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A.c. and EHD impedance measurements were performed on a Cu rotating disc electrode immersed
in neutral aerated NaCl and the results were compared with simulated curves according to the kinetic
model developed in Part I. The agreement is good over the whole anodic range and at the corrosion
potential. A slowing down of the mass transport rate is explained by diffusion through a surface layer
(Cu,0) at the corrosion potential and for the close anodic range. It is confirmed that, on the cathodic
plateau, the interface may be considered as uniformly accessible for the cathodic partial reaction of
oxygen reduction. However, at less cathodic potential a surface layer effect due to CuCl must also
be taken into account. Diffusion coefficients for both O, and CuCl; were determined by EHD

impedance.

1. Introduction

Corrosion and electrodissolution of Cu in neutral
aerated NaCl were investigated in Part T of this work
by using steady-state techniques [1]. An analysis of the
results obtained led us to propose a mechanism for the
electrodissolution of Cu which appears better than
previous ones [2—6] in its ability to explain the
dependence of anodic current on [Cl™].

By investigating the corrosion process, it was
established that at least two different insoluble
corrosion products are formed at E_,, i.e. CuCl and
Cu,0, the former being produced rapidly and the
latter being the main component of surface layers after
a long time of immersion in the NaCl solutions. The
hypothesis was put forward that the growth of such a
layer hinders mass transfer and, in turn, lowers the
corrosion current (which was found to depend on the
rotation rate of the electrode). However, an effect of a
porous layer on the rate of mass transfer is not the
only possible explanation for the results close to the
corrosion potential described in Part I. The calcu-
lation of I, was done in Part T by assuming that only
the anodic partial reaction is mass transfer-limited at
E,,,. . If this is true, the surface layer will only influence
anodic mass transfer at the corrosion potential.

In order to clarify these points and to further check
the proposed mechanism, the corrosion and electro-
dissolution of Cu in neutral aerated 0.5M NaCl were
studied by impedance techniques, both electrochemical
(a.c.) and electrohydrodynamical (EHD).

Impedance plots for Cu in neutral NaCl were
published by Heakal and Haruyama [7] and by
Mansfield er al. {8] with only very little comment
since, in both instances, they were used as a reference
for benzotriazole-inhibited Cu. More recently Smyrl
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[5] has investigated the a.c. impedance response of Cu
in acidic chloride media.

EHD impedance, i.c. the frequency response of the
system to a perturbation of the angular speed of the
electrode [9-13], was applied here to Cu for the first
time. Two EHD impedances can be defined: one in
potentiostatic regulation (d//dQ); and one in galvano-
static regulation (dE/dQ),. These two impedances are
linked to the usual a.c. impedance (dE/dl), by the
relationship [14]:

(AE/AQ), = —(dE/dI)(dI/dQ)e (D
or by using another notation:
F = ZI + Zyp0 2

where Z = (dE/dI)q and Zgyp, = (AE/dQ),. Follow-
ing the local slope of the current-potential curve, the
EHD impedance in potentiostatic or galvanostatic
regulation will be measured. For example, on the
diffusion plateau a potentiostatic regulation will be
chosen and a galvanostatic regulation at E_.

For a fast redox reaction on a uniformly accessible
electrode, the EHD impedance diagrams obtained at
different rotation rates can be reduced using the
dimensionless frequency p = w/Q (where w is the
modulation frequency and Q the mean rotation
frequency); when the frequency tends towards infinity
the phase shift tends towards 180° in potentiostatic
regulation or 225° in galvanostatic regulation. For a
fast redox reaction occurring at an interface covered
by a porous nonreactive layer the concentration
gradient is distributed between the fluid and the
porous layer. Then, the EHD impedance is not
reduced by the dimensionless frequency as shown in
Fig. 1 [15]. The lower the mean rotation rate €, the
closer to the EHD impedance diagram on a bare
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Fig. 1. Variation of the theoretical impedance vs the dimensionless
frequency p in Bode coordinates, for an interface covered with a
porous layer of thickness d;. The diffusion coefficient in the layer is
D.

electrode is the corresponding diagram. The phase
shift increases infinitely with p and no asymptotic
value is reached.

For a fast redox reaction occurring on a partially
blocked electrode characterized by alternating active
and passive sites, the EHD impedance diagram is
reported in Fig. 2 [16]. In the low frequency range, the
frequency response corresponds to that of the rotating
disc electrode with a uniform active surface (diagram
reduced by p); in the high frequency range, the
frequency response corresponds to that of an isolated
active site (diagram reduced by p). The translation
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Fig. 2. Variation of the theoretical EHD impedance vs the dimen-
sionless frequency, in Bode coordinates, for a partially active

surface.

between the two asymptotes (disc and isolated active
site) is a function of the active site gecometry and
independent of the gap value between two active sites.
The gap value affects only the transition between the
two limiting curves; for this transition, in the middle
frequency range, all curves are not reduced by p.

2. Experimental details

The chemicals and materials used have been described
in Part I of this work [1].

Alternating current (a.c.) impedance measurements
were made using a Solartron 1250 frequency response
analyser and a Solartron 1186 electrochemical interface,
covering a wide frequency range (10mHz-63kHz).
Five to 10mV (rms) a.c. potential perturbations were
used in potentiostatic experiments in order to ensure
linearity. Data were acquired and processed by an
Olivetti M24 computer.

The equipment used for EHD impedance experi-
ments has been described in detail elsewhere [10, 13].

3. Impedance calculation

The following calculation is obtained from the steady-
state model described in Part I (Equations 2, 14 and
15). Now we assume that the state of the electro-
chemical system is sinusoidally modulated around a
mean value in a linear way such that any time-
dependent variable of the system (i, E, [CuCl],
[CuCl; 1, ) performs harmonic variations and so may
be written in the following form:

X = X + Xexp (oo (3)

where X is a complex quantity and w/2r is the
modulation frequency.

The set of Equations 2, 14 and 15 given in Part 1
becomes:

i/F = R'E — k_,
x exp (—(1 — )FE/RT)[CuCl]
@
jolCuCl] = RT'E — k.,
x exp (— (1 — @)FE/RT)[CuCl]
— [ CICN + kL[CuCl;T (5)
fF = DWICuCL; dy)o (®)

where R,, the charge transfer resistance, is:

R7' = (aF/RT)Kk,[Cl" ] exp («FE/RT)

+ (1 — 0)F/RTYk_,[CuCl]
x exp (1 — 0)FE/RT) n

N lamn "4

[CuCl; ] and (d[CuCl; }/dy), are linked by the relation-
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ship given in a similar form in [11]:

[CuCly ] = &(— 1/8'(0))([CuCly J/dy),
S~ 1/0(o)Z.D ®)

where (— 1/6'(0)) is the usual dimensionless convective
Warburg impedance (also called diffusion impedance)
[17, 18] and Z, is proportional to the EHD impedance
in ‘concentrostatic’ regulation and is studied in detail
in Ref. [11]. o~ —_~

By eliminating [CuCl], [CuCl; ] and (d[CuCl; }/dy),,
the general expression between the observable quan-
tities is written in the form of Equation 2:

RIV'E = {1 + [k_, exp (—(1 — «)FE/RD))/(jw
+ k[CI]) + [k_, exp (— (1 — 2)FE/RT)
x k_y8(—1/0'()/D(jo + k[CI-D}iIF
— [k_, exp (—(1 — «)FE/RT)

X k_20(—1/0"(0)Z/(joo + ky[CI"])Q
)
With @ = 0 we obtain the ac. electrochemical
impedance which appears as clearly described by three
loops more or less decoupled.
With 7 = 0 we obtain directly the expression of the
EHD impedance in galvanostatic regulation.

4. Results and discussion
4.1. Cathodic range

4.1.1. A.c. impedance. A.c. impedance diagrams
obtained at — 500 mV (SCE), i.c. at a potential between
the cathodic plateau and the reduction peak of CuCl,
are shown in Fig. 3. At each rotation rate they may be
described by two loops poorly resolved. The one
corresponding to the low frequency range, is due to
mass transfer since its characteristic frequency depends
linearly on Q. A plot of the imaginary part vs the
dimensionless frequency p = ®/Q on a bilogarithmic
scale indicates no shift of the curves obtained at
different rotation rates, i.c. the mass transfer entirely
occurs in the fluid [15]. The loop corresponding to the

high frequency range is ascribed to the combination
of charge transfer resistance and the double layer
capacitance. From the impedance measurement in the
higher frequency range the double layer capacitance
value has been determined (C; = 35uFcm™2).

We notice that the R values, i.e. the limit of Z when
o tends towards zero, are in agreement with the slopes
of the current potential curves (Fig. 1, Part I).

4.1.2. EHD impedance. EHD impedances in potentio-
static regulation have been performed at the diffusion
cathodic plateau for two different potentials, —900
and — 750 mV (SCE), the latter potential being clearly
less cathodic than the reduction peak of Cu,O (Fig. 1,
Part I). Experimental data are reported in Fig. 4 in
Bode coordinates, i.e. the amplitude and phase shifts
of the quantity T/Q vs the dimensionless frequency
p = o/Q. The points fall on a single curve for p < 2
whatever the potential, a fact which is consistent with
a reduction in conditions of uniform accessibility, the
reduced species here being oxygen.

A quantitative comparison with the theory [11] was
done by performing a non-linear fitting procedure
with only one adjustable parameter: the Schmidt
number of the electroactive species S¢ = v/D. The
agreement between the theoretical expression and
experimental data was consistent with a relative experi-
mental error around 3%. The results of the fitted
values are reported in Table 1. From the Sc values we
deduced a mean D value of 1.4 x 107° cm? s~ ! which
is smaller than that provided by the steady state
measurements (2 x 10> cm’?s™!) but of the same
order of magnitude and corresponding to a number of
4 electrons transferred in the cathodic reduction of
oxygen. One source of discrepancy may arise from the
fact that no assumption is necessary here about the
solubility of oxygen which was used for the steady
state measurements. However both values are in
agreement with existing data [19].

For p > 2 a decrease of the phase shift and a small
increase of the amplitude arc at variance with the
situation of uniform accessibility for which a limiting
phase of 180° and A(p) oc p~? when p — oo must be
observed. Such a behaviour was predicted for partially
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was preferred to the potentiostatic one. For a potential
range between — 400 and —500mV (SCE), i.e. at a
potential more cathodic than that of a presumed
complete reduction of CuCl, the results provide
evidence that the conditions for oxygen reduction
remain basically the same as those of the plateau. The
two curves plotted in Fig. 5 for I = —50puA at
Q = 300rpm and 3000 rpm are well superimposed at
low p and then their separation increases at higher p.
This behaviour may be explained by a blocking effect
with a small blocking ratio.

On the contrary, measurements performed at lower
current, i.e. below the reduction peak of CuCl, present
distinct diagrams which are no longer reducible vs p
when Q is varied (Fig. 6A and 6B). The phase shift at
very low frequency shows a residual value around 20°
which may be due to a slow potential evolution with
time (see Fig. 2, Part I). The lack of reducibility with
p for different rotation rates may be explained by a
layer effect and in this case the layer may only be
CuCl. The high frequency behaviour is characteristic
of a partially blocked electrode, but such an effect
cannot occur with a layer. One possible explanation is
to assume that the major part of the interface is
covered by CuCl (layer effect) and the smaller part
is directly accessible as active site for the oxygen
reduction, this smaller part being sensible only in the
high frequency range.

4.2. Anodic range

4.2.1. A.c. impedance. A.c. impedance diagrams were
recorded at —200 and —150mV (SCE). Those
obtained at the latter potential for three values of Q
are shown in Fig. 7 and may be described by three
loops relatively well decoupled. Equation 9 derived in
the previous section also leads to an a.c. impedance
plot consisting of three loops. Simulated curves
obtained for the same Q values, a diffusion coefficient
D = 4.5 x 107°cm? s™' (see below) and appropriate
parameters are shown in Fig. 8. The similarity between
the simulated and experimental curves is sufficiently
good for both the general shape and characteristic
frequencies. The main discrepancy is observed at
high frequency where the experimental diagrams are
more poorly resolved than the simulated ones and
the angle formed between the real axis and the
curve is less than 90°. Both these facts are possibly
explained with dispersion phenomena due to electrode
roughness. B
~ Of the three loops, the one at high frequency is due
to R, and double layer capacitance, that at low
frequéncy corresponds to mass transfer, while that at
intermediate frequency is due to the modulation of
[CuCl].

In the low frequency range, the imaginary part of
the impedance is fully reducible vs p confirming a
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purely mass transport control and giving no indication
of mass transfer through a porous layer.

In the mid frequency range, the intermediate loop is
independent of Q from the model while some shift is
experimentally found (the characteristic frequency of
this loop increases by a factor around 3 when Q is
varied from 300 to 3000 rpm).
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On the other hand, a model based only on a partial
blocking of the interface would provide a diagram of
similar shape as those displayed in Fig. 8, but the
intermediate loop should be reducible vs p exactly as
the one in the low frequency range; therefore, the
intermediate dependence, between those two lmit
situations, observed on p, can reflect the occurrence of
both causes as this will be confirmed by the EHD
mpedance.

For both potentials, — 150 and —200mV, the agree-
ment between R, and the slope of current-potential
curves is very good at all rotation rates.

4.2.2. EHD impedance. A continuous trend of the
diagrams is clearly visible with the current. The
reducibility vs p which is bad for different Q values at
low anodic current (Fig. 9A, 7 = SuA) becomes
better when 7 is increased (Fig. 9B and 9C) and is
quite satisfactory for the larger current investigated
(I = 150 A, Fig. 9D). In the low frequency range,
these impedance diagrams are characteristic of a mass
transport through a porous layer. The effect of this
layer (Cu,0O grown at E_ before polarizing the
electrode at anodic potential) is important close to
E..., and decreases for current more and more anodic.
At the highest current all the layer effect disappears
and the interface can be considered as free of Cu,0 in
good agreement with the previous a.c. impedance
measurements.

At all currents the impedance values at the lowest
rotation rate agree very well with the theoretical
expression and give the best fit for a Schmidt number
close to 2000. Considering the properties of EHD
impedance in galvanostatic mode, the Sc fitted value
is likely to be that of the involved diffusing species,
CuCl; in the present case, when the rotation rate is
very low. Taking an average value Sc¢ = 2000 and
for v = 8.93 x 10%cm?s™!, one finds D = 4.5 x
107° cm? s~'. This value is of the order of that found
by Smyrl [5] and equal to 5.68 x 10 *cem’s™'. If we
compare these results to our model (Equation 9) we
find a good agreement because the effect of the [CuCl]
relaxation corresponding to the factor 1/(jo + &[CI7])
appears at higher frequency according to the a.c.
impedance measurement.

In the high frequency range, at all mean currents,
the experimental diagrams deviate from the theoretical
expression and display in particular a decrease of the
phase shift as p is higher. This effect is similar to a
partially blocked surface effect where only the tran-
sition region is visible, a region where the diagrams are
not reducible by the dimensionless frequency p. In this
case we may assume that the interface is partially
covered by Cu,O and the part which is not covered
plays for the EHD impedance a role which is similar
to an active site on a partially blocked electrode.

4.3. Corrosion potential

4.3.1. A.c. impedance. At the corrosion potential a.c.
impedance experiments were run only after a long rest
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Fig. 9. EHD impedance in galvanostatic regulation for different anodic currents. The theoretical curve corresponding to Sc = 2000 is

reported as a dashed line.

time; the electrode was kept at open circuit for 16 h or
more under stationary conditions and then rotated at
the appropriate Q for a time long enough to achieve a
stable value of E,_ . (2-4h). A.c. impedance diagrams
after short immersion times, i.e. when the evolution
of E,,. is fast compared with the duration of the
experiment (1h), were not recorded.

Impedance plots obtained after 16h at 300, 1000
and 3000 rpm are shown in Fig. 10. Two poorly
separated loops are visible at each Q. The R, values
obtained by a.c. impedance (also for other Q values

than those of Fig. 10) are in fair agreement with those
of Fig. 9 in Part 1, procedure A.

In all the diagrams of Fig. 10 the low frequency loop
1s ascribed to mass transfer. However, in this instance,
the characteristic frequencies are somewhat lower
than those of Fig. 7 (anodic range). Even lower values
are found for the characteristic frequencies of the low
frequency loops of the a.c. impedance plots obtained
after 100h at E_,, . In addition, after such a time, a
plot of Z,, vs p on bilogarithmic scales (Fig. 11)
imdicates that the characteristic reduced frequency is
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Fig. 10. A.c. impedance diagrams at the corrosion potential obtained
after 16h for different rotation rates. The characteristic frequencies
are indicated.

lower the higher . Such a shift is most likely a
consequence of diffusion through a porous layer.

After recording each diagram of Fig. 10 the clec-
trolyte was purged with nitrogen, while keeping the
electrode potential constant. This way, after removal
of oxygen, a net anodic current was flowing. A.c.
impedance diagrams were recorded again under these
conditions. Both the shapes of the diagrams and the
characteristic frequencies are only slightly changed
with respect to aerated solutions (see, for instance, for
Q = 1000 rpm, Fig. 12). In Part I we assumed that
R, = 3Ry, andsoatw = 0, Zf(0o) = (3/4)R;,(0). By
removing oxygen and keeping the potential constant
the faradaic impedance at zero frequency becomes
R, (0), i.e. ~30% higher.

Experimentally we find an increase of ~ 20% which
means that R is 5 times larger than Rp,. The anodic
impedance decreases when © increases while the
cathodic one is constant, so in the high frequency
range R, is much larger than Z,(w) and may be
neglected, in agreement with experimental data.

Thus, it may be concluded that the a.c. impedance
plots obtained at E_,. are due mainly to the anodic
partial reaction involving mass transfer occurring
through a porous layer of Cu,O. Simuiated curves
obtained for the same Q values, the same parameters
used for the simulation at £ = — 150mV and a con-
stant E_, (assumed for this simulation as independent
of Qand = —250mV}, are presented in Fig. 13. Only
two loops are clearly visible. The one at high frequency
is due to modulation of [CuCl] since that due to R, is
negligible. By comparing the simulated curves at
—150mV and E,, a shift of the characteristic
frequency of the low frequency loop is observed due to
a coupling of the loops due to [CuCl] modulation and
to mass transfer. Such a shift is lower than that found
experimentally which must be due in part to diffusion
through a porous layer. As in the anodic range, the
experimental plots are flattened with respect to the
simulated ones, most likely because of dispersion
phenomena.

4.3.2. EHD impedance. For the same reasons of fast
interface evolution given for the a.c. impedance, EHD
impedance diagrams after short immersion time were
not recorded.

EHD impedance measurements obtained with gal-
vanostatic regulation (I = 0) after long exposure
times, 64 h, are presented in Fig. 14. The impedances
recorded at different rotation rates are not reducible
by the usual dimensionless frequency p and the phase
shift increases continuously with p. The two properties
are characteristic of a layer effect as previously men-
tioned [15]. The phase shift variation also indicates a
clear anodic response and, when the rotation rate is
small, the corresponding curve approaches the theor-
etical curve calculated for Sc = 2000. We may
conclude that CuCl; diffuses in the electrolyte and
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through the Cu,O layer in good agreement with the
analysis of the a.c. impedance.

5. Conclusion

Most of the experimental results were discussed in the
previous section and in the discussion of Part I.
Therefore, only a brief summary of the main con-
clusions reached with the present investigation is
necessary.

The cathodic partial reaction is described, in
good agreement with all steady-state and impedance
measurements, as due to oxygen reduction:

0, + 2H,0 + 4¢- == 40H"~

On the cathodic plateau we have shown that there
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Fig. 13. Simulated a.c. impedance diagrams from Equation 9 for
R, = 14Qcm?, the same kinetic constants of Fig. 8 and £ =
—250mV.

given; Ry, corresponds to Equation 18 and Z,
to Equation 17 of Part 1.

is no effect due to the Cu,O layer and the interface
may be considered as uniformly accessible for oxygen
reduction. The diffusion coefficient measured by EHD
impedance technique is 1.4 x 107°cm?s™" in good
agreement with the literature [19].

We found that the behaviour of the system in the
potential range between the CuCl reduction and E_,,,
is not fully reproducible (see Part I). EHD response
seems to be due to a layer effect (CuCl) combined with
that of a partially blocked interface. It is clear that the
diffusing species is oxygen.

In the anodic range, a model involving the following
clementary steps:

Cu + CI" ==CuCl + ¢” === CuCl;
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Fig. 14. EHD impedance in galvanostatic regulation obtained after
64h at E_ . The phase shift indicates an anodic behaviour.
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was found to be able to explain both steady-state
results and impedance experiments carried out at large
anodic currents. Anodic mass transfer seems to occur
in conditions of uniform accessibility and thus it is
possible to determine the value of the diffusion
coefficient of CuCl; (4.5 x 10~%cm?s™!). The parallel
path leading to the formation of Cu,O by hydrolysis
of CuCl was not taken into account in our quantitative
kinetic analysis because it is a much slower process
than all other steps; only an effect of Cu,O as an
insoluble product was claimed for small anodic
currents. We think that such an effect becomes
increasingly less important at higher currents due to a
fast renewal of the electrode surface. At the corrosion
potentials, the hydrolysis reaction can also be neglected
from the kinetic point of view. However, the effect of
the Cu,O layer on the mass transfer must be con-
sidered for explaining the experimental results obtained
after long exposure time. Under these conditions the
Cu,0 layer may be assumed to undergo no change of
thickness during the time of an experiment. Its growth
(on a long time scale) explains the increase of R, with
time and the progressive shift towards lower values of
the characteristic frequency of the mass transfer
response in a.c. impedance experiments. All our data
suggest that the anodic current is mass transfer-
limited by the diffusion of CuCl; through both the
Cu,O layer and the electrolyte, while the cathodic
current is purely a kinetic current.

Except for the effect of the surface layer the model
for the anodic electrodissolution presented in Part I
and developed in Part IT for the impedance measure-
ments may also explain qualitatively the behaviour at
the corrosion potential.
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