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Abstract

Multicomponent Zr-Ni-based alloys of the nominal composition ZrNi, have some promising properties as electrode
materials in reversible metal hydride batteries.

We have prepared a series of pseudobinary Zr(V,Ni,_,), alloys in small samples of 6 g by levitation melting.
Their bulk properties were then characterized by means of X-ray diffraction, hydrogen storage capacity and
plateau pressure measurements. The kinetics were studied by means of high rate dischargeability and exchange
current densities. The cycle life of pressed powder electrodes was tested with two different compacting materials,
copper and nickel. The surface composition of the alloy grains was analysed by means of X-ray photoelectron
spectroscopy (XPS) before introduction into the electrolyte, after activation and in the corroded state.

For alloys of the cubic C15 (Cu,Mg) structure the lattice parameter a depends linearly on the vanadium
content. The hydrogen storage capacity reaches a maximum of about 350 mA h g~ at the composition Zr(V,sNig ).
Also, the stability of the hydrides depends strongly on the vanadium content, the room temperature plateau
pressure rising to about 0.5 bar for Zr(Vy;5sNiggs),. It does not follow the behaviour expected from the relative
hydrogen affinities of the pure components (Zr>V > Ni). Changes in the crystal and/or electronic structure seem
to be the reason. Under high rate discharge (120 mA g~') we have found that alloys of the composition
Zx(V,Ni, _,), with 0.1<x<0.25 retain about 80% of their capacity. One factor affecting the rate of the discharge
reaction is the charge transfer, which is measured by the exchange current density. The exchange current density
is highest for Zr(V,,Niyg),. Values of 80 and 40 mA g~' were determined for nickel- and copper-compacted
electrodes respectively. Furthermore, nickel-compacted electrodes activate faster. However, they also corrode
faster owing to the instability of nickel in the applied potential range. XPS analysis showed that activation of
an electrode in an electrolyte causes the dissolution of oxides of vanadium from the surface layers and therefore
an enrichment of nickel. The degradation process might involve oxidation of all the alloy elements, dissolution

of the soluble oxides and/or loss of grain contact by the formation of electrically non-conducting oxides.

1. Intreduction

In the last decade the development of metal hydride
electrodes for rechargeable batteries has been very
successful. Two types of alloys, the AB; (LaNi;) and
AB; (ZrNi,) intermetallic compounds, demonstrate rea-
sonably high capacities and good cyclic stability as
electrode materials. The bulk composition of the alloy
determines its capacity and the plateau pressure, i.e.
the potential of the electrode, while the current den-
sities, activation and corrosion are dependent on the
composition of the surface layer.

Petkov ef al. [1] made a careful study of Zr-Ni alloys
in the ZrNi, composition range (from 64.8 to 69 at.%
Zr). The X-ray diffraction pattern of the so-called A,
phase of ZrNi, corresponds to an f.c.c. lattice (space
group Fd3m-0;) with lattice parameter a=6.925+
0.005 A. From calculated and experimental intensities
they found the A, phase to be of the MgCu, type, with
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Zr in 8(a) and Ni in 16(d) sites. The ZrNi, compound
is formed by a peritectic transformation at 1190 °C.
Sawa and Wakao [2] examined a series of Zr(V,Ni, _,),
alloys (0.1 <x<1) and found ZrV¢Ni, 5, to be a single
phase of f.c.c.-type structure (@ =7.102 A) with a density
of 7.51 g cm™>. The lattice expansion was determined
as 1.3X107° m® mol, " '(AV/V'=14.4% for H/M=1).
Thermodynamically ZrV,Ni; ;4 was found to have
AH=~-292kJI mol;; ! and AS=—72.1 Jmol,; * K~.
The partial molar enthalpy AH, can be expressed in
terms of the wunit cell volume as —-AH (kJ
mol;; ") = —150+0.5V (A%) (where V stands for the
unit cell volume V'=a?). The overstoichiometric alloys
ZrV,gNi, ,Mny, and Tig 3Zr,,Ni, ;5 were shown to have
high electrochemical capacities (about 366 mA h g™*)
[3, 4]. Sawa et al. [5] studied the influence of oxidation
treatment on Ti-Zr-Ni hydride electrodes and found
that the cathodic current density depends strongly on
the Zr content of the alloy.
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In this paper we present the results of cycle life
experiments and surface analysis of a series of
Zr(V,Ni,_,), alloys in the composition range of
0<x<0.4. This range appears to be most interesting
from the point of view of capacities and good kinetics.
We present our results in three parts. The first part
deals with bulk properties such as structure, capacity
and plateau pressure. The second part concerns the
kinetics, e.g. high rate dischargeability and exchange
current density, and the cycle life properties of the
electrode. In the third part we present the results of
surface analysis which will serve to explain the mech-
anisms of activation and degradation.

2. Experimental details

The Zr(V,Ni,_,), (0<x<04) alloy samples were
prepared by r.f. levitation melting in a water-cooled
copper levitation crucible under a vacuum of 10~ ® mbar.
Appropriate quantities of the elements were used to
produce a 6 g sample (Zr 99.8% from Goodfellow, V
99.7% from Koch-Light and Ni 99.99% from John-
son-Matthey). After melting for 5 min at 1300 °C the
pellet was quenched to room temperature. The sample
was crushed, then analysed by Debye—Scherrer X-ray
diffraction. A portion of 2 g of the alloy was powdered
using hydrogen gas at 40 bar and room temperature.
The alloy hydrided within the first 10 min and disin-
tegrated into a powder.

For the electrochemical measurements approximately
25 mg of the alloy powder were mixed with copper
powder (Merck p.a., less than 63 um) or nickel powder
(Merck p.a., less than 10 um) in a weight ratio of 1:3
and cold pressed (500 MPa) to a pellet (d=7 mm).
Copper-free pellets were prepared for X-ray photo-
electron spectroscopy (XPS) analysis by introducing the
powder into a high void nickel foam and then pressing
it in air at room temperature. The electrodes were
charged and discharged electrochemically in a 6 M
KOH electrolyte. The discharge cut-off potential was
—0.6 V referenced to the Hg/HgO/OH™ electrode.
The electrodes were tested in a half-cell experiment
using constant charge (5 mA) and discharge (2.5 mA)
currents. An additional discharge at one-tenth of the
normal discharge current was carried out every 10
cycles. The exchange current densities were measured
using half-charged electrodes and the equilibrium char-
acteristics of the electrodes were measured using special
cycles of pulsed charging and discharging (8 mA h g™*
per pulse).

For the surface analysis the samples were rinsed
from KOH in doubly distilled water and dried in air
at room temperature. They were then introduced into
the ultrahigh vacuum of the spectrometer (less than

10~ ° mbar base pressure, 10~ ° mbar H, partial pressure
after introducing the degassing sample). The surface
concentrations were measured by means of X-ray photo-
electron spectroscopy in a VG Escalab 5 spectrometer
using Mg Ke radiation of energy 1253.6 eV (Au 4f,,
at84.0eV, 1.7 eV full width at half-maximum (FWHM)).
The measured surface composition is actually an average
over an area of 0.2 cm? and to a depth of 10-20 i
The sputter depth profiles (Ar*, 2 keV) were evaluated
using a standard sputtering rate of 500 A cm? min ™!
mA~! (4 A min~?). They are therefore only precise
to within a factor of 2.

3. Results

3.1. X-Ray diffraction

The alloys were analysed after melting and after a
few charge—discharge cycles in hydrogen gas. Figure 1
shows the calculated lattice parameter a for the cubic
C15 structure as a function of the vanadium content.
In the Zr(V,Ni,_,), composition range 0.15<x<0.4
the lattice parameter increases linearly with vanadium
content according to the relation a (1)=6.915+0.448
x. For the alloys with x<0.15 we found a lattice pa-
rameter smaller than that given by the linear relation.
The alloy of nominal composition ZrNi, was a mul-
tiphase alloy. The lattice parameter after a few hydrogen
gas cycles was enlarged differently. This difference was
minimal for ZrV,;Ni, , owing to there being less residual
hydrogen in the alloy as a result of the high plateau
pressure.

3.2. Discharge capacities

Figure 2 shows the discharge capacity of the
Zr(V,Ni,_,), alloys as a function of the vanadium
content using copper- and nickel-compacted electrodes.
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Fig. 1. Lattice parameter a for the cubic C15 structure of
Zr(V,Ni,_,), alloys as a function of vanadium content x: freshly
prepared and mechanically pulverized alloy (@) and after a few
hydrogen gas charge-discharge cycles (O).
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Fig. 2. Discharge capacity of Zr(V,Ni,_,), alloy electrodes as a
function of vanadium content. The discharge current was 12 mA
h g~ Electrodes were compacted in a matrix of copper powder
(®) or nickel powder (O). Values obtained by Sawa and Wakao
[2] are also included (¢).
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Fig. 3. Plateau potential of Zr(V,Ni,_,), alloys as a function of
vanadium content x. Bars represent the length of the plateau,
i.e. the FWHM of the density-of-states distribution of hydrogen
in interstitial sites.

An additional low discharge current of about 12 mA
g~ ! was used. The capacities measured by Sawa and
Wakao [2] at a discharge current of about 17 mA g~
are also included in the figure. The maximum discharge
capacity was found for ZrV,sNi, ; it reaches the very
interesting value of 350 mA h g~!. No significant
difference between the nickel- and copper-compacted
electrodes was found.

3.3. Equilibrium potential

From the measured equilibrium potential during
pulsed discharge cycles we have calculated the potential
for the maximum density of states for hydrogen in the
interstitial sites using the method of Jaggy et al. [6].
Figure 3 shows the calculated potential and the cor-
responding plateau pressure for the Zr(V,Ni, _,), alloys
as a function of the vanadium content. The plateau
pressure was calculated using a previously published

method {7] from the Nernst equation for the hydrogen
reference electrode. The error bars represent the
FWHM of the energy distribution (i.e. pressure dis-
tribution). For the ZrV;Ni, , alloy we found a maximum
plateau pressure of 0.5 bar at room temperature.

3.4. High rate dischargeability

Two different methods were used for measuring the
kinetics of the electrodes. First the discharge capacity
at high current (about 120 mA g~') is compared with
the discharge capacity at low current (about 12 mA
g™ "). Figure 4 shows the high current capacity as a
percentage of the low current capacity as a function
of the vanadium content. The capacity is about 80%
of the capacity at low current after high current discharge
for Zr(V,Ni, _,), alloys with 0.15<x<0.3. The second
method consists of the measurement of the exchange
current density as a function of the vanadium content,
the results of which are shown in Fig. 5. The copper-
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Fig. 4. Discharge capacity at high current rate (120 mA h g?)
as a percentage of discharge capacity at low current rate (12
mA h g™'). Electrodes were compacted in a copper powder
matrix (@) or nickel powder matrix (O).
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Fig. 5. Exchange current density i, as a function of vanadium
content x for Zr(V,Ni,_,), alloys. Electrodes were compacted in
a copper powder matrix (@) or nickel powder matrix (O).
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Fig. 6. Cycle life curves for nickel- and copper-compacted
ZrV,y5Ni; 5 as a function of cycle number at discharge currents
of 107 and 118 mA g~! respectively.

and nickel-compacted electrodes showed surprisingly
different behaviours: whereas the exchange current
density of copper-compacted electrodes rises smoothly
from 25 to 40 mA g~! as a function of the vanadium

content, that of nickel-compacted electrodes exhibits
a pronounced maximum of about 80 mA g~ for the
ZrV,,Ni, 4 alloy.

3.5. Cycle life

We observed a large difference between the copper-
and nickel-compacted clectrodes in terms of the de-
velopment of the discharge capacity as a function of
the cycle number. Figure 6 shows the cycle life curves
for the ZrVsNi, s alloy. While the copper-compacted
alloy needed about 70 cycles to reach maximal capacity,
the nickel-compacted electrodes needed only 30 cycles
and had a higher maximum capacity. The cycle life
parameters were calculated using a previously published
model [8]. From this fit of the cycle life curve the
resulting capacities, activation and oxidation constants
were determined and are summarized in Table 1.

3.6. Potential after charge and discharge

The potential remaining after charge and discharge
indicates the depth of charge and discharge respectively.
Figure 7 shows these potentials as a function of the

TABLE 1. Total capacity (C,o,), active start-up capacity (C,%), activation (A,.) and degradation (\.,) constants and maximum measured

capacity (Max. cap.) for various ZrV,Ni;_, alloys

Alloy Compacting Current Ciot C.l Auct Aox Max.
material (mA g™ (mA h g™ (mA hg™!) (% cycle™) (% cycle™) cap.
ZrNi, Cu 70.7 160 88 0.416 —0.0353 110
Cu 7.1 204 166 0.683 0.00382 182
Ni 120.0 95 85 0.0181 -0.174 114
Ni 12.0 154 27 97.4 —-0.0591 171
ZrV,Nij Cu 75.2 83 28 0.767 —0.0727 54
Cu 7.5 140 100 0.484 —-0.00107 113
Ni 114.7 42 2 15.62 -0.170 60
Ni 11.5 88 -63 94.8 —0.0395 96
ZtV,,Ni Cu 75.2 103 62 5.58 ~0.095 110
Cu 7.5 173 147 1.87 0.040 160
Ni 116.3 110 39 8.58 —-0.047 112
Ni 11.6 142 -15 36.95 —-0.0169 143
ZtV3Ni; 5 Cu 61.3 177 48 11.1 ~0.051 184
Cu 6.1 256 217 3.20 0.095 236
Ni 114.2 163 12 24 0.079 164
Ni 114 225 —163 65 0.100 222
ZrVy4Nigg Cu 452.0 228 -13 1.93 0.0069 227
Ni 133.7 269 1 11.0 0.21 250
Ni 13.3 304 120 20.9 0.15 294
ZrV,sNiy s Cu 409.1 147 -14 1.61 -0.0225 168
Ni 106.8 366 24 9.11 1.01 282
Ni 10.7 419 280 8.41 0.74 345
ZrVyeNi; 4 Cu 223.2 80 ~1.0 1.92 ~0.0127 88
Ni 128.2 181 11 2.17 0.13 152
Ni 12.8 284 20 8.75 0.052 274
ZrVosNiy Cu 3285 81 -10 1.92 ~0.0012 83
Ni 105.5 91 10 6.53 0.098 88
Ni 10.6 244 56 6.03 0.236 215
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Fig. 7. Potential after charging (@), after high rate discharging
(107 mA g~!) and after low rate discharging (11 mA g~") (O)
for nickel-compacted ZrV,sNi, s as a function of cycle number.

cycle number for the nickel-compacted ZrV, sNi, 5 alloy
electrode. The potential remaining after charging in-
creased within the first 5 cycles to a maximum of —0.962
V (referenced to the Hg/HgO/OH ™ electrode). It then
remained constant over further cycles. The potential
remaining after discharging decreased within the first
40 cycles to —0.830 V (referenced to the Hg/HgO/
OH ™ electrode) for the high rate discharge of 120 mA
g 'and to —0.760 V for the low rate discharge. After
40 cycles both potentials increased slightly again.

3.7. XPS depth profile

The surface composition of ZrV,,Ni, ; alloy elec-
trodes was analysed (a) before introducing them into
the electrolyte, (b) after 30 electrochemical activation
cycles and finally (c) after 300 electrochemical cycles.
The core levels Zr 3ds, (180 eV), V 2p;, (513 eV)
and Ni 2p,, (855 eV) were measured to evaluate the
concentration and oxidation state of the components
as a function of depth (to 400 A). The results are
shown in Figs. 8(a), 8(b) and 8(c) for Zr, V and Ni
respectively. Most of the surface zirconium was oxidized.
The zirconium composition did not change marked]
upon activation of the electrode. At a depth of 30
the total amount of zirconium (metallic and oxidized)
was approximately 1 atom/AB, in both cases. After 300
cycles the zirconium was only slightly more oxidized.
Vanadium was fully oxidized in the top surface layer
before activation. The activated sample did not have
vanadium in the top layer, but in both samples the
vanadium content increased to 0.3 atom/AB, at 30 A.
After 300 cycles there was no evidence of vanadium
to a depth of 40 A. Nickel was enriched in the top
layers during cycling from 0.2 atom/AB, before activation
to 1 atom/AB, in the activated sample and more than
2 atoms/AB, after 300 cycles. At a depth of 40 A the
nickel concentration was about 1.5 atoms/AB, in all

samples and remained constant throughout the mea-
sured depth.

4. Discussion

We have studied Zr(V,Ni,_,), alloys in the com-
positional range 0<x<0.4. For x>0.1 the alloys crys-
tallized with a cubic C15 structure. The lattice parameter
a showed a linear dependence on the vanadium content.
This is in good agreement with the size of the atoms
(V> Ni) and the ideal assumption that vanadium oc-
cupies nickel sites. The lattice parameter after a few
hydrogen gas cycles was slightly larger than that of the
virgin alloy. This can be explained by some hydrogen
remaining in the alloy after dehydrogenation owing to
the low plateau pressure. The electrochemical discharge
capacity at low current is a good measure of the number
of interstitial sites available to H. With increasing
vanadium content the number of most favourable te-
trahedral sites Zr,V, and Zr,V;Ni, increases [2]. How-
ever, with increasing vanadium content the plateau
pressure decreases and the concentration of the elec-
trochemically most active element for the discharge
reaction, nickel, decreases. This means that the ov-
erpotential during discharge increases with increasing
vanadium content. Summing these opposite effects gave
the maximum capacity for ZrV,sNi, ;. Furthermore,
the maximum electrochemical capacity proved to be
independent of the matrix powder( copper or nickel).
As was mentioned, the lattice parameter values of the
Zr(V Ni, _,), alloys with low vanadium contents (x <0.1)
were too small compared with the linear extrapolation
from the other alloys. The plateau pressure and cor-
respondingly the electrochemical equilibrium potential
decreased with increasing vanadium content for all
except the alloys with x<0.1. Their plateau pressures
were lower than that of ZrV,;Ni,,, which had the
maximum plateau pressure. The reason for this is the
increasing binding energy (vanadium has a higher chem-
ical affinity for hydrogen than nickel does) for hydrogen
and the increasing lattice parameter with increasing
vanadium content. For the alloys with x<0.1 there is
no simple explanation for the low plateau pressure,
though possibly a change in the crystal and/or electronic
structure influences the absorption enthalpy.

Comparison of the discharge capacities at low and
high currents gives a measure of the kinetics of the
electrode [9]. We observed about 80% of the maximum
capacity for alloys with 0.1 <x<0.3. Higher and lower
vanadium contents result in smaller quotas. If hydrogen
absorption-desorption in the electrolyte is considered
to be a heterogeneously catalysed reaction, we may
divide the whole process during discharge into a se-
quence of elementary steps. These steps consist of (1)



240 A. Ziittel et al. | Properties of Zr(V,Ni,_,), alloys

2 300 el. chem. cycles

24
2 30 el. chem. cycles
5 14 h —e
Bl
N ST
047
2
air exposed
A & a
1 7
P N
/
04
T T T
0 50 100 150
(a) depth (A)

300 el. chem. cycles

2 30 el. chem. cycles

—
— g

Ni atoms / AB,
3
4

2 air exposed

— 4

T T
0 50 100 150
(©) depth (A)

diffusion of OH™ ions into the double layer at the
grain surface and diffusion of absorbed hydrogen to
the surface of the grains, (2) adsorption of the OH™
ions on the adsorbed hydrogen, (3) charge transfer
from the adsorbed H---OH™ complex to the metal,
(4) desorption of the water molecule and finally (5)
diffusion of the water molecule out of the double layer
into the “bulk” electrolyte. Each step may be the rate-
limiting step. In the gas phase it is known that for
small samples heat and mass transport are minimal
and therefore not regulating steps. However, there is
a further step called nucleation and growth which can
be a rate-controlling step [10]. In our experiments the
capacity quotas as a function of the vanadium content
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Fig. 8. XPS depth profiles of (a) Zr, (b) V and (c) Ni for
ZrV,4Ni; ¢ at various stages of the cycle life curve (after a few
hydrogen gas cycles, after 30 electrochemical cycles and after
300 electrochemical cycles). Solid data points represent the total
amounts of the elements (metallic and oxidized states); open
data points represent the metallic constituents of the elements
in terms of atoms/AB, (where AB, stands for the sum Zr +V +Ni).

correlated with the maximum measured discharge ca-
pacities. Assuming that the charge transfer is the rate-
determining step, the exchange current would then be
a measure of the kinetics of the charge—discharge
reactions.

We observed similar characteristics of the exchange
current vs. the vanadium content of the alloy. The
curve, however, has a sharper maximum for the nickel
than for the copper matrix electrodes.

The activation and degradation of the alloy with
increasing cycles appear to be strongly influenced by
the matrix material (copper or nickel). There are two
possible explanations for this. One is that nickel has
a heat conduction constant about five times smaller
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than that of copper. The other explanation is that nickel
is known as an electrochemically active material. During
electrode preparation heat-shrunk tubing is used to fix
the pellet to its holder. As a consequence, the pellet
itself is heated to about 140 °C. Certain metals are
susceptible to oxidation when heated. This oxidation
decreases the activity of the alloy. On the other hand,
nickel is more sensitive to oxidation and corrosion
during cycling than copper. This raises the risk of losing
grain-to-grain electrical contacts. Nickel matrix elec-
trodes demonstrate a much higher activation constant
than copper matrix electrodes but at the same time
have a higher oxidation constant. The potential after
charging and after discharging (open circuit) indicates
the amount of hydrogen remaining in the alloy. The
potential after charging reaches a maximum within the
first 5 cycles and then remains constant. This indicates
that the electrode is fully charged after a few cycles.
The potential after discharging decreases slowly, with
the exception of discharging at low currents. After 40
or more cycles it reaches a minimum and then begins
to increase again. This indicates that an increasing
amount of hydrogen remains in the alloy. We have
concluded that higher electrical grain-to-grain resistance
caused by the formation of nickel oxides is responsible
for this increase in potential. Therefore degradation
of the cycle life curve is not only due to corrosion of
the alloy and the loss of potential hydrogen storage
sites, but also to higher overpotentials resulting from
worse grain-to-grain electrical contacts.

The XPS depth profiles of the alloy elements have
shown that the main change in the alloy surface during
activation is the dissolution of vanadium oxides and
an enrichment of nickel in the near-surface layers.
Nickel is a good catalyst for hydrogen dissociation and
recombination, so we would assume that nickel also
aids in the dissociation of water molecules and the
recombination of hydrogen with hydroxyl ions. Both
processes contain the same reaction steps, i.e. transfer
of an electron from the metal to the hydrogen and
adsorption of hydrogen on the metal. The depth profile
of a degraded electrode indicates that the alloy corrodes
during cycling by oxidation of the less noble elements
and dissolution of their oxides.

5. Conclusions

An electrochemical analysis of a series of Zr(V,Ni, _,),
(0 <x<0.4) alloys has demonstrated that ZrV,sNi, 5 is
the alloy which has the highest hydrogen storage capacity
and the best kinetics. Nickel proved to be a poorer
electrode matrix material than copper because of its
poor oxidation stability in the potential range used for
these experiments. However, electrodes compacted with
nickel powder indicated that heat treatment during
fabrication may be the cause of activation problems
with the alloys studied.

Finally, we have observed that several processes are
involved in the degradation of the cycle life curve,
namely loss of grain-to-grain electrical contact by ox-
idation, loss of hydrogen storage sites due to corrosion
of the alloy, and dissolution of components of the less
noble elements at the surface of the alloy.
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