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Ellipsometric and reflectivity data combined with voltammetric data have been obtained at 546.1 nm
for different nickel hydroxide electrodes in 0.01 M NaOH at 25°C. The electrodes were prepared by ex
situ chemical precipitation on a polished platinum substrate. The influence of the potential routine
applied to the nickel hydroxide electrode on the corresponding optical parameters and time effects for
both the oxidized and reduced forms of the active material kept at constant potential have been
investigated. The nickel hydroxide layer is described as a mixture of nickel(II) hydroxide, nickel(II)
hydroxide and electrolyte-water domains. The kinetic effects are discussed through a complex reaction
pathway involving different nickel(II) and nickel(III) hydroxide species, the processes starting preferen-
tially at the borders of the different domains.

INTRODUCTION

One of the earliest applications of ellipsometry to electrochemical systems
concerned the study of the nickel hydroxide electrode in 5 M KOH [1-3] and in 0.1
M KOH [4] and NaOH [5]. In recent years these studies were extended by
combining ellipsometry with other surface analysis [6,7] and optical techniques
[8-16] to achieve a more complete description of the reaction mechanisms and
phase transformations associated with the nickel hydroxide electrode under a
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number of different operating conditions. Thus more comprehensive ellipsometric
data were obtained by using a-Ni(OH), electrodes cathodically deposited on
platinum, carbon and nickel {4,17-19]. Accordingly, new interpretations for the
oxidized and reduced nickel hydroxide layer structures could be advanced. The
dynamics of the optical properties of nickel in 5 M KOH was followed by
ellipsometry and interpreted in this case through a two-layer model {20].

Despite the relatively large number of previous studies of the subject, it
becomes rather difficult to compare the different results within a common single
coherent physico-chemical framework. This is perhaps due to the fact that the
system is by itself extremely complicated [18]. As a matter of fact it is likely that
the proper characteristics of Ni(OH), layers used in different studies are not
exactly the same, except perhaps in those cases in which the layer has been
cathodically produced and its optical properties determined by in situ procedures.
Frequently, nickel hydroxide layers have been described as crystalline materials
[21] and occasionally as colloidal layers [22,23] containing either stoichiometric or
non-stoichiometric compounds. From the optical and catalytic standpoints it ap-
pears reasonable to consider at least those layers formed through precipitation
from solution as being constituted by a composed material, as seems to be the case
for other hydrous metal oxide layers [24,25].

The present work presents ellipsometric and reflectivity data of different nickel
hydroxide electrodes obtained by ex situ chemical precipitation on a polished
platinum substrate, paying special attention to the influence of the potential
routine applied to the nickel hydroxide electrode on the corresponding optical
parameters and determining time effects for both the oxidized and reduced forms
of the active material kept at constant potential. These results can contribute to a
more critical assessment of the ellipsometric data available for the nickel hydrox-
ide electrode.

EXPERIMENTAL

The working nickel hydroxide electrodes were prepared on a pretreated plat-
inum substrate by repetitive precipitation from alternate immersions of 5 s each in
2x107* M NiSO, and 10”2 M NaOH. To produce nickel hydroxide layers of
different thicknesses, the number of immersions, N, in each solution was varied
from 10 to 75. The nickel hydroxide electrode obtained in this way exhibited good
adherence to the substrate. The latter consisted of a flat platinum disc (1.13 cm?
geometric area) embedded in a polytetrafluoroethylene (PTFE) holder. The plat-
inum disc was first cleaned in a 1:1 H,SO, + HNO; mixture, then gradually
polished to a mirror surface by using water suspensions of fine grain alumina
powders (1.0, 0.3 and 0.05 um), later subjected to ultrasonics and finally rinsed
thoroughly with triply distilled water. Before running the electrochemical and
optical measurements, the nickel hydroxide electrodes were immersed for a few
seconds in 10~2> M NaOH under smooth stirring conditions.
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All solutions were prepared from p.a. (Merck) reagents and triply distilled
water. Runs were made at 25°C in 1072 M NaOH under purified N, gas
saturation.

Potentials were measured employing a hydrogen reference electrode in the
same solution, but in the text they are referred to the standard hydrogen electrode
(SHE) scale. The counterelectrode was a platinum wire spiral previously cleaned in
hot concentrated HCl and heated in the reducing zone of the gas burner. The
three-electrode electrochemical glass cell design was suitable for both optical and
electrochemical experiments. In this case the Pt/precipitated Ni(OH), electrode
was placed horizontally in the main cell compartment, the latter being provided
with two plane glass windows, as described elsewhere [24].

The electrolysis cell was mounted in a Rudolph Research 437-02 /200B manual
ellipsometer (maximum resolution 0.01°) provided with a 150 W tungsten lamp
with a filter (546.1 nm) and an RCA 1P-21 photomultiplier. The incidence light
beam angle was fixed at 69° and that of the compensator at 135° with a 90°
retardation resulting from the use of a Babinet Soleil.

Voltammetric measurements were made at different scan rates v in the range
0.001 <0 <0.1 V s™! between fixed lower (E,.) and upper (E,,) switching
potentials covering the H and O atom electrosorption—electrodesorption potential
ranges on platinum and the Ni(OH),/ NiOOH redox couple potential range. The
purpose of these experiments was to select the potential regions suitable for
optical measurements during the charging—discharging cycles.

The ellipsometric readings at the polarizer (P) and at the analyser (A) under
extinction conditions were converted to A and ¥ by the usual procedure [26].
These values were derived from the following operation sequence.

(1) Ellipsometric measurements of a freshly prepared nickel hydroxide elec-
trode at E_, the open-circuit potential (0.18 < E__ < 0.22 V), were made.

(2) The working electrode was held at E,= —0.70 V for a time 7= 3 min to
reach stable A and ¥ values. The corresponding results were in agreement with
those obtained at E__.

(3) A linear potential scan at 0.1 V s~' was applied from E__ up to 0.83 V and
held at this value for =5 min to electro-oxidize the nickel hydroxide layer
completely so that its ellipsometric parameters could be determined. Longer times
7 were avoided owing to the possible interference of oxygen evolution with the
ellipsometric readings.

(4) Afterwards, the potential-current (E—I) response was recorded from 0.83 V
downwards to evaluate the nickel(I1D) electroreduction charge in the nickel hydrox-
ide layer. In this case the potential was swept downwards to —0.70 V, then
upwards to 0.18 V and held at this potential for several minutes. At 0.18 V no
electroadsorption of O adatoms on platinum takes place. The A and ¥ values at
0.18 V differed by less than 0.2° from those of the initial nickel hydroxide
electrode. This relatively small difference confirmed that the variations in 4 and ¥
observed in the 0.18-0.83 V range are due mainly to changes in the nickel
hydroxide layer. Accordingly, the influence of the platinum substrate on the

1
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ellipsometric data can be neglected even at the lowest nickel hydroxide layer
thicknesses, as further described.

(5) To show the influence of the potential routine applied to the electrode on
the values of A and ¥, the working electrode potential was cycled at 0.1 V s7!
between —0.7 and 0.83 V. After a certain number of oxidation-reduction cycles
(ORCs), the values of both A and ¥ were obtained at 0.18 and 0.83 V. These
potential values are related to the reduced and oxidized forms of the nickel
hydroxide layer respectively. The influence of the holding time at 0.18 V on the
ellipsometric data was also studied.

(6) Finally, the nickel hydroxide layer was dissolved by adding H,SO, solution
to obtain the A and ¥ values of the platinum substrate. These readings were used
as the reference for each series of experiments, so that in this way errors resulting
from misalignment of the electrochemical cell could be minimized.

Reflectivity data complementing the voltammetric and ellipsometric data were
also made by setting the analyser, the polarizer and the compensator aligned at 0°
(p-polarized light). The transient reflectivity was obtained within a fraction of a
second.

The evaluation of 4 and ¥ together with the relative reflectivity change AR/R
allow one in principle to determine unequivocally n, the real part of the refractive
index, k, the absorption coefficient, and d, the nickel hydroxide layer thickness.

It was assumed that either a homogeneous nickel hydroxide film is present or
the number and size of the particles which constitute the layer remain nearly the
same during the ORCs so that any change in the light scattering produced by these
particles does not appear in the AR/R values. Furthermore, the R values
determined at 0.83 V, particularly for thick nickel hydroxide layers, are so small
that poor accuracy was obtained.

RESULTS
Voltammetric data

The voltammogram of the Pt /Ni(OH), electrode in 1072 M NaOH (Fig. 1) at 0
Vs~! between E,,= —0.70 V and E,, = 0.83 V shows in the —0.7 to 0.1 V range
the contributions of the H and O adatom electrosorption processes on platinum
and in the 0.3-0.8 V range the anodic (II) and cathodic (III) conjugated current
peaks related to the Ni(IT)/ Ni(III) redox system. In the present case the voltam-
metric charge contribution of the Ni(II)/ Ni(III) system is always larger than that
of H and O atom electrosorption processes.

In general, the features of these voltammograms agree with those already
described in previous publications [12,14], although in this case it was found that
systematically the anodic (Q,) to cathodic (Q,.) charge ratio related to peaks II and
III was slightly greater than unity. This fact might be due in part to a poor baseline
correction for peak II and in part to an initial excess of OH™ ions in the nickel
hydroxide layer resulting from the preparation procedure.
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Fig. 1. Voltammetric response of the Pt/Ni(OH), electrode; v=0.1 V s~!, 1072 M NaOH, N = 20.
Ellipsometric data

Complementary ellipsometric data on platinum substrate

In order to ascertain the possible influence of the platinum substrate on the
ellipsometric data, the values of A and ¥ were determined at 0.18 and —0.70 V
for the bare platinum substrate, i.e. for the platinum electrode covered by O
adatoms and partially covered by H adatoms respectively [27].

The charge density involved in the anodization of platinum at 0.83 V was 1.77
mC cm 2. On the assumption that the oxide layer on platinum can be represented
as either PtO (8p,o =14.1 g cm™>) or PtO, (8p,=10.2 g cm™?), the resulting
oxide layer thickness values d are 1.30 and 1.02 nm respectively. Furthermore, the
experimental changes in 4 and ¥ in the absence of the Ni(OH), layer in going
from the bare platinum to the platinum-oxide-covered surface are §4 = 2.8° and
8V = 0.3°. With these values for the PtO layer one obtains a refractive index (real
part) n = 2.5 and an absorption coefficient k = 0.005. The corrections which have
to be made to the A and ¥ values resulting for the Pt/PtO/Ni(OH), system are
relatively small as compared to the values of 4 and ¥ related to the Ni(OH),
layer itself, which are between 17° and 60°. Nevertheless, these corrections were
taken into account in all the ellipsometric calculations shown here. It should be
noted that the values of n and k referred to above for PtO are comparable with
the values n=2.1 and k =0.005 already reported by Gottesfeld and Srinivasan
[27] for PtO layers grown for 140 min at 2.2 V to 8.0 nm thickness.
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Fig. 2. A vs. ¥ plots resulting for different numbers of immersions, N =10-75. ® corresponds to the
platinum substrate. (a) Open circles, E; = 0.18 V; full circles, E, = 0.83 V. (b) Dependence of optical
parameters on potential cycling for N =10, 20, 40 and 60. The numbers indicate the time sequence of
the readings.

Nickel hydroxide layers

The conventional A vs. ¥ plots resulting for both the initial nickel hydroxide
electrode at E, = 0.18 V and after the first oxidation half-cycle up to £, =083 V
depend considerably on both the value of N (Fig. 2(a)) and the number of ORCs
(Fig. 2(b)). For N > 20, as the number of ORCs increases, the ellipsometric data
shift in the direction of increasing ¥ and A for the electroreduced form but in the
direction of decreasing A and increasing ¥ for the electro-oxidized form. The
greatest changes in A and ¥ as compared to the substrate correspond to the
oxidized form of the nickel hydroxide.

On the other hand, when the potential cycling is interrupted and the applied
potential held at 0.18 V, one can observe that the value of A remains practically
constant while the value of ¥ decreases with the potential holding time. This time
effect of the ellipsometric parameters can be related to slow changes occurring in
the nickel hydroxide layer in the electroreduced form after the ORCs, as described
next.

ORC effect on the ellipsometric parameters
The preceding results (Fig. 2(b)) show that the ellipsometric parameters, partic-

ularly those read at E=0.18 V, depend on the characteristics of the ORCs. This
fact indicates the necessity of studying further the influence of the ORCs on A and
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Fig. 3. Dependence of 4 vs. ¥ at (a) E, and (b) E; during potential cycling. The broken traces in (b)
correspond to the time evolution of A and ¥ during potential holding at E,. The numbers indicate
sequential readings.

Y. For this purpose the electrode was first subjected to several ORCs with
intermediate potential holdings at either E, or E, to determine P and A. These
results can be plotted for the reduced (E,) and oxidized (E,) forms (Fig. 3). The
numbers in Figs. 3(a) and 3(b) stand for sequential readings. The results obtained
at E =0.83 V show an increase in ¥ and a decrease in A along the potential
cycling at 0.1 V s™!. In contrast, the results obtained at E, =0.18 V show an
increase in both A and ¥ along the potential cycling. Furthermore, when the
cycling is interrupted at E,, a considerable decrease in ¥ is observed (broken
traces in Fig. 3(b)). Even after 90 min (point 8, Fig. 3(b)) the values of A and ¥ do
not reach those of the fresh nickel hydroxide layer (hysteresis effect). Within the
time scale of these experiments hysteresis can be seen in these 4 vs. ¥ plots for
the electro-oxidized ‘form of the nickel hydroxide layer either starting from a
non-relaxed or a relaxed electroreduced form.

These results show clearly that from the optical viewpoint, although the system
has relaxed to some extent during the potential holding in the reduced state, after
one ORC is applied it immediately regains its previous condition in the oxidized
state. Thus the oxidation of the layer after the potential holding occurs as if the
observed relaxation process in the reduced state had not happened.

Reflectivity measurements

The preceding results suggested the investigation of the influence of the applied
potential over a much shorter time scale through reflectivity data, particularly at
E,. For this purpose the electrode was subjected to the potential shown in Fig. 4
(inset). The value of AR/R changes along the potential cycling and with the
number of cycles (Fig. 4(a)). The greatest changes in AR/R appear in the
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Fig. 4. (a) AR /R and (b) current changes during application of potential programme shown in inset;
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potential range of the Ni(II) / Ni(III) redox couples (Fig. 4(b)). When the potential
is held at E,, AR/R decays to attain a stationary value (Fig. 4(a)). After 5 min
potential holding (point D), the subsequent cycles show changes in the reflectivity
with the number of potential cycles, though smaller than those seen initially. These
changes are accompanied by an increase in the reduction charge of the oxide
during the first potential cycle (broken line in Fig. 4(b)). The present experiment
demonstrates that the changes in R are produced mainly by the potential holding
at E,=0.83 V. Voltammetric data indicate that most of the reflectivity changes
caused by the potential holding should be related to a further increase in the
amount of oxidized material in the layer. The potential holding at E| leads to a
slow increase in the reflectivity, as expected according to the results depicted in
Fig. 3. This means that irreversible changes have occurred in the layer as a
consequence of the positive potential holding.

INTERPRETATION OF RESULTS

Euvaluation of the optical constants of the nickel hydroxide layer in the electroreduced
and electro-oxidized forms

Results indicate that the changes in A and ¥ in going from 0.83 to —0.70 V or
vice versa are due to the electro-oxidized and electroreduced forms of the nickel
hydroxide layer. Accordingly, the corresponding ellipsometric behaviour can be
simulated by considering as a first approach a homogeneous thickness-independent
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Fig. 5. Theoretical A vs. ¥ plots obtained on the basis of a two-layer model; Pt /PtO /nickel hydroxide.
® corresponds to the platinum substrate. (a) d =115 nm, (b) d =140 nm and (¢) n =1.37.

nickel hydroxide single-layer structure. In this case n and k, both at the wave-
length A, and d, the average thickness of the nickel hydroxide layer, are the only
three parameters entering into the calculation. The subindices O and R identify
the oxidized and reduced states respectively. The calculation of the 4 vs. ¥ plots
at constant d for different values of N was done by changing systematically the
values of k and n (Figs. 5(a) and 5(b)). It can be observed that for a particular
value of d the initial values of A and ¥ for different N (Fig. 2(a)) for the oxidized
and reduced forms lie on the lines of a common value of s, in agreement with
previous work [12]. Moreover, as N increases, the resulting values of n and & lie
in the range 1.33 <ngg < 1.41, 0.05 <ky <0.22 and 0.02 < ki < 0.05. For N > 40
these values of n and k are comparable with those reported earlier in the
literature [1,2,12].

As a second approach the 4 vs. ¥ plots were calculated assuming n was
independent of N, with k and d taken as variables for the oxidized and reduced
forms (Fig. 5(c)). The rest of the parameters were calculated for the oxidized and
reduced forms for the different values of N (Tables 1 and 2).
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TABLE 1

Data resulting for the reduced form of nickel hydroxide (0.18 V) at A = 546.1 nm for n =1.37
N kg dg /nm
10 0.02 10-20
20 0.02 20-30
30 0.02 30

40 0.02 130

40 0.04 130

50 0.02 160

60 0.03 140

75 0.03 135

80 0.03 145

There is no linear correlation between the values of d,r and either Q. or N.
However, except for small values of Q_, the values of d, and dy are approxi-
mately the same and independent of both Q. and N.

The values of ny reported in the literature for a-Ni(OH), are in the range
1.40 < ng < 1.50 [8,9]. The difference from the present results can be presumably
assigned to the different preparation procedure of the nickel hydroxide layers. The
value of k. is in reasonable agreement with the values previously reported by Ord
at 632.8 nm in 5 M KOH [10,12].

An alternative analysis of the data is also possible by introducing other simplify-
ing assumptions and considering the whole set of data for different N. In view of
the results obtained above, it can be assumed that for the nickel hydroxide layer in
both the oxidized and reduced states the values of n and d are common to both
states, i.e. no=ng=n and d,=dy=d. Then it is possible to calculate the
remaining parameters kg, kg, n and d at each N.

These results are summarized in Fig. 6 by plotting d, k, and »n as a function of
Q. for kg <0.03. It appears that both n and k approach limiting values as Q. is
increased, whereas 4 fluctuates around a Q_-independent constant value (d = 120
nm).

TABLE 2

Data resulting for the oxidized form of nickel hydroxide (0.83 V) at A = 546.1 nm for n = 1.37
N ko do /nm Q./mCcm™?
10 0.075 70 2.10

20 0.10 90-100 4.00

30 0.19 115 5.38

40 0.19 120 14.7

40 0.18 135 15.9

50 0.16 135 16.7

60 0.22 130 22.8

75 0.17 135 24.8

80 0.31 115 —
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Effect of potential cycling on the ellipsometric parameters

The results displayed in Figs. 2(b) and 5 under potential cycling conditions
cannot be interpreted straightforwardly because the three basic parameters re-
quired in the calculations could change simultaneously.

During cycling, the values of A and ¥ at E, move in the directions of
increasing d, or ng, and similarly for dg and ng at E,. The higher the shifts, the
greater is the value of N. Most probably the observed changes in the ellipsometric
parameters on potential cycling would be due to a progressive change in both n
and d. Small changes in d are not uncommon when changing the oxidation state of
active films on electrodes and are usually associated with changes in the chemical
structure of the film [28,29].

DISCUSSION
Preliminary consideration

A simple correlation of the ellipsometric and voltammetric parameters for the
oxidized and reduced forms of Ni(OH), films obtained by chemical precipitation
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as well as a straightforward interpretation of the data are not possible. It is known
that the amount of Ni(OH), film produced by chemical precipitation increases
with N, but the ellipsometric data are apparently consistent with a constant
Ni(OH), film thickness which becomes independent of N, whereas the values of
and k of the reduced form increase with N.

On the other hand, the effect of potential cycling on the ellipsometric parame-
ters is more evident for high values of N and, being an accumulative effect, for
high numbers of ORCs. For N> 20 (Fig. 5) the changes in 4 and ¥ suggest
changes in n and d for the oxidized form of the film, whereas for the reduced
form there is, besides changes in # and d, also a probable increase in k.

The experiments with rnegative potential holding show that the change in the
ellipsometric parameters is due to a slow further electroreduction of a nickel(IIT)
(either B- or v-NiOOH or both) species.

The experiments with positive potential holding show that a relatively fast
further oxidation process occurs during the potential holding. The combination of
this process with the slow reduction should be related to the accumulative effects
observed during the potential cycling.

For a rational approach to the interpretation of the data, let us consider the
following main aspects

(1\ the nrobable commnosition and homo

N/ LV PIVOLGUIV VUSSR

its changes during the ORCs;

(2) the possible reasons for the appearance of hysteresis effects by holding the
potential at either £, or E;

(3) the possible stationary situation which may be considered as appropriate for
the estimation of optical parameters for both the oxidized and reduced forms of
the Ni(OH), film;

(4) the relationship between ellipsometric and voltammetric results in terms of
reaction mechanisms discussed earlier.

Composition and homogeneity of Ni(OH), films

A number of electrochemical and in situ optical investigations [22-25] support a
composite gel-like structure for Ni(OH), layers produced by either chemical or
electrochemical precipitation on conducting substrates.

The growth of nickel hydroxide through chemical precipitation should involve in
the early stages a nucleation and growth process at the substrate surface and
further thickening outwards (see e.g. ref. 30). Therefore, except for very thin nickel
hydroxide layers, the active material can be considered as confined to a nearly
constant volume defined by the area of the substrate and the layer thickness.

The fact that the ellipsometric data of the Ni(OH), layer under open circuit and
without any precedent electrochemical perturbation are consistent with a nearly
constant film thickness, particularly for relatively large amounts of Ni(OH),, would
suggest that as the number of immersions increases, the growing of other nuclei at
the outer boundary becomes possible. The formation of these nuclei should
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contribute to make the nickel hydroxide layer thicker and more compact. For a
range of high values of Q. (or N) the value of d derived from ellipsometry
becomes independent of the amount of active material participating in the ORCs
(Tables 1 and 2).

Hence only under the preceding conditions can the Ni(OH), be described as a
homogeneous thickness layer whose composition in terms of the H,O: NiO molar
ratio changes in the direction perpendicular to the substrate. Then, provided that
the size of nickel hydroxide particles is smaller than the wavelength of light used in
the experiments and that d is sufficiently small to neglect inhomogeneity effects,
the refractive index of the composite Ni(OH), layer consisting of Ni(OH), and
electrolyte domains can be approached through the Maxwell-Garnett expression
[31]

nl—n. F(n{-n})
F 2- 7 2. 2 (1)
n, +2n; n; +n;

where n, and n; are the refractive indices of the electrolyte and Ni(OH),
respectively and n_=n_— ik, is the effective refractive index of the composite
layer, which contains a volume fraction F of Ni(OH),, probably as «-Ni(OH),, for
the initially precipitated layer. The dependences of the imaginary and real parts of
n. on F are shown in Figs. 7(a) and 7(b) for 0 < k < 0.3 and 1.35 <n < 1.39. These
plots show a linear dependence of n on F and can be rather satisfactorily
compared with those exhibited in Fig. 6, considering that Q_ is directly propor-
tional to F.

The influence of ORCs

Let us attempt to interpret the ellipsometric changes occurring during the
application of ORCs to the nickel hydroxide electrode.

The faradaic yields of processes occurring during the ORCs should depend on
the degree of coupling between the electrical perturbation and the rate of the
proper electrochemical reactions. The extent of this coupling should also be
extremely dependent upon the current distribution at the working electrode. It is
known that the current distribution at disk electrodes in the ellipsometric cell
design is far from ideal. Consequently, for each ORC a different radial distribution
of the oxidized and reduced forms of Ni(OH), would be obtained. Therefore after
a sufficiently prolonged number of ORCs a stationary situation should be attained.
However, the fact is that under ORC conditions the Ni(OH), layer can be
considered as a mixture of Nickel(II) hydroxide, nickel(JII) hydroxide and elec-
trolyte-H,O domains, so that another inhomogeneity effect in the direction
parallel to the electrode is then added.

For the composite nickel hydroxide layer involving domains of active and
inactive material, an increase in N would also tend to increase the volume fraction
of the nickel hydroxide, i.e. the specific gravity of the nickel hydroxide layer, so
that d remains unchanged.
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The change in the relative amounts of active material during the ORCs is
confirmed by the small decrease in the voltammetric charge (anodic and cathodic)
during the ORCs. Under these conditions, from the values of 4 and ¥ one can
tentatively deduce the changes in n and d occurring during the ORCs including
long-range term treatments. The progressive processes occurring at the interface
during the ORCs can be put forward as follows:

Pt/Ni(OH),(x), H,O(y), OH™(z) (2a)
(1st OC) |
Pt/Ni(OH),( x — p), NIOOH( p), H,O(y +p), OH™ (z ~p) (2b)

(IstRC) | (p<x)

Pt/Ni(OH),(x —p +p'), NIOOH(p —-p'), H,O(y +p—p'), OH (z~p +p")
(2¢)
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2nd OC) | (p'<p)

Pt/Ni(OH)(x —p +p’' —p"), NIOOH(p —p’ +p"), H,O(y +p —p' +p"),

OH (z—p+p'—p") . (2d)
1(p"<p'<p)

so that X(— 1)"+1p,, = x on increasing the number of ORCs, which corresponds to
a limiting situation involving total conversion of the active material. In practice this
situation can also be achieved through a prolonged potential holding at 0.83 V.

Hence along the ORCs the relative extension of the oxidized and reduced forms
of the Ni(OH), changes, and this can explain the time effect of the reflectivity and
ellipsometric parameters which are observed by holding the potential in the range
where either the oxidized or reduced forms of the nickel hydroxide layers are
supposedly stable species (Figs. 3 and 4). These changes are reflected principally
through the values of kg and kg, though the former changes less remarkably than
the latter.

The Ni(OH), electrode reaction pathway

The entire electrochemical reaction can be described by the complex pathway
reported in the literature involving a- and B-Ni(OH),, 8- and a-NiOOH and
other intermediate species [13,14). The reaction proceeds through a mechanism
where the electrochemical reactions are coupled to chemical reactions. In addition,
the electrochemical reactions produce a local change in pH at the reaction layer,
i.e. the pH decreases during the anodic process and increases during the cathodic
process [13,14]. This means that in addition to the above-mentioned processes the
possible formation of soluble Ni?* at the surface during the anodic reaction and
NiO,; during the cathodic reaction should not be discarded. Nevertheless, if
soluble species are really formed, one can also expect that precipitation of
Ni(OH), will take place somewhere in a region adjacent to the interface. In this
case the distribution of active material on the electrode surface should change as
cycling progresses and the nickel hydroxide layer thickness should become depen-
dent on the electrode shape. Then reconstruction of the non-uniformly distributed
Ni(OH), layer on the platinum substrate should occur.

The present results suggest that the nickel hydroxide reaction pathway (2a)-(2d)
is applicable to the domains of oxidized and reduced forms of the Ni(OH), layer
provided that the corresponding reaction starts at the border of domains and
extends inwards as has been proposed for thick Ni(OH), electrodes used in
alkaline batteries [32].

Obviously, in the time range of the ORCs used at present it is likely that the
aging effect plays a minor role as compared to changes in the relative extension of
the reduced and oxidized Ni(OH), domains. Accordingly, the value of d derived
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from ellipsometry cannot be compared directly with the average value of d
resulting from voltammetry. Moreover, the contribution of the local precipitation
of Ni(OH), should increase in those regions where the current density becomes
greater. In the present cell design these regions are located at the border of the
platinum disc substrate [33,34]. This is what should be expected for a local
decrease in the water content of the nickel hydroxide layer. Therefore all these
facts together, with the possible formation of traces of O, at 0.8 V, can explain
why the Q,/Q. ratio in these experiments turned out to be slightly greater than
unity.
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