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The dissolution and passivation of polycrystalline nickel in carbonate-bicarbonate ion-containing
solutions covering wide ranges of pH and electrolyte concentration were investigated by employing
voltammetric, galvanostatic and potentiostatic transient techniques. Results obtained with a rotating
disc electrode allow the competing reactions related to the active—passive transition to be distinguished
through the influence of the potential sweep rate and the rotation speed on the electrochemical
behaviour of the system at fixed concentrations of either carbonate or bicarbonate ion. The first
oxidation level of nickel corresponds mainly to Ni(OH), formation, the chemical dissolution of the
surface layer and the precipitation of NiCO, and Ni(OH),. The partial removal of the prepassive layer
is predominantly assisted by both the bicarbonate ion concentration and the electrode rotation. In the
presence of chloride ions the formation of soluble Ni(II) species and NiCo; in the potential range of
the first oxidation level appears to be enhanced. This effect can be interpreted by taking into account

competitive adsorption processes at the base metal between C1™ and OH™ ions.

1. Introduction

The electrochemical behaviour of the iron-group tran-
sition metals in buffered borate-boric acid solutions
has been extensively studied in relation to the kinetics
and mechanism of metal electrodissolution and passi-
vation, and to the composition and structure of anodic
product layers [1-11]. In general, the formation of
these layers is considerably influenced by pH and the
characteristics of the perturbing electrical variable,
although it is practically independent of the hydro-
dynamic conditions. A comparable behaviour can be
expected in the buffered carbonate-bicarbonate system.
However, data on the dissolution and passivation of
Fe [6, 12, 13], Co [4, 5, 14] and Ni [15] in solutions
containing carbonate-bicarbonate ions suggest that,
at constant pH, the stability of the anodic films under
stirring decreases compared to that of films produced
in stagnant electrolytes. The dissolution of Fe [13]and
Co [14] in carbonate-bicarbonate solutions has shown
that at constant pH and hydrodynamic conditions, the
anodic processes associated with the active-passive
transition are also influenced by the CO}"/HCO;
concentration ratio. In the particular case of Ni and
nickel alloys, the pitting corrosion of these metals is
inhibited in alkaline solutions containing carbonate-
bicarbonate [16, 17]. It is known that the passivity
breakdown of nickel in 0.001-5.0 M NaOH solutions
with NaCt additions occurs when a threshold Cl7/
OH-" ion concentration ratio close to 1, is exceeded

[18].
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This paper is devoted to the study of the active-
passive transition of polycrystalline nickel in carbon-
ate-bicarbonate solutions covering a wide range of
pH and different ionic strengths, to establish the kin-
etics and possible mechanisms of the corresponding
reactions.

2. Experimental details

The experimental setup was the same as that described
in previous publications [12-14]. The working elec-
trodes consisted of high purity polycrystalline nickel
(‘Specpure’ from Johnson Matthey Chemicals Ltd) in
the form of ecither fixed wire (0.5mm diameter,
0.25 cm? apparent area) or rotating disc (0.070 cm?
apparent area) axially mounted in full on a PTFE
holder. Working electrodes were successively polished
with 400 and 600 grade emery papers, 1.0 and 0.3 ym
grit alumina-acetone suspensions and the finest grade
diamond paste. Subsequently, the electrodes were
thoroughly rinsed in triply distilled water. A large area
Pt sheet placed in a separate cell compartment was
used as counterelectrode. The latter was previously
cleaned by immersion in hot concentrated hydrochloric
acid and heated in the reducing zone of a gas burner.
Potentials were measured against an SCE properly
shielded in full, but in the text they are referred to the
NHE scale in full.
Runs were made in the following solutions:

Solution A: pM K,CO,; (0.02 < p < 2) at pH 11.7
and 25° C. For these solutions the equilib-
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Fig. 1. Voltammogram run with still 0.5M K,CO, solution at
v = 0.25Vs~' The perturbing E/t plot is depicted in the figure.
E= —081V,E_ = 024Vand E, = 1.24V. The Ist, 2nd, 3rd,
4th and 30th potential cycles are shown.

rium CO3~ /HCO; concentration ratic is
close to 25.

0.5M K,CO, in the 0-75°C range.
0.5MK,CO; + ¢gMKCI(0 < g < 1)at
pH 11.7 and 25°C.

xM KHCO, + yM K,CO,; (0.075 <
x £ 2.5,0.0015 < y < 1.5) covering the
8.35-11.7 pH range at 25°C. At each
pH the values of x and y were set to
cover a wide ionic strength range by
keeping the HCO;™/CO; concentration
ratio constant.

Solution B:
Solution C:

Solution D:

Solutions were prepared from AR (p.a. Merck)
reagents and triply distrilled water previously boiled
to remove CO,.

Experiments were made under purified nitrogen gas
saturation by employing one of the following perturb-
ing programmes:

{a) single (STPS) and repetitive (RTPS) triangular
potential sweeps between preset cathodic (Es, x) and
anodic (Es, a) switching potentials, at potential sweep
rates (v) in the 0.001 Vs™' < v < 10 Vs~ range, and
working electrode rotation speed (w) in the 0 <
w < 2800 r.p.m. range;

(b) STPS and RTPS combined with different
potential steps; and

{c) current steps between preset cathodic {j,) and
anodic (j,) current densities.

The reference voltammogram (Fig. 1) obtained with
a polycrystalline nickel electrode in 0.5M K,CO; at
0.25V 57! [15] shows an anodic current peak (1) at c.
—0.35V, which is associated with the formation of
Ni(OH), species, and at high potentials preceding the
OER multiple anodic (I) and cathodic (III-1V) peaks
which are related to the Ni{OH),/NiOOH redox
system.

3. Results
3.1. System Ni/Solution A

The voltammograms of nickel at different v (Fig. 2)
related to the active-passive transition in quiescent
0.5 M K,CO, solution, pH 11.7 and 25°C, show a net
anodic contribution at about —0.4V (Peak 1). For
v < 0.25Vs~! the corresponding pseudocapacitance
current and charge densities increases as v decreases
(Fig. 2a), and they become practically constant for
v = 0.25Vs™'. Likewise, for decreasing v, a small
anodic hump at the negative potential side of peak [
can be observed, probably due to the electrooxidation
of hydrogen. It should be noticed, however, that the
electroreduction process associated with the cathodic
peak V,located at ¢. —0.72'V, appears to be practically
independent of v after the proper HER baseline
correction. Voltammograms run at different v show
two isopotentials at —0.79 V and —0.53 V, respect-
ively, which can be associated with the Ni/Ni(OH),
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Fig. 3. Dependences of Q,; (a), j,; (b) and E,; (c) on v from
voltammograms obtained at w = 0in, (0) 2M K,CO;, (x) 0.5M
K,CO; and (a) 0.02M K, CO, sotutions at pH = 11.7.

redox system [19, 20]. On the other hand, similar
measurements performed with stirred solutions, i.e.
for w = 2620 r.p.m. (Fig. 2b) exhibit a new anodic
process (Peak I') (at potentials more positive than that
of Peak I), whose contribution increases as v decreases.
Furthermore, under stirring the charge density for
peak I is practically independent of v.

For Solution A at pH 11.7, Peak I in the voltammo-
grams run with quiescent solution are little affected by
the K,CO, concentration, at least within the 0.02-2 M
K,CO, concentration range. The voltammetric charge
density of Peak I (Q,,) increases slightly with K,CO;
concentration, this effect being more clearly observed
as v decreases (Fig. 3a). The height of Peak I (j, ) fits
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Fig. 4. Dependences of j,; (a) and E,; (b) on v from voltammo-
grams run at w = 2620 r.p.m. in 0.5M K,CO;.
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Fig. 5. Dependences of @, - (a) j, (b) dand E . (¢) on the K,CO,
concentration at pH = 11.7 from voltammograms run at v =
0.0025Vs~'and w = 2620 r.p.m.

a linear log j, against log v relationship, with a slope
of about 0.80 + 0.07 (Fig. 3b), whereas the potential
of Peak I (E, ;) changes linearly with log v, the slope
of the E,, against log v plot being 0.044 + 0.007V
(decade)™! (Fig. 3b). Under stirring, a linear depen-
dence of both log j,; and E,; on log v is also observed,
the slopes of the straight lines approaching 0.98 +
0.07 and 0.064 + 0.007V (decade)™', respectively
(Fig. 4).

As far as Peak IV is concerned, the voltammograms
obtained at v = 0.0025Vs™' and w = 2620 r.p.m.
exhibit linear Q,, against log cg,co, (Fig. 5a) and
log j, ;- against log ¢k, co, (Fig. 5b) relationships. The
log j, against log cx,co, Straight line shows a slope
closeto 0.4 + 0.1. For the sake of comparison, dotted
points in Figs 5a and b indicate Q,, and logj,
values, for nickel in plain KOH solution and pH 11.7
in the absence of K,CO;. Likewise, E, - is practically
independent of the K,CO; concentration (Fig. 5c).
These results suggest that the kinetics of the overall
electrooxidation process associated with Peak I’ in
stirred solutions is remarkably influenced by the con-
centration of K,CO; for cx,co, > 0.02 M.

3.2. System Ni/Solution B

Further details of the entire passivation process in
solutions containing a fixed K,CO; concentration at
pH 11.7 can be discovered after inspecting the influence
of temperature on the characteristics of the complex
peaks I/I’. The voltammetric response of nickel in
quiescent 0.5 M K,CO; solution in the 0-75° C range
shows that the increase of @, with decreasing v is
enhanced as the temperature is increased (Fig. 6a).
Under the same experimental conditions the log j,
against log v plots approach a linear relationship with
an average slope close to 0.8, independently of tem-
perature, although at constant v the value of j,,
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Fig. 6. Dependences of Q,; (a), j,, (b} and E,; (c) on v from
voltammograms run in 0.5M K,CO; at w = 0 at different tempera-
tures. (¥) 0°C; {a) 25°C; (@) 56°C; (®) 75°C.

increases with temperature (Fig. 6b), and at a constant
temperature the £, | against log v plots exhibit reason-
able linear relationships with a slope equal to
0.036 + 0.008 V (decade)™' (Fig. 6c). At constant o,
the value of E,; shifts more negatively on increasing
the temperature with a temperature coeflicient close to
—3mV K ! On the other hand, at low » the influence
of w on peaks I and I at different temperatures is
similar to that indicated in Fig. 2b.

The Arrhenius plots for j,; when w = 0 and v =
0.0025 Vs~ (Fig. 7a), and for j,- when w = 2620
r.p.m. and » = 0.025Vs~' (Fig. 7b), furnish apparent
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Fig. 7. Arrhenius plots corresponding to Jopat (@ w = 0 and (b)
w = 2620 from voltammograms run in 0.5M K,CO; at v =
0.0025Vs~h

activation energy values (A E*) for the electrochemical
processes associated with Peaks I and I of AE¥ =
20.1kJmol " and AE}, = 15.5kI mol™', respectively.

3.3. System Ni/Solution C

For the sake of comparison, measurements were
carried out in 0.5M K,CO; at 25°C, pH 11.7, with
KCl additions up to 2 M in order to study the influence
of KCI on the relative contributions of anodic peaks
Tand I". Voltammograms (not shown) obtained in the
entire v range with quiescent solutions shows that
neither O, nor j, ; are affected by the presence of KCL
Nevertheless, under stirring at constant XCl concen-
tration, the value of j,, diminishes, and that of j,
increases with increasing w (Fig. 8). This effect is
clearly observed by comparing, for instance, voltam-
mograms in Figs 2b and 8. Furthermore, it should be
noted that the voltammograms associated with the
Ni(OH), /NiOOH redox couple at high positive poten-
tials are considerably influenced in shape and charge
by the concentration of KCl (Fig. 9). However, in
0.5M K,CO, solution pitting was observed only for
the concentration ratio ¢ /coy- > 200, whereas in
the absence of carbonate ions intensity pitting of nickel
in alkaline media was already detected for c._/
Cou- > 1, in agreement with data previously reported
in the literature [18]. These results suggest that
chloride ions accelerate the dissolution of the prepas-
sive layer although carbonate ions contribute to
increased stability of the passive layer.

3.4. System Ni/Solution D

The voltammetric behaviour of nickel in stagnant
carbonate-bicarbonate solutions covering wide ranges
of pH and ionic strength reveals that the parameters of
Peak I at constant pH become practically independent

‘.\T 008 w=0 rpm.
E w=2620 r.p.m.
<{ w=1000 rLp.m,
£ w= r.p.m.
~ w= 200 r.p.m.
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Fig. 8. Influence of w in the voltammograms run in 0.5M
K,CO; + 2M KClat v = 0.0025Vs™'.
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Fig. 9. Influence of KCl concentration added to 0.5M K,CO, on the
voltammograms run at » = 0.0025Vs~' and w = 2620 r.p.m.
(—) 0.0001 M KCl; (---~) 1M KCL

of the electrolyte concentration, and at a constant o,
only slightly influenced by pH (Fig. 10). On the other
hand, data obtained for Peak 1" at w = 2620 r.p.m.
and v = 0.0025V s~ in the entire range of the solution
composition show that the dependence of j, - on pH
varies with the concentration of one anion fixed as an
independent variable, keeping the concentration of
the other anion constant (Fig. 11). Thus, at a constant
bicarbonate ion concentration (full lines in Fig. 11) j, ;-
is practically independent of pH, whereas at constant
carbonate ion concentration (dashed lines in Fig. 11)
linear log j, - against pH relationships can be drawn
with slopes of —0.5 + 0.1.

The potential transients resulting for anodic current
steps (Fig. 12) show three clear transition times. The
first corresponds to the voltammetric level of peak I,
the second lies in the potential range of peak I” and the
third appears at potentials more positive than the
potential where the Ni(IIT) oxidation level starts. The
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Fig. 10. Dependence of j,; on » from voltammogramsrunat w = 0
in (0) 0.75M KHCO; + [.5M K,CO; and (@) 0.075M KHCO, +
0.15M K,CO; at pH = 10.54 and in (&) 0.75M KHCO, +

0.005M K,CO; and (a) 0.075M KHCO; + 0.0005M K,CO, at

pH = 8.35.
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Fig. 11. Dependence of j,; on pH for different carbonate-
bicarbonate solution composition from voltammograms run at
v = 0.0025Vs™' and w = 2620 r.p.m. Full lines correspond to
solution compositions at constant KHCO; concentrations: (O)
0.75M KHCO;; (1) 0.075 M KHCO;; ( x ) 0.0075 M KHCO,. Dotted

lines indicate the corresponding solution compositions at constant
K,CO; concentration.

third transition time is presumably related to the
OER. A change of slope in the transient at about 0.5 V
is also noticed, which is at present difficult to correlate
with the corresponding voltammogram. On the other
hand, the potential transients resulting for a cathodic
current step depend on the initiation potential. A
greater HER depolarization effect can be observed as
the initiation potential is set more positively. Further-
more, when the initiation potential is in the OER
region, two transition times can be recorded, the first
is probably related to the electroreduction of higher
nickel oxyhydroxide and the second presumably related
to the O, electroreduction reaction. Otherwise, anodic
current transients recorded from E,_,, the potential at
which the current is close to zero during a positive
potential-going excursion at low v, up to different
potentials (see potential against time plot inset in Fig.
13), E,, within the potential region of Ni(OH), forma-

E(V)

t(s)

Fig. 12. Galvanostatic charging at j, = 0.08 (mA cm™”) and dis-
charging at j, = —0.03 (mA cm™?) at w, curves in 0.15M K,CO; +
0.075 M KHCO;.
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Fig. 13. (a) Anodic current transients recorded in 0.15M K,CO, +
0.075M KHCO, during the potential holding at E, with the pertur-
bation programme depicted in (b) j against =2 plots derived from
data corresponding to the current transients at different E,.

tion, exhibit a continuous current decay which
increases as the amount of anodic layer produced at E,
increases (Fig. 13a). The corresponding j against 1~
plots (Fig. 13b) present single linear relationships
when E_is set in the potential range of Peak I, whereas
for £, values fixed in the potential region of Peak I” the
slope of the straight lines attain a constant value at
short times, but this decreases at large times when E,
is set more negatively.

4. Discussion

The anodic behaviour of nickel in CO3~/HCOj; buffers
as followed through voltammetry (Figs 1 and 8),
galvanostatic (Fig. 12) and potentiostatic (Fig. 13)
current transients can be described in terms of reactions
involving the Ni/Ni(IT) oxidation level in the —0.8 V
to 0 V range (Fig. 1), and the Ni(II)/Ni(III) oxidation
level in the 0.4-0.9V range (Fig. 9). At the first
oxidation level, the formation of a thin hydrated
Ni(OH), [15] (K, = 5.47 x 10 '®at 25° C[2]) layer at
E < —0.3V takes place, followed by the appearance
of a basic nickel carbonate salt layer at > — 0.3V,
as expected from the solubility product of NiCO,
(pK, = 8.18 at 25°C) [21]. This means that the
reactions occurring in the potential range of peaks I-1’
can be associated with the following stoichiometric
equations:

Ni + H,0 == Ni(OH), + 2H* + 2¢~ (la)

Ni(OH), + CO}" == NiCO, + 20H"~ (Ib)

Ni(OH), + HCO; = Ni* + CO¥

+ OH™ + H,0 (lo)

Ni** 4 CO}™ == NiCO, (1d)

The electrochemical parameters of the Ni/Ni(II)
reaction appear to be considerably dependent upon
the solution composition, namely the HCO; /CO;5~
concentration ratio and pH. Thaus, for Peak I, in the
absence of CI™ ion in solution, one obtains:

0 log j,, ~ 1
dlogov /7

0k,
Jlogw oH

12

0.060 V (decade)™ 2)

(%) i} (.l“ﬂ’_._\ ~0 (@)
0 log €cor Jome 0 log Cuco; /pH,v
0 log j, 1) (5 log j, 1
—F = B —— ~ { + 0.1
( d pH CogRe Y 9 pH )"HC()”U
4
On the other hand, for Peak 1" at constant v:
( dlog j, ) _ (M) ~ 0.5 (5)
0 log Cco? Jon d log Cucoy /o
3 log J, y>
Z_o/pd ~ —0.5 (6
( g pH ‘col-
5 log jp,l’
( St~ %)
HC03

Equations 6 and 7 can be correlated by further con-
sidering the carbonate-bicarbonate ionic equilibriun:

HCO; = COj + HY; pK = 1033 at25°C
(8
Zhoor = <-————a IOgjp)y > = <____@ 10gjpj’)
3 0 log ¢ycos ol Jlog ¢y, ool
3 3
d log ¢y, )
X | —— ~ (05 x () ~05 (9
(0 log CHCOT /e ©
s = ( dlogj,; ) _ <6 Iogjm,>
3 J log oot fco- J log ¢y o
3 HCOy
d log ¢y >
X | —— >~ ) x (- =~0 (10
<a log ccor ), 0) x (=1 (10)

To obtain zjco- and z(p:-, the pseudo reaction
orders involved at Peak 1" with respect to the HCO;
and CO;3~ concentrations, respectively, account must
also be taken of the fact that the voltammetric charge
of Peak I’ depends on the electrolyte composition.
Thus:

i = (ﬂé’e;) _ (M)
3 0 log cyeo; et dlog Q,; ool
3

dlog O, >
X | =R ~ (2.1) x (0.23) ~ 0.5 (1H
(a ey BRI CURILED (1

0%
3



424

A. E. BOHE ET AL.

Z{o2- = <_610_i]£,_) (6 IOgjp,I’ )
3 d log Ceol- ficos 0 log Q,r “ucor
dlog O,
§ <5 log ccor-/, ODx©O)~0 (1

HCO;

The passivation of Ni in carbonate-bicarbonate
solutions at alkaline pH values can be discussed within
the framework of the general reaction pathway recently
postulated to interpret the potentiodynamic behaviour
of nickel in still and stirred sulphuric acid-potassium
sulphate solutions in the 0.4-5.7 pH range [22]. In
alkaline solutions both Ni(OH), and NiCO, can con-
tribute to passive layer formation due to their low
solubility products. Therefore, the probable anodic
reaction comprises the fast formation of Ni(OH),
which occurs in strong acid [23] and alkaline [24]
solutions according to modulated cyclic voltammetry.
The reaction takes place through an adsorbed inter-
mediate which participates in a surface exchange pro-
cess yielding an Ni [OHNI] surface species which can
produce Ni(OH), andfor soluble Ni(Il) through
parallel reactions [22]. The relative contribution of
these two reactions depends on the local pH, which, in
the present case is determined by v, w and the local
buffer capacity of the CO; /HCO5 system, and on the
OH /HCOj; at the metal surface concentration ratio.
Otherwise, the chemical dissolution of the primary
Ni(OH), layer as soluble Ni(II) should be assisted by
local low pH values, and, eventually, by the presence
of aggressive anions. This offers another possibility of
producing Ni(OH), surface species through the preci-
pitation of Ni(OH), close to the electrode surface. The
film which causes nickel to passivate in aqueous sol-
utions was identified by in situ differential reflectometry
in conjunction with XPS techniques as Ni(OH),
[25, 26].

On the assumption that low potential sweep rate
voltammetry approaches the quasi-stationary state
conditions, the anodic reaction can be interpreted as a
complex reaction mechanism based, in the early
stages, on Ni(OH), formation [19, 20] and the possible
ionic equilibria involved at the reaction interface.

Thus, for £ < —0.3V, the Ni-OH™ interaction
should be stronger than the Ni-HCO; interaction
and, therefore, the anodic reaction can be explained
through reaction pathway I (below), where, as dis-
cussed earlier, Step 3 becomes rate determining. In the
reaction scheme k denotes the number of surface sites
available for the reaction. Anodization at this potential
mainly favours the formation of Ni(OH), (full trace)
[27] and probably also, to a minor extent, NiCO,
(dashed trace) under local buffering produced by the
CO; 2[HCO;7 system. This reaction pathway explains
that, at large v, the reaction involves only the Ni(OH),
monolayer level and that any chemical reaction
involving the dissolution of the anodic layer by the
presence of HCOj ions is, to a large extent, impeded.

As already discussed in previous publications [19,
20] reaction pathway I under Step 3 as rds, accounts
for the experimental kinetic parameters already shown
for Peak 1. In this case j,; becomes practically inde-
pendent of pH because the degree of surface coverage
by the absorbed intermediate is also independent of
pH at any v. The experimental activation energy
derived from the temperature dependence of Peak I is
consistent with a place exchange reaction such as that
represented by Step 3. This type of rate controlling
reaction explains the mechanism of the anodic oxide
layer formation at the level up to that of a few mono-
layers on several metals [28-32}.

The anodic reaction for £ > — 0.3V involves the
appearance of Peak 1’, which is influenced by w, pH
and HCOj; ion concentration. When the applied
potential exceeds — 0.3V, the composition of the
interface changes considerably. Thus, a certain
amount of H* ions have been produced, forcing the
action of the buffer system. Under these circumstances,
a possible reaction between OHNI species and HCOy
ions should be enhanced (Step 5), particularly under
stirring. Another possibility, involves the direct inter-
action between HCOj ions and Ni(OH), (Steps 5" and
6’). In both cases the final product of the anodic
reaction is principally NiCO;.

It should be noted that a complexing effect of
HCO; ions for transition metal oxides has been
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demonstrated for Co in alkaline solutions containing
carbonate buffer {14] and for passive nickel oxide at
high potentials [33]. For w = 0, the local buffer effect
is limited so that one should expect Ni(OH), as the
main product in the potential range of Peak I, as
occurs for other solutions. Conversely, stirring should
have the opposite effect. The entire process is favoured
by both stirring, which supplies HCO; ions, and low
v, as the latter increases the time for the chemical
reaction. These facts are in qualitative agreement with
the experimental findings. The charge involved in the
formation of the anodic layer under stirring is about
twice that obtained for still solution.

The formation of NiCO, through Steps 3 and 5 or
Steps 3 to 6’ can explain the 0.5 reaction order with
respect to HCO; ion concentration. This fractional
reaction order can be interpreted in terms of a Temkin
adsorption behaviour for the reaction intermediates,
in the same way as for the electrodissolution kinetics
of nickel in acid solutions containing Cl~ ions [34, 35].

In the presence of a large concentration of Cl~ ions
in the solution, the high specific adsorbability of Cl~
ions, which is well known for the iron family metals
[3, 8, 36, 37] implies a competitive adsorption at the
metal surface level between these ions and OH ™ ions.
On the basis of this assumption, the interpretation of
the process under rotation, that is, when a rapid supply
of aggressive ions to the reaction layer is assured, can
be tentatively advanced through reaction pathway I1.

Accordingly, the formation of the NiCO, multilayer
proceeds through metal attack by the aggressive
anion. Therefore, the overall effect of Cl™ ions in the
CO; /HCO; system is to enhance the formation of
NiCQO,, that is, to increase the contribution of Peak I,
to a large extent at the expense of Peak I (Fig. 9).
Nevertheless, at low v and w = 0, the local accumu-
lation of OH™ species determines the prevalence of
Peak 1, as the preferred reaction pathway becomes
presumably closely related to that depicted in reaction
pathway 1.

The preceding interpretation, based upon a bifur-
cation of the reaction pathway, is consistent with the
potentiostatic current transient data for the oxide
layer formation. Thus, the current transients which fit
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linear j against 7~ relationships going through the

origin, show two interesting features. Firstly, for
E> —03V and for E < —0.4V there are single
slopes as one should expect for an apparently single
kinetic law obeyed through the entire process. Cther-
wise, at intermediate values of E, a break in the plots
is observed, each portion obeying a linear relationship.
These results are consistent with the formation of two
distinct anodic layers in different potential ranges. The
kinetic laws related to passive layer formation in the
absence of Cl~ ions probably involve a nucleation and
growth mechanism under diffusion control. It should
be noted that the type of behaviour just described is
qualitatively comparable to that already reported for
the pitting corrosion of nickel in near neutral buffered
solutions containing 0.1-1 M NaCl [38]. In addition, it
also correlates with the time variation of the amount
of electric charge passed in film formation on nickel at
pH 8.42 and pH 11.5 at constant potential, £ =
0.645 V, in borate and phosphate solutions containing
0.5 M NaCl [39], which exhibits an inflexion between
two stages of the process.

5. Conclusions

In CO; /HCO; containing solutions the kinetics of
Ni(OH), formation, as followed through voltammetry,
galvanostatic and potentiostatic current transients, is
modified due to the presence of HCO; ions. The
charge involved in the passive layer corresponds to the
thickness of a few monolayers and its composition
involves both Ni(OH), and NiCO, species. Competing
reactions at the reaction intermediate level contribute
to the formation of the composite passivating layer.
The formation of Ni(OH), prevails at lower poten-
tials and can be explained through a surface process
with a rate determining step related to a place exchange
reaction. Otherwise, the complexing effect of HCO;
ions on the oxygen containing surface species produced
during anodization at higher potentials accounts for
the formation of NiCO; at the passive layer level. The
participation of HCO; ions in the anodic process is
assisted both by stirring and by the local change in pH
related to the anodization reaction. Under comparable
conditions, the influence of HCO; ions also becomes
evident in CI™ -containing solutions. The entire process
can be interpreted through a complex reaction pathway
which operates in alternative directions as the com-
position of the interface changes during the potential
sweep in the positive potential-going direction.
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