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The influence of temperature on the current peak
multiplicity related to the nickel hydroxide electrode
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The splitting of the anodic and cathodic potentiodynamic E/I display of the nickel hydroxide electrode
in 1 N KOH between 0 and 75° C is reported. The formal first order rate constants for the chemical
reactions which occur simultaneously with the electrochemical steps, and the corresponding activation
energies are evaluated. The results are discussed on the basis of the reaction model recently proposed

for the nickel hydroxide electrode.

1. Introduction

The potentiodynamic E/T displays of Ni/KOH(aq)
interfaces run with complex perturbations in the
potential range associated with the nickel
hydroxide electrode reactions [Ni(OH), =
NiOOH + H* + ¢] exhibit a multiplicity of anodic
and cathodic current peaks [ 1-8]. The relative
contribution of the different current peaks in the
electrochemical spectrum obtained through a
triangular potential sweep technique is sensitive to
the characteristics of the potential perturbation
programme. The gradual changes of the electro-
chemical spectra produced through the systematic
variation of the perturbation parameters reveal
the existence of non-equilibrium species

related to the Ni(OH), and the NiOOH species.
The rates of the transformations between the
various species can be estimated when the type of
potentiodynamic perturbations described for the
study of film ageings are used [9]. The reactions
may involve rearrangement of the water of
hydration in the film species or a change of defect
concentration in the hydrated species. The relative
concentration of the different species related to
each oxidation state of nickel is modified during
ageing, hence so is the overpotential required for
the corresponding electrochemical reaction. There-
fore, the phenomenological description of the
overall nickel hydroxide electrode reaction should
comprise electron transfer stages as well as simul-
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taneous chemical reactions involving the various
solid film species.

The present paper reports the change in
distribution of the multiple current peaks, both
anodic and cathodic, observed during the poten-
tiodynamic perturbations of the Ni/KOH (aq)
interface under a relatively wide range of
perturbation conditions, in the 0 to 75° C range.
For this purpose the electrochemical interface is
subjected to the sequence of triangular potential
perturbations required to produce the potentio-
dynamic ageing of the electrochemically formed
films. Besides confirming the presence of various
non-equilibrium Ni(OH), and NiOOH species at
the nickel hydroxide electrodes, the present results
furnish additional data related to the energetics of
the chemical reactions coupled to the correspond-
ing electrochemical processes according to the
reaction scheme recently postulated [7, 8].

2. Experimental

The experimental set-up was the same as that
already described in previous publications

[5-8, 10, 11]. Specpure (Johnson, Matthey and
Co. Ltd) nickel wires (0.5 mm diameter,

0.25 cm?) were used as the working electrodes in
nitrogen saturated 1 N KOH solution at 0, 25, 50
and 75° C. The solution was prepared from thrice
distilled water and analytical grade (p.a. Merck)
reagents. Potentials were measured versus a
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saturated calomel electrode but in the text they
are referred to the standard hydrogen
electrode scale.

Two types of E/I profiles are presented:

(2) E/I displays resulting from the application
of conventional repetitive triangular potential
sweeps, to determine the number of cycles
required to attain the stabilized E/I display; and

(b) the E/I displays resulting from the appli-
cation of the potentiodynamic-ageing perturbation
technique, to evaluate the current peak multiplicity
of the potentiodynamic E/T profiles related to the
nickel hydroxide electrode reactions.

The latter involves the potential perturbation
programmes depicted in Fig. 1. Accordingly, the
electrochemical interface was perturbed with the
following sequence of potentiodynamic sweeps.
(2) Repetitive triangular potential sweeps (RTPS)
run at a preset potential sweep rate (v) between
the cathodic (E; .) and anodic (£, ,) switching
potentials until a reproducible E/I contour was
attained. The reproducible E/I contour is identi-
fied with the number ‘1°. The potential sweep
rate was changed in the 0.1 Vs <2 <0.3Vs™?
range. The E , and E , values were conveniently
adjusted at each temperature to cover the whole
potential range related to the nickel hydroxide
electrode reactions. (b) Immediately afterwards, a
sequence of intermediate triangular potential
sweeps covering a smaller potential amplitude

(indicated by 1") was applied during the time 7.
The corresponding switching potentials either

Eq . (Fig. 1a) or E;_, (Fig. 1b) within the poten-
tial range between E , and E ., were adjusted
according to the kinetic characteristics of the
process. The time 7 was changed within the

1 min < 7 < 15 min range. (¢) Finally, immediately
after the intermediate potential perturbation a
single potential sweep was run from E_, towards
Ey, . or vice versa. The latter potential sweep
revealed the ageing effects through the shift of the
current peaks and their splitting into multiple
current peaks. The final E/I single sweeps are
identified in the figures with the numbers 2, 3, 4,
etc., each one corresponding to a particular time
7. Further details of the experimental techniques
are described in previous publications [5-7, 10].

3. Results
3.1. The stabilized E[I profile

The sequence of E/I profiles resulting from RTPS
in the potential range of the Ni(OH), electrode at
0.1 Vs initiated from E . [10, 11], changes
gradually from the first potential sweep (Figs. 2
and 3) to attain the stabilized E/I profile. At 0° C,
the first positive potential-going sweep exhibits no
anodic current peak, but the returning negative
potential-going scan presents a clear cathodic

(a)

%2

-

Fig. 1. Potential-time perturbation
programmes for the potentiodynamic ageing
experiments. The numbers on the potential—
time programmes correspond to those
included in Figs. 5—8. (a) Corresponds to
the potentiodynamic ageing of the cathodic

reaction products; (b) corresponds to the
potentiodynamic ageing of the anodic
reaction products.
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Fig. 2. Gradual change of the E/I profile under
RTPS atv = 0.1 Vs~!;0° C. The E/I displays
are shown for the first, second, third and

08 fourth sweeps together with those recorded
E/Volt after different times of RTPS.
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Fig. 3. Gradual change of the E/I under
RTPS atv = 0.1 Vs~?; 50° C. The E/I
displays are shown for the first, second and
02 03 04 05 06 07 third sweeps together with those recorded
E/Volt after different times of RTPS.
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current peak, The anodic current peak which
during the third potential sweep is recorded at
about 0.73V, increases in height on continuing
the potential cycling and simultaneously its peak
potential shifts towards more negative values,
reaching about 0.69 V after 60 min potential
cycling. Afterwards the peak potential moves
slightly backwards to more positive values. This
effect is more evident at 50° C, but the current
peaks both anodic and cathodic are displayed
within narrower potential ranges as the tempera-
ture increases.

Under comparable perturbation conditions,
the number of cycles to attain the stabilized
RTPS E/I contour decreases as the temperature
increases. Thus, at 0° C, the stable E/I contour
is reached after 2.5h cycling at 0.1 Vs~ in the
0.44 t0 0.84 V range. At low temperatures the
stabilized E/I profile shows on the positive-going
potential excursion a single broad and somewhat
symmetric anodic current peak in the potential
range preceding the oxygen evolution and during
the negative-going potential excursion a single
cathodic current peak with similar characteristics.
At the highest temperatures there is also a single
anodic current peak in the stabilized RTPS E/I
profile although it becomes narrower than that
recorded at low temperatures; the corresponding
cathodic current peak is now definitely split into
two current peaks. The cathodic current peak
located at more positive potentials is thinner but
higher than that located at more negative poten-
tials. The latter, at 25° C, appears as a shoulder in
the E/I display [5-7].

Once the stabilized RTPS E/I profile is attained,
the anodic to cathodic charge ratio (Q,/Q.) is,
within experimental error, equal to one. Within
the potential range covering the complete nickel
hydroxide electrode reactions eitherthe Q, or the
Q. maximum charge associated with the stabilized
RTPS E/I profiles run at 0.1 Vs~ is 1.7mCcm™2.
This charge value is independent of the tempera-
ture but decreases with the potential sweep rate
as reported earlier [6].

The potentials of the current peaks in the
stabilized RTPS E/I profile decrease as the
temperature increases according to a linear £,
versus T plot (Fig. 4). The temperature coefficient
of the corresponding electrochemical reactions is
in the order of —2mV K™, This figure is within

05F
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Fig. 4. The dependence of peak potentials on temperature.
(®) and (m) correspond respectively to the main anodic
and cathodic current peaks obtained with RTPS. (O) and
() correspond to the potentials of current peaks I and III
recorded after comparable potentiodynamic ageings. The
(AEp/AT)p ratios measured are — 2.1, — 2.0, — 2.2 and
—1.8mVK"?, respectively.

the order of magnitude of the isothermal tempera-
ture coefficient of electrode reactions involving
hydroxide species [12].

3.2. The splitting of the anodic current peak

To produce the splitting of the anodic current
peak E ., Es ¢, v, Eg , and 7 are systematically
changed (Figs. 5 and 6). Thus, at 0° C, the poten-
tiodynamic E/I display run immediately after the
potentiodynamic ageing presents two anodic
current peaks located at about 0.68 V and 0.72V,
respectively, instead of the former single anodic
current peak at 0.7 V. At 75° C, the single anodic
current peak at 0.52V divides into two anodic
current peaks, one at about 0.51 V and another at
about 0.55 V. The separation of the two anodic
current peaks approaches 0.05V at any tempera-
ture within the 0 to 75° C range as 7 increases.

In all cases, the total anodic charge appearing in
the E/I display run immediately after the poten-
tiodynamic ageing is equal to the charge corre-
sponding to the stabilized RTPS E/I display,
independent of the extent of splitting of the
anodic current peak.

Under comparable conditions, the time
required to reach the same extent of the anodic
current peak splitting decreases remarkably as the
temperature increases. The best definition of the
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04
E/Volt
Fig. 5. Potentiodynamic E/I displays obtained with
perturbation programme (b) with a constant £ a

and different r, at 0° C. 7, = 2min (2); 7, = Smin (3);
= 10min (4) and 7, = 15 min (5).

anodic current peak components is established at
the lowest temperature because of the relatively
small overlap of the /I profiles related to the
nickel hydroxide electrode reaction and to the
oxygen evolution reaction.

08

The E/I profiles obtained after potentio-
dynamic ageing at different times 7 exhibit a
crossing potential, E.. The values of E,, decrease
as the temperature increases, following approxi-
mately the same temperature dependence as that
observed for the anodic current peak of the
stabilized RTPS E/I profile (Fig. 4). Tentatively,
the F, values can be interpreted as equivalent to
the isobiestic point observed in charge transfer
complex spectra [13]. The gradual changes of the
successive intermediate RTPS E/I displays run
between Es"c and E;_, are comparable to those
already described for the RTPS E/I profiles
depicted in Figs. 2 and 3.

3.3. The splitting of the cathodic current peak

The splitting of the cathodic current peak occurs
similarly to that of the anodic current peak. The
overall charge of the cathodic current peak after
the splitting remains practically constant, but the
phenomenology of the splitting process (Figs. 7
and 8) now appears rather more involved than
that described for the anodic current peak. The
relative contribution of the current peaks and
humps generated by the splitting of the cathodic
current peak changes considerably with the tem-
perature. Thus, at 0° C the stabilized cathodic
current peak recorded at 0.58 V after the
potentiodynamic ageing reveals three contri-
butions, namely a major current peak at about

3 T T T # T T T T T
L T=50°C '
“E u=01Vis 1
31 2
< 3
£ 1+ 4
oL |
_l’_
-
-3 L 1 § . L 1 1
04 05 06 03 0.4 05 06
E / Volt

Fig. 6. Potentiodynamic E/I displays obtained with perturbation programme (b) with a constant Fg , and different 7,
at 50° C, 7, = 1 min (2); 7, = 3min (3) and 7, = 5 min (4). At 75° C; 7, = 0.5 (2); 7, = 1.5 (3) and 7, = 3 min'(4).
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Fig. 7. Potentiodynamic E/I displays recorded with
perturbation programme (a) at a constant Eg , and
different r, at 0° C. 7, = 3 min (2); r, = 6 min (3) and
73 = 10 min (4).

0.54V, a shoulder at about 0.59 V, a potential
which lies within the potential range of the
stabilized cathodic current peak potential, and a
small shoulder at about 0.45 V, which is hardly
distinguishable (Fig. 7). The latter, however, at
25° C [6], defines a net current shoulder but at
higher temperatures the E/I contour shows a
clear current peak which competes in height with
that of the major current peak.

At 50° C (Fig. 8) the cathodic current profile
splits into three clearly distinguishable current
peaks. The distribution of the cathodic current
peaks is such that most of the charge involved
in the E/I display after the potentiodynamic
ageing moves towards more negative potentials as
the time 7 increases. As with the anodic process,
the cathodic current peak splitting should be
associated with the occurrence of different
reactive species whose relative concentrations
are time-dependent.

4. Discussion
4.1. The probable reaction mechanism

The results obtained through the complex

potentiodynamic perturbation of the Ni/1 N KOH

- interface in the 0~75° C range correlate with those

previously reported at 25° C. The latter were
interpreted through a scheme of squares, involving
two electrochemical and two chemical reactions
[7]. Otherwise, data derived from the perturbation
of the electrochemical interface with triangularly
modulated triangular potential sweeps showed that
the square reaction model should be-extended to
include the corresponding crossed reactions [8].
Likewise, the characteristics of the genesis of the
stabilized potentiodynamic E/I profiles (Figs. 2
and 3) correlates with the assumption of a
multiplicity of conjugate redox couples in the
potential range of the nickel hydroxide electrode.
Thus, the reaction mechanism proposed for the
nickel hydroxide electrode was

[Ni(OH),],, ® [NiOOH], + H* + ¢
@& N @ )
) v
. (i) : .
[Nl (OH)Z ] s [NIOOH] u +H +e

where the subscripts s and u denote stable and
unstable reacting species respectively and the
asterisk indicates an intermediate species associ-
ated with the crossed reactions. When the crossed
reactions are neglected this reaction model corre-
sponds to the reaction pathway proposed earlier
[14] if [Ni(OH),], = a-Ni(OH),; [NiOOH], =
v-NiOOH; [Ni(OH),], = 8-Ni(OH), and
[NiOOH], = §-NiOOH. But these assignments
are certainly not fully proven. One way to confirm
the scheme, particularly the contribution of
chemical reactions, is through the evaluation of
the energy terms from the temperature depen-
dences of the kinetic data. Then, the most likely
correlation between the already known structural
configuration and the u and s species involved in
the reaction mechanism can be established.

4.2. Evaluation of the rate constants of the
chemical steps

The reaction mechanism of the nickel hydroxide
electrode in Scheme 1 implies the existence of
chemical reactions (iii) and (iv). Reactions (iii)
and (iv) are characterized by the rate constants
k9 and k3, respectively. The evaluation of the
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Fig. 8. Potentiodynamic E/I displays
-k B obtained with perturbation programme
| ) 1 1 (a) at a constant E . and different 7, at
02 03 0L 05 16 @ 50°C.7,=1min (2);7, = 3min (3);
E/Volt 7, = 6 min (4) and 7, = 10 min (5).

formal rate constants (k, and k,) is made follow-
ing the procedure already applied to the data
obtained at 25° C, after assuming that in Scheme
1 the crossed reactions can be neglected [7, 8].
Therefore, the rate of the reaction

[Ni(OH),], == [Ni(OH)],

assisted by the potentiodynamic ageing, can be
evaluated through the relative change of the
charges involved in the anodic current peaks,
assuming that the charge of each anodic current
peak represents a single electrochemical reaction.
Thus, Oy, the charge of the first anodic current
peak component, is associated with the reaction:

[Ni(OH),], = [NiOOH], + H*+e (3)

while Oy, the charge of the second ancdic current
peak component, corresponds to the reaction:

@

[Ni(OH),], == [NiOOH], + H* +¢  (4)

Since the overall anodic charge after the correction
for the oxygen evolution baseline is Oy , = Q1 +
Qrp at any splitting of the anodic current peak, the
relative contribution of O and Qry should depend
on the duration of the potentiodynamic ageing.
The magnitudes of Oy and Qy; are determined
from the positive potential-going E/I display run
immediately after the potentiodynamic ageing
applied during time 7. For this purpose a conven-
tional graphical integration and trial and error
procedure is used [7]. The error involved in the
estimation of Qr and Qg is less than 5%. The
corresponding formal rate constant, &, for the
reaction assisted by the potentiodynamic ageing

is evaluated using a first order rate equation:

_40; _

dr )

which after integration yields:
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Fig. 9. First order plot for Q1. @) T=0°C, (@ T =
25°C, (2) T=150°C,and (0) T=75°C.

O (T = 0) — — QII(T)
oM T T oa=0)

01 (7 = 0) denotes the initial charge value of the
reactant in Reaction 3. The average values of k;

In (6)

(n Qge)-In Qg(3<0)

0 5 10 15
Bimin

Fig. 10. First order plot for @11. (W T=0°C, (m) T =
25°C,(A) T=50°Cand (@) T=75°C,

derived by plotting Equation 6 are shown in Figs.
9 and 10.

The same procedure is employed to calculate
k, , the formatl rate constant for the second
chemical process, assisted by the potentiodynamic
ageing, namely:

[NiOOH],, > [NiOOH], %)

In this case, however the interpretation becomes
more involved since [6]

Qr,.c = Cin + Qv+ 0

where QO . is the total cathodic charge at any
splitting, Qqyy is the charge of the cathodic current
peak located at more positive potentials and Qyv
is the charge of the cathodic current peak located
at more negative potentials. Qg1 and Qpy are the
charges of the cathodic current peaks whose
relative contributions are particularly influenced
by the potentiodynamic ageing. {; is the charge of
the third cathodic current peak whose potential
depends on the temperature and is hardly affected
by the potentiodynamic ageing. Consequently for
the evaluation of k3, Qr , is taken as the sum

O + Orv . The charge Qrqp can be associated
with the reaction

H* + e + [Ni(OOH)], == [Ni(OH),],
®)

and Qyv, is the charge pertaining to the reaction:
H* + e+ [NiOOH]; == [Ni(OH),], (9)

Analogously to the previous case, — dQyyi/dT =
dQyv/dr, and assuming a first order rate process,

one obtains:
Oui(r=0)

Qi (1)

The values of &, are obtained from the plot shown
in Fig. 11. The corresponding half-life times,
(t)1/2 = 0.693/k;, of Reactions 2 and 7 are also
included in Figs. 12 and 13.

In the preceding analysis, the time related to
Reaction 2 and 7 has been taken as equal to the
time 7 potentiodynamic ageing. This approxi-
mation is justified on the basis that the splitting
of the current peaks obtained through the poten-
tiodynamic ageing is similar to the splitting
obtained from either the open circuit ageing or the
potentiostatic ageing [7]. The average values of k;

sz k= ln (10)
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Fig. 11. First order plot for Q. (+) T=0°C, (®) T =
25°C,(®) T=50°C,and (X) T=75°C.

and k, are independent of the frequency range
and switching potentials related to the potentio-
dynamic ageing. The correction of 7 due to the
time spent in recording the E/I display following
the intermediate potential perturbation is
negligible.

Both rate constants, k, and k,, fit Arrhenius
plots (Figs. 12 and 13). The experimental
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25 35
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Fig. 12. Arrhenius plots for k, derived from data of Figs.
9 and 10.
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activation energy for Reaction 2 is
AE} =42 +0.2kcalmol™ and that of Reaction
7is AE7 = 3.4 +0.2kcalmol .

4.3, Possible structural characteristics related to
the electrochemical reactions

The complex reactions in the solid state phases
related to the nickel hydroxide electrode were
“studied by X-ray [14, 16}, infra-red [17], and
in situ ellipsometric measurements [18-20] and
interpreted on the basis of two forms of nickel
hydroxide, namely the a-Ni(OH), and the
B-Ni(OH), forms. Likewise, the y-NiOOH and
B-NiOOH forms of the Ni(III) species are also
reported in the literature {14, 20-27]. The
relative amount of each of these species depends
on the charging and discharging conditions of the
nickel hydroxide electrode [20, 22, 26-28] and
on the concentration and composition of the
electrolyte [27, 28].

The formation of 8-NiOOH from the usual
brucite modification §-Ni(OH), implies no
change in the main structural features [23],
although this depends on the rate of electro-
oxidation [29-31]. The loosely hydrated
a-Ni(OH), species undergo electrochemical
oxidation to y-NiOOH, a species which
retains its octahedral group of oxygen atoms with
interlaminar material consisting of disordered
water molecules and small quantities of alkali
metal ions. However, the cell dimensions of
7-NiOOH vary greatly as the oxidation value
of the nickel changes. Although these changes

-1 T T

n [tt5), ,/min]

(n [ky/min]

~3

v
H
;\

=4 1 1
25 35

Kx10% T

Fig. 13. Arrhenius plot for k, derived from data of Fig.
11.
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cannot be expressed by simple stoichiometric
ratios, they indicate the possibility of the

NiOOH species having a larger number of struc-
turally defined surface species. This can be associ-
ated with the more composite E/I display for the
electroreduction of the NiOOH species. The
cathodic current peak located at more negative
potentials is associated with the most stable
NiOOH-species which may be related to the
highly oxidized v, -nickel hydroxide [32] which
appears to be formed as the innermost hydroxide
layer in contact with the metal surface although
the charge is lower than that expected for a full
monolayer. The structures of these species vary in
their water content [33] and with the possibility
of cation incorporation into the lattice [34].

An identification of the u- and the s-species as
some of the compounds referred to above may be
attempted through the evaluation of the thermal
data. If the a-Ni(OH), and 8-Ni(OH), are tenta-
tively assigned to the u- and s-Ni(OH), species
respectively, Reactions 3 and 4 coincide with
those postulated earlier by several authors when
the NiOOH-species in Reaction 3 is y-NiOOH and
in Reaction 4 is 8-NiOOH respectively [4,7, 14,
24,26, 27]. The kinetic analysis of these reactions
was mainly directed towards the contribution of
the crystal growth of the different species [24,
35] and to the participation of the diffusion of the
mobile species in the electrode reaction [36-40].
In both cases the contributions of the chemical
Reactions 2 and 7, although considered, were
defined. But the main conclusion was, however,
that there was no evidence that an appreciable
charge transfer overpotential is associated with
Reactions 3 and 4. On the basis of these conclu-
sions it seems reasonable to admit that Reactions
3 and 4 are in quasi-equilibrium, so that the
corresponding standard free energy difference can
be estimated from the difference of the corre-
sponding anodic current peak potentials:

AG? — AGY ~—F(Ep 1 —Ep ) =
—1.3%0.1kcalmol™ (11)
On the other hand, if in a more general way one
considers that a process such as [29, 41]:
Ni(OH), (disordered) - Ni(OH), (ordered)

(12)

is spontaneous at room temperature, then the
corresponding AG, value is negative, The upper
limiting AG 4, value as estimated from the
solubility products of the a-Ni(OH), and
B-Ni(OH), [42-45] is AG,, = — 3.4kcal mol ™,
In this case it has been presumed that the a-form
is the most active one [14]. Reaction 12 should be
associated with the transformation of the unstable
into the stable Ni(OH), species in the reaction
pattern already described. Consequently, from the
data of Reactions 3 and 4 assumed in equilibrium,
the estimated standard free energy change of
Reaction 7 results: AG, = — 4.7 kcal mol™. The
thermodynamic prediction for the spontaneous
reaction is in this case, in agreement with the
experimental findings [14, 26, 27].
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