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Abstract The passive behavior of ZrNi alloys near the
rest potential is studied through in situ voltammetry,
ellipsometry, and microscopic observation. A significant
oxide layer growth is observed in aqueous 1 M KOH
during the application of different potential programs
currently used in the activation processes of the alloy.
Oxide barrier effects and occlusion of hydrogen species
within the film take place. The kinetics of the oxide layer
formation under potential cycling plays a significant role
in the activation process of metal alloys used in metal
hydride batteries.
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Introduction

Zirconium metal is extensively used in metal hydride
batteries, as the main component of AB, alloys due to its
high hydrogen absorption capacity, as well as in bio-
medical applications [1-3]. Zr-based metal alloys are
employed as the negative electrode of rechargeable
batteries with high discharge capacities. Previous work
showed that secondary phases of the Zr—Ni system
contribute to improving the hydrogen absorption pro-
cesses [4-8]. Two processes rule the hydrogen absorption
kinetics: the rate of hydrogen diffusion in the metal, and
the charge transfer rate at the metal/electrolyte interface.

Zirconium oxides, owing to their exceptional corro-
sion resistance, are hardly reduced during the charge—
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discharge cycling conditions employed in the activation
of these alloy electrodes. The thermodynamic potential
of the Zr/Zr oxide couple is ca. —1.6 V versus reversible
hydrogen electrode (RHE), whereas for Ni electrodes
the different metal/oxide couple potentials are 0.1 V and
more positive over the RHE [9-12]. The charge—dis-
charge cycling treatment applied before the alloy elec-
trode charge is related to the formation and reduction of
oxide layers on these alloys. The thin but dense and
passive film on the alloy surface plays a critical role in
the activation processes of the alloy electrode [1, 2].
Oxide growth is strongly dependent on the electrolyte
composition and applied potentials.

In this study in order to elucidate the underlying
absorption processes, voltammetry and ellipsometry are
applied in situ on polished massive Zrj 36Nig ¢4 alloy that
catalyzes both hydrogen evolution and hydrogen bulk
absorption [13]. Data analysis shows the stability and
compactness of the passive layers, which are strongly
dependent on the applied potential programs.

Experimental

The Zrg 36Nig ¢4 alloy was obtained by melting Zr and Ni
in a water cooler crucible and turned over and remelted
to ensure homogeneity [1, 14]. The alloy pellet was
mounted on a Teflon holder using Araldite methacrylate
resin, and mechanically polished with fine grade emery
paper and alumina of 1, 0.3 and 0.05 um. The 1 M KOH
solution was prepared from a.r Merck p.a. and thrice
distilled water. The electrolysis cell was similar to that
previously reported [15]. All electrochemical experi-
ments were performed using a RHE in the same solution
as the reference electrode. The Pt counter electrode, lo-
cated in a separated compartment, was connected
through a fretted glass plaque. Runs were made at 25 °C
under purified N, gas saturation.

The optical cell was installed in a Rudolph Research
type 437-02/200 B manual ellipsometer provided with a
150-W tungsten lamp and a RCA 1P21 photomultiplier.



Data were obtained at =546 nm with an incident and
reflected angle of 70°. The tested optical area of about
2 mm? was centered on the more reflecting grain. The
ellipsometric parameter A indicates the phase shift be-
tween the parallel and perpendicular components of the
electric vector (Es, Ep) and tangent ¥, the change in
amplitude ratio of the components (Es, Ep), which result
after light beam reflection.

The phase morphology of the intermetallic sample
was also characterized by microscopy using a stereomi-
croscope (Stemi 200 Zeiss) connected to a video camera,
Hitachi 220, coupled to a computer equipped with a
frame grabber and image analyzer, Contron Electronics
KS 300. It should be remarked that the optical mea-
surements of the ellipsometer operating in the null mode
are independent of eventual changes of intensity pro-
duced by an isolated crevice in the grain limits.

Results and discussion
Voltammetric data

Figure 1 exhibits the current/potential (i/E) voltam-
metric response of fresh polished Zr, Ni, and Zrg 35Nig ¢4
alloy. The potential cycle is started by cathodically
scanning from the open circuit potential Foc down to
the cathodic limit Ec followed by the anodic scan up to
the anodic limit Ea. In the case of Ni the cathodic cur-
rent at potentials £<0 V indicates hydrogen evolution
(Fig. la). The second cycle looks like the first one
without hysteresis between anodic and cathodic scans.
In the case of Zr and depending on the potential
holding time at Ec= —0.6 V different i/E anodic scan

_A)' T+ " " T rrrrr v vrrrr1 " °
0F
_50:_ ]
. Ni
100, I I [
AL | T T T
200 [B) oy "D ]
i )L T
0F Z // ]
3 —/—a 4
200 F ZNi 7
<§g_ F——+ ————————
~ O
— 0F —_— .
2 | ;
-40 £ Zr ]
'60 b P IS S S S .:
0.5 1.0

E/V

Fig. 1 i versus E plot at v=0.5 mV/s from Eoc up to Ec, and
cycling between Ec¢ and Ea. a Ni, Eoc=0.58 V, Ec=-0.3V,
Ea=12V.b ZrNi, Eoc=0.38 V, Ec=-04V; (a) Ea=1.2V, (b)
fourth cycle after scanning between Ec and Ea=0.3 V, (c) idem (b)
using Ea=0.1 V. ¢ Zr, full line Eoc=0.44V, Ec=-0.6 V and
holding time 7= 15 min at Ec, Ea=1.2 V, dot line cathodic scan of
the second cycle =0 min
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curves are observed in the region —0.5<E<04YV
(Fig. 1c). This effect indicates an increase in the hydrogen
evolution rate in the presence of adsorbed hydrogen that
gradually accumulates in the metal/oxide interface [16].

For the ZrNi alloy a cathodic current corresponding
to faradaic hydrogen evolution appears in the potential
region £ <0 V, which is similar to that observed for the
Ni electrode. Otherwise, in the region 0 V< E<0.3V,
the alloy shows anodic current, which corresponds to the
oxidation of occluded atomic hydrogen in the oxide/
metal interface. For 0.3<E<1.2 V, the anodic current
indicates the growth of the oxide layer. Anodic potential
holding of Zr and ZrNi alloy produces the slow depro-
tonation of the oxide layer [17].

Ellipsometric data

Figure 2 shows the evolution of the A and W ellipso-
metric parameters during potential cycling. The ¥
change is relatively small and linearly follows the A
variation. In these conditions, the A decrease is directly
connected with the increase in oxide layer thickness, d
[15, 17]. In the initial region 0.4 V<E<—-04V, A re-
mains nearly invariable with a value Ax94. For
E>0.4V, the A versus E plot shows a linear depen-
dence. Then, during the cathodic scan, A remains
invariable between Ea=1.2 V and Ec=—-0.4 V. Finally,
the potential cycling between —0.4 V<E<0.4 V pro-
duces a new gradual A decrease.

Figure 3 shows the A change during cycling in two
potential regions, namely, —04 V<E<O0.1 V and
—0.4 V<E<O0.3 V. The comparison of Fig. 3a and b
evidences a significantly higher A decrease when a higher
anodic limit Ea=0.3 V is imposed, in comparison to that
obtained using Fa=0.1 V. This indicates that the com-
bining effect of cathodic and anodic polarization
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Fig. 2 A versus E and W versus E plot for ZrNi starting the scan at
Eoc=0.38 V down to Ec=-0.4V, then up to Ea=12V, and
cycling between Ec¢ and Ea=0.1V, vy=0.5mV/s. Scanning
sequence (filled circle, open square, open triangle, inverted open
triangle, open diamond, filled triangle, inverted filled triangle, filled
diamond, open circle)
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Fig. 3 A versus E plot for ZrNi starting at Eoc=0.38 V, and
cycling between Ec=-0.4V and either a Ea=0.1V or b
Ea=0.3V, v=0.5 mV/s; scan sequence (filled circle, open square,
open triangle, inverted open triangle, open diamond, filled triangle,
inverted filled triangle, filled diamond, open circle)

produces a significant growth in the passive layer thick-
ness, d. Hydrogen accumulated in the oxide matrix during
cathodization appears as responsible of lower oxide
passivity [17-21]. This new interfacial layer under a
higher anodic polarization, Ea, produces a higher d
growth.

Previously reported data show that the presence of
nickel aids hydrogen access through the oxide layer. This
ingress may occur by proton hopping from O 2 to 0>
in the oxide, via anion vacancies, and through ecasy
diffusion paths such as dislocation grains and grain
boundaries [17, 22]. The presence of hydrogen at high
concentrations can lead to hydride induced embrittle-
ment [23]. On the other hand, at lower cathodic polari-
zation, hydrogen absorption may be the result of
interactions between hydrogen and oxygen dissolved
interstitially in the Zr lattice [25].

Figure 4 shows the A versus ¥ plots corresponding to
the experiments already described in Fig. 2 (Fig. 4c),
Fig. 3a (Fig. 4b) and Fig. 3b (Fig. 4a). The fitting of the
optical data is made assuming the formation of: (1) a
single homogeneous film of constant composition and
different thickness, on (2) a substrate that remains dur-
ing the film growth without significant changes in optical
indices. This proposed schematic model allows a first
estimation of thickness, compactness, and optical
absorption of the interfacial layers. The program em-
ployed for the calculation uses the subroutine IBM-
DFMCG in order to find the local minimum of a com-
plex function of several variables by the method of the
conjugated gradients [15]. The optical constants n—i k
(refraction index, n, and absorption index, k) were cal-
culated unambiguously by minimizing the function G:

G— Z(Ae'xp o Al'heor)2 + (TQXP _ \Pt'heor>2 (1)
J J J J

where j stands for different dj values.
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Fig. 4 A versus ¥ plot for ZrNi starting at Foc=0.38 V and cycling
with Ec=—-0.4V and a Ea=0.3V,b Ea=0.1V, ¢ Ea=1.2V for
the first cycle and then Ea=0.1 V. Scan sequence (filled circle, open
square, open triangle, inverted open triangle, open diamond, filled
triangle, inverted filled triangle, filled diamond, open circle)

Figure 5 shows the predicted A and ¥ values for the
experiments of Fig. 4. A linear A versus W relationship
results when the optical indices of the layer are constant
and the A decrease indicates an increase in thickness.

The region in Fig 4c, 94.5>A>91.2, is linear and fits
1.92 — 1 0.0 indices. This agrees with reported values
obtained for oxides grown on valve metals where the
absorption coeflicient k~0 [25-28].

In this calculation the thickness of the thin passive
layer spontaneously formed at open circuit is neglected,
and the calculated thickness d~25 A corresponds to the
increase in growth during cycling [17]. In a similar way,
the data of Fig. 4a fits optical indices n=1.62, k=0.077.
The analogy with the lower value of n observed in re-
lated systems may indicate a partial electrolyte occlusion
in pores [29]. The high k value indicates hydrogen pen-
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Fig. 5 Theoretical A versus W values predicted by: a (open diamond)
n=1.62, k=0.077 that fit Fig. 4a data, b (open circle) n=1.92,
k=0.0 and (open square) n=2.46, k=0.17 that fit Fig 4c data. The
figures indicate thickness (d) in A



Fig. 6 Images of the
Zr36Nig ¢4 alloy, a before and
b after —-04<E<03V
potential cycling during =4 h.
¢ and d correspond to 3.25x
magnification of the
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surrounded area of a and b

etration in the grown composite oxide layer. Similar
effects on the k index were already reported for titanium
oxide layers [30].

The shift in the A/¥ plot obtained for A<91.2 in
Fig 4c indicates a change in the optical constants. The
second fitted curve in Fig. 5b shows that these data may
correspond to an increase in both n and k values with
practically constant thickness d. However, the fitted
values 2.46-0.17 of the indices seem relatively high.
Probably the layer gradually grows during the cathodic
cycling and optical indices may increase only partially
over the initial 1.92-1 0.0 values.

For the unambiguous determination of these optical
parameters and layer thickness the optical evaluation of
the spontaneously formed passive layer should be nec-
essary [31]. This needs further investigation and is out-
side the scope of the present work. In a similar way, the
plot of Fig 4 b indicates growth and/or protonation of
the initial oxide layer. Anyhow, oxide thinning under
these conditions should be excluded.

Microscopic observation

The microscopic analysis of the polished alloy shows a
flat surface. However, after a long electrochemical acti-
vation process the surface shows intergranular crevices
around the pellet border. Figure 6 shows a micrograph
of the polished electrode before and after prolonged
potential cycling between —0.4 <E <0.3 V. After cycling
these samples were also polished with alumina 0.3 and
0.05 pm that makes the grain limit more evident. This
indicates metal breaking and intergranular dissolution
that take place together with oxide and hydride forma-
tion. Microscopic observation also shows an increase in

the crevices after the cathodic sweep potential cycling,
which indicates fragmentation of the grains and oxide
growth during the activation process. More investiga-
tion is in progress on intergranular crevices in alloys
prepared by the application of different remelted pro-
cedures [29].

Conclusion

The understanding of both the alloy activation process
and the hydrogen absorption process is important in the
strategies employed for the design of electrodes for
nickel metal hydride batteries. The activation process by
potential cycling increases the thickness and decreases
the compactness of the passive oxide layer. The pro-
tonation of the oxide decreases the barrier effect and
makes the anodic polarization more effective. Potential
cycling gives rise to increasing surface oxidation,
hydrogen absorption and hydride formation, and pro-
duces the consequent fragmentation of the material
mainly through grain limits.
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