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The formation and reduction of passive layers on copper in weakly alkaline solutions saturated with
N2 and O2 were studied. Voltammetric and ellipsometric techniques were employed to examine the
structural characteristics of the layers formed in the )0.32 to 0.75 V vs RHE potential region. Optical
measurements at open circuit potentials (Eoc) were also made to simulate operational conditions. The
passive layer consists of a duplex structure: an outer hydrated copper oxide ®lm and an inner
dehydrated ®lm. This inner layer is composed of Cu2O with a surface excess of Cu(II) ions. The
growth rate of the oxide layers at controlled potentials is higher in O2 saturated solution. The
corrosion resistance of copper depends on the presence of O2 in the electrolyte, on the stirring rate
and on the Eoc value.

1. Introduction

Stator windings of turbo generators are water cooled
and cooling e�ciency is a�ected by the corrosion of
the copper components. At low O2 concentration (20
lg dm)3) many of the oxide nuclei are swept along by
the ¯ow and accumulate on ®lters and downstream
hydraulic discontinuities. Aeration was reported as
an e�cient way to control corrosion by pure water
[1]. However, the O2 role is not clearly understood.

Films formed in deaerated sol under potentiostatic
conditions have a duplex structure, probably an inner
layer grown by a solid state mechanism and an outer
layer formed by precipitation of a supersaturated sol
[2±7]. Under these experimental conditions the
Cu(OH)2 [2] and Cu2O layer [6] are suggested as the
major barrier for the ion migration. Studies made
using sol in contact with oxygen/helium mixtures (1 %
and 10 % in O2) as well as pure O2 atmospheres,
showed that the chemical composition of the ®lm, its
structural characteristics, morphology and thickness
depend on the water O2 content [8].

Di�erent Cu(II) and Cu(IIII) species formed on
copper have been evaluated by ex situ analysis.
However, the depth pro®le of the passive layer ob-
tained by ISS does not necessarily demonstrate the
composition of the layers (CuO, Cu(OH)2 or Cu2O).
Cu(OH)2 may be dehydrated and changed during ion
bombardment [2]. On the other side, the structure of
the oxides formed under polarization may be di�erent
from that obtained in practice under open circuit
conditions.

Notwithstanding the vast literature on copper
corrosion, the interfacial processes involving soluble

and adsorbed species are still under discussion. This
work examines the formation and reduction of pas-
sive layers on copper in borax sol saturated with N2

and O2. In situ voltammetric and ellipsometric mea-
surements were employed at controlled potentials to
complement the available information. Optical mea-
surements were also made under open circuit condi-
tion to simulate operational performance.

2. Experimental details

A 99.9 % pure copper disc working electrode of
0.40 cm2 apparent area, a Pt foil auxiliary electrode
and a reference hydrogen electrode were assembled in
a conventional cell for ellipsometric measurements
[9]. Potentials are referred to the reversible hydrogen
electrode (RHE) scale in the same sol. The electrolyte
sol, a borax bu�er pH 9.0, was prepared from
Na2B2O7 0.075 M, H3BO3 0.15 M Mallinckrodt p.a.
and MilliQ* water. The working electrode was mirror
polished with 0.3 and 0.05 lm alumina, then rinsed
with MilliQ* water and ®nally immersed in the cell.
The ellipsometer (Rudolph Research type 437002/200
E) was used in the null mode, with the incident light
beam at 70° and the azimuthal angle (compensator)
set at 135°. The wave length employed was
k � 546.1 nm. Runs were made at room temperature
under N2 (sol I) and O2 bubbling (sol II). The re-
fraction indices of the substrate (n ) i k) were ob-
tained using the polished copper electrode held at a
cathodic potential Ec � )0.32 V. The resulting values
are in good agreement with previously reported data
[7, 9±11].
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The experimental procedure was the following.
First, the ellipsometric parameters of the initial re-
cently polished Cu surface were obtained at
Ec � )0.32 V.

Procedure I: The values of D and W were mea-
sured at open circuit potentials (Eoc) in sol I or
sol II.
Procedure II: An anodic scan at either
v � 0.01 V s)1 or v � 0.10 V s)1 from Ec up to
an anodic potential limit Ea followed by a po-
tential holding at Ea was made in sol I to obtain
D and W values during the growth of the oxide
layers.
Procedure III: Experiments were made in sol I.
After di�erent times at either Eoc (procedure I)
or at Ea (procedure II), the potential was nega-
tively scanned at 0.01 V s)1 from these poten-
tials to Ec. Finally, the ellipsometric parameters
were measured at Ec � )0.32 V.
Procedure IV: D, W and the current i were si-
multaneously measured during a potentiody-

namic cycle from Ec to Ea � 0.68 V at
1.5 mV s)1.

3. Results:

3.1. Oxides formed at Eoc

3.1.1. Ellipsometric measurements. The oxide forma-
tion on copper immersed in borax bu�er sol either I
or II was evaluated at open circuit for a 24 h period.
The D/W plot for stirred sol I (Fig. 1 A) shows a
steady decrease of D while W increases (about six and
two degrees, respectively). In the case of sol II the D/
W relationship is more complex than in case of Fig. 1
A. In a stagnant sol the change in W is smaller than in
a stirred sol (Fig. 1B and 1C).

The time dependence of D values of Fig. 1 and the
corresponding open circuit potential Eoc are plotted
in Fig. 2. In sol I (Fig. 2, curve a) Eoc rises to 0.37 V
during the ®rst minutes and after 30 min attains a
stable value of 0.540 V. The change in D ()dD) in-

Fig. 1. Evolution of the ellipsometric parameters D/W in borax sol, pH 9.0: (d) at Ec � )0.32 V; (,) at Eoc and (.) at Ec after the
reduction scan: (A) N2 sol, (B) and (C) O2 sol.
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itially shows a small step of about 0.2 degree and then
grows linearly with time.

In sol II Eoc reaches 0.64 V after 10 min (Fig. 2A,
curves b and c). The )dD/t dependence shows a
parabolic law (Fig. 2B, curves b and c). After the
initial growth, )dD shows a linear law with time si-
milar to that observed in sol I (Fig. 2B, curve a). Eoc

decreases from 0.60 to 0.54 V when O2 is removed by
N2 bubbling (Fig. 2A curve b, see arrow at
t � 1400 min). No change in D and W was observed
simultaneously with the Eoc decrease. In the case of
stagnant oxygenated sol the behaviour is similar to
that corresponding to stirred sol. However, the Eoc is
more anodic and the increase in W is smaller than that

observed in stirred oxygenated sol (Fig. 1B and C
and 2A, curves b and c).

3.1.2. Potentiodynamic reduction. Figure 3 shows the
i/E relationship recorded when a 24 h old oxide layer,
spontaneously formed, was reduced during a ca-
thodic scan from Ea � Eoc to Ec � )0.32 V (proce-
dure III). The voltammogram corresponding to sol II
shows two peaks: one more anodic and higher at
0.09 V (peak 1) and a smaller and broader peak at
)0.06 V (peak 2). In sol I peak 1 is lower than peak 2
which is larger and more cathodic than that corre-
sponding to sol II. The charges (Q) involved in the
cathodic voltammograms are about 5600 lC cm)2

and 6600 lC cm)2 for sol II and sol I, respectively. In
experiments made after 48 h at Eoc similar current
contributions and a linear Q/t dependence resulted.

The ellipsometric parameters measured at Ec after
the cathodic scan are di�erent from those measured
at the beginning of the experiment (Fig. 1). The i/E
relationship associated with the reduction of the
oxide layer formed during 3 h at Eoc in sol I is also
included in Fig. 3 as a reference. It shows a con-
tribution related to hydrogen reduction and a small
one at 0.09 V visible at higher scale.

3.2. Oxides formed at constant potential

3.2.1. Ellipsometric measurements in deaerated sol.
Figure 4 shows D and W values when the potential is
held at di�erent anodic limits Ea � 0.70, 0.65 or
0.56 V (procedure II at v � 0.10 V s)1). )dD was

Fig. 2. Dependence of D and Eoc on time from Fig. 1: a (.) N2 sol, b (,) O2 stirring sol, c (d) O2 stagnant sol.

Fig. 3. First negative going scan to electroreduce the oxide layers
after 24 h at Eoc under O2 bubbling (dashed point line), 24 h at Eoc

under N2 bubbling (solid line), 3 h at Eoc under N2 bubbling
(dotted line). Transient current at Ec are recorded on the left.
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higher at more anodic Ea. At Ea lower than 0.70 V
the D /W values measured after the oxide reduction at
0.10 V s)1 (®lled inverted triangles) are close to the D/
W values corresponding to the bare surface (®lled
circles). In contrast, after 3 or 4 min at Ea � 0.7 V a
signi®cant increase in W is observed that remains
after the reduction process.

The time dependence of the optical data plotted in
Fig. 4 is shown in Fig. 5. Additional measurements at
Ea � 0.75 V are also included. Potential holdings at
Ea � 0.56 V and Ea � 0.65 V show that there is an
initial )dD of about 0.3 and 1.2 degrees, respectively.
Then, a linear and a parabolic dependence of )dD
against time are observed respectively. For
Ea � 0.70 V and Ea � 0.75 V three regions can be
distinguished: Region A: (includes the ®rst 3 min) the
initial dW ()0.2 degree) was similar to that obtained
for lower Ea; Region B: (from 3 min to 9 min in the

case of 0.75 V and up to 14 min for 0.70 V) low )dD/t
and high dW/t slopes were observed; Region C: (from
9 to 20 min for 0.75 V and from 14 to 20 min for
0.70 V) the dW/t slopes are lower and the )dD/t slopes
are higher than in region B. In region A and B for
Ea � 0.70 V and Ea � 0.75 V the )dD is lower than
that observed for Ea � 0.65 V. The decrease in the
dW/t slope correlates with the increase in the )dD/t
slope.

3.2.2. Electroreduction of the oxide layer. After
holding the potential at Ea for 20 min the oxide layers
were electroreduced at 0.10 V s)1 according to pro-
cedure III. The cathodic scan from Ea � 0.543 V to
Ec shows two current contributions: 1 and 1¢, (Fig. 6).
For Ea � 0.618 V, an increase in charge and also a
shift of the initial pro®le in the cathodic direction are
observed. However, a further increase in Ea (0.700 V)
shifts the cathodic peak anodically.

3.2.3. Ellipsometric and voltammetric parameters in
sol I. In Fig. 7 relationships between the following
parameters are shown: the anodic potential Ea; )dD
between the bare surface and after 20 min at Ea; the
potential of the reduction peak, Ep and the cathodic
charges involved in the cathodic sweep. QI and QII

Fig. 4. D and W evolution with time at di�erent
Ea. Measurements were made at Ec � ) 0.32 V
(d), at Ea (,) for 20 min and (.) at Ec after re-
duction. Ea values are indicated in each plot.

Fig. 5. Evolution of )dD and dW with time at di�erent Ea indicated
on each curve.

Fig. 6. First cathodic scan starting at Ea after a potential holding
for 20 min at this potential (procedure II). Ea: (Ð) 0.543, (Ð Ð)
0.618 and (- - - -) 0.700 V.
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are the charges corresponding to the potential regions
from Ea to 0.01 V and from 0.01 V to Ec respectively.
Ep shows a shift in the cathodic direction when Ea

increases up 0.65 V (points a±e) and to the anodic
direction for more anodic Ea values (points f±g). The
cathodic charge QI is higher when Ea is more anodic,
reaching a maximun at Ea � 0.65 V (point e). The
)dD against QI plot shows a linear relationship from
Ea � 0.54 V to 0.59 V (points a±d) while QII remains
constant. For Ea values between 0.59 and 0.70 V
(points c±f) there is a small increase in the total
charge without modi®cations in the )dD value. A
further increase in Ea shows an increase in )dD, a
decrease in QI and an increase in QII.

Results of Figs 4 and 5 are summarized in Fig. 8.
Additional data for di�erent anodic potential limits
Ea are included. )dD and d W measured after 20 min
at Ea are plotted against Ea. These results show that
the )dD values are practically independent of the
anodic sweep rate for potentials up to 0.65 V. The
)dD against Ea plot shows three regions (Fig. 8). In
the ®rst region up to Ea � 0.53 V there is a small
change in D and W. The second region between
0.53 V and 0.63 V shows a linear dependence be-
tween )dD and Ea. The third region for Ea equal to or
more anodic than 0.63 V shows several phenomena:
(i) after 20 min of potential holding )dD shows a
maximun at Ea � 0.63 V; (ii) W remains nearly con-
stant up to 0.65 V and then suddenly increases; (iii)
the decrease in )dD in the region 0.63/0.65 V is re-
lated to a small increase in QI (points d, e, f, Fig. 7).
After a short period at Ea (1 min) the )dD against Ea

values were two times lower in regions 2 and 3 than
those of Fig. 8A and W did not increase over 0.65 V
(data not included).

The reversible potentials corresponding to the
following redox couples were indicated in Fig. 8 as a
reference:

Fig. 7. Dependence of the cathodic reduction charge Q, the peak potential Ep and D on Ea after a potential holding for t � 20 min at Ea.

Fig. 8. D and W measured after t � 20 min of potential holding at
di�erent anodic potentials Ea.(Procedure II, (s) v � 0.01 Vs)1, (d)
v � 0.10 V s)1). In the abscissa the equilibrium potentials between
di�erent copper species are indicated. Regions 1, 2 and 3 limits are
shown with dashed lines.
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2Cu�H2O � Cu2O� 2H� � 2eÿ

E � 0:471ÿ 0:059 pH

Cu�H2O � CuO� 2H� � 2eÿ

E1 � 0:570ÿ 0:059 pH

E2 � 0:609ÿ 0:059 pH

Cu2O�H2O � 2CuO� 2H� � 2eÿ

E1 � 0:669ÿ 0:059 pH

E2 � 0:747ÿ 0:059 pH

where E1 corresponds to dehydrated and E2 to the
hydrated CuO, respectively [12].

3.2.4. D and W during a potential scan in sol I and II.
The ellipsometric and electrochemical responses ob-
tained through procedure IV can be seen in Figs 9
and 10.

In sol I, D decreases markedly up to 0.53 V
(Fig. 9). When the scan was reversed D attains a
minimum at 0.52 V and then increases. W decreases
slowly during the anodic scan up to 0.50 V, returning
to the initial value after the reverse scan. The vol-
tammogram shows an anodic and a cathodic peak in
the regions corresponding to the higher slopes in the
D/E plot (0.6 V and 0.3 V, respectively).

In sol II, a signi®cant decrease in D was observed
at potentials about 50 mV more cathodic than in

Fig. 9 reaching a minimum at 0.6 V (Fig. 10). As in
the case of Fig. 9, D also reaches a minimum during
the cathodic scan. However, D and W values at the
end of the experiment were not close to the initial
values as in the case of sol I.

In the i against E curve a minimum at 0.5 V can be
observed during the anodic scan (Fig. 10). The
cathodic sweep shows a cathodic peak at 0.3 V si-
milar to that observed in Fig. 9.

4. Discussion

It is well known that in sol Cu(II) is more stable than
Cu(I) species due to the di�erence in energy of hy-
dration [12]. In contrast, at the interface between
CuO and Cu, in the absence of electric ®eld, CuO
tends to be reduced to Cu2O (thermodynamically
more stable) [12, 22]. Di�erential re¯ectometry shows
that both Cu2O and CuO are present on both sides
near the equilibrium Cu2O/CuO potential [13]. The
spectra of these species are time dependent. After
several hours an underlying ®lm of Cu2O was de-
tected in a region were the Pourbaix diagram predicts
that CuO (rather than Cu2O) is the stable species.

The simulation of Cu2O and CuO growth ac-
cording to the optical indices reported in the litera-
ture is plotted in Fig. 11A. Typical data calculated at
k � 546 nm correspond to the average indices
n � 3.08 )i 0.14 and n � 2.66 )i 0.58 for Cu2O and
CuO, respectively [14±18]. For Cu2O layer thick-

Fig. 9. Evolution of D, Wand the current density i against time during a cyclic scan between Ec � )0.32 V and Ea � 0.68 V, in N2 sol. (e)
anodic scan, (s) cathodic scan.
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nesses in the 0 nm< d < 4 nm range, changes in D of
about 2.23 degree/nm and in W of 0.25 degree/nm can
be predicted. Similarly, in the case of CuO, D changes
1.73 degree/nm and W )0.007 degree/nm.

At pH 9.2 additional redox couples which involve
Cu(OH)2 or other hydrated ®lms make the descrip-
tion of the interface more complex.

4.1. Processes taking place at the interface

Optical and electrochemical results of copper in
borax bu�er saturated with N2 or O2 can be inter-
preted as a sequence of di�erent interfacial processes
including the formation of a barrier and a hydrated
oxide layers, a dissolution process and a change in
roughness.

4.1.1. Dissolution±precipitation. The increase in W
shown at E > 0.7 V in Figs 4, 5 and 8 and the irre-
versible change of W shown in Fig 10 can be attributed
to a dissolution precipitation process. Previous works
[23, 24] show that W increases because of the pre-
cipitation of a hydrated oxide layer making up the
outer part of the passivating layer (o.p.p.l.). It was
demonstrated [23] that d W can be taken as a measure
of the total fraction of oxide that forms the o.p.p.l.

The o.p.p.l. grows as a thick layer (i.e., 100±200 nm)
of an initially very sparse material which becomes
more compact as it retains increasing quantities of
deposited species [23]. In those processes the interface
develops as a ®lm of constant thickness whose e�ec-
tive optical index n changes from a value similar to
that of the electrolyte to higher values. These layers
are relatively stable at cathodic potentials due to their
high water content, which favours the faradaic hy-
drogen reaction in relation to oxide reduction [23, 24].

4.1.2. Barrier layer formation and cationic chemi-
sorption. Results of Figs 2, 5 and 9 show the decrease
in D with time which can be related to the growth of a
Cu2O layer [6±9].

Bulk samples of Cu2O and CuO are defect semi-
conductors that are inherently p-type due to cation
vacancies in the oxide lattice. According to the pre-
paration method, conductivities vary greatly and
variable internal stoichiometries can be expected
[18±20]. Depending on the crystal structure, outer d
electrons exhibit properties of: (i) localized electrons
(having no Fermi surface), (ii) delocalized electrons
(with a well de®ned Fermi surface), (iii) intermediate
properties [21]. For cationic chemisorption on a p-
type semiconductor, the Fermi level of the solid

Fig. 10. As Fig. 9 but in O2 saturated sol.

OXIDE FILMS ON COPPER IN BORAX SOLUTION ± I 341



gradually rises and, at equilibrium, equals the po-
tential energy of the electrons in the adsorbate. A
potential energy barrier is built up during the ad-
sorption [22]. This process may change the optical
constants corresponding to the bulk Cu2O, increasing
the value of the extinction coe�cient k (Fig. 11A).

In the present case the adsorption of Cu(II) on the
Cu2O layer probably bends the semiconductor band
de¯ecting the holes to the metal. In this way the
growth of the inner part of the passivating Cu2O layer
(i.p.p.l.) stops (Figs 2 and 7) and the reduction of the
Cu2O species will occur at more anodic potentials
(Fig. 6). When the dissolution process occurs, the
concentration of adsorbed Cu(II) decreases and the
growth of the i.p.p.l. is restored (Fig. 5).

4.1.3. Estimation of the roughness. To evaluate the
possible change in roughness, D and W were calcu-
lated employing e�ective optical indices predicted by
the `e�ective medium theory' [23±25]. Optical con-
stants of the copper substrate n � 0.9603 )i 2.3937,
of the electrolyte n � 1.332, a single homogeneous
®lm and di�erent metal volume /total volume ratios,
p, ranging from 0.1 to 0.9 were assumed for this
purpose. The D/W plot forms a cone spreading to

decreasing values of D, and constant or decreasing
values of W (Fig. 11B).

The )dD values corresponding to the surface after
the reduction of the oxide formed during 24 h at Eoc

are 6 degrees for N2 sol and 5 degrees for O2 sol,
respectively (Fig. 1A and B, ®lled inverted triangles).
Comparing Fig. 1B and 11B, a maximum thickness in
the rough copper layer of about 9 nm can be pre-
dicted. A hydrated layer, which is not reduced re-
mains on the surface. Consequently, the evaluation of
the contributions of each layer to )dD and dW is
complex.

4.2. Potential regions

The results of Figs 5 and 8 can be rationalized con-
sidering three potential regions: region I up to 0.56 V,
region II from 0.56 V to 0.63 V and region III from
0.63 V to 0.75 V. The exact potential limits depend
on the nature of the dissolved gas, perturbation
programme and time.

Region I: It is characterized by the linear growth
of a thin i.p.p.l. The ®lm thickness, related to the
D decrease (Fig. 11), increases slowly and line-
arly with time [6, 9].

Fig. 11. Theoretical D and W plots corresponding to: (A) Copper oxides ®lms whose optical constants are indicated in the ®gure, for
thickness increments dd � 0.5 nm. (B) Rough copper ®lm for dd � 1.0 nm. The distinct symbols correspond to di�erent volume fractions p
of metal in the 0.1 < p < 0.9 range, each 0.1.
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Region II: It is characterized by parabolic growth
of the i.p.p.l. The cathodic limit (~0.56 V) is
lower if sol II is employed. As D and W measured
before ®lm formation and after reduction are
very similar (Fig. 4) roughness changes can be
disregarded as in the case of region I.

The beginning of the reduction process, as well as
the potentials of the reduction peaks, are more
cathodic than those corresponding to oxide forma-
tion in region I (Figs 6 and 7). Thus, a more irre-
versible process or a higher ohmic drop owing to
thicker oxide layers may be involved [26, 27].

The ®lm thickness depends on the potential hold-
ing time (Fig. 8). The decrease in D ()dD) associated
with the ®lm thickness is higher than in region I and
proportional to the applied overpotential (Fig. 8).

In the gas phase the parabolic and the linear D/t
law are interpreted as the contribution of volume
di�usion and the interfacial reaction, respectively
[28]. The parabolic law and the signi®cant increase in
thickness in region II may be related to an increase in
the concentration of electron holes in the oxide layer
at potentials more anodic than that corresponding to
the Cu/CuO couple [12, 19, 29].

Region III: This region is characterized by a
limiting ®lm thickness (Fig. 7). Both )dD and QI
reach maximum values in the cathodic limit of
region III and then decrease for higher potentials
(Figs 7 and 8). W increases sharply between 0.65
and 0.70 V (Figs 5±8) and remains high after the
reduction process. This change can be associated
with a dissolution precipitation process. The QI/
E plot agrees with reported data [2].

The oxide ®lm formed in region III is more easily
reduced at higher potentials than that formed in re-
gion II (Fig. 6). This shift in the reduction potential
and the limiting ®lm thickness suggest the existence of
a chemisorption process previous to the electro-
chemical dissolution.

4.3. Reaction pathways

4.3.1. N2 saturated sol. Comparing the results of
Fig. 4 (0.70 V) with other previously reported data
[2, 6, 9, 12, 23] it can be inferred that several processes
contribute to the overall reaction: (i) the growth of
the i.p.p.l. at the metal surface from the beginning up
to t � 3 min; (ii) the growth of the o.p.p.l. from t � 3
to 15 min which remains on the surface without
electroreducing during the cathodic scan. [The slope
of the imaginary line (see arrows in Fig. 4) that goes
from the D/W points of the bare substrate to the ®rst
data at Ea (t � 1 min) and that between Ea

(t � 20 min) and the reduced surface (®lled inverted
triangles) are similar, indicating the formation and
reduction of the i.p.p.l.].

Accordingly, for long exposure periods at Eoc the
structure of the interface obtained after cathodization

at )0.32 V (Fig. 1, ®lled inverted triangles) may be
described as the sum of two contributions: a copper
rough layer and a o.p.p.l. [23].

4.3.2. O2 saturated sol. Stable potentials of about
0.62 V, 0.64 V are attained in sol II after one or two
hours at Eoc (region II). These lie between the equi-
librium potentials corresponding to the redox couple
Cu/CuO and Cu2O/CuO [12] resulting in this case in a
parabolic D/t law (Fig. 2B). In the case of sol I, Eoc is
cathodic relative to the Cu/CuO equilibrium and the
thickness increases linearly with the time.

Moliere et al. [1] explained some cooling e�ciency
losses of turbo generator stator by the accumulation
of Cu oxide in the channels. Increasing the oxygen
content up to 100 lgl dm)3 immediately reduces the
release rate of the suspended particles. In the case of
sol II the polarization of the surface in the presence of
oxygen probably gives a ¯atter and more compact
oxidation front and consequently controls the copper
dissolution at low potentials in pure water.

The D/W plots obtained at Eoc during 24 h
(Fig. 1A and B) shows that )dD is higher (i.e., the
i.p.p.l. is thicker) in sol II than in sol I. Conversely,
after the reduction process, )dD is higher in sol I than
in sol II. Assuming that the contribution of the
o.p.p.l. only produces a change in W [23] higher
roughness of the copper substrate occurs in sol I after
reduction. In this condition, owing to the di�erent
reactivity of the substrate crystalline faces [30, 31] and
variations in the i.p.p.l. structure, higher roughness in
the base metal may develop during oxide formation.

The higher Eoc in stagnant sol relative to stirred sol
(Fig. 2A) may be explained by the increasing amount
of chemisorbed Cu(II) caused by a more compact
o.p.p.l. which hinders the dissolution process in
stagnant sol. When the O2 concentration was low, it
was found [8] that Cu2O was the stable phase.
Thicker ®lms found in pure deaerated water were
attributed to a smaller tendency for the cuprous ions
formed to be oxidized to the more soluble Cu(II) [8].
In contrast, in borax sol, O2 increases the thickness of
the i.p.p.l. and, probably, the amount of chemisorbed
Cu(II) species (Fig. 2 and Fig. 11).

Figure 10 shows interesting features during the
anodic scan which were not observed in Fig. 9: (i) a
cathodic shift of 50 mV in the ®rst decrease in D, (ii)
an increase in W at 0.5 V followed by an increase in
D. The changes mentioned in (ii) remain after the
reduction of the oxides showing that the surface
condition has been modi®ed (compare with Fig. 4).
Consequently, in the presence of O2 , regions II and
III shift cathodically and the growth of the i.p.p.l.
and dissolution precipitation processes occur at lower
potentials.

The singular increase in the reduction rate of O2,
indicated by a maximum in the cathodic current at
0.5 V in Fig. 10, can be attributed to maximum
chemisorption of Cu(II) in the limit of regions I and
II.
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4.4. Further evidence of Cu(II) chemisorption

Relationship between charge and thickness can be
calculated assuming oxide densities of 6.0 g cm)3 and
6.4 g cm)3 for CuO and Cu2O, respectively [7,18,20],
resulting in 145.57 and 863.2 lC nm)1 cm)2. These
can be related to D values obtaining 841.44 lC de-
gree)1 cm)2 for CuO and 387.08 lC degree)1 cm)2

for Cu2O, respectively (Fig. 11).
A linear relationship between Q and )dD of 132.5

lC degree)1 can be observed in Fig. 7. The electrode
area being 0.4 cm)2 Q/)dD has a value of
331.25 lC degree)1 cm)2. There is a good agreement
between this value and that obtained from the Cu2O
density value. The increase in Q/)dD observed in
Fig. 7 for )d D values higher than 2.5 degrees may be
related to partial electrooxidation of the outer Cu2O
layer. This process is considered as the cathodic limit
of region III and can be attributed to cationic che-
misorption.

The linear increase of dD/t (Fig. 2) at constant Eoc

potential (regions I and II), indicates that some redox
or dynamic equilibria at the interface controls the Eoc

behaviour independent of the ®lm thickness. In con-
trast, if a simple i.p.p.l. were growing without che-
misorption, Eoc would shift anodically with increase
in thickness [29].

5. Conclusions

The sequence of i.p.p.l. and o.p.p.l. formation at the
Cu/electrolyte interface was detected through optical
and electrochemical experiments both at Eoc and
controlled potential. There is competition between
dissolution, electron hole formation and Cu(II) che-
misorption processes which tend to control the
growth and structure of the i.p.p.l. At high potentials
the growth rate of the inner Cu2O layer (E > 0.53 V,
region II) and then the dissolution process (E >
0.63 V, region III) are favoured and, consequently,
the amount of chemisorbed Cu(II) decreases. The
presence of O2 shifts the potential limits of regions II
and III cathodically.
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