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Abstract—Evidences of a slow Cu(OH), phase formation with data resulting from potentiodynamic
potentiostatic and rotating-ring-disc techniques were obtained during the anodization of copper in 0.1 M
NaOH. According to the potential and time windows employed in the different runs, electrochemical results
can be explained by admitting two limiting complex structures of the anodic layers namely Cu/Cu,O (porous
inner layer)/CuO (outer layer) and Cu/Cu,O (porous inner layer)/CuO/Cu(OH), (outer layer). The
formation of the Cu{OH));, layer fits a progressive nucleation and 2-D growth under charge transfer control in
the —0.175 < E < —0.10V range and an instantaneous nucleation and 2-D growth mechanism under
charge transfer control in the —0.20 < E < —0.18 V. A well-defined voltammetric peak multiplicity can be
distinguished for the electrochemical of each complex anodic layer. These results furmish a reasonable
explanation to discrepancies observed in the literature for the electroformation and electroreduction of
anodic layers formed on copper in alkaline solutions.

INTRODUCTION

Passivating oxide layers formed on copper in alkaline
media confer to the metal a good resistance against
corrosion, and show interesting semiconducting pro-
perties for appropriate conditions of preparation. The
electroformation of these layers involves as first oxida-
tion stage the OH ™ ion electroadsorption yielding a
CuOH monolayer followed by the nucleation and
growth of a tridimensional Cu,0O or CuOH
layer[1-3]. The second oxidation stage is more com-
plex involving the electroformation of a mixture of
copper oxides and hydroxides in the +1 and +2
oxidation states of copper. Therefore, there is a basic
agreement that the entire reaction implies the growth
of the base Cu,O layer, Cu dissolution as Cu(Il) at
pores of the Cu,O layer, supersaturation followed by
nucleation and growth of a Cu(OH), film{4] and
complete passivity caused by the electroformation of
CuO filling the pores of the base film[5].

On the other hand, the kinetics and mechanism of
electroreduction of these complex oxide layers is still a
matter of discussion. Some authors consider that the
mechanism of the reaction involves the electroreduc-
tion of Cu(ll) oxide to Cu(l) oxide prior to the
electroreduction of Cu(I) to Cu(O)[6], whereas others
claim that the electroreduction of Cu(ll) oxide to
Cu(0O) occurs at potentials more negative than those
where the former reaction takes place[(8].
Unfortunately, recent in situ optical data appears to be
insufficient to clarify unambigously this mechanistic
problem[9-11]. It seems likely that the discrepancies
in the electroreduction reaction of copper oxide layers
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arise from the participation of slow uncontrolled
processes in the overall reaction such as ageing of Cu(I)
oxide and chemical reactions yielding new phase
formation through a nucleation and growth mechan-
ism. The relevance of this type of process during the
passive oxide layer growth and correspondingly in the
electroreduction reactions was recently suggested[9]
although not convincingly demonstrated.

This paper provides new clear evidence about the
role played by slow phase formation processes in the
passivation of copper in alkaline solutions emerging
from complemented potentiodynamic, potentiostatic
and rotating-ring-disc electrode techniques.

EXPERIMENTAL

The working electrodes were made of polycrystal-
line (pc) copper rods (99.9 %) axially embedded in
Araldite holders to obtain exposed circular areas of
0.072 cm? apparent area. The electrode pretreatment
consisted of a gradual polishing starting with fine
grained emery paper followed with alumina paste
(1 um dia). Each polished specimen was successively
rinsed in a.r. grade acetone, twice distilled water, and
finally, dried in air at room temperature. The potential
of the working electrode was measured against a
saturated calomel electrode (sce) provided with a
Luggin—-Haber capillary tip. A platinum plate was used
as counterelectrode. The electrodes were mounted in a
conventional Pyrex glass cell. Measurements were
made at 25°C + 0.1°C in 0.1 M NaOH prepared from
twice distilled water and NaOH (Merck p.a.), and
purged with purified nitrogen for 3 h previous to each
run. Singular triangular potential sweep (STPS) vol-
tammograms between the cathodic (E,.) and the
anodic (E,,) switching potentials at different sweep
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rates (v) were recorded as the apparent current density
(J) vs potential (E) plots. The rotating-ring-disc tech-
nique (rrde) was used to detect soluble copper specics
either as Cu(l) or Cu(ll) formed during the elec-
trooxidation of copper. For this purpose a rotating
gold ring (0.035cm? apparent area) copper disc
(0.125 cm? apparent area) electrode was used at ro-
tation speeds (w) in the 250 < w < 3000 rpm range.
Current transients at constant potential (E,) were also
recorded. In this case the following potential program
was applied: firstly a cathodizationat E, = — 1.6 V for
100 s to reduce any oxidized species, followed by a
potential step to Eg = —0.80 V (double layer region)
for 20s, and finally potential stepped to E; (— 0.40
< E; <04V)

RESULTS

Voltammetric and rrde data

The positive potential going voltammetric scan of pc
copperin 0.1 M NaOH runat 5 x 10™* Vs~ ! between
—1.4 and 0.3 V (Fig. 1) shows a rather asymmetric
broad peak (A-I)at E . ; = — 0.40 V, a relatively large
and sharp peak (A-Il)at E , ;; = —0.14 V, and finally,
a small hump (A4-I1I) at the positive potential side. As
E ., is set increasingly positive a passive region can be
observed. The reverse potential scan exhibits a small
anodic current down to —0.2 V, then a small peak
(C-1H) at Ec ;= —0.40V followed by a complex
peak multiplicity which comprises a broad peak (C-T')
at Ec_, = —0.7 V, a small one appearing as a hump
(C-1") at ca Ec_- = —0.78 V, and a very sharp peak
(C-11) at Ec ;= —0.84 V with a hump (C-1") at the
negative potential side. Finally, at potentials more
negative than — 1.15V, the HER current increases
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Fig. 1. STPS voltammogram of a copper electrode in 0.1 M
NaOH at v =5x10"*Vs™! between E,.= —1.4V and
E,,=035V.
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monotonously with the applied potential. Similar
experiments made with values increased stepwise from
—1.4 V to E_,show that peak A-1is directly related to
peaks C-I', C-1" and C-I", whereas peak A-II is
mainly associated with peak C-II, and to a minor
extent to peak C-I”. Finally, there is a clear relation
between peak A-II1 and peak C-II1. Peak A-] was
attributed to the electroformation of the Cu,O/CuOH
layer (1), and peaks A-11 and A-1Il were assigned to
the electroformation of Cu(ll) hydroxide or oxide
species (4).

To investigate the influence of v on the electroform-
ation of copper oxide layers anodic runs were made at
0.001Vs~! (Fig. 2) and 0.05Vs~ ! (Fig. 2) between —1.5
and 0.65 V, but the complementary electroreduction
scans were always made at v = 0.05 Vs~ ! between 0.65
and — 1.70 V. For the anodic run made at 0.001 Vs !,
peak A-I appears as a broad contribution followed by
well-defined peak A-1I, although the latter looks
rather asymmetric due to partial overlapping of peak
A-III at the positive potential side. In this case, the
corresponding electroreduction voltammogram pre-
sents peaks C-III, C-I', C~II and C-1". On the other
hand, for the anodic run at v = 0.05 Vs~ !, the peak
A-I1 appears not clearly defined whereas the peak
A-111 is no longer masked and it is now clearly visible.
In addition, the corresponding electroreduction profile
reveals a remarkable decrease of peaks C-II and C-1"
and an increase of peak C-1'. The strong dependence of
the electroreduction profiles on v resulting from these
runs reveals the existence of time effect in the passive
layer growth, that is the electroreduction profile de-
pends on the history of the passivating layer. This
effect, in principle, can explain why no simple voltam-
metric relationships are observed for current peaks
involved in the electroformation of the Cu(ll) passive
oxide layers[12, 13].

The current-potential curves resulting from the rrde
by potential scanning the copper disc at 0.01 Vs~ !
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Fig. 2. STPS voltammogram of a copper electrode in 0.1 M
NaOH between E, .= — 1.4 Vand E_, = 0.35 V at different
V. (—)1 x 1073 Vs L (-———)005Vs™ Ly, =005Vs™ L.



Influence of slow Cu(OH), phase formation

between E, .= —14V and E , = —0.10V, that is at
the foot ofg peak A-II, show in the anodic scan a
gradual current increase at potential more positive
than E ., (Fig. 3a). In the — 0.1 to — 0.3 V range the
returning scan exhibits an anodic current greater than
that shown in the initial profile, followed by cathodic
peaks C-I' and C—1” at more negative potential. When
the potential at the ring (E,) is held at —0.80 V in order
to electroreduce both Cu(lI) and Cu(l) soluble species
to Cu(O), only a small amount of soluble species can be
detected at potentials close to E |, but a large amount
of it can be detected at potentials more positive than
E 4 (Fig. 3b). Conversely, when E; is set at 0.0 V to
electrooxidize soluble Cu(I) to Cu(lI), measurable ring
currents appear only at potentials close to E , ; (Fig.
3c). Thus, the charge involved at potentials more
positive than E ,_j, that is at the initial portion of peak
A-11, corresponds directly to base copper electrodisso-
lution as soluble Cu(II). Therefore, on the basis of the
preceeding analysis, it is reasonable to assign the loop
at the positive potential extreme of the voltammogram
(Fig. 3) to an increase in the electrode area caused by
corrosion of base copper. The increase in @ from 0 to
3000 rpm slightly enhances the current associated with
the loop suggesting that the kinetics of the copper
electrodissolution involves a certain mass transport of
reactives to the bulk of the solution presumably
occurring at pores from the base film (Fig. 4).

Current transients at constant potential and complemen-
tary voltammetric rrde data

Current transients resulting from constant potential
steps (E,) were recorded in the potential regions of
peaks A-I, A-1II and A-III by applying the following
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Fig. 3. (a) STPS voltammogram for a copper rotating disc

electrode in 0.1 M NaOH at v = 0.01 Vs~ ! between E, =

—14V and E_,= —0.10V. (b) Ring current at E, =
—0.80'V. (c) Ring current at E, = 0.0 V.
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Fig. 4. STPS voltammogmm of a copper rotating disc
electrode at v = 0.01 Vs~ between E, .= —14V and E,,
=010V for w = 0 ( ) and w = 3000 rpm (———-).

potential program: (i) electroreduction at E =
—1.60 V for t, = 100 s; (ii) potential stepped to Ey =
— 0.80 V, that is to a potential just in the double layer
region, for t 5 = 20 s; and (iii) potential stepped to E, to
record the corresponding current transient.

When E; was held in the potential region of peak
A-I, that is in the —0.5 < E, < —0.3 V range, only
decreasing current transients can be observed (Fig. 5a).
Under these conditions an important contribution of
soluble Cu(l) species can be determined through rrde
during the current transient. To investigate the type of
film formed during these current transients, anodic
layers formed at E; = —0.30 V for different ¢, values
were voltammetrically electroreduced at 0.05 Vs~ . In
this case the layer was formed by applying the same
potential program employed for current transients
recording. When the layer formation time was ¢,
= 10 s, only peak C-1' is observed in the electroreduc-
tion voltammogram (Fig. 6) together with a new
contribution (C-1") overlapping the HER current. As
t, is increased, the potential of peak C-I' moves in the
negative direction, and simultaneously peak C-1”
progressively emerges, and for longer t,, peak C-1"
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Fig. 5. (a) Current transients at constant potential (E, <
—0.25V) for a copper eclectrode in 0.1M NaOH. The
potential program applied to the working clectrode com-
prises a cathodization at E. = —1.60V for t. = 100s, an
anodization at E4 = —080V for t4=20s, and finally
potential stepped to ¢,. (b) Idem as (a) for E,> —0.25V.
==-) —0.19V, ( ) —0175V, (——) =015V, (-++)
—0.05 V.
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Fig. 6. Voltammograms at v =005 Vs~ ! between E, =

—030V and E,,= —1.65V after anodization at E, for

different ¢, values. Prior to the potential step at E, the same

potential program described for Fig. 5 was applied. (a) ¢,
= 10s; (b) t, = 100s; (c) t, = 900s.

gradually develops at the negative potential side of
peak C—TI'. The charge density involved in peaks C-T’,
C-1" and C-1" apparently increases with t,, whereas no
marked change can be observed for that of peak C-1"",
These results reveal the importance of time dependent
processes such as the ageing of Cu(I) oxide films in the
voltammetric electroreduction profile as previously
reported[ 1, 14].

When E; is held in the potential range of peaks A-I1
and A-I1I the current initially exhibits a rapid decrease
to a minimum vaiue at the time ¢,, and later increases to
reach a maximum value (I,) at the time i,
Afterwards, it decreases to reach the small passivating
current value at E;. A representative set of these
transients are shown in Fig. 5b.
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Runs made in the —0.25 < E, < —0.15V range,
show that the increase of E, results in the increase of
Iy, and correspondingly, the decrease in both ¢,,and
t;. For E;,= —0.15V, the change in @ from 0 to
3000 rpm results in the charge increase of the trans-
ients recorded in the 0 < ¢, < t; range, while no remark-
able changes are seen for t, > t,. The rrde data indicate
that a large amount of soluble Cu(Il) species is
produced at ¢, < t;, although it progressively decreases
for t, > t;. )

On the other hand, runs made in the —0.15V < E;
< 0.0 V range demonstrate that the increase of E,
results in the decrease of I ,,, and correspondingly the
charge involved in the transients. Otherwise, for E,
> 0.0 V only decreasing transients can be observed.
Thus, in the —0.25 < E; < 0.0 V range the shape of
the transients is, in principle, consistent with the
nucleation and growth of a Cu(ll) layer which was
assigned to hydrous Cu(OH),[4]. As the potential E, is
set closer to E , |, the nucleation and growth process
becomes progressively hindered, and finally, it disap-
pears (E; > 0.0 V).

The characteristics of film formation at E, =
—0.19 V for different ¢, values was also followed
through the voltammetric electroreduction at
0.05 Vs~ ! (Fig. 7). Thus, when ¢, < t; only peaks C-I,
C-I1" and C-1” appear in the voltammogram. Then,
the decrease in the initial current should be associated
with the electroformation of a complex base layer of
Cu,0 and dissolution as detected by using the rrde.
Otherwise, when t, > t; peak C-II located at the
negative side of C-1” increases markedly. Accordingly,
an increase in the contribution of C-1" is also noticed
at t; > t;. Clearly, peak C-II in this case results from
the electroreduction of the Cu(OH), layer which has
been grown under a nucleation and growth
mechanism.

Otherwise, when w is changed from 0 to 3000 rpm
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Fig. 7. Voltammograms at » = 0.05 Vs~ ' between E, = —0.19 Vand E, <= — 1.65V after anodization at

E, for different t, values. Prior to the potential step at E, the same potential program described in Fig. 5 was
applied. (@) ¢, = 30s; (b) t, = 60s; (c) t, = 80s; (d) t, = 200 s.
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during t,, that is during the layer formation, the charge
of peak C-II remains unchanged, and peaks C-1, C-1"
and C-I" are also observed. This indicates that the
complex Cu(l) oxide layer is still present on the copper
surface. For large values of t; peak C-III can be also
detected.

Similar cathodic runs were made with anodic layers
formed at different E; values ( — 0.25 < E; < 0.2 V) for
t,=300s (Fig. 8). In these cases the charge cor-
responding to peak C-II increases in the —0.25 < E;
< —0.15V, whereas it decreases in the —0.15 < E,
< 0.0 V range. Finally, for E, > 0.0 V peak C-1I is no
longer observed. Furthermore, the fact that peak C—1"
decreases markedly as peak C-II decreases, suggests
that peaks C-II and C-1" belong to conjugated
processes. Conversely, as E| is set increasingly positive
the height of peak C-III increases but no marked
changes in the heights of peaks C-1' and C-1" can be
observed.

To obtain information about the stability of the
hydrous Cu(OH), layer at higher potentials, the
anodic layer was formed by stepping the potential
from the double layer region (E; = —0.80 V)to E, =
—0.17V for t,= 100s, and later stepped to E;
= 0.20 V for t, = 200 s. The corresponding electrore-
duction voltammograms exhibit peak C-II. The latter
disappears when the step at E, = —0.17 V is sup-
pressed. Obviously, the hydrous Cu(OH), layer which
is stable at higher potentials, grows rather slowly
within a narrow potential region (—025 < E,; <
—0.15 V). At potentials more positive than —0.15V
the species formed in the potential range of peak A-111
hinders progressively the nucleation and growth of the
hydrous Cu(OH), layer. Finally, if the applied poten-
tial is more positive than 0.0 V, the latter is no longer
observed.
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Fig. 8. Voltammograms at v =0.05Vs~' starting from

different E, after t, = 300 s to E,. = — 1.65 V. The potential

program applied to the electrode before the voltammogram

was described in Fig. 5. E,=(--9) —017V, (-———-)
—010V, (—) 02 V.
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DISCUSSION

The complex electrochemical behaviour of copper in
alkaline solutions involves the electroformation and
electroreduction of different oxides or hydroxides
layers accompanied by the formation of Cu(I) and
Cu(II) soluble species according to potential and time
windows used in the electrochemical measurements.
To rationalize the discussion it is convenient to deal
with the formation of the anodic layer within different
potential ranges including the kinetic and some struc-
tural aspects of the reactions, and later, the elec-
troreduction of the different anodic layers.

Anodic layers formed in the potential range of Cu/Cu(l)
redox system

The first stage of the anodic formation comprises the
build up of a CuOH_ [1] monolayer and the elec-
trodissolution of copper as Cu(l) species[2] followed
by the growth of a Cu,O or CuOH tridimensional
layer (peak A-I). The threshold potential of peak A-I
agrees with the reversible potential (E,) for the
reaction[157]:

Cu,O+H;0+2” =2Cu+20H";
E, (0.1 M NaOH)/¥V (sce) = —0.538.

As previously reported[1] the electroreduction pro-
file of the firstly formed anodic layer develops a peak
multiplicity by increasing either the electroformation
potential, E,, or the electroformation time, t,. The
charge densities (g) of the different cathodic peaks
dcy> de1s 9c-r-) are practically independent of w.
These results suggest that various Cu(l) oxides or
hydroxides layers attaining different electro-
chemical-chemical stabilities constitute the anodic
layer formed on the copper surface[1]. Thus, the
electroreduction of the most reactive components of
the anodic should be related to peaks C-I' and C-I"
which appear firstly in the electroreduction profile,
whereas peaks C-I” and C-1” should involve the
electroreduction of most stable species as their contri-
bution grows significantly according to ¢, values. As an
example, when E; is set at —0.30 V, that is within the
potential range of peak A-1, for 900 s, the subsequent
electroreduction voltammogram involves mainly
peaks C-I', C-1" and C-1", and the overall charge
density (q;) becomes close to 7mCcm 2, and time
independent. In this case, the g_p- is relatively small
and difficult to evaluate because of the overlapping of
the HER. If one admits that the complex Cu(I) oxide
layer approaches the Cu,O stoichiometry, then, the
layer thickness (h) can be roughly estimated from the
value of g, through the following equation:

M
h =
zFp

where M and p are the Cu,O molecular weight and
density, respectively. For M = 143 gmole ',z =1, p
= 6 gcm ™2 results in h ~ 173 A. Therefore, the fol-
lowing electrooxidation state of copper involves pro-
cesses occurring on a surface already covered by a
relatively thin anodic film.

1)

a7, 2)
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Anodic layers in the potential range of Cu/Cu(ll) redox
system :

The rrde data indicate that in E, < E, < E
potential range copper electrodissolves mainly as
Cu(Il) species. As in this potential range no marked
changes in the electroreduction profiles of Cu(l) oxide
layers can be observed, it can be concluded that the
electrodissolution process likely involves the transport
of Cu(Il) soluble species at pores of the Cu,O layer.
Therefore, the ionic mass transport contribution to the
entire reaction can explain the slight dependence of the
anodic current- on @ in this potential range, and
correspondingly, the increase in the electrode area
which refiects through a clear loop in the voltam-
mogram. The reactions occurring in this potential
range can be written as follows:

2Cu0O3;~ +3H,0+2e™ =Cu,O0+60H;
E,(0.1 M NaOH; 107 M CuO:Z~)/V (sce) = ~—0.34,
3

and

CuO3~ +2H,0+2¢~ =Cu+40H;
E, (0.1 M NaOH; 10~ M CuO2~)/¥ (sce) = —0.44.
@

Reaction (3) should take place at the Cu(I) oxide layer
while reaction (4) undergoes at the base of the pores.
Reaction (3) implies the rebuilding of the Cu,O layer
in the subsequent reaction step.

When E, > —0.25 V, the current transients result-
ing at constant E, are consistent with the nucleation
and growth of a Cu(Il) film. Although peaked current
transients cannot be taken as the unequivocal proof of
a nucleation and growth mechanism[16], certain fea-
tures concerning the microscopic nature of nucleation
are manifested, such as the random scatter of the
transient parameters (¢;, t,,) observed under the same
experimental conditions (Fig. 9) and the direct obser-
vation of island type deposits[4]. Likewise, concerning
the nature of products it should be noticed that for E,
= —0.22 V the formation of Cu(OH), layer is feasible
as E, is more positive than E, for the reactions:

Cu(OH); +2¢~ = Cu,O+H,0+20H;

E, (0.1 M NaOH)/V (sce) = —0.264, 5)
B o
= o
E [} °
p © o
-1 E. ° oy 1
a2 C_;ig‘o_ 8 0° 0% ¢ 0 o o . s
%5 00 700 300 %00
t/s

Fig. 9. t; (@) and ¢, (0) vs E, for different current transients
recorded in 0.1 M NaOH.
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and
Cu(OH),+2e = Cu+20H";
E, (0.1 M NaOH)/V (sce) = —0.40. (6)

This conclusion is confirmed by X-ray diffraction data
which reveal the presence of a thick Cu(OH); crystal-
line layer[4] for the layer formed in this potential
range.

Nucleation and growth of hydrous Cu(OH), layer

According to the present results when the potential
is stepped from the double layer region to an E, value
comprised between —0.25 and —0.15 V, the nucle-
ation and growth of the hydrous Cu(OH), layer takes
place. In the —0.15 < E; < 0.0 V potential range the
nucleation and growth processes become progressively
hindered, and for E, > 0.0 V they practically disappear.

According to previous work the nucleation of the
hydrous Cu(OH), layer is avoided when the reaction
proceeds under rotation[4] as the required supersatur-
ation condition for soluble Cu(II) species close to the
electrode surface cannot be attained. This conclusion
was derived from the increase in electrodissolution
current with w, then, the trend is observed for the
peaked current transient to disappear and to turn into
a shoulder. The present results confirm the fact that the
amount of soluble Cu(Il) species increases with w, but
they also show that the increasing Cu(lII) electrodissol-
ution masks the nucleation and growth processes
which are all present. It also should be noticed that as
derived from the electroreduction profile the charge of
peak related to Cu(OH), electroreduction (g¢_j;) be-
comes independent of w. This suggests that at least
part of the anodic layer participates in a solid state
nucleation process.

Further information about the kinetics of the nucle-
ation and growth process can be derived from the
analysis of the potentiostatic current transients. In this
respect it was earlier reported[17] that the formation
of CuO layer involves a simple nucleation and growth
of conical centers model which accounted for current
transients around the current maximum. Similarly,
another model based on an instantaneous nucleation
and 3-D growth under charge transfer controif 18] was
proposed for the Cu(OH), electroformation at the
initial portion of the current transients. Unfortunately
these two models disregarded the fact that the current
transients related to nucleation and growth of
Cu(OH), layer are actually obscured by the simul-
taneous relatively large current contributions due to
Cu,0 layer formation and Cu electrodissolution.

The electroreduction voltammograms of anodic
layers with a different history point out that Cu,O
electroformationat E > — 0.22 V, mainly occurs when
t, is smaller than t,. For such conditions the voltam-
mogram only exhibits peaks C—I, whereas peak C-II
which is directly related to the electroreduction of
Cu(OH), increases markedly only for ¢, > t,. On the
other hand, as the electrodissolution current can be
estimated from rrde experiments, the true nucleation
and growth current transients for Cu(OH), can be
obtained from the overall current transients by taking
data at 1, > t; and subtracting from them the back-
ground current related to the formation of Cu(ll)



Influence of slow Cu(OH), phase formation

soluble species. The shape of current transients result-
ing from this calculation and the fact that at the
maximum j,t,/q, = 1 suggest that a progressive
nucleation and 2-D growth of Cu(OH), under charge
transfer control takes place in the —0.175 < E; <
—0.10 V range. The corresponding rate equation in
terms of the instantaneous current density, j(¢), for this
type of mechanism [19] is:

FaM M2 Ak?t
i) = Z5 pake exp<~"*~)
P

3p?
= Pit? exp (— P;t), N
M
where P, = 2Fn hAk?;
M2 Ak?
and 2=

A is the nucleation rate and k is the growth rate
constant. However, in the —020 < E, < —0.180V
range, the current transients are more adequately
described by an instantaneous nucleation and 2-D
growth under charge transfer control. In this case[19]:

2zFnM M2Ngk?t?
j= iﬁ—hN(,kzt exp(—L—z—o——)
P p
= Pyt exp(— Pyr?), (8®)
2zFnM

where 1= Y NGk

MZ2N ok?
and p, =12 0%

P

Using equations (7) and (8), the current transients
recorded in the —0.20 < E, < —0.10 V range (Fig. 10)
can be satisfactorily reproduced through the use of
parameters assembled in Table 1. As E; is set more
positive, both P, and P, increase although the relative
change of P, is smaller than that for P,. From the
P,/P, ratio the overall charge involved in the trans-
ients, ¢4, can be estimated according to:

1P,
ar=3p )
from equation (7), or
P
97 53p,-

from equation (8).

The change of qwith E, (Table 1) indicates that at
potentials greater than —0.15V the average film
thickness decreases in agreement with the correspond-
ing values of g._; as derived from electroreduction
voltammograms. This fact which indicates an in-
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hibition of Cu(OH), electroformation correlates with
the change in mechanism from an instantaneous to a
progressive nucleation.

From the standpoint of the layer structure these
results can be understood for an anodic layer made of
different constituents where one of them involving
Cu(I1) species can largely prevent the nucleation and
growth of Cu(OH),, the inhibiting species being
presumably related to CuO formation. This is sup-
ported by the fact that the following reactions are
thermodynamically possible in the potential region of
peaks A-TI/A-III:

2CuO0 + H,;0+4+2e” = Cu,O+20H";
E,(0.1 M NaOH)/V (sce) = —0.353.  (10)

Therefore, according to the foregoing discussion one
can conclude that the build-up of the Cu(OH), layer
competes with the CuQO electroformation. Thus, at
long times and lower potentials (—0.22 < E; <
—0.15 V) or at short times and E; > —0.15 Va CuO
film can be formed in agreement with previously
reported data[20]. Otherwise, for E; > 0.0V, the
electroformation of a CuO layer proceeds before
Cu(OH), nucleation and growth so that the latter
process is no longer possible. Thus, for E; = 0.0 Vand
t,=300s, gy = 1.6 mCcem™2, so that for Mo
=79.54gmole” !, § =6.4gcm™~3 and z = 1, equa-
tion (2) gives h = 20 A. This means that a thin CuQO
layer is already able to suppress the growth of the
Cu(OH), layer. Consequently, when the potential is
stepped or ramped from the double layer region
upwards to E; > 0 V ata high v, the Cu(OH), layer can
not be formed because of the large induction times this
process involves. In this case the passive layer consists

)/mA e’

t/m

Fig. 10. Current transients at constant E, for t > t; after
subtracting the background current. (@) —0.175V, (o)
—0.150 V, (+) —0.125 V, ( )calculated with equation (7);
(x) —0.190, ( } calculated with equation (8). Adjusting
parameters are assembled in Table 1.

Table 1. Adjusting parameters used in the simulation of the current
transients depicted in Fig. 10

Equation E,(V) P, (mCcm™?) P, (min~?) gr (mCem™?)
M —0125 1.16 0.70 33.1
M —0.150 0.96 0.36 53.3
7 —01715 0.41 0.14 57.6
8) —0190 0.257 0.088 88.2

EA 33:5-B
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mainly of an inner Cu,O and an outer CuO layer[5].
However, if the potential program includes a previous
step in the —0.25 < E, £ 0.0 V range, or a potential
scan at a low v, the layer structure should approach a
structure consisting of an inner Cu, O, an intermediate
CuO and an outer Cu(OH), layer, the thickness of
each layer depending on the operating conditions. The
proposed structure for the passive film formed in this
system under potentiostatic conditions at different E,
values has been schematically summarized in Fig. 11.

Application of the model to the voltammetric elec-
troreduction profile

There is no agreement in the literature on the
complex electroreduction profile of copper in alkaline
media. It was reported that the electroreduction of
Cu(1l) oxide or hydroxide to Cu(l) species occurs
before the electroreduction of Cu(I) oxide to Cu(O)
takes place[5, 6]. Conversely, through galvanostatic
measurements, some authors claim that the elec-

Cu

Cu(OH)2
Cuzo
Cu

Cu(OH)2

Cu0
CUZO

Cu

Cu{OH)

Cud
Cu20

Cu

2

Cu0
Cu20
Cu

J. GOMEZ BECERRA et al.

troreduction of Cu(I) oxide to Cu(O) preceeds the
electroreduction of Cu(II) oxide species[7]. In situ
Raman spectroscopy of films formed on copper in
0.1 M NaOH indicates that peaks C—I' and C-1" are
unambiguously assigned to the electroreduction of
Cu,0 to Cu(O), whereas the nature of the peak at the
negative side of peak C-I” remains still obscure[8].
Recent spectroscopy data derived for a similar
system support the idea that the small cathodic peak at
the negative side of C-1I" can be assigned to the
electroreduction of some Cu(OH), placed at the top of
the Cu,O/CuO layers[10]. According to the present
data the electroreduction profile and the optical data
should be obviously strongly dependent on the exper-
imental conditions for film formation. Therefore, the
proposed model gives a reasonable account for the
observed discrepancies. Thus, when the formation of
Cu(OH), is avoided, the cathodic curves show only
peaks C-IH and C-I. As E, for reaction (10) is more
positive than that of reaction (1), the electroreduction
of the CuO film to Cu,O occurs prior to the elec-

Cu20 {porous)

-0.22 < Es £ -0.15 Vv
(short times)

-0.22 = Es s -0.15 V
(long times)

-0.15 = Es 0.0V

ES>O.OV

Fig. 11. Scheme showing the possible passive layer structures on copper at different E, values compatible
with the reaction model.
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troreduction of Cu, O to Cu(O). Conversely, when the
Cu(OH), layer is electroformed the cathodic profile
becomes more complex. After anodization at E; =
—0.19 V for t, = 300 s, g_,;; becomes of the order of
88 mCcm™ 2 and for M = 97.56, 5 = 3.36 gcm ~® and
z = 2,equation (2) gives i =~ 1300 A. The electroreduc-
tion of this thick external layer can be probably
assisted by the applied potential only when the inner
CuO and Cu,O layers have been reduced to Cu(O).
Hence, the Cu(OH), layer can be electroreduced to
Cu, O just in a narrow potential range associated with
the sharp peak C-II which is followed by peak C-1"”
corresponding to the electroreduction of Cu,O to
Cu(O). In this case a fine grained dark brown copper
surface is formed when the overall electroreduction
process is finished.

CONCLUSIONS

(1) The role of slow processes such as ageing of
passive layers and nucleation and growth of a
Cu(OH), layer on the kinetics of electroformation and
electroreduction of passive layer on copper in 0.1 M
NaOH is established through the study of these
reactions by combining potentiostatic current trans-
ients, voltammetric and rrde data.

(2) At E; > —0.25V the formation of Cu(OH),
layer competes with the electroformation of the CuO
layer. The contribution of the former becomes increas-
ingly relevant for relatively low applied overpotentials.

(3) According to the potential and time windows
used in the different runs various passive layer struc-
tures on copper can be assigned, namely, such as:
Cu,0/CuO and Cu,0/CuO/Cu(OH),. The amount
of Cu(OH), in the outer layer of the second structure
apparently changes considerably by slightly modifying
the experimental parameters.

(4) The voltammetric electroreduction profile in-
volves firstly the electroreduction of the CuO layer to
Cu,0 followed by the electroreduction of Cu,0O to
Cu(O) over a relatively wide potential region (AE ¢y,0)-
The electroreduction of the outer Cu(OH), layer if
present, takes place within a narrow potential range
within the AE(,,o region.
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