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The anodic dissolution of nickel in concentrated sulfuric acidic solutions is characterized by two dif-
fusion plateaux related to the active and transpassive regions. For the same speed of rotation of a
rotating disc electrode, the two plateaux currents are almost identical. However, the less anodic one
gives rise to a rough electrode surface while a polished surface is observed at the more anodic one.
For nickel as-received, mass transport influences the current over the whole potential range. After
heat treatment, only the current for the two plateaux were mass transport controlled. Electrochemical
impedance diagrams show that the lowest frequency capacitive loop is influenced by mass transport.
Electrohydrodynamic (EHD) impedance diagrams show two different regions. In the low frequency
range, the results follow the theoretical curve corresponding to a uniformly accessible electrode
with a very high Schmidt number around 107. At high frequency, the EHD impedance may
correspond to an interface covered by a gel layer formed from the products of the anodic dissolution.

1. Introduction

The electropolishing of metals is a common surface
treatment process [1] but its mechanism is not yet
well understood in the case of nickel. Nickel in con-
centrated H,SO,4 can be actually electrochemically
polished at high anodic overpotentials. This system
has been studied at steady state (polarization curves)
as a function of the sulfate concentration [2, 3]. In
general, the curves present two current maxima: the
first maximum defines the activation/passivation tran-
sition and the second defines the transpassive dissolu-
tion/secondary passivation transition. For an H,SO,
concentration higher than 10mM, two plateaux are
observed in the polarization curves, instead of two
maxima. It is noteworthy that the currents have prac-
tically the same value, despite the fact that the surface
aspect in each plateau is not similar: in the activation
plateau a generalized attack occurs, whereas in the
transpassivation one, the surface is electropolished.
Hoar ez al. [2, 4, 5] assumed that electropolishing
occurs through a film at the electrode surface. This
film acts as a cation acceptor which removes the
metallic jons from the surface to achieve electropolish-
ing. A similar hypothesis was assumed by Keddam
et al. [3] from optical microscopy observations of
the electrode surface. They proposed that for con-
centrations greater than 10 M only, the anodic film is

0021-891X  © 1996 Chapman & Hall

sufficiently compact and adherent, allowing the elec-
tropolishing of the electrode. The authors found
that the limiting current, I, followed a Koutecky—
Levich equation, that is I7} = 4 + BQ™'/?, where Q
is the steady rotation speed of electrode. In this equa-
tion A™' represents the maximum mass transport rate
through the film (2 — c0). For the activation plateau,
the authors observed 4 = 0.

In this paper, the kinetics of nickel electropolishing
at high H,SO, concentration is studied by polariza-
tion curves, electrochemical and EHD impedances.
The EHD impedance is a technique based on fre-
quency analysis of the current (potentiostatic case)
or potential (galvanostatic case) in response to a sinu-
soidal speed modulation for a rotating disc electrode
[6]. This technique is an appropriate method for mea-
suring Schmidt number (S¢) without having to know
the concentration of electroactive species. From the
Schmidt number, Sc¢, which is the ratio of the solution
kinematic viscosity to the diffusivity of the reacting or
produced species, the latter quantity can be deter-
mined. EHD impedance allows accurate distinction
of a uniformly accessible surface from a partially
blocked one [6]. Moreover, by this technique, it is
also possible to characterize a surface coated with a
porous film [6], when mass transport inside the film
becomes rate determining.

This paper deals essentially with an experimental
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study in which the influence of several parameters is
examined in view of a future modelling.

2. Experimental details

The working electrode used was a cylindrical rod
(0.2 cm?) of nickel (Johnson-Matthey). The rod speci-
mens were embedded in an epoxy resin mould with
only their cross section allowed to contact the electro-
lyte and shaped as a rotating disc electrode. The elec-
trode was used as-received and heat-treated for 48 h at
900 °C. Figure 1 shows the scanning electron micro-
scope (SEM) photographs after polarization on the
activation plateau for the metal as-received
(Fig. 1(a)) and for the heat-treated metal (Fig. 1(b)).
The heat treatment was made with a view to increas-
ing the grain size and also decreasing the defects
in the crystalline structure. A (111) single crystal
of nickel was also used. The reference eclectrode
was a saturated sulfate electrode (SSE) and the coun-
ter electrode was a cylindrical platinum grid of large
area.
The solutions

were prepared with H,SO,

(Merck) and double-distilled water. The cell was
placed in a constant temperature bath which was
controlled and maintained at 25.0%+0.5°C or
50£0.5°C.

The current—potential curves were recorded in

potentiostatic mode by means of a potentiostat
(Omnimetra Instruments) and a plotter (Hewlett-
Packard 7090A X-Y Recorder). Electrochemical
and EHD impedance measurements were performed
with a Solartron 1250 frequency response analyser
(FRA).

3. Results
3.1. Steady-state results

Figure 2 shows the polarization curves for sulfuric
acid (12m) as a function of the electrode rotation
speed. Two electrolyte temperatures were imposed:
25°C (Fig. 2(a)) and 5°C (Fig. 2(b)). As already
known for 25°C [3], two plateaux are also obtained
at 5°C. The presence of these plateaux indicates pre-
cipitation of salts which may be of different nature
for each plateau. The precipitation of salts, can induce
two physical situations: (i) a porous film layer and (ii)
a precipitated salt which forms a colloidal dispersion
within the solution and close to the metal surface [7].

In Fig. 3, Koutecky—Levich plots (J! against
0 2) for the activation and transpassivation
plateaux are given. At 25°C and 5°C, the current
for the activation plateau follows the relation
I "= BO~Y? whereas for the transpassivation one
7' =4+ B2 These results show that the

Fig. 1. SEM photographs showing the nickel surface after polarization at the activation plateau in HySO, (24 N): (2) without heat treatment;

(b) with heat treatment or (c) at the transpassivation plateau.
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electrode surface during the transpassivation process
is covered by a film or is partially blocked [8, 9]. The
activation plateau may represent a surface without
film or with a film with thickness varying as QY2 [10].

Despite the similarity of the steady behaviour for
both plateaux, the visual aspect of the electrode sur-
face is not the same in these two conditions. Indeed,
at the activation plateau, a generalized attack is
observed and the grains are revealed (Fig. 1(a) or
(b)). At the transpassivation plateau, an electropolish-
ing process occurs and the micro roughness disap-
pears (Fig. 1(c)). The above visual characteristic is
found for 25°C and 5°C.

In Fig. 4(a) and (b) the polarization curves for
nickel are compared as-received (a) and after heat
treatment (b). The value of the current for both pla-
teaux is nearly the same. However, the activation
plateau is better defined in Fig. 4(a); the transpassive
dissolution (i.e., between 0.5 and 1 V vs SSE) is slightly
influenced by mass transport in Fig. 4(b) and
the transpassivation plateau is not influenced by the
heat treatment. In Fig. 4(c) the polarization curves
are presented for a single crystal of nickel. The acti-
vation plateau is reduced to a peak. The transpassiva-
tion plateau is partly mass transport controlled, with a
finite slope (equal to the reciprocal of the polarization

resistance R;,). Moreover, the transpassive dissolution
(i.e., between 0.5 and 1V vs SSE) is qualitatively the
same as compared to the heat-treated nickel, where
the current is quite independent of mass transport.
This suggest that the layers existing at the activation
plateau depend on the microstructure of the electrode
and, to a lower degree, for the transpassivation pla-
teau. Moreover, the heat-treated nickel, and also the
single crystal nickel show that transpassive dissolution
is only controlled by charge transfer with practically
no mass transport influence.

In Fig. 5, the influence of H,SO,4 concentration on
the polarization curves is presented, for 5 °C. The cur-
rent is constant between the activation and the passi-
vation plateaux but only the transpassivation range of
the curves is given. For 12 and 13 m sulfate, a plateau
is clearly detected and electropolishing occurs. For
higher concentrations, a generalized attack takes
place and no influence of mass transport at the activa-
tion and transpassivation plateaux is observed. These
results show that a minimum concentration of free
water is mnecessary to achieve electropolishing.
Therefore water needs to be taken into account in
the film structure at the transpassivation plateau and
this feature must be considered in the dissolution
kinetics.
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Fig. 2. Polarization curves obtained for nickel in H,SO,4 (24N). (a) 25 °C; (b) 5°C. Rotation rate: (x) 120, (O) 240, (+) 360, (A) 480 and (0J)
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Fig. 3. Koutecky—Levich plots obtained for nickel in H,SO, (24 N).
(a) 25°C; (b) 5°C. -activation (—0.35V); -transpassivation (1.2'V).

3.2. Electrochemical and EHD impedances results

In the following, the EHD and the electrochemical
impedances concerning the transpassivation plateau
obtained for H,SO,4 (12 M) at 5°C are presented. All
diagrams were taken at 1.2V vs SSE.

3.2.1. EHD impedance. Figure 6 shows the diagrams
for nickel as-received. The normalized amplitudes
fall on the same curve for dimensionless frequency
p <03, p being the ratio of the modulation
frequency w/2m to the mean RDE rotation
frequency £2/2m. For p > 0.3, the curves are
separated at different Q values. In contrast, the
phase shift data fall on a single curve for all p values
and a limit around 450° is obtained. This Figure
also shows the curve for a Schmidt number of 107,
based on the predictions of Tribollet and Newman
for a uniformly accessible electrode [11].

The EHD impedance for the heat-treated electrode
is shown in Fig. 7. The curves present the same quali-
tative behaviour as that obtained in Fig. 6. For this
electrode, Fig. 8 shows the EHD impedance against
frequency in hertz instead of the dimensionless fre-
quency p. In the high frequency range, the amplitude
data merge onto a single curve for all rotation speeds.
Figure 9 presents the EHD impedance for the single

crystal. For p < 1 the curves show similar results to
those already seen in the previous Figures. The
particular point here concerns the region of high
frequencies, p > 1. In this region, A(p)/A4(0) < 1072,
the experimental points are very scattered and a
limiting phase shift is hardly seen. For this electrode
it was not possible to analyse the high frequency
region.

3.2.2. Electrochemical impedance. Figures 10—12 show
the electrochemical impedance diagrams obtained for
nickel as-received, heat-treated and single crystal,
respectively. For the first two conditions described
above, Figs 10 and 11, the diagrams are very
similar. Five loops are observed: one high frequency
loop associated with the double layer, followed by
an inductive loop around 1Hz; a capacitive loop
around 0.7Hz; another inductive loop around
0.12Hz, only clearly seen at low rotation speeds,
and finally one capacitive loop around 0.02Hz. In
Fig. 12, only four loops are detected: the lowest
frequency capacitive loop seen in the previous
figures is no longer observed and the process at
lower frequencies is an inductive loop around 0.1—
0.2Hz. The capacitive loop at the lowest frequency,
seen in Figs 10 and 11, seems to be related to the
mass transport process because its diameter is an
inverse function of the disc rotation speed and the
characteristic frequency of this loop is the same as
the frequency seen in the EHD impedance at 90°
(Fig. 6). The inductive loop in these figures around
0.1Hz is related to the charge transfer process
occurring during electropolishing. Indeed, this loop
is not influenced by the rotation speed and is better
seen for the single crystal, where the current is no
longer only mass transport controlled. It is
important to note in the previous diagrams that the
limit for w— 0, Rp~', is consistent with dI/dE of
the steady polarization curves only in the case of the
single crystal, where a finite Rp is observed. For the
other working electrodes (nickel as-received and
heat-treated), the diagrams show a finite limit while
Rp from the steady polarization curves is infinite.
This point is not explained in this paper and the
cause is not yet well understood.

4, Discussion

As shown above, the concentration of free water
seems to be a crucial parameter for analysing
the experimental results. This can be emphasized by
plotting the transpassivation plateau current value
as function of the total water content (though activity
should be preferred for those high acidic concentra-
tions) as displayed in Fig. 13. It can be seen that there
is first a linear domain represented by a dashed line
corresponding to the higher acidic concentrations
with an extrapolated limit at about 1.5mA for zero
water content. For higher water contents, the current
increase is much faster, the transition corresponding
to a concentration of about 14m. This transition
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Fig. 4. Polarization curves obtained for nickel in H,SO4 (24 N). (a) Without heat treatment; (b) with heat treatment; (c) (1 1 1) single crystal.

Rotation rates: (x) 120, (O) 240, (+) 360, (A) 480 and () 600 rpm.

seems to mark a change in the nature and properties
of the external layer. Above this water content, the
current is mass transport controlled and not for the
low water contents. Also, as observed by Keddam
et al. [3], in the low water content regime, the interface
seems to be covered with a compact layer. In addition,

04—

this latter regime is characterized, at the transpassiva-
tion plateau, by the disappearance of electropolishing
and a generalized attack occurring, as for the dissolu-
tion plateau.

On the basis of these results, for steady, electro-
chemical and EHD impedances, the following can
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Fig. 6. EHD impedance diagrams obtained for nickel (without heat
treatment) in H,SO, (24N). Sc = 10’. Rotation rates: (O) 240, (+)
360, (A) 480 and (O0) 600 rpm.

be stated. For all covered conditions in potential and
rotation speed, the existence of two superposed layers
can be postulated. The first and inner one is due to
oxide formation. The maximum current which can
flow through this layer is defined by a high field
assisted transport [12] and is the non-diffusional cur-
rent A appearing in the Koutecky—Levich relations.
In other words, the A term corresponds to a kinetic
limitation by this high field conduction process and
would give the value of the current in the absence of
mass transport limitation (i.c., for an infinite rotation
speed). This means that the oxide formed at the disso-
lution plateau is not the rate determining step. At the
transpassivation plateau, this component becomes
measurable which means either that the oxide changes
in nature or that its thickness and compactness
increase.

However, in both situations, the control is mainly
due to mass transport in the second and outer
hydrated sulfate layer which is identical on the two
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Fig. 7. EHD impedance diagrams obtained for nickel (with heat
treatment) in H,SO, (24 ). Rotation rates: (O) 240, (+) 360, (A)
480 and (O0) 600 rpm.

plateaux as shown by the EHD impedance diagrams.
For the higher water contents, that is, in so far as the
current is controlled by hydrodynamics, this nickel
sulfate contains seven water molecules according
to the observations made at lower acidic concentra-
tions [3]. For the lower water contents, the nature of
the nickel sulfate seems to change and a lower degree
of hydration (monohydrate) can be hypothesized. The
current then becomes migration-diffusion controlled
and the decrease observed when the acidic concentra-
tion increases is due to the fact that less free water is
available for ions solvation; this means that the criti-
cal concentration at the oxide/salt interface of all
involved ionic or neutral species decrease because
their apparent concentration becomes smaller.

The EHD impedances obtained for different rota-
tion speeds fall onto a single curve for 0.3. This beha-
viour is characteristic of a uniformly accessible
surface, but the measured Schmidt number is around
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107, Such a high Schmidt number value is not usual
for a liquid and is much higher than the value based
on the bulk quantities for both the solution viscosity
and the diffusivity of the neutral or ionic species which
are responsible for the rate determining step by mass
transport. For similar conditions of electropolishing
of copper in phosphoric acid, such high Sc¢ values
were obtained using the EHD impedance technique,
and were ascribed to water as diffusing species in the
frame of a water acceptor model [13—15]. As a matter
of fact, in most of the dissolution models proposed so
far for nickel (not detailed here), water is not con-
sumed in the electrochemical steps. In contrast, water
is consumed during the formation/dissolution of the
sulfate layer and its transport can be hence assumed
to be the rate determining step. But this layer must be
loosely structured because, as mentioned above, its
behaviour is rather that of a viscous liquid [8]. There-
fore, a two phase layer formed by a concentrated
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Fig. 9. EHD impedance diagrams obtained for a nickel single crystal
in H,SO, (24N). Sc = 10. Rotation rates: (O) 240, (+) 360, (A) 480
and (00) 600 rpm.

suspension of sulfate crystallites can provide a realis-
tic description.

The second characteristic feature of the EHD
diagrams is the prevailing influence at high frequen-
cies of a term varying as —jw (indicated by a limiting
phase shift of —450°= —-360° —90° and by an
amplitude increasing proportionally to frequency
w/2m). It is also worth mentioning that a response at
the same characteristic frequency (around [0Hz) is
not detected in the a.c. impedance diagrams. This
process is therefore not associated to mass transfer
in the liquid, induced by the flow modulation but is
the result of a direct mechanical effect by the shear
stress modulation of the flow at the interface.

Considering this behaviour, one may postulate that
this two-phase outer layer has a gel-like structure
which behaves as a viscoelastic medium at high fre-
quencies. In fact, such a high frequency behaviour
was previously explained as due to elastic properties
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of a layer with modulation of the associated capaci-
tance by modulation of its thickness [16]. In steady-
state, this capacitance has no effect. When the shear
is modulated this modulates the film thickness and
hence its capacitance which gives an additional modu-
lated current. This layer, which has a low free water
content, and hence a small dielectric constant, and a
thickness higher than a usual double layer, corre-
sponds to a low capacitance value.

At higher acid concentrations (low water contents)
the nature of this outer layer probably changes, which
explains that the same features as on the dissolution
plateau are observed. This also modifies the underly-
ing oxide layer which does not change between the
activation and transpassivation conditions, the salt
layer bearing the whole potential drop.

4. Conclusion

The electrochemical processes occurring at the two
plateaux of the polarization curves of nickel in high
H,SO, concentration are not the same. The transpas-
sivation plateau is characterized by the electropolish-
ing of the electrode, whereas the activation one is
associated with a generalized attack.

Concerning the transpassivation plateau, the fol-
lowing points may be made: (i) water is necessary
and needs to be taken into account in the film struc-
ture; (ii) a very high Schmidt number is associated
with it; (iii) a relation I' = 4 + BQ™Y/? represents
its kinetic behaviour; (iv) the EHD impedance dia-
grams present two distinct ranges: at low frequency
there is a single curve for all rotation speeds whereas
at high frequency there are separate diagrams. How-
ever, when the EHD impedance plots are given as
function of absolute frequency (in hertz), the ampli-
tude diagrams show a single curve for all rotation
speeds at high frequency; and, finally, (v) the electro-
chemical impedance shows a capacitive loop at the
lowest frequency controlled by mass transport.

Taking into account the above features, a duplex
structure of the film composed of a thin oxide layer
at the electrode surface covered by a gel film is
postulated.
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