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The electrochemical behaviour of nickel in 0.5 M K,COj is investigated by applying simple and com-
bined potentiodynamic techniques in the potential regions of the Ni(OH),/Ni and Ni(III)/Ni(II) redox
couples. The diffusion controlled hydrated NiCO; precipitation interferes with the electroformation of
the Ni(OH), prepassive layer. Both anodic and cathodic peak multiplicities are observed in the potential
range of the Ni(IIT)/Ni(II) electrode. The presence of CO3 ions is tentatively associated with a change in
the hydration of the composite Ni(OH),/NiOOH layer and eventually with HCOj3 ions coming out from

the CO3™/HCOj equilibrium, which depends on the local change in pH produced during the corre-

sponding anodic and cathodic reactions.

1. Introduction

In recent years the influence of the electrolyte
composition in electrochemical processes has been
the subject of particular attention especially in
those reactions involving electrodissolution of
metals and electroformation of anodic product
layers as is the case with nickel in a base [1-13].
The influence of the electrolyte composition in
those reactions can be related to:

i. Direct contact metal-ion interaction (adsorp-
tion, electrosorption, partial charge transfer)

ii. Competitive water~ion adsorption at the
metal surface (modification of the double layer
structure at the inner plane)

iii. Interference in the dissolution and precipi-
tation of salts at the metal surface (modification
of the double layer structure at the outer plane)

iv. Competitive effect in the formation of the
passive oxide layer at the electrode (ionic adsorp-
tion at the oxide layer)

v. Change of the chemical composition and
structure of the passive oxide layer, including the
degree of hydration and crystalline characteristics
of the prepassive and passive layers

vi. Change in the electrical conduction proper-
ties of the passive layer.
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Each one of these aspects either independently or
in a combined form should reflect through the
electrochemical behaviour of metals in different
electrolytes. Unfortunately, the available infor-
mation in this respect is, at present, rather limited.
Nevertheless, metals of the iron group are probably
those which have been most extensively studied
for practical reasons, although often the corre-
sponding literature is not straightforwardly com-
parable for an evaluation of the influence of the
electrolyte composition on corrosion and passi-
vation. In this sense, recent potentiodynamic data
of nickel electrodes in different aqueous media can
be optimistically regarded [14, 15].

The present paper refers to the electrochemical
behaviour of nickel in potassium carbonate sol-
ution at a pH where the influence of the anion can
be compared to results obtained in buffered
borate-boric acid [13] and in sodium hydroxide-
sodium sulphate solutions [16, 17].

2. Experimental details

The experimental set-up was the same as that
already described in previous publications [18-21].
Polycrystalline nickel working electrodes
(‘Specpure’, Johnson Matthey Chemicals Ltd) in
the form of either fixed wire (0.5 mm diameter;
645
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0.25 cm? apparent area) or rotating disc (0.07 cm?
apparent area) axially mounted on a PTFE rod
were employed. Electrode potentials were
measured against an SCE although potentials in
the text are referred to the NHE scale. The refer-
ence electrode compartment was connected
through a glass stopcock lubricated with the same
electrolytic solution and ended with the usual
Luggin-Haber capillary tip. A fritted glass disc was
also used to prevent the transport of chloride ions
from the reference electrode to the bulk electro-
Iyte. The counter-electrode was a large area
platinum sheet previously cleaned following con-
ventional procedures.

The nickel electrode pretreatment consisted of
an initial mechanical polishing using successively
400 and 600 grade emery papers, and 1 and 0.3 u
grit alumina—-acetone suspension, and finally
employing the finest grade diamond paste. After
polishing the electrode was rinsed in triply-distilled
water. Before each measurement the electrode
was held for 5min at — 1.0V, a potential at which
net hydrogen evolution occurs. The electrolyte
solution (0.5 M K,CO4, pH 11.7) was prepared
from analytical grade (p.a. Merck) reagent and
triply distilled water. Runs were made at 25° C
under purified N, gas saturation with both still and
stirred solutions at different rotation speeds (w).
The electrode was perturbed with single (STPS)
and repetitive (RTPS) triangular potential sweeps
between preset cathodic (E.) and anodic (Es,)

switching potentials at varying sweep rates v
(0.001 Vs ' <2 <10Vs™).

3. Results

The potentiodynamic £~i profiles run with the
still solution between — 0.8 and 1.24 Vatv =
0.25 Vs™! (Fig. 1) show in the first positive-going
potential scan a net anodic current peak at c.
—0.33 V (Peak 1) and in the 0.7-1.0 V range an
anodic multiple current peak (Multiplet IT) con-
taining at least Peak Ila at ¢. 0.78 V and Peak IIb
at 0.87 V, just preceding the oxygen evolution
potential region. In this case, Peak IIb is the most
relevant. The reverse scan exhibits another com-
posite cathodic peak (Doublet III) in the 0.8~
0.6 V range followed by another ill-defined
cathodic peak at ¢. 0.58 V (Peak IV). Neither
Peak I nor any complementary cathodic current
contribution is further noticed after the first
positive-going potential scan in the conditions of
Fig. 1. These results coincide with those obtained
in strong alkaline solutions [16, 17] and in borate-
boric acid solutions [13]. Thereby, the RTPS in
the following successive potential cycling were
limited within the 0.24-1.24 V range.

During RTPS covering the 0.2-1.1 V potential
range the relative charge contributions of the com-
ponents of each multiplet change gradually. Thus,
in the second anodic scan Multiplet II presents
three well-distinguished contributions located at
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Fig. 2. Potentiodynamic E-I profiles run with still sol-
ution at v = 0.0025 V s™*. The potential programme is
depicted in the figure, By = —0.76 V, Eg o = 0.24 V and
Eg o = 0.94V. The 1st, 3rd and 10th potential cycles are
shown.

0.79 V (Peak I1a), 0.84 V (Peak IIb) and 0.95V
(Peak Ilc), but in the 4th anodic scan Peak Ila
prevails over Peak IIb, and only a slight contri-
bution of Peak Ilc is seen. Finally, after the 30th
scan only a single relatively asymmetric peak is
formed at 0.88 V (Peak II) whose charge is slightly
greater than that observed at the early potential
scans. Analogously, during the second cathodic
scan the relative contributions of Peak IIla (at
0.70 V) in Multiplet III decreases at the expenses
of Peak I1Ib (0.66 V). After 30 cycles, only a
single peak appears (Peak IIT) which is shifted
slightly towards more negative potentials. No
change can, in principle, be assigned to Peak IV at
0.55 V except that coming from the baseline a
shift caused by the decaying portion of Peak III.
During cycling the change in cathodic charge is
accompanied by the change in anodic charge to
keep the anodic to cathodic charge ratio assigned
to the Ni(OH),/NiOOH couples equal to one.
Simultaneously, the polarization of the oxygen
evolution reaction increases.

The characteristics of the £—i displays are also
remarkably dependent on v. Thus, at v =
0.0025 Vs~! (Fig. 2) the charge increase observed
during the potential cycling is accompanied by

changes in both their relative distribution and the
potential ranges of the processes associated with
both the composite anodic and cathodic multi-
plets. During the potential cycling these multiplets
move slightly towards more positive potentials,
and simultaneously, the current components
located at the positive potential side become
appreciably enhanced. But in this case, the £~i
profile in the potential range of the oxygen evol-
ution reaction remains practically unaltered,
approaching the conditions observed in the early
potential scans at 0.25 Vs~ (see Fig. 1).

When E, is set close to the potential of Peak I,
the returning cathodic potential excursion under
STPS conditions exhibits a new cathodic current
contribution (Peak V) at potentials just preceding
the threshold potential of the hydrogen evolution
reaction (Fig. 3). Current Peak I is assigned to the
formation of the first passivating species, and the
corresponding reaction is more clearly distin-
guished in still than in stirred solutions. Peak |
appears as a single anodic contribution in the
0.001 Vs™' <2< 10 Vs range in the STPS run
with still solutions. On the other hand, as v
decreases Peak I exhibits a small pseudocapacitive
current hump at ¢. — 0.6 V, which is probably
related to the electro-oxidation of either molecular
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Fig. 3. STPS E~I displays run at different v between
Eso=—1.0Vand Eg 5 =— 0.1V with still solution. The
dashed line corresponds to a run made at 2 = 0.25 Vs™!
betweenEg o =— 1.0 Vand Eg , = 0.24 V.
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or atomic hydrogen. At a constant Eg, the
location of Peak V becomes practically indepen-
dent of v as the slight changes of the E~i contour
are due to the contribution of the hydrogen dis-
charge reaction. Otherwise, at constant v the
greater E ,, the more negative the potential of
Peak V (E},v) (see Fig. 3). This suggests that as
E, increases anodic products exhibiting more
efficient passivating properties are formed, so that
the electrochemical reactions occurring afterwards
can be regarded as processes of increasing irre-
versibility. The E~i profiles run at different v (see
Fig. 3) also reveal two well defined isopotentials,
at —0.79 and — 0.53 V, respectively, just in the
potential range associated with the Ni/Ni(OH),
electrode.

The E-i profile in the potential range of Peak 1
depends on the rotation speed ¢ (Fig. 4). Under
stirring, at low ® the first anodic excursion shows,
at the positive potential side of Peak I, a new
anodic process (Peak I'), whose relative contri-
bution increases as v decreases. Therefore, the
faradaic reaction associated with Peak I must also
be considered as a complex process. This kinetic
behaviour is, in principle, similar to that already
found for the influence of w on the active to
passive transition at nickel in acid solutions con-
taining sulphate ions [20-22]. In stirred solutions,
at v > 0.01 Vs, Peak I results with a symmetry
similar to that observed with still solutions. The
characteristics of Peak V depend only on Eg,.

Under a constant rotation speed the potential
of Peak I (E,1) changes linearly with log v (Fig. 5),
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Fig. 4. STPS E-I displays sun at low vand w = 2620 rpm.
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Fig. 5. Dependence of Ep, j on v derived from STPS
measurements. w = 2620 rpm.

the corresponding slope is 0.064 £ 0.007V
(decade)™?, and the height of Peak I (i) fits a
linear log i, vs log v relationship with a slope
close to 1 (Fig. 6). These results can be correlated
to those reported earlier in strong alkaline sol-
utions [23, 24}, indicating that the initial passi-
vation process assigned to Peak I in carbonate elec-
trolyte at pH 11.7 is essentially the same as that
found in KOH solutions. From the STPS measure-
ments carried out in the whole alkaline pH range,
the following kinetic parameters for current Peak I
can be derived:

(@logiyg/a pH)y = 0
(3E,1/3 pH)y = — 0.06 V (decade)™
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Fig. 6. Dependence of iy, y on v derived from STPS
measurements. w = 265)0 rpm.
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Then, when the first anodic scan initiates from an
E value sufficiently negative to allow the com-
plete electroreduction of the surface species
remaining from the electrode pretreatment, the
Ni(OH), electroformation actually takes place on
the bare metal. In this case, only the electrochem-
ical reaction appears sufficiently simple to derive
reproducible kinetic parameters for interpreting
the reaction in terms of conventional mechanisms.

The stabilized potentiodynamic £~i profile
resulting under steady electrode rotation is, in
principle, similar to that previously described for
the still electrolyte, although in the former case
both £, g and Ey, yyy are shifted to more positive
potentials. Nevertheless, in stirred electrolyte the
charge accumulation in the potential range of
Peaks IT and T is smaller than in still electrolyte.
This effect becomes clearer as v decreases. The
RTPS E-i profile depends considerably on the
perturbation characteristics and hydrodynamic
conditions during the potential cycling, but the
stabilized profile remains practically unaltered on
further changes of . On the other hand, the
relationships between the peak parameters and v
are sensitive to the initial stabilization conditions
of the interface. In the case for both Peaks II and
111, any relationship between either £}, or i, with
v is of a rather limited value. Probably, the depen-
dence of the different charge ratios with both v
and w becomes more relevant for discussing the
kinetics of the reactions. ;

Peak IV which actually appears as a shoulder
becomes more clearly resolved as E, increases.
This result is also in agreement with those
obtained for nickel in borate buffer solutions [13],
although the charge contribution to the overall
cathodic reaction is insensitive either to v or w in
comparable conditions.

4. Discussion

The potentiodynamic behaviour of nickel in
potassium carbonate solutions is, to a great extent,
qualitatively similar to that already observed in
alkaline solutions and in buffered borate electro-
lyte, although in the former case there are some
aspects which deserve further discussion.

The anodic process occurs in two parts, one in
the — 0.6—— 0.2 V range which is related to the
electroformation of the first passivating species,

and another in the 0.5-0.9 V range which is asso-
ciated with the complex Ni(II)/Ni(IIT) redox sys-
tem. The initial passivation involves at least two
processes, one is the formation of a thin Ni(OH),
hydrated layer and another the precipitation of a
salt layer of either NiCOj or a basic nickel car-
bonate as should be expected from the pK; value
of NiCO; (pK = 8.18 at 25° C where s denotes
solubility) {25]. This means that the anodic Peak I
is composed of two passivation peaks, whose con-
tribution actually depends on the charge playing
part in the potential sweep, that is, on the poten-
tial scan rate. This can be put forward in terms of

two reactions:
Ni + H,O Ni(OH), + 2H* + 2e (1)

Ni + CO% = NiCO; + 2e @)

Reactions 1 and 2 can be related to a competitive
reaction mechanism given in terms of the electro-
oxidation reaction to Ni(IT), such as:

and

(20H") I}JI(OH)2 (la)
Ni = 1}112*+2e
- {
€% ™ Nico, (22)

The formation of Ni(OH), as is usually found in
metal passivity by oxide layer formation, does not
require supersaturation with respect to the electro-
lyte, but a potential exceeding that of Reaction 1.
In contrast, NiCOj precipitation should occur once
the Ni** jon concentration at the surface corre-
sponds to at least saturation. As is already known
in the literature [26], a supersaturation ratio of 1-
5 times the saturation for precipitation of various
metal salts has been calculated. Consequently,
under the experimental conditions of any relax-
ation technique, the relative contribution of
Reactions 1a and 2a should depend on the overall
charge involved in the experiment. This explains
how under a rapid potential scan and under sol-
ution stirring the contribution of Reaction 2a
diminishes. Then, the first influence of CO3™ ions
in the anodic process is to compete in the for-
mation and stabilization of the prepassive layer.
The charge playing part in the Ni(OH), layer can
be also estimated from that involved in the Ni(II)/
Ni(IIT) redox couple. Therefore, at constant v as w
increases the fraction of charge which is anodized
to Ni(III) in the potential range of Peak II
decreases compared to that related to the Ni(II)
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species electroformed in the potential range of
Peak I. The same effect is observed at a constant w
as v decreases.

The cathodic reaction related to Peak V, corre-
sponds to the electro-reduction of the Ni(OH),
fraction of the prepassive layer, as has been found
for nickel both in acid and alkaline electrolytes
{21, 23]. Furthermore, the Ni(OH); layer also
exhibits complex chemical and electrochemical
behaviour as its composition appears to be con-
siderably dependent upon the anodic switching
potential reached during the potential sweep. In
this case, it is likely that the degree of hydration

of the oxo-hydroxide layer decreases as the poten-

tial increases, thus making the electro-reduction
process more irreversible (see Fig. 3). Another con-
sequence of the composition change of Ni(OH),
should also be reflected in the solubility of the
anodic layer of the electrolyte, although in this
case, due to the presence of CO3™ ions, the corre-
sponding solubility should be conditioned by ionic
equilibria such as:

[Ni(OH),| Eea T C03” = NiCO; +20H (3)

where [Ni(OH),| B, denotes a hydrated Ni(OH),
layer formed during the potential sweep up to
E, at preset perturbation conditions.

On the other hand, under rotation, when most
of the reaction goes through the formation of
Ni(OH),, the i,y vs v and E; vs log v relationships
approach the same values as those reported for
nickel in KOH solutions (0.01 M < C; < 1M)
which are consistent with the following reaction
scheme already discussed in previous publications
[15,23]:

Ni(H,0),q + OH™ 2 Ni(OH),4 + H,0 4
Ni(H;0)aq 2 Ni(OH),q +H* +e  (52)
Ni(OH )aq 2 Ni(OH),q + e (5b)
Ni(OH),q 2 Ni(OH"),q + e (5¢)
Ni(OH")aq 2 Ni2* + OH" (5d)
Ni(OH),4 + H,0 ~ Ni(OH-H;0),q (6)
Ni(OH-H,0),4, 2 Ni(OH), + H" +e¢ N

where Step 6, which is a surface layer reaccom-
modation process, becomes, in this case, the rate
determining step, and Ni(OH), appears as hydrated

species once the corresponding solubility product
is exceeded.

From a direct comparison with the electro-
chemical behaviour of nickel in strong alkaline
aqueous solutions current Peaks II, III and IV are
related to the complex reaction [16, 27)

Ni(OH), + OH™ 2 NiOOH + H,0+e  (8)

The gradual changes observed during the successive
potential excursions and the drastic variation in
shape of the current contributions related to
Peaks IT and 1II can be reasonably associated with
the transformations of the surface species initially
formed from either Ni(OH), or NiOOH types [15].
These species undergo chemical changes to more
stable configurations in coincidence with the inter-
conversion reactions in strong alkaline electrolytes
postulated earlier to interpret the non-equilibrium
effects detected after a proper adjustment of the
time scale of the perturbation programme [17, 27].
The influence of the solution composition is
also reflected in the gradual change of the £E~i pro-
files on cycling in the potential range of the redox
Ni(TD)/Ni(IIT) couples, including a part of the mol-
ecular oxygen evolution E-i profile, when the
charge involved in the charging~discharging cycle
corresponds to only a few layers of active material.
As the number of scans increases the molecular
oxygen evolution reaction becomes more irre-
versible and during the second potential sweep
both the anodic and cathodic profiles exhibit
a clear triplet. Finally, after prolonged cycling
practically only Peaks II, IIT and IV are recorded.
One interesting fact is the considerable contri-
bution of Peak IV in the electro-reduction profile
as compared to that observed with other electro-
lytes under the same perturbation conditions. This
peak was attributed to the electro-reduction of
v1-NiOOH [17, 28]. If the composition and struc-
ture of the hydrous layers is conceived as a
hydrogen-bonded aggregate with a rather open
structure, hydroxyl ions and water and the rest
of the ions in solution should be part of the struc-
ture since they are required to minimize space
charge effects within the layer. Therefore, ions
‘may act in changing the defect structure of the
NiOOH layer. The latter is expected to be signifi-
cant as the charge transfer rate through the
NiOOH lattice is quite likely to be determined
by proton jump transport [29, 30]. Apparently
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the discharge efficiency of v, -NiOOH is poor

as it only undergoes substantial discharge at

low rates [31, 32] but this efficiency seems to

be increased in the borate electrolyte. The anion
influence probably appears through the removal of
Ni®* or Ni** defects from the Ni(OH), layer as the
hydrated oxo-hydroxide layer is discharged
towards the divalent state as already pointed out
by Barnard er al. [33, 34].

The E-i profiles in the potential range of the
Ni(IIT)/Ni(IV) redox couples are considerably
influenced by the composition of the solution as
compared to those resulting in sodium hydroxide
and borate solutions at the same pH and ageing
conditions [13, 17]. Thus, the splitting of the
cathodic voltammogram is appreciably enhanced
in carbonate solution, particularly the contri-
bution of that related to the electro-reduction of
v~NiOOH {27, 35]. This can be tentatively
explained as a change in the structure of the
Ni(OH),~NiOOH film, particularly in the degree of
hydration which operates with a greater degree of
difficulty to lose protons in the anodic reaction
yielding a relatively larger amount of y;-NiOOH
and in the greater cathodic charge contribution in
the corresponding electro-reduction reaction. This
conclusion can be derived from the redox behav-
iour of hydrous nickel oxide films produced by
potential cycling [12, 16, 27, 35-41]; as the pre-
passive film can be considered as a homogeneous
mixture of simultaneously-formed hydrated
Ni(OH), and NiCO;. Since the anodic reaction is a
proton source while the cathodic reaction is a
proton sink, it is probable that COZ~; ions in the
anodic layer participate in the equilibrium:

HCO; = CO% +H* ®

Thus anions involved in the reaction alter the
hydrogen-bonded network of local water [42].
Hence the hydration of the anodic film is changed
as well as the relative contribution of the different
structures in the overall composition of the anodic
layer {43].

Moreover, the influence of the solution com-
position should be shown in the growth rate of the
anodic film, although its stability towards both
open-circuit breakdown and electro-reduction
depends on both the time and the potential of
anodic film treatment [7, 9, 13]. This implies a
homogeneous change in depth in the film com-

position [15], a structure which makes it difficult
to draw reliable conclusions about the influence of
pH on the redox behaviour of hydrous nickel
oxide layers [40]. From a comparison of the
electro-reduction charge of the anodic films it
appears that in carbonate electrolyte thicker oxide
films can be grown at potentials in the oxygen
evolution potential region, as has been reported in
borate electrolyte [9, 10, 13, 44].
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