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Abstract—Electrochemical data derived from different simple and complex potentiodynamic tech-
niques for the Ni/0.5 N H,SO, interface furnish a new insight about the activation and initial stage
passivation of nickel. The anodic dissolution of nickel involves a metal surface which is either
partially or completely covered by species such as NiOH, [NiIOH.Ni(OH),] or [Ni(OH),.NiOOH].
The chemical dissolution of the various species in the acid electrolyte occurs at different rates. The
relative dissolution rates can be estimated from the data derived from the complex triangular potential
perturbations.

The change of the E/I profile during cycling is explained through a complex reaction sequence
which is in agreement with recently postulated reaction schemes and reported optical data.

INTRODUCTION

THE COMPLETE electrochemical characteristics of the anodic dissolution of nickel in
aqueous sulphuric acid solutions using stationary and transient techniques have
been studied over a long period of time by a large number of authors. The most
relevant contributions made on the subject have been chosen from a great number
of publications and have been chronologically quoted.1-12¢ The possible explanations
put forward for the existence of more than one current peak related to the electro-
dissolution of nickel as Ni(II) are neither coincident nor fully substantiated. The com-
plex E/I characteristics obtained under linear potential sweep conditions at a constant
temperature depend on the electrode history, the sequence and characteristics of the
potential perturbation applied to the electrochemical interface, and the solution
composition. The influence of the latter, however, is to some extent obscure owing
to the fact that as the perturbation conditions are arbitrarily changed the experi-
mental data are far from comparable. This is actually the case concerning the par-
ticipation of sulphate ions in the kinetics of the anodic dissolution and passivation
of nickel in acid electrolytes.%7.8%.90

The anodic current peaks recorded in the potential range where the anodic
dissolution of nickel takes place were interpreted in terms of the formation of Ni(OH),
species.33,36.52,99,121,122 The formation of Ni(OH), corresponds to the first stage in
the passivation of the metal which is actually completed when a Ni,Os-type species
is formed at potentials more positive than those where the Ni(OH), species exists.

Previous potentiodynamic studies revealed that the electrochemistry of the
Ni/H,SO, (aq) interface could be more complex than thought earlier.}1%120.121 The
aim of the present paper is to extend previous studies made on the subject in an

*Manuscript received 29 April 1979; in revised form 19 July 1979.
563



564 S. G. ReAL, J. R. ViLcHE and A. J. ArRvia

attempt to obtain further information about the genesis and changing characteristics
of the potentiodynamic E/I displays of the Ni/H,SO, (aq) interface, mainly in the
potential region where Ni(OH), species are formed. It is also an attempt to derive
more reliable quantitative kinetic data for the electrochemical reaction through the
systematic change of the potential perturbation conditions.

EXPERIMENTAL METHOD

The experimental arrangement regarding the three compartment electrolysis cell, the electrodes,
the chemicals employed and the solution preparation, were the same as those already reported in
previous publications.!#.1%7,138 Specpure polycrystalline nickel working electrodes (Johnson, Matthey
Ltd.) in the form of fixed wires without any special mechanical or thermal treatment (0.5 mm dia.,
0.25 cm?) were used. Three different electrode pretreatments were employed: (1) fine grade alumina
polishing with a water-acetone-alumina suspension, (2) cathodization in a 0.1 N H,SO, + 0.2 g/l
thio-urea solution at 20 mA/cm? for 18 h at 25°C, to saturate the metal surface with electrolytic
hydrogen, and (3) electropolishing for 2 min in 57 % H;SO,. The potential of the working electrode
was measured against a saturated calomel electrode and referred to the NHE scale.

The potential of the Ni/0.5 N H, SO, interface at 25°C under 1atm. pressure nitrogen gas satura-
tion was altered according to one of the programmes depicted in Fig. 1.2?® It consists of': (1) a repeti-
tive triangular potential sweep, RTPS; (2) an intermediate potentiostatic ageing included during
the repetitive potential sweeps (Figs. 1a and b); (3) an intermediate potentiodynamic ageing during

the repetitive potential sweeps (Fig. 1¢); and (4) a triangular-modulated triangular potential sweep,
TMTPS (Fig. 1d).
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Fi1G. 1. Types of potential-time perturbation programmes employed in the present

work.
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EXPERIMENTAL RESULTS

The stabilized potential/current (E/I) profile which results after ca. 60 potential
cycles is used as a reference. The number to attain the stabilized E/I display depends
both on the potential sweep rate (v) and on the cathodic and anodic switching poten-
tials (E, . and E, ).

The stabilized E/I contours are, in principle, independent of the electrode pre-
treatment. The stabilized E/I profile at 0.1 V/s run between —0.26 and 0.54 V (Fig. 2b)
exhibit during the anodic excursion two anodic current peaks, the larger one at
ca. 0.2V (Peak I) and the smaller one in the 0.3-0.4 V range (Peak II). The latter,
however, depending on the perturbation conditions, may appear as a current plateau
instead of a current peak. During the negative going potential scan, a small cathodic
current peak at ca. —0.15V is observed (Peak III) in the potential region just pre-
ceding the hydrogen evolution potential.

The influence of E, , on the genesis of Peak I during cycling (Fig. 2a) is similar
to that previously encountered for aqueous H,SO, solutions containing a large excess
of NiSQ 11512
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Fi1G. 2. Potentiodynamic E/I curves run with RTPS at 0.1 V/s. (a) Influence of the
potential cycling on the E/I contours obtained from E} . = — 026 Vto Ep , =054 V.
(b) Stabilized E/I profile.
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The shape of the E/I displays recorded under the RTPS exhibit a remarkable
dependence on E, . and E; , (Figs. 3 and 4). Thus, at 0.2 V/s when E, , = —0.26 V
(Fig. 3), as E, , decreases from 0.54 V to 0.34 V, i.e. to the potential where only
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Fic. 3. Influence of the E; , on the stabilized RTPS E// displaysat 0.2 V/sand E3, . =
—026V.(a) Er. = 0.54 V; (b) B o = 044 V; () Ep o =034 V;(d) By, =0.24V.

Peak 1 is observed, the location of Peak III remains unchanged. But with a further
decrease of E, , to a potential value slightly larger than the potential of Peak I such
as 0.24 V, practically no contribution of Peak III is found. Furthermore, under these
circumstances the negative direction potential excursion shows an anodic current
plateau at potentials slightly more negative than those covered by Peak I. This effect
is more noticeable as v decreases. Moreover, the anodic current contribution during
the negative going potential scan increases as E, , decreases. On the other hand, when
E, ,is fixed at 0.54 V the progressive increase of E, , from ca. —0.36 to —0.16 V is
accompanied by a systematic decreases of Peak I (Fig. 4). During the negative-going
potential scan, Peak III is recorded only when E, . < —0.16 V. The heights of Peaks
I and II are nearly equal when E, , = —0.06 V. But when E,, < —0.1 V and
045V < E, , < 0.6 V (I,.u/L,1), the height ratio of Peaks II and I, is 0.14 4 0.015,
a figure which is apparently independent of v in the 0.01 V/s < v < 0,30 V/s range.
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FiG. 4. Influence of the £, . on the stabilized RTPS E// displays at 0.2 V/sand £, ,
0.54 V. (a) Ep. = —036V;(b) B, = —~020V;(c) Ep .=~ 0lI V; () B, . =
06 V.

With both v and E, , constant, the potential of Peak I resulting during the poten-
tial cycling shifts towards more negative potentials as E, . becomes more positive.
At constant v and E, , but with E, . << —0.3 V, the potentials at which the null
current is recorded both in the positive going and negative going potential excursions
are different. However, their values are independent of E, , for E, , > 045 V.
Contrarily, when E, , > —0.1V, the [, /I,; ratio increases, the greater the rate
of increase of the latter, the greater is the v value. Under these circumstances the
stabilized E/I profile shows a much flatter Peak I and its potential is located at more
negative values as E, . becomes progressively more positive.

The influence of v on the height and location of the various current peaks result-
ing from the stabilized RTPS run between E, == —0.36 V and E, , = 0.54 V is
depicted in Fig. 5. From this type of experiment reproducible and comparable kinetic
parameters are derived (Table 1). Unfortunately as Peak III is poorly defined at low v,
its dependence on v can only be derived when the cathodic reaction proceeds at a
much larger potential sweep rate than that of the anodic reaction (v, > v,). At
constant v and E, , << —0.3 V the stabilized anodic profile becomes independent of
either E, , or E, ,. Under these circumstances if E, , exceeds the potential range of
Peak 1, the charge of Peak III results in the order of one monolayer of the Ni(OH),
species on the nickel surface assuming an electrode roughness factor equal to one.
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Fic. 5. Influence of the potential sweep rate on the stabilized potentiodynamic RTPS
E/I displays recorded in the — 0.36 to 0.54 V potential range.

TABLE 1. KINETIC PARAMETERS DERIVED FROM
THE STABILIZED E/I DISPLAYS AS INDICATED IN

THE TEXT.
(E,, 1/ log v) = 0.062 + 0.006 V
(é log 1, 1/6 log v) = 0.50 4 0.05
@log I, /0 logv) = 0.46 + 0.05
(@ log by, log vo)y, .. 0.94 + 0.10
@ E,mld log vely, 0,093 + 0.008 V

The E/log I plots obtained from the ascending branch of Peak I, from the RTPS
E/I profiles, fit reasonable straight lines with slopes from 0.04 V/decade at low v to
0.120 V/decade at high v.

E/I displays obtained with complex potential perturbation programmes

The experimental data described further on was recorded by perturbing the
interface with different complex perturbation programmes applied to the electro-
chemical interface once the stable E/I profile was achieved through RTPS. In the
following figures the stabilized E/I profiles are depicted by full traces.
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A more detailed description of Peak III can be obtained by holding the potential
at a value E; (0.39 V and 0.34 V, respectively) after the conventional RTPS during
the time 7 (0.5 m < v < 5.0 m) (Figs. 6 and 7). At both E_ values a net anodic current
is recorded. Then, at v = 0.2 V/s Peak III is clearly defined and its potential shifts
towards more positive values as 7 increases. This potential shift is probably due to
the increase of the cathodic current baseline as = increases. After holding the poten-
tial at E_ the negative potential direction E/I profile exhibits a net cathodic depolariza-
tion. As E_ decreases the above described effect is less noticeable but Peak III is now

preceded by a hump (Fig. 7).
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FiG. 6. Potentiodynamic E/I displays obtained with the perturbation programme of

Fig. 1a at 0.2 V/s. The full trace is the stabilized RTPS E/I profile and the dashed

traces correspond to negative going potential scans holding the potential at E; --
0.39 V during = = 0.5, 1.5 and 5.0 min.

FiG. 7. Potentiodynamic E/I displays obtained with the perturbation programme of
Fig. laat 0.2 V/s. E; = 024 V.7 = 0.5, 1.0 and 5.0 min.
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Further details related to the E/I displays recorded during the negative going
potential excursion at different v values result after holding the potential at E, (Figs.
8 and 9). Thus, for either E, = 0.34 V or E, = 0.30 V and 7 = 1 m, the E/I profile at
the lower v values exhibits first an anodic current at more positive potentials and a
cathodic current peak as the potential scan covers the more negative potential range.
At the higher v values no anodic current is observed but there is a hump preceding
the cathodic current peak. The effect is stronger as E, decreases, a fact which seems
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F1G. 8. Potentiodynamic E/I displays obtained with the perturbation programme of

Fig. 1b. The full trace is the stabilized RTPS E/I profile at 0.2 V/s and the dashed traces
correspond the negative going potential scans at 0.01, 0.02, 0.05, 0.10, 0.15 and 0.20
V/s after holding the potential at E; = 0.34 V during t = | min.

F1G. 9. Potentiodynamic E/I displays obtained with the perturbation programme of

Fig. 1b. The full trace is the stabilized RTPS E/! profile at 0.2 V/s and the dashed traces

correspond to the negative going potential scans at 0.03, 0.05, 0.07 and 0.10 V/s after
holding the potential at E; = 0.30 V during * = 1 min.
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to be related to the magnitude of the anodic current at E,. The anodic charge involved
during the negative-going potential excursion is approximately equal to that required
to passivate the electrode at more positive potentials. The slower the potential sweep
rate, the greater the amount of the dissolving passivating species and, as a consequence,
the anodic charge that participates during the cathodic excursion after holding the
potential at E_ becomes greater. The result is even more dramatic when E_ decreases
to either 0.24 or 0.19 V (Figs. 10 and 11). For = == 1 m (Fig. 10) after holding the

7 T T 1
U202 Vi
o
‘5
x T T T 1
t n
& Ve =002 V/gammauty
+ "
d H
o \
Ly r,\ ]
| ~ . ]
3 | (Ega)=024V !
: '
) !
i \
)
i - i
,’ : '
e=01Vss - / & |
“\\’\ ' e
N O
uOsYs.
R raN
5
Ue=Q2V/is .
10 -1
i
i
SN
AN
A
W
IR
LA
(ST IRE
‘I{ ~ar,=01V/s oY -0
“ E) ™
\ AN 9 N e
i ~ e =015 Vis b VS 0tvrs <
e 2 i 5!
‘b‘ T =0 ?_[_ e - 5.1
e 202V/s < U, =02V “y
i 1 1 " L_ ! | | {
-on 02 0 0z oh 06 04 02 0 02 ol 16
E/Volt £/ Volt
Fic. 10. Fic. 11.

FiG. 10. Potentiodynamic E/I displays obtained with the perturbation programme of

Fig. 1b. The full trace is the stabilized RTPT E/I profile at 0.2 V/s and the dashed traces

correspond to the negative going potential scans at 0.10, 0.15 and 0.20 V/s after holding
the potential at E; = 0.24 V during r = 1 min.

Fic. 11. Potentiodynamic E/I displays obtained with the perturbation programme of

Fig. 1b. The full trace is the stabilized RTPS E/I profile at 0.2 V/s and the dashed traces

correspond to the negative going potential scans at 0.02, 0.05, 0.10 and 0.20 V/s after
holding the potential at E; — 0.19 V during r == 1 min.
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potential at E, the anodic current during the negative-going potential excursion
presents the already described anodic current peak followed by an anodic current
plateau. With E, = 0.19V, v = 1 m and different v values, a large contribution of
the anodic charge during the cathodic excursion prevails at the lower potential sweep
rates. As E, decreases the above mentioned anodic current contribution requires a
larger v in order to retain the same magnitude.

The complexity of the anodic £/7 contour after holding the potentialat £, = 0.19V
is clearly revealed by using different = values (Fig. 12). Thus, for 7 = 5 m the occur-
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FiG. 12. Potentiodynamic E/I displays obtained with the perturbation programme of
Fig. laat 02 V/s. E; =0.19 V. = 0.5, 1.0 and 5.0 min.

rence of two anodic current peaks is established. The characteristics of the anodic
E/I display can be systematically disclosed after perturbing the interface with the
complex programme depicted in Fig. 13. Thus, the I,y/I,, ratio increases with the
time r (1 m <7 < 5 m) at E, = 0.04 V but the overall anodic charge involved in the
different E/I profiles remains practically constant. This apparently indicates that
either an inter-conversion or an intraconversion of the passivating species occurs
while the potential is held at E,. Contrarily, under the present circumstances no par-
ticular changes of the cathodic potential excursion E/I display are noticed when
compared to those described above.
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F16.13. Potentiodynamic E/I profiles run at 0.2 V/s with the perturbation programme

shown in the figure. The full trace (curve 1) corresponds to the stabilized RTPS E//

display obtained between — 0.26 and 0.54 V. The dashed traces correspond to the E//

curves recorded after holding the potential at E, during different times 7, from E; =

004 Vupto E’y . = — 0.46 V and backwards to Ej , = 0.54 V. 7 = 1 min (curve 2);
T = 3 min (curve 3); T = 5 min (curve 4).

After applying the potentiodynamic ageing perturbation technique duringt = 1 m
(Fig. 14) (E/I profile No. 2), the potential sweep run towards the positive potential
side immediately after the dynamic perturbation, presents a new anodic current peak
(Peak IV) at ca. 0.9 V as shown in the Figure for three distinct anodic switching
potentials. Furthermore, during the negative going potential excursion, Peak III is
only observed when E, , is lower than the potential of Peak IV. The former shifts
towards more negative potentials as E; , increases. Concomitantly, the depolarization
of the hydrogen evolution reaction after the dynamic ageing is also evident. The effect
is more remarkable when E, , extends towards more positive potentials although
presumably a limiting E, , value should be involved.

The definition of the negative-going potential E/I profile is improved by running
the E/I display at a constant v, but different v, (0.5 V/s < v, <C5 V/s) with an electrode
which has been previously cathodically polarized for | min at —0.46 V and then
stabilized with RTPS at 0.5 V/s between —0.46 V and 0.54 V under continuous stirring
(Fig. 15). Thus, Peak III as well as the preceding cathodic current contribution
become more clearly defined as v, increases. Simultaneously, the corresponding
current peak potential is more negative. The potential of Peak IlI is apparently inde-
pendent of v, and also of the switching potential values. However, the preceding
current which appears as a shoulder on the positive side of Peak III, is well distin-
guished by 0.44 V < E, , < 0.94 V. The shoulder is located at more negative poten-
tials when F, , increases, its contribution apparently overlaps with that of Peak IiI.
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FiG. 14. Potentiodynamic E/I profiles run at 0.2 V/s with the E/t programme depicted

in the figure. The full trace (curve 1) corresponds to the stabilized RTPS E/I display

obtained between — 0.26 and 0.54 V. The number of the dashed traces correspond
to those shown in the E/t perturbation programme.

The E/I records obtained under a TMTPS perturbation with modulating signal
amplitudes (AE,) lower than 0.06 V covering from E, . = —0.36 Vand E, , =0.64 V
allows the distinction of the corresponding conjugated couples and their degree of
reversibility in the potential range of Peaks I, IT and I (Fig. 16). The E/I displays
shown in the figures are comparatively depicted with the conventional RTPS E/I
displays. The positive potential going E/I envelopes exhibit a relatively reversible
conjugated couple in the ca. —0.15-0.05 V potential range in accordance to those
obtained under RTPS at v > 10 V/s. At potentials more positive than 0.05 V the
electrochemical reaction behaves as a completely irreversible process. This result is
also related to the Tafel behaviour of the ascending portion of Peak I. The negative
potential going E/I envelope firstly involves practically a small anodic current in the
0.6-—0.1 V range. Then, at more negative potentials the previously described redox
couple is again noticed but now another cathodic current contribution with a current
peak at —0.2'V is observed. In the latter potential range, two well distinguished
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FiG. 15. Stabilized E/I displays recorded with asymmetric triangular potential sweeps
between — 0.36 and 0.52 V. v, =0.5V/s. v, =05V/s(1);v. =2 V/s(2);v. =3 V/s
3);ve = 5 V/s (4).

conjugated redox couples are recorded when the base potential sweep is confined in
the —0.26-0.24 V range (Figs. 17 and 18). However, the potentials of the current
peaks corresponding to the conjugated redox couple recorded during the negative
potential-going sweep shift a constant potential value towards more negative potentials
than those of the redox couple recorded during the positive going potential sweep.
When E, , is more negative than —0.1 V both redox couples are no longer observed.
When the amplitude of the modulating signal exceeds 0.06 V, each modulating cycle
always covers a potential range more extended than that of any single conjugated
redox couple (Fig. 19). Therefore, the E/I contours are more complex, although the
degree of reversibility of each process is well distinguished.

The reversible character of the redox couples is clearly defined when the fre-
quency of the modulating signal (v,) is approx. 200 V/s and its amplitude is almost
0.06 V. This indicates that the rate constant of the electrochemical processes coupled
with the potentiodynamic perturbation is of the order of 3 x 1073 s7L,

DISCUSSION

The potentiodynamic results pose two interesting problems related to the electro-
dissolution and first stage passivation of nickel. The first one is related to the change
from the first £/I potentiodynamic record to those resulting in the so called stabilized
E/I profiles resulting after a relatively large number of RTPS. The second problem is
the possible explanation of the stabilized E/I profile. The sequence of E/I profiles
depicted in Figs. 6-12 was obtained with systematic variation of the complex potentio-
dynamic perturbation program (Figs. laand b) (0.19 V< E, <039V;05m <7
< 5m;0.01 V/s < v, <0.2V/s); they show dramatic changes in the E/I profiles in the
neighborhood of E,, the rest potential of the electrochemical interface, (E, & 0 V)%
These results are thus relevant to an understanding of the complexity of the initial
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stages of nickel passivation in H,SO, solution. This situation is even clearer when the
stabilized E/I RTPS profiles (Figs. 3 and 4) are compared to those obtained in the
same potential range, with the TMTPS perturbation (Figs. 16-19). These results can
not be simply due to an effect associated with an increase of surface impurities as the
potential is swept to progressively less positive potential limits.

In the acid solutions, the various anodic processes are occurring in the potential
range where Peaks I and II are recorded. They are related to the electro-dissolution
of the base metal and to the formation of passivating species. Within an appreciable
large potential range both processes occur simultaneously. However, when one
compares the kinetic results obtained in the Ni/0.5 N H,SO, with those previously
reported for the Ni/0.5 N H,SO, + 1 N NiSO,'# one concludes that the anodic
electrochemical process depends fundamentally on the solvent and acidity of the
solution and only to a small extent on the SO,*~ and Ni%t ion concentrations. There-
fore, the potentiodynamic characteristics of those interfaces at potentials more positive
than the corresponding rest potentials are unlikely to be due to a precipitation and
dissolution of NiSQ, at the reaction interface.

The main difference between the first E// display and those following is the
systematic change of the E/I profile from the initial one, with the prevalence of Peak II,
to another one involving after the nth cycle, the gradual increase of Peak I as the main
current contribution. The change of the E/I profile corresponds to an increasing
activation of the anodic reaction at the lower potentials. The gradual change of the
E/I display is accompanied with an appreciable increase of the overall anodic charge
taking place within the fixed switching potentials. At first sight the change of the
electrode roughness may help to contribute to the charge increase. Nevertheless, the
fact that there is a net and significant anodic charge during the RTPS, indicates that
the main electrode reaction is

Ni = Ni** 2e¢ (1)

which occurs through a complex reaction path, where various surface species are
involved.

It is reasonable to assume that the first anodic potential cycle involves a Ni
surface which is covered mostly by H,O and to a lesser extent with adsorbed ions,
approaching the equilibrium structure of the electrochemical double layer at the rest
potential. Therefore, it is reasonable to interpret the electrodissolution of the metal
formally through a modification of known mechanism3%3¢ as follows:

Ni, Ni(H,0) = Ni, Ni(OH) 4+ H* + ¢ )

Ni, Ni(OH) = Ni, Ni(OH)* + ¢ 3)

Ni, Ni(OH)* + H* = Ni?* + Ni,y, Ni(H,0) @)
Ni, Ni(OH)* + H,0 = Ni, [Ni(OH),) + H+ 6)

Ni, [Ni(OH),] = Ni_ + Ni** + 2 OH- (6)
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F1G. 16. Comparison between RTPS and TMTPS E// displays run between E, .
—036Vand B, =064 V:(@v =05V/s;(b)v, =05V/s, v, 90 V/s, AE,,
0.06 V.
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Fic. 17. E/I profile run with TMTPS between E) , = — 0.26 V and Ers =024V,

v, = 0.5V/s, v, =90V/s, AE,, = 0,06 V.
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FiG. 18. E/I profile run with TMTPS between E) .= — 026V and E.=024V,
vy =5V/s, v, =200V]/s, AE,, = 0.06 V.
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Fic. 19. Comparison between RTPS and TMTPS voltammograms run between

Exr, = —036Vand Ey,, = 084 V. (@) v == 0.5 V/s; (b) v;, -= 0.5 V/s, v,, = 90 V/s,

AE,, == 0.42 V; (¢c) positive potential going E/I contour corresponding to the display

(b); (d) negative potential going E/I contour corresponding to the display (b). For the

latter the initial portion of the negative going potential E// contour is distorted by the
partial overlapping of the preceding positive potential sweep.
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Ni¢,-1y {2[Ni(OH),]} = Ni,_, [(NIOOH) - Ni(OH),] + H* + e @)

where Ni, denotes the bulk metal, the parenthesis and the brackets refer to adsorbed
surface species and to film forming species, respectively. Steps (2-4), involving step
(3) as rate-determining, correspond to the usually accepted mechanism for the active
dissolution of nickel in acid electrolytes.26.36,98.112,12L Stepy (5), occurring in parallel,
shows the formation of a nickel hydroxide-type layer on the electrode. The latter
species, which dissolves chemically through step (6) is apparently responsible for the
anodic passivation related to Peak II. Step (7) takes place at high positive potentials.

During the RTPS, the situation at the interface should become appreciably
different. If the anodic potential sweep is fast enough to avoid either the chemical
dissolution of the film anodically formed or to exceed the time to establish the water
re-adsorption equilibria, then the electrode surface related to the initiation of each
positive-going excursion is represented by the average composition Ni, Ni(OH),.
Thus, the new initial surface structure consists of a film-covered electrode surface which
assists the electro-dissolution process. Therefore, the corresponding sequence of
reactions can be put forward as follows:

Ni, [Ni(OH),] + H;0 = Ni_ [Ni(OH), - H,0] (8)

Ni, [Ni(OH), - H;0] = Ni,_,, [3 (NiOH)] 4 H* + ¢ 9)

Nig,—2) [3 (NiIOH)] = Ni_y, [2 (NiOH) - NiOH*] + ¢ (10)

Ni,_y [2 NIOH.NiOH+] 4+ H* = Ni,_;, [Ni(OH),] + Ni* + H,0 (1)

The reaction sequence (8-11) is associated with the characteristics of the stabilized
RTPS E/I profile (Figs. 3-5). Therefore, under the usual stationary metal electro-
dissolution conditions both reaction mechanisms contribute to the overall reaction.

According to the preceding reaction pathways the Ni(OH), species causes the
first stage of passivation. The latter process competes with the chemical dissolution
of the Ni(OH), species. Therefore, the potential for the occurrence of the maximum
current should depend on the degree of participation of the various processes in the
overall anodic reaction. The dependence of the anodic current peak and of its charge
on the potential perturbation conditions including E, , and E, . indicate that the
first stage passivation mechanism is predominantly a precipitation-dissolution
mechanism, instead of a pure activation controlled film forming mechanism. This
conclusion is confirmed by the square root dependence of the height of current
peaks I and II on the potential sweep rate and on the stirring conditions prevailing
at the reaction interface. This explains why when E, , < ca. 0.4 V, the negative-going
potential excursion exhibits an anodic current contribution whose charge comple-
ments the charge of the preceding positive-going excursion necessary to achieve the
electrode passive state. It is also clear that the passivating species produced at
E, . << 0.4V is easily electroreduced at potentials more negative than —0.1 V.

From the present results (Fig. 14) there is clear evidence thatat E; , > 0.4V a new
passivating species is produced. Taking into account that in the potential range
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exceeding 0.4 V the formation of Ni(III) species is thermodynamically possible, the
following electrochemical reaction becomes feasible:

Ni, [Ni(OH),] = Ni,_,, [Ni(OH), . NiOOH] + H* + ¢ (12)

and, consequently, the complementary electrodissolution reaction then occurs through
an interface containing a mixture of at least the two non-equilibrated passivating
species.

The existence of the various OH-containing surface species as well as their possible
chemical interconversion and dissolution, can be deduced from the negative-going
potential excursion recorded after holding the potential at different values. There are
qualitative suggestions in the literature that oxide films formed on anodized nickel
in acid solutions are also susceptible to electro-reduction in these acid solutions.
However, only very recently quantitative information has been reported on either
determining the extent of oxide removal at various pH values or in characterizing the
nickel oxides species formed at the electrochemical interface. The number of cathodic
current contributions and the overall shape of the E/I contour during the negative-
going potential excursion depends both on E, , and on v (Fig. 15). Thus, when
E,, < 0.3V, that is in the potential range of Peak I, unless v exceeds 0.05 V/s prac-
tically only one single cathodic current contribution characterized by a current peak
at ca. —0.15V is seen. The fact that the latter current peak is not observed when
v <C 0.05 V/s, under the conditions shown in Fig. 9, demonstrates that the Ni(OH),
passivating species easily dissolves in the acid electrolyte. On the other hand, Peak III,
at —0.15 V thereabouts, involves a charge of the order of one monolayer and cor-
responds to a process which occurs at the initiation of the hydrogen evolution reaction.
The reversible characteristics of the conjugated couple related to this current peak
is clearly revealed by the TMTPS experiments (Fig. 17). The fast conjugated redox
couple should be assigned to the first electron transfer and de-protonation process
which initiates either the reaction sequence (2-7) or (8-11). The initial reaction can
be simply written

Ni + H,O0 = NiOH + H* +¢ (13)

as formerly postulated to account for the anodic electro-dissolution of nickel in acid
solutions.28.36,121 However, the corresponding charge suggests that the condition of
low coverage by the adsorbed intermediate, assumed in earlier mechanistic analysis
of the anodic dissolution of nickel in acid electrolytes is apparently not fullfilled.
The height of the cathodic current peak related to the electro-reduction of the NiOH
surface species follows a first order dependence on v although no dependence of the
cathodic current peak potential on v is observed. These results are in agreement with
the simplest theory of potentiodynamic formation of a passivating monolayer accord-
ing to a reversible single electron transfer step.130

When E, , > 0.3V, there is a new cathodic current contribution at ca. 0 V, which
distorts the shape of Peak III. Apparently the species formed in the potential range
of the Peak II, which was assigned to the Ni(OH),.NiOOH-type species, electro-
reduces in the 0.1 — —0.2 V range. The amount of products accumulated during the
overall anodic process increases as the time v at E, increases. From the comparison
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of the time dependence of the cathodic E/I profile shown in Figs. 7 and 12, one can
deduce that the rate of the chemical dissolution of the [Ni(OH),.NiOOH] species is
lower than that of the Ni (OH), species. An estimation of the relative dissolution rates
comes from the cathodic potential sweep rate (v,) required to cancel the anodic
current contribution, when the potential excursion initiates from different E, , values.
Thus, as E, , decreases, the value of v, decreases, as the anodic passivating {species
dissolves faster. The dissolution rate of the Ni(OH), species is about twice that of
the [Ni(OH),.NiOOH] species. The second passivating species which is electro-
chemically produced from the first one according to reaction (6) (Fig. 13) is also very
difficult for electroreducing. At 0.04 V, the species remains on the surface so that the
surface available for the formation of the first passivating species is smaller as the
time at 0.04 V increases.

The stability of the different species related to the various prepassive stages can be
estimated by means of the potentiodynamic ageing technique!® applied within the
potential range of the corresponding electroformations (Fig. 14). One observes that
after the rapid intermediate low amplitude RTPS, the following E/I display exhibits
a small but net and broad anodic current peak at ca. 0.8 V which corresponds to the
onset of complete passivity due to the [Ni,Oz.H,0] film formation according to:

Ni,[Ni(OH),.NiOOH] ~> Ni_ [2 NiOOH] > Ni, [Ni,0,.H,0] (14)
— (H* +¢)

When the latter is formed the restoration of the initial electrode activity is only
achieved after a cathodic polarization at potentials where a net H, discharge is
produced.1158.12 The [Ni,O,] species represents the simplest way of indicating a NiO
lattice involving hole formation of Ni(IIl) species into the lattice, as discussed pre-
viously.1%,121

In conclusion, the present results can be summarized as follows. The anodic
dissolution of Ni in the acid electrolyte involves a metal surface which is covered
either partially or completely by one of the following species NiOH, NiOH*, Ni(OH),
or [Ni(OH),.NiOOH]. These species are actually related to the initial stage passivation
region of the E/I curves. The last two species may produce the formation of a new
phase which is soluble in the acid electrolyte. Their dissolution competes with the
metal electro-oxidation and phase rebuilding. The [Ni(OH),.NiOOH] species may
continue its further electro-oxidation at higher positive potentials, yielding complete
passivity through the formation of the [Ni,O,] species. The electro-reduction charac-
teristics of those species not only confirm their existence but furnish more details
about the initial stage passivation region of the Ni/H,SO, interface.
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