m 7.0119(1) 344.75(2)

in the structure. Both the unit cell parameter a and the volume V of
the unit cells of the annealed alloys linearly decrease following an
increase of Ti content in the intermetallics (Fig. S1, A and B, in the
Supplementary Information file). This decrease follows a Vegard’s
law of proportionality vs content of Ti.

The microstructures of these alloys were characterized by SEM
(Fig. 2). The chemical compositions at different locations in the same
alloy, which are differentiated by the contrast levels in the images,
were investigated through EDS, and the average concentrations of
elements are summarized in Table 2. Additional details are listed in
the Table S1 of the Supplementary Information file. All alloys are
composed of a main AB, matrix (B) and a La-Ni phase with a bright
contrast (A). In agreement with our earlier study, our present work
confirmed that the addition of La leads to the formation of the La-Ni
phase [10,32]. Detecting the presence of the La-Ni phase by using
conventional XRD was impossible because the used amount of La
was small (~1 at%).

As it can be seen in Table S2, a very good agreement between the
aimed and obtained composition measured by EDS analysis has been
achieved. As excellent agreement between these two sets of data is
obvious for the Ti15/Zr85 alloy, deuteride of which has been studied
by neutron powder diffraction.

XRD characterization was performed on the alloy electrodes after
a long charge-discharge cycling to study the structural changes that
have occurred during the testing. The refinements data are shown in
Table S3. Only the C15 phase exists in the alloys that were cycled for
30 and 500 cycles. No hydride phases are found in the cycled alloys.
This result indicates that the residual H, which can be potentially
present in the cycled alloy, is not the reason for the cycling dete-
rioration. The components of the main phase in the electrodes have
not undergone oxidation or hydroxide formation even after 500
cycles. This result suggests that the formation of oxides or hydro-
xides does not account for the cycle degradation of the studied
alloys.

Comparing the lattice constants of the annealed alloys reveals
that the cycled alloys show only very small variations during the
cycling. As shown in Table S3, in all studied alloys, the values of the
unit cell parameters of the C15 phase remain almost unchanged
(maximum difference 0.05%) during 500 charge-discharge cycles.
This situation indicates that all the studied alloys show a good ability
to retain the lattice stability during a long cycling in a KOH solution,
when undergoing formation and decomposition of the corre-
sponding hydrides.

3.2. NPD studies on the alloy deuteride

The activation of the initial Ti15/Zr85 alloy was conducted in
vacuum at 573 K. After that the alloys was charged for 24 h with D,
gas (99.8% purity) at ambient temperature and at D, pressure of
5 bar. Rapid deuteration was completed within 1 h. No addition cy-
cling was conducted, and the sample was used in the initial charged
state for the NPD investigation. On the basis of the variation in the
monitoring the pressure variations in the studied system, the con-
centration of deuterium in the synthesized deuteride was evaluated
to be 3.2 at. D/f.u. AB,.
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Fig. 2. SEM images of the annealed alloys, Ti12/Zr88 (a), Ti15/Zr85 (b), Ti18/Zr82 (c),
and Ti22/Zr78 (d).

The neutron diffraction profiles for the Ti15/Zr85 alloy deuteride
obtained through experimental measurements at 300K and calcu-
lated profiles are shown in Fig. 3. The experimental diffraction
profiles are assigned to the cubic C15-type hydride structure (space
group Fd3m) with the 8a site filled by the Ti, Zr, and V atoms and the
16d site occupied by the Ni, Mn, Fe, and V atoms in the deuteride.

Journal of Alloys and Compounds 889 (2021) 161655

The 8a and 16d sites are occupied by the V atoms in the alloy deu-
teride (Table 3). As described in our earlier publication [32], vana-
dium can be partially located at the A site due to the chemical
similarity of Ti and V as reflected by the formation of the iso-
structural dihydrides (Ti,V)H, with unlimited solubility between Ti
and V.

The positions and occupancies of the D atoms were determined
from the refinements performed for the AB,Ds, deuteride of the
Ti15/Zr85 alloy. The D atoms in the C15-type hydride AB,Hx(D)x are
capable of occupying 3 types of interstitial sites: 96g (A,B,), 32e
(ABs), and 8b (B4). In the initial refinements, all these three types of
sites were considered. However, only the 96g sites were verified to
be occupied by D atoms, with refined D content of 3.2 atoms per
formula unit AB,Dy, while 32e and 8b sites remained vacant in the
structure. This value is in excellent agreement with the synthesis
data. Indeed, within an experimental error limit, the refined value of
x is in agreement with that for the AB,Ds3, deuteride determined
from the deuterium absorption measurements.

In the crystal structure of the AB,D3, deuteride the A,B, tetra-
hedra are partially occupied by D atoms. Observed at 300 K unique
occupancy of the 96g sites (x, x, z) by D atoms is in a good agreement
with the usual trend reported for the Laves type Zr-based AB, hy-
drides, wherein the g sites are the only occupied by H(D) atoms sites
at medium hydrogen contents close to 3 at.H | f.u. AB, [32,33].

Table 3 presents crystallographic data of the AB,D, 9 3, deuter-
ides. The crystallographic data for the AB,D,g deuteride (atomic
ratio Ti/Zr=0.2/0.8) [32] are also listed in Table 3 for comparison.
The x and z positional parameters of the D atoms in the 96g sites are
similar to those for both deuterides [present study and reference 32].
The structural data for the AB,D3; deuteride at 300 K shows that the
closest distances between the D atoms positions are rg; = 1.193 (4) A
and rg; = 1.305 (7) A with a very small difference from the values for
AB3D; g (rg1 =1.174 [2] and rg; = 1.314 [3] A). These sites, however, are
never simultaneously occupied because of the blocking of the filling
of the neighboring sites with H-H distances that are shorter than
1.8-2.0 A. The hexagons can be identified in the sub-lattice of the g
sites in the Laves phases with cubic structure [34], and in these
hexagons the first-nearest sites are located at a distance of g, while
Iy, features the second-nearest distances in the hexagon. The dis-
tances between the occupied by D atoms positions and surrounding
metal atoms are 2.015 (4) and 2.030 (4) A for 8a sites (metal atoms)
and 1.740 (2) A for the 16d sites (metal atoms) in p-Ti/Zr/V and p-Ni/
Mn/Fe/V (as compared with 1.997 and 2.013 A for 8a site and 1.739 A
for 16d sites, respectively, in the reference publication).

3.3. Electrochemical performance and EIS studies

The experimental data of SEM and XRD studies indicate that all
the studied alloys have identical phase-structural compositions, a
C15-type Laves phase (main phase), and a La-Ni intermetallic (minor
phase). The activation of the studied alloys is not affected by the
different ratios of Ti and Zr (the activation process is supposed to be
completed when the discharge capacity reaches 98% of the max-
imum capacity) given that all studied alloys show excellent perfor-
mance and finish activation within the first 4 cycles as a result of the
catalyzing effect of the La-Ni intermetallic on the electrochemical
charging.

Fig. 4a shows that in the studied alloys, the changes in Ti content
significantly affect electrochemical storage capacity. During the first
10 runs, the discharge capacities of the studied alloys exhibit max-
imum values within a range of 335-385mAh/g at a charge--
discharge (C/D) current density of 100 mA/g. After the activation
cycling, the discharging capacity of the Ti12/Zr88 alloy reaches
376 mAh/g, whereas that of the Ti15/Zr85 alloy rises to 385 mAh/g,
which is the maximum discharging capacity among the studied
alloys.
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Table 2
Summary of the EDS characterization data. Elemental content is in atomic %.
Alloys Loca-tion Ti Zr Ni Mn \Y Fe La Phases
Ti12/Zr88 A 0 0 49(3) 0 0 0 51(2) LaNi
B 43(0) 272(2) 40.2(8) 21.5(1) 3.3(2) 3.5(1) 0 AB,
Ti15/Zr85 A 0 0 49(1) 0 0 0 51(1) LaNi
B 5.2(6) 28.0(1) 38.3(7) 21.4(8) 3.5(3) 3.6(7) 0 AB,
Ti18/Zr82 A 0 0 50.2(6) 0 0 0 49.8(6) LaNi
B 6.2(9) 25.0(1) 40.0(2) 20.7(2) 4(1) 41(3) 0 AB,
Ti22/Zr78 A 0 0 50(1) 0 0 0 50(1) LaNi
B 7.0(5) 25.0(1) 39.0(3) 20.3(3) 4(1) 47(6) 0 AB,
1.5
Ti15/Zr85 alloy Deuteride R =3.4%; R =4.7%; 7°=6.9 cycles, the Ti22/Zr78 alloy shows a reversible capacity of approxi-
R — D mately ~200 mAh/g, which is approximately 71% of its initial dis-
calculated charge capacity. The Ti22/Zr78 alloy electrode shows a superior
—— difference cycling stability. We propose that the reason for the high cycle life of
104 | Bragg position o the Ti22/Zr78 alloy electrode is a superior corrosion resistance of
e titanium [14]. The formation of Ti oxide film on the alloy’s surface in
) 3 o f the charging/discharging cycles will furthermore inhibit the dis-
3 l ! ST } solution of the other present metal elements, Mn, Ni, and V.
§ I % Fig. 5 displays that the HRD performance of the annealed alloys
8 0.5+ TT I l T i as related to the applied potential and discharge current density. The
i irT i i ; maximum discharge capacity was obtained at the lowest applied
J\M %qﬁ“ current density rate of 10mA/g, and it well corresponded to the
i Uu - == hydrogen storage capacity of the annealed alloys. As an example, the
0.0 oI rrr e e re e e e 1 AB,D,, full discharge capacity of the Ti15/Zr85 alloy is 456 mAh/g, which is
.04 i \ . M . . .
"“’"""’"“MJ | equivalent to 1.63 wt% H and is attainable for the AB,Hs 14 hydride.
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Fig. 3. Whole profile Rietveld refinements of the neutron powder diffraction pattern
of the Ti15/Zr85 alloy deuteride AB,D3,. The peaks of the stainless-steel sample
container were eliminated from the refinements. Insert: The crystal structure of the
FCC AB,D5, deuteride. A, B, and D represent Ti/Zr/V (8a), Ni/Mn/Fe/V (16d), and D(H)
(96g) atoms, respectively. The spatial framework for B, tetrahedra is also displayed.

With increasing Ti content, the maximum discharge capacities of
the alloys gradually decline. The discharge capacity of the Ti22/Zr78
alloy is low and is close to 335 mAh/g. As presented in Fig. 4b, the
initial discharge capacities of Ti12/Zr88 and Ti15/Zr85 alloys are
considerably higher (~14%) than those of the Ti18/Zr82 and Ti22/
Zr78 alloys containing the higher amounts of Ti. This indicates that
the maximum discharge capacities can be reached by optimizing the
contents of Ti and Zr in the AB, alloys.

The data characterizing the cycling stability at various Ti contents
in the alloys at the C/D current density of 300 mA/g (1 C) are pre-
sented in Fig. 4b. Although the Ti12/Zr88 and Ti15/Zr85 alloys pre-
sent relatively high discharge capacities, they both show a rapid
degradation with the increasing cycling. At the same time, the Ti22/
Zr78 alloy exhibits a relatively slow decline in the discharge capacity
after 500 C/D cycles. The cycling stability of the studied electrodes
continuously enhances with the increase in Ti content. After 500 C/D

Table 3

This value well agrees with the value for the AB,D3, deuteride de-
termined from the neutron diffraction studies and in the absorption
experiments of deuterium gas.

The discharge capacity drops from 380 mAh/g to 250 mAh/g,
following by an increase in discharge current densities from 50 mA/g
to 800 mA/g. Notably, all studied alloys show broad and flat dis-
charge plateaux. A nearly constant voltage can be maintained for the
alloy electrodes during their discharge, demonstrating their good
potential for the use in battery applications.

A diagram comparing the HRD performances of the Ti-sub-
stituted alloys is provided in Fig. 4c. In this diagram, the HRD per-
formance is depicted as a function of discharging current densities,
which spanned a range from 10 mA/g to 800 mA/g. All the alloys
were studied after the completion of 10 activation cycles. All the
curves exhibit a similar shape over the whole applied discharge
current density range. At the lowest current density (10 mAh/g), the
full measured discharge capacities are within the range of
384-466 mAh/g (Table 4). The full discharge capacity first decreases,
which is followed by a slight increase with enhancing the Ti content.
As shown in the Table 4, at a high current density of 400 mAh/g, the
HRD performance of the Ti22/Zr78 alloy electrode is superior and is
followed by that of the Ti18/Zr82, Ti15/Zr85, and Ti12/Zr88 alloy
electrodes.

The discharge capacity is well known to be related both to hy-
drogen-storage properties and to the electrochemical kinetics of

Crystallographic data for the AB,D5, and AB,D, g [32] deuterides from the Rietveld refinements of the neutron powder diffraction data.

Atomic positions Crystal structure parameters

(TiZr,V) (Ni,Mn,Fe,V),Ds , (Ti/Zr=0.15/0.85)

(TiZr,V) (Ni,Mn,Fe,V),D. o (Ti/Zr=0.2/0.8)

a (A) 7.5450(1) 7.5072(1)
Vv (A%) 429.51(2) 423.08(2)
Ti/Zr/V Occupancy 0.144/0.819/0.035(2) 0.213/0.751/0.036(2)
8a:1/8,1/8,1/8 Uiso * 100 (A?) 0.58(5) 0.77(6)
Ni/Mn/Fe/V Occupancy 0.564/0.338/0.058/0.040(4) 0.564/0.338/0.058/0.040(5)
16d: 1/2,1/2,1/2 Uiso x 100 (A2) 117(4) 1.64(5)
D Occupancy 0.267(2) 0.239(1)
96g (X, X, Z) Uiso x 100 (A2) 3.20(1) 3.76(9)
X, Z 0.0639(4), 0.8703(5) 0.0631(4), 0.8716(6)
D content - 3.19(2) at.D/f.u. 2.87(1) at.D/f.u.
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Fig. 4. Activation performance during the first 10 cycles (a), cycling stability (b), and
HRD (c) of the annealed alloys after 10 activation cycles.

hydrogen oxidation. The electrochemical kinetics characteristics of
the alloy electrodes are reflected by the HRD performance. In gen-
eral, the HRD of the electrode alloy correlates with the features of
the bulk material and, also, with the electrothermal surface beha-
viors of the alloys [5,35,36]. Hence, the potentiostatic discharge and
linear polarization tests were conducted on the studied alloy
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Fig. 5. High-rate discharge capacities of the annealed Ti12/Zr88 (a), Ti15/Zr85 (b),
Ti18/Zr82 (c), and Ti22/Zr78 (d) alloys shown as the relationships between the applied
potential and discharge capacity.

electrodes to investigate their kinetics. The details of the measure-
ments have been described in our earlier work [32], and the ob-
tained data are displayed in Table 4 and Fig. 6. As the Ti content in
the studied electrodes increases, the D value decreases and then
increases, whereas Iy exhibits the opposite trend. Therefore, in this
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Table 4
Summary of electrochemical performance data and EIS results (Sy[%] = Cy/Cimax, and
HRDp[%] = Cn/Cmax)-

Alloy Crnax Ssoo (%) HRDysc (%) D(x107"°  Ip(mA/g) Re(Q)
(mAh/g) cm?/s)
Ti12/Zr88 466 164  60.1 8.0 58.9 1.496
Ti15/Zr85 456 186 615 55 69.9 1323
Ti18/Zr82 384 427 677 71 66.6 1121
Ti22/Zr78 392 707 714 14.5 57.0 0.809
1.0
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E —— Ti15/Zr85
S I ——Ti18/2182
. E ~— Ti22/Zr78
Tc) E
< :
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Fig. 6. Semilogarithmic profiles (a) of anodic current vs. time and linear polarization
profiles (b) of the annealed alloy electrodes measured at room temperature with
50% DOD.

work, the enhancement in HRD may originate from the increasing
bulk diffusion coefficient of hydrogen atoms, particularly for the
alloys with high Ti contents. Considering that the studied alloys have
the same La contents and similar phase compositions, the increase in
D must originate from the synergetic effect of the C15 phase and the
La-Ni phase.

The surface reaction features were further investigated by EIS at
ambient temperature. The Cole-Cole plots are shown in Fig. S2, and
the reaction resistances computed from the impedance spectra are
shown in Tables 4 and S4. A variation in the reaction resistance R is
generated by the changing alloy surface reactivity and changing the
surface reaction area [37]. With increasing Ti content, R, decreases
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Table 5
Summary of the EIS results for the cycled Ti22/Zr78 alloy electrode.

Cycles D (x107'%cm?(s) I, (mA/g) R;(Q) Ry (Q) R3(Q) R (Q)
number (N)

10 14.5 57.0 0.046 3.795 0376 0.920
100 16.3 65.3 0.047 3366 0229 0.264
350 14.2 52.7 0.085 3386 1168 1343
500 119 53.0 0.092 3.404 0967 0.725

continuously in agreement with the HRD order for the studied
electrodes. Therefore, the improvement in HRD may also be ascribed
to the improved reactivity of the alloy’s surface due to the Ti sub-
stitution for Zr.

3.4. Electrochemical kinetics and EIS studies of the cycled alloys

We cycled the Ti22/Zr78 alloy electrode during the potentiostatic
discharge experiments and performed linear polarization measure-
ments to investigate the effects of cycling on its electrochemical
kinetics.

As shown in Table 5 and Fig. S3, with the progression of cycling, D
and Iy increase after 100 cycles and then decrease. We reported si-
milar results for Tig,Zrgglag_o.0sNij2Mng7Voi2Fegs2 alloys in our
earlier publication [32]. D and I, reflect the electrochemical re-
activity of an alloy. For a particular electrode material, a high elec-
trochemical capacity should lead to the high values of D and I.
However, D and I, are influenced by the changing size of the reaction
surface area originating from the decrepitation of the alloy’s parti-
cles. Therefore, their values cannot directly reflect the capacity loss
of the cycled electrodes of the pulverized alloy particles, as the
pulverization can improve the diffusion paths for H atoms. In present
study, the electrode that was cycled for 100 times displayed a rela-
tively higher discharge capacity than the electrodes that were cycled
for longer times and obtained a higher reaction area than the elec-
trodes that were cycled 10 times; thus, its D and I, can reach the
higher values with cycling. Although the reaction area continuously
increases with the increasing number of cycles, a relatively sig-
nificant capacity loss causes eventual reduction of the D and I
values.

The EIS Cole-Cole plots are shown in Fig. 7, and the resistances
obtained from the impedance spectra are displayed in Table 5. The
equivalent circuit used for the fitting consists of 4 parts: two re-
sistive components (R, and R), electrolyte resistance (R1), and a
Warburg term (W).

5.0
—=— 10cyc
4.5 e 100cyc
4.0 —4a— 350cyc
v— 500cyc
35
20 Equivalent circuit

-Im(Z) (Ohm)

5 ¥ S, & FAE S ARS EREEET ERAAE EEEES EALES R A EAREN EJ
00 05 10 15 20 25 30 35 40 45 50
Re(Z) (Ohm)

Fig. 7. Cole-Cole plots of the electrochemical impedance spectra acquired at 298 K for
the cycled Ti22/Zr78 alloy electrodes.
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R; indicates the resistance of the electrolyte between the re-
ference and working electrodes [37]. R, mainly includes the contact
resistance between a current collector and an alloy pellet, and R;3
correlates with the resistance between the particles in the pellet. In
Fig. 7 and Table 5, R; generally increases with the increasing cycling
because of the changing electrolyte content. R; varies within a small
range with the progression of cycling, indicating that the doping of
carbonyl Ni powders into the electrodes effectively improves the
electrical contact between the alloy’s particles and a current col-
lector. R; and R, show similar variation trends during the cycling:
they first decrease, then increase, and then decrease again.

As described above, the reaction resistance R is changed, due to
the variations in the reactivity at the surface of the alloy and changes
in the reacting area due to the particle disintegration of the alloy.
With increasing cycling, R, may decrease as a result of the in-
creasing reaction area but may also increase because of a small loss
in the amount of the rechargeable alloy particles. The significant
growth of R¢; as the cycle number is increased up to 350 results in a
tremendous capacity loss. Furthermore, when the cycle number is
enhanced to 500, a profound pulverization of the electrodes happens
which results in a decrease of Re.

In summary, the deterioration mechanism of the Ti/Zr-based AB,
alloys is related to the decreased reactivity at the alloy surface and a
poor contact between the alloy particles originating from the pul-
verization of the alloy, as clearly demonstrated by the performed
electrochemical experiments.

4. Conclusions

The La-doped Zr/Ti-based AB,-type alloys with different Ti/Zr
ratios were studied through XRD, SEM/EDX, NPD, and electro-
chemical measurements. The XRD data show that all the alloys
contain a C15 Laves-type intermetallic as the major phase. Both the
unit cell parameter a and the volume of the unit cell V follow the
Vegard's law of proportionality vs content of Ti when a contraction
of the structure is taking place. The metallurgical characterization
results demonstrate that the La-Ni phase is present as the secondary
phase in the annealed alloys. The LaNi phase, even in minor
amounts, plays a vital role in facilitating the activation of the alloys.

The neutron diffraction study on the deuteride (Ti,Zr,V)
(Ni,Mn,Fe,V),D5,, which also crystallized with a C15-type structure,
shows the occupation by D atoms of one type of the tetrahedral
interstitial sites, namely, 96g sites with A,B, surrounding, whereas
the V atoms are located at the 8a and 16d sites.

As inferred from the electrochemical characterization data, the
Ti12/Zr88 alloy presents the maximum discharge capacity
(466 mAh/g), whereas the Ti22/Zr78 alloy displays a superior cycling
stability and the best HRD performance. The good cycling stability of
the Ti22/Zr78 alloy can be ascribed to the excellent corrosion re-
sistance of the Ti having the highest contents in this alloy among all
studied materials. Excellent HRD performance of the Ti22/Zr78 alloy
is mainly due to the high hydrogen bulk diffusion coefficient in its
hydride and low impedance of the anode electrode.

The deterioration of the cycling stability of the studied alloy is
ascribed to the lowered reactivity at the alloy’s surface and a poor
contact between the alloy’s particles due to the pulverization.

The findings of this work would be useful to optimize and to
improve the electrochemical performance of the C15-based Laves
type AB, alloys. The results of the present study show that an AB,
anode alloy with advanced electrochemical performance can be
obtained by optimizing the ratio between Ti and Zr.
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