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The potentiodynamic behaviour of Cu in different NaOH solutions at 25° C is studied paying particular
attention to the anodic formation and cathodic reduction of the Cu(I) and Cu(II) surface species
occurring during the electrochemical processes. The potentiodynamic response of the electrochemical
interface is strongly dependent on the perturbation conditions and it reveals the complexity of the
electrochemical reactions occurring there as well as the inter-relation of the processes taking place at
different potentials. A reaction pathway to interpret the corresponding behaviour is advanced.

1. Introduction

Although there are a relatively large number of
publications dealing with the anodic oxidation of
copper in alkaline solutions, the knowledge of the
process is still rather limited. The conclusions of
the different authors diverge, particularly with
regard to the kinetics and mechanism related to
the formation of the passivating layer on the metal
[1-17]. The latter when it is galvanostatically
formed at 25° C, as deduced from X-ray diffrac-
tion [4,6, 7], consists of Cu(OH), at i <0-5mA
cm™2, while CuO is the only product found when
i>0-8mAcm™. At intermediate current densities
a Cu(OH), and CuO mixture is produced. The two
anodic reaction products are related to the complex
E/I profile resulting under potentiodynamic condi-
tions [16] in the Cu/Cu(Il) potential range.

Three different reaction mechanisms have been
advanced to interpret the copper passivation pro-
cess; (a) a precipitation~dissolution mechanism
[9]; (b) a nucleation and growth mechanism [14-
15] and (c) a combined mechanism [17]. The
latter, which is postulated to correlate the volta-
mmetric and scanning electron microscopy results,
implies a growth mechanism for the lower Cu(OH),
layer and a nucleation and growth from the solu-
tion mechanism for the upper Cu(OH), layer. The
distribution of both layers depends upon the po-
tential applied at the interface and on the perturba-
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tion conditions. The thermodynamically stable
CuO phase would be slowly formed from Cu(OH),.
Most of the mechanistic conclusions were drawn
from experimental data restricted to the Cu/Cu(Il)
potential range and within a relatively narrow alka-
line concentration. The voltammetric studies evi-
denced complex E/I traces for Cu in alkaline solu-
tions covering a potential range which extended
from the O, -evolution region to the H,-evolution
region and the voltammogram shape depended
strongly among other factors on the limits of the
potential sweep. Therefore, this encouraged the
investigation of the potentiodynamic behaviour of
copper in alkaline solutions covering a wide range
of potential perturbation conditions and alkaline
solution concentration. The study also presents
the possible contribution of solid-phase transform-
ations in the films formed during copper passi-
vation, which corresponds in the E/I trace to a
kind of film-ageing process.

2. Experimental

A conventional three-compartment electrolysis
cell was employed. Different disc working elec-
trodes axially mounted on Teflon rods were em-
ployed. Two of them were made of copper (3-14
mm? and 12-6 mm?, respectively) and another
one of platinum (7-5 mm?). Both kinds of elec-
trodes were used either as such or copper-plated,
depending on'the purpose of the experiments.
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Fig. 1. Potentiodynamic E/I displays run with single triangular potential scans; 2 M NaOH, 26° C, electrode area 0-126

cm?: (a) 1mVs™;(b) 10mVs™?t,

A saturated calomel electrode was used as
reference. The counterelectrode was a Pt sheet
(43 cm?). The following electrolytic solutions,
prepared from AR chemicals and triply distilled
water, were used: (a) xM NaOH (1072 <x <2M);
(b) xM NaOH + y M NaClO, (1072 <x<2M;

y =3x 107! M);(c) 2 M NaOH + Cu(OH), (sat).
Solutions previously deoxygenated were employed
under N, -saturation. The circuitry of the present
work is the same already employed in previous
work [18].

Different electrode treatments were tested,
such as; (a) mechanical polishing with ultra-fine
alumina and degreasing; (b) copper-plating at
different current densities from a CuSO,4 /H, S04
solution, at room temperature; (¢) chemical etch-
ing with different aggressive solutions [19] at
room temperature; (d) electropolishing following
a conventional procedure [20]. The first electrode
surface treatment yielded the best reproducible
E/I traces and was selected for the runs shown in
the present work.

3. Results
3.1. Copper electrodes

The E/I characteristics of mechanically polished
electrodes in NaOH solutions depend: (a) on the
rate of potential perturbation; (b) on the number
of potential scans when repetitive triangular poten-
tial scans are used; (¢) on the anodic (£} ,) and
cathodic (B}, ) limits covered during the potential
excursions;and (d) on the electrolyte concentra-
tion.

The voltammetric runs in 2 M NaOH started
from —1-11 V up to 0-695 V,at 0-001 Vs~ (Fig.
1a) show good defined voltammograms with
three sharp current peaks at ¢. —0-540 (peak I),
at —0-226 V (peak II) and at ¢. 0V (peak III).
Preceding the O, -discharge, a small shouider at
¢.0-600V (peak IV)is recorded. During the cath-
odic scan a small cathodic current in the vicinity
of 0-585 V(VI) and a well-defined cathodic current
peak at —0-735 V (peak VII) are observed.
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The same experiment at 0-010 Vs™* (Fig. 1b)
shows, in principle, the sarme features, but the ZmA
peaks IT and III are now closer together approach- 200rpm
ing a single current peak profile. The cathodic 0 7
R
current peak VII becomes more complex and the . ‘ ‘ . L ‘
i e -500 -400 -200 0 200 400 600
complementary characteristics of current peaks E oV
m

IV and V become more noticeable. As the scann-
ing rate (v) increases the trace corresponding to
current peaks IT and 11T becomes broader but the
anodic charge decreases.

Under repetitive potential scans, in 2M NaOH,
the E/I repetitive traces depend both on #, the
potential scan number (Fig. 2) and on £ .. When
Ej) o =—0650V, at any v, the heights of current
peaks I and II progressively decrease as n increases.
The charge (@) involved in current peaks IV and V
also decreases, although slightly, as » increases.
When £, , = — 10V, the height and charge of
current peak I decreases as # increases but no appre-
ciable change is observed in current peak V1. In
the potential range of current peaks II and II1, at
any v, there is a slight tendency to a charge in-
crease during the first potential sweeps, the shape
of the £/I contour remaining practically unaltered.
Otherwise, current peak VII shifts towards more
cathodic potentials as 7 increases without further

Fig. 3. Stirring effect on the potentiodynamic E/I pro-
files; 2 M NaOH, electrode area 0126 cm?, 26° C.

change of the corresponding contour, This effect
is better observed at low v (0-01 Vs™') since at
large v the cathodic shift of the peak makes its

area less clearly defined.

The influence of the rotation speed, at 0-01 V
7! (Fig. 3), is to slightly increase the total anodic
charge for any of the NaOH concentrations em-
ployed. The cathodic scan exhibits a small anodic
current peak at the potential of the current peak
III and an anodic current plateau which covers a
potential range coinciding with the width of
current peak II. This effect becomes less notice-
able when the NaOH concentration decreases as
the concentration of soluble anion copper species
also decreases, and when the potential sweep rate
increases. The amount of cathodic charge com-
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Fig. 4. Potentiodynamic E/I profiles at 100 mV s™* including different waiting times, 7, during the cathodic scan; 2 M
NaOH, 26° C, electrode area 0-0314 cm?: (a) 7 = 505s; (b) 7 = 200 s. Curve 1 corresponds to 7 = o.

prised in the reverse scan also increases slightly
with the rotation speed. The largest effect is ob-
served when the limits of the potential scan corre-
spond to those of the anodic current peaks II and
1.

The E/I profiles run between —1-35 V and
—0-435V, at 0-1 Vs, involving an interruption
of the cathodic potential scan at a potential
where the net current is close to zero (Fig. 4),
shows a definite change of the continuous cath-
odic £/I profile. Thus, when the interruption
time is short (less than 100s), although the total
cathodic charge remains practically constant, the
height of current peak VI decreases and its po-
tential becomes slightly more cathodic; also the
cathodic current in the remaining potential range
increases. When the interruption time is<larger
than 100 s, two new cathodic current peaks are
seen at . —0-690V and ¢. —1-26 V and, under
these circumstances, @, becomes larger than

Qa-

The first potential sweep run with 1M NaOH at
0-1Vs™ covering from —0-8 to 0-35 V (Fig. 5)
shows current peak [ at —0-43 V and a relatively
wide current peak with a maximum at ¢. —0-175
V, involving at least two current peaks (II and IIT).
Under the same perturbation conditions in 1 M
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Fig. 5. Potentiodynamic £/I displays at 100 mV s~ run
with repetitive triangular potential scans. The successive
cycles are numbered; 1 M NaOH, electrode area 0-126
cm?, 244° C.
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Fig. 6. First and second potentiodynamic £ /I profile at
100 mVs™!: passivation effect; 1 M NaOH, electrode area
0:0314 cm?, 26° C.

NaOH the latter is wider than in 2M NaOH. Peak
I disappears in the following potential scans and
peaks II and III are well-defined during the follow-
ing potential cycles. Current peak I, unlike in the
2 M NaOH solution, is always seen in the £/I trace.
During the cathodic scan from 0-35 V downwards,
there is practically no current until the potential

is c. — 04 V. The cathodic current peak VI at

¢. — 0-600'V becomes more negative during cyc-
ling, as in the 2 M solutions.

The F/I contour depends also on the anodic
potential limit reached. The E/I traces obtained
involve a systematic decrease of £ , and a con-
stant £y . with electrodes previously cycled, re-
producing the results published earlier by Ambrose,
Barradas and Shoesmith {14].
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Fig. 7. Influence of E, , on the potentiodynamic £/1
profile at 100mV s™" ;107" M NaOH, electrode area
0:0314 cm?,25° C.

At potential sweeps from —0+4 to 0-4 V the
electrode surface is completely passivated just after
the first potential excursion. The passive state is
maintained during the following potential cycling
(Fig. 6).

A series of potential sweeps run witha 0-1 M
NaOH solution and an electrode which has attained
a stable E/I contour after cycling at 0-1 Vs cover
ing different Ey , (Fig. 7) show, particularly during
the reversal cathodic scan, an E/I contour depend-
ing on E, ,. The more extended anodic sweep
exhibits a small current plateau in the —0-61V to
—0-46 V range followed by a wide current peak at
—0-35 V and a third anodic current region between
—0-225V and 0375 V, involving at least two cur-
rent peaks located at ¢. —0-120V and ¢. 0070V,
respectively.

When —0-170V <E, , <0-4V the returning
cathodic sweep presents, at a constant potential,
an anodic current which is larger as £, _, becomes
more cathodic. When E) , = 0-4 V two cathodic
current peaks are recorded at —0-525 V and at
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Fig. 8. Influence of £ , on the potentiodynamic E/I profile
electrode area 0-0314 cm?,26° C.

at 100mVs™';1072M NaOH + 3 X 107* M NaClO,,
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Fig. 9. Influence of v and NaOH concentration on the
potentiodynamic E/I profiles run with single triangular

potential sweeps. Electrode area 00314 cm?, 25°

C:

(a) 1M NaOH; (b) 102 M NaOH + 10~ M NaClO, .

—0-840V, respectively, the former being preceded
by a small current wave. As £, , decreases, the two
current peak potentials become more anodic, while
their current heights decrease. Finally, when Ej ,

< —0-130V, only one cathodic current peak is
observed during the cathodic scan, its potential

being —0-575 V when .E3 o =—0330V.

A series of E/I profiles run with 107> M NaOH

containing 0-3 M NaClO,4 under symmetrical tri-
angular potential perturbations initiated from

—0-80V towards different E _,, involved a single
broad and ill-defined anodic current wave from c.
—0-370 V upwards with two or even more current
peaks. The returning cathodic profiles depend quite

strongly on E, ,(Fig. 8).
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Fig. 10. Potentiodynamic E/I profiles run with single
asymmetric triangular potential sweeps at different y.
Electrode area 0-0314 cm?, 25° C: (a) 107! M NaOH;;
(b) 107> M NaOH + 107 M NaClO,.

Thus, the current peak II grows at the expense of
current peak III and when v, increases, the width
of current peak II increases, overlapping to a large
extent the anodic current peak I. The overlapping
of the anodic peaks is larger as the NaOH concen-
tration decreases, attaining, for 107! and 1072 M
NaOH, a sort of extended current plateau.

By running the voltammograms with 107! M
and 1072 M NaOH from E) .= —0-3 Vup to

The three anodic current peaks are, in principle, £, a =05V and the following reverse potential

observed at low potential sweep rates for different
NaOH concentrations (Fig. 9). In fact, in 2M NaOH
the three anodic current peaks are more clearly dis-

tinguished than at lower NaOH concentrations.

excursion to Ey ., = —0-12V at different v, the
cathodic current peaks show a good definition

(Fig. 10). The heights of both peaks are approxi-
mately linearly dependent on », and the correspond-
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Fig. 11. Potentiodynamic E/I profiles

run with single triangular potential
sweeps, starting in the cathodic direc-
tion at 100 m Vs™!, Pt electrode
(0-075 cm?). 2 M NaOH + Cu(OH),

ing current peak potential becomes more cathodic
as the latter increases. These dependences, however
are only of qualitative significance since the cath-
odic charge decreases quite markedly as v, in-
creases,

3

3.2. Copper-plated platinum electrodes

Some anodic E/I profiles were recorded at 0-1V
s~! with a symmetrical triangular potential per-
turbation and a 2 M NaOH solution saturated with
Cu(OH), to yield cuprite ions, covering from
—1-08V to +0-82 V (Fig. 11). They are some-
what like those already described with Cu elec-
trodes, particularly, within the —0-6 Vto 02V
potential range, but for the present system the
anodic peak is confined to a narrower potential
range.

Current peaks IV and V insinuate in the poten-

tial region preceding the oxygen discharge. The re-
verse cathodic scan shows an appreciable current
contribution in the —0-3V to —0-9V range.
This is probably related to the presence of cuprite
ions at a higher concentration than in the previous
cases. At the more cathodic potentials the electro-
deposition of copper takes place.

The E/I profiles depend upon the limits of the
potential excursion and the rate of the potential
perturbation. Thus, when E, , = 0-54 V and
Ey, . =—096V (Fig. 12), the E/I display shows
two main anodic current peaks, one at —0-48 V
and another quite remarkable one at —0-25V, and
during the cathodic scan two relatively small cur-
rent peaks at —0-420V and —0-670V, respectively.
In principle, these E/I displays are independent of
E)  » when the latter extends from 0 V to almost
0-54 'V, but the current peak at —~0-42 V decreases
accordingly.

(sat), 26° C. Dashed line corresponds

E/mV to a blank without Cu(OH),.

The most reproducible results were obtained by
electrodepositing a fixed amount of copper on
platinum at a constant cathodic sweep rate (v,
=001Vs™ B, .=—0-83Vand E\ ,=0V)
(Fig. 13a) including a constant ageing of the metal
film electrodeposited. Then, the influence of v, on
the anodic E/I profile can be determined. There is
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Fig. 12. Potentiodynamic £/ profiles run with single
triangular potential sweeps starting from different
E,a- Pt electrode (0°075 cm?), 2M NaOH + Cu(OH),
(sat), 26° C.
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a broad anodic current peak at ¢. —0-5V and
another one at ¢. —0-275 V. When v, = 0-1 Vs,
the latter splits into two current peaks, one at
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E/mV (sat), 25° C.
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Fig. 15. Potentiodynamic E/I profiles involving differ-
ent waiting times at —0-8 V;ve = 10mVs™!;v, = 50mV
s™', Pt electrodes (0-075 cm 2), 2 M NaOH + Cu(OH),
(sat), 26° C.

—0-235 V (III) and another at —0-265 V (I).
As v, increases the height of current peak II in-
creases faster than that of current peak ITI. This
response, however, depends upon the conditions
prevailing during the metal film formation, (v,
and £, ), (Fig. 13b). On increasing £, , and

Ey ¢ the anodic current peak at c. —0-3 V pre-
vails as a sharp current peak whose height in-

creases approximately with v . Otherwise, when
the amount of electrodeposited copper increases,
the anodic charge also increases and the distri-
bution of the current peaks located between
—02V and —0-3V changes.

The E/I displays initiated from £ , = 0V to-
wards cathodic potentials at v, = 0-01 Vs~ and
v, = 005 Vs™! with increasing £y, ¢ during the
successive cycles (Fig. 14) exhibit a systematic
change of the E/I contour with E, .. During the
anodic scan the anodic current peak I is only ob-
served when B . =—0-6 V. On the other hand
the anodic current peak II is related to the occurr-
ence of current peak I while the anodic current
peak III is apparently independent of it.

The voltammograns run at v, = 0-01 Vs™! and
v, =005Vs™ and £y . =—0-8 Viincluding a
variable waiting time, 7, at £ . (Fig. 15), exhibit
the tendency of current peak IlI to disappear as
7 increases. Simultaneously the height of current
peak II increases systematically, its potential be-
coming more anodic. The amount of anodic charge
related to current peak I remains practically inde-
pendent of 7 while that related to the current peaks
II and 1T increases with the amount of copper
electrodeposited.

After anodizing the copper-plated Pt-electrodes
at different potentials the following species are de-
tected by X-ray diffractometry. At —09V, only
the Cu spectrum is observed. At — 0+5 V the main
species in Cu, O and at —0-25 V CuO prevails.
These results also apply to the copper electrodes.

4. Discussion

Different copper-containing species can exist in
equilibrium either in solution or at the electrode
surface, depending on the solution pH, as seen in
the copper/aqueous solution potential/pH diagram
[21]. The different equilibria and their corre-
sponding Nernst equations are assembled in Table
1.

A straightforward comparison between the
region of potentials involved in the E/I traces and
the possible equilibria together with the depend-
ence of the potential of the various current peaks
on pH, favours the assignation of current peaks
I'and VI to the reactions involving the Cu/

Cu(I) species, either as Cu* or Cu, O. The poten-
tial range of anodic current peaks II and I
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Table 1. Equilibria involved at the Cu—NoOH interface

1. HCuO; + 3H* + ¢ =Cu* + 2H,0

2. Cu,0 +2H"+ 2 = 2Cu+ H,0

3. 2HCuO; + 4H* + 2e = Cu,0 + 3H,0
4. 2Cu0?” + 6H* + 2e = Cu,0+ 3H,0
5. 2Cu0 + 2H* + 2¢ = Cu,0 + H,0

6. 2Cu(OH), + 2H* + 2¢ = Cu,0 + 3H,0
7. Cu0O + H,0 = HCuO; + H*
8.  Cu(OH), = HCuO;+ H*

9. HCuO; = CuO?™ + H*

E, =

Eo = 1733 — 01773 pH

Eo = 0471 —0-0591 pH
E, = 1783 —0-1182 pH + 0-0591 log(HCuO;)
Eo = 2560 — 01773 pH + 0-0591 log(Cu02")

Eo = 0669 — 00591 pH

0-747 — 00591 pH

log (HCuO;) = —18-83 + pH
log (HCuO3) = —17-52 + pH

HCuO;/Cu0?" pH = 13-5

corresponds to the formation of Cu(II) species,
either as Cu(OH), , CuO, HCuO3 or CuO3% and
finally, the potential region just preceding the
0, -evolution is related to the Cu(II)/Cu(IIT)
redox couple (peaks IV and V). This description
of the E/I traces as far as the possible reactions
is concerned, agrees, in principle, with previous
interpretations [14, 15].

The E/I displays involving the Cu/Cu(T) species
exhibit an appreciable separation between the
potentials corresponding respectively to the
anodic and cathodic current peaks which increases
slightly as v increases. This separation increases
when F,_, increases, and even more markedly

when E) , exceeds the potential of current peak I.

The amount of charge, Q,, playing a part in the
anodic process diminishes quite rapidly when v
increases (Table 2). An extrapolation of @, at

v — oo by plotting @, v. 1/v, yields (Qa)y -

~ 1900 uC cm ™2 which corresponds to the mini-
mum amount of charge related to the formation
of the Cu, O film on copper. The average film
thickness is about 230 nm.

Table 2. Anodic charge of current peak I
at different v

1% 0, % 103

(mVs™) (Cem™2)
1 180
10 27
100 5

Experiments covering the E) . and Ej , limits
constrained to the Cu/Cu(l) species, show that the
Q. -0, charge ratio within this potential range is
close to one. The initial portions of either the
anodic or the cathodic E/I profiles give Tafel lines.
Their slopes, however, increase as v increases.
Nevertheless at a constant v, both Tafel lines inter-
cept at a potential which lies close to the equili-
brium potential of reaction 2 (Table 1). This agrees
with the anodic formation of Cu, O on the elec-
trode surface as determined by X-ray diffracto-
metry. Unfortunately, no simple relationships be-
tween the potential sweep rate and either the cur-
rent peak height or the current peak potential are
established.

The cathodic voltammogram, on the other hand,
shows that when the species anodically formed is
kept for different times, 7, at the null current po-
tential region immediately after its electroforma-
tion, its potentiodynamic electroreduction profile
exhibits the current peak shifted towards more
cathodic potentials, the potential shift depending
on 7. This reveals that besides the proper electro-
chemical reaction there is also a chemical trans-
formation of the initial film-forming species into
another more stable one, Furthermore, the anodic
product also dissolves as a Cu(IT) species, which is
evidenced by the remarkable increase of @, when
7 is larger than 100s.

Since the Cu, O film electroformation E/I pro-
file depends on the potential range swept and re-
veals the occurrence of chemical transformation
and dissolution processes, the overall reaction
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should involve a series of steps which yield an

intermediate OH-containing surface species to-
gether with a chemical step yielding the stable
Cu, 0, according to the following sequence of
reactions

(nCu) + OH™ = [(n — 1)Cu (CuOH)] + ¢ (1a)
[(n — 1)Cu (CuOH)] + OH~
= [(n —2)Cu 2(CuOH)] + ¢

(1b)

[(r —m)Cu m(CuOH)] + OH"
={[n—(mn+ 1)]Cu(m + 1) (CuOH)} + ¢ (12)

where the brackets indicate the metallic phase
covered by either an incompleted or a completed
layer of the CuOH-species and where # is the total
number of copper atoms available for electro-
oxidation. The scheme is completed by admitting
the possibility of an electrooxidation yielding Cu, O
and H* which can be generalized through a series

of single charge transfer steps such as

[(n —m)Cu m(CuOH)]
= {[n — (m + 1)]Cu (m — 1)(CuOH)(Cu,0)}

+H'+e (2a)
{ln=m+@—=DICu[m—@ —1)]
(CuOH)(y — 1)(Cu, 0)}
= {[n —(n — )] Cu (m — y)(CuOH)
y(Cu,0)}+H* + e (22)
and, as a possible limiting reaction,
{[n —(m + 1)]Cu (m + 1)(CuOH)}
= {ln —(@m + D]Cu[(m + 1)/2]Cu, 0}
+ [(m + 1)/2]H, 0. €))]

A reaction pathway such as (1-3) becomes very
complex when the overall reaction involves a
multilayer formation. The formation of Cu(II)
species at this stage should proceed through a
relatively slow chemical reaction which is pro-
moted either by the proper decrease of pH at the
interface or, more likely, by a chemical dispro-

portionation of the various compounds which
form the oxidized heterogeneous multilayer film.
The ageing-type effect noticed during the film
electroreduction is a rather complex process which
probably entails an accommodation of O-atoms in
the oxide layer into a more stable configuration.
The fact that Q, increases when v decreases
should be related to the occurrence during the
film formation of processes such as either the
chemical surface transformation or the contri-
bution of the chemical dissolution of the film
as suggested by Barradas ef al. [14, 15] or both
acting simultaneously in the same direction. The
dissolution involving the chemical formation of
Cu(Il) whose electroreduction is related to the
cathodic current peak at ¢. —0-780 V in Fig. 1,
should imply an overall reaction such as

{[n —@m + 1)]Cu(m — 1)}(CuOH)(Cu, 0)} + OH"

(4)

which corresponds to a disproportionation of the
Cu, O species into a Cu(Il) and Cu species, the
former dissolving in the alkaline medium as either
HCuOj; or Cu0?~ according to the solution pH.

The overall reaction yielding mainly Cu, O
species may become controlled by any of the
following possible steps: (a) copper diffusion
from the bulk metal when the first monolayer
is completed; (b) either OH™ diffusion from the
solution or H* diffusion out of the interface;
(c) surface diffusion of any of the oxygen con-
taining species; (d) the rate of the chemical re-
action and (e) by nucleation and growth. How-
ever, different rate determining steps may act
during the dynamic electrochemical formation
and electrodissolution of the Cu, O-containing
film depending on the perturbation conditions.
Then, it is rather unlikely to obtain any simple
quantitative relationship between the perturba-
tion variables and either the current peak height
or the peak potential.

The anodic current peak located between 0V
and —0-3 V exhibits complex characteristics.
At least two anodic current peaks are distin-
guished and the total anodic charge involved is
larger than that of the preceding anodic current
peak corresponding to Cu, O formation. At the
highest NaOH concentration, current peak I1
increases more rapidly when v, increases while

= {(n —m)Cu (m — 1)(CuOH)} + HCuO3
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at lower v, current peak I predominates. One
observes also the following characteristics: ()
when E, _, is located within the region of these
current peaks, the initial portion of the returning
cathodic scan is practically superposed onto the
anodic E/I trace and exhibits a cathodic current
which increases as E , decreases; this can be
taken as an indication that the product formed
only in the potential range of current peak Il is
electroreduced there. (b) The potential of the cath-
odic current peaks becomes more negative as £y ,
increases. This effect might be related to the differ-
ent pH at the interface when the cathodic sweep is
initiated from a more positive potential since the
increase of anodic charge certainly implies a local
pH increase; as a matter of fact, this effect is more
marked as the NaOH concentration decreases. (c)
During the first cycle (—0-650 V< E) . <0-600
V) one observes that current peaks II and IIT ap-
pear when Cu, O was formed previously. This
suggests that a direct Cu = Cu(Il) electrooxidation
is unlikely in the corresponding potential range;
on the contrary a Cu electrooxidation through a
continuously reforming Cu, O film may occur.
(@) Current peak I1I involves the passivation of
copper, the final reaction product being the stable
CuO0, as indicated by Shoesmith ez al. [17]. (¢)
When the potentiodynamic profile is obtained
under stirring, the anodic charge slightly increases
and during the returning cathodic scan the corre-
sponding anodic current increases with the rota-
tion speed. This reveals the occurrence of another
partial chemical dissolution of the passive film
formed, either Cu{(OH), or CuQ, yielding either
HCuO; or Cu0?~, which diffuses away. The com-
position of the film formed within the potential
range of current peaks IT and III corresponds to
[xCu(OH), + yCuO] where 0<x<1,0<y
< 1and x +y = 1, depending on the perturbation
conditions [16].

These characteristics indicate that different

= {[n —(m + 1)] Cum(CuOH)Cu(OH), } + ¢
(52)
{[n —(m + 1)] Cum(CuOH)Cu(OH), } + OH"~
= {[n —(m + 1)]Cu (m — 1)(CuOH)2Cu(OH), }
(5b)

Simultaneously, copper electrodissolution takes
place according to

+e.

{{n —(@m + 1)]Cu (m — 1)(CuOH) 2Cu(OH), }
+ OH™ = {[n —(m + 2)] Cum(CuOH)

2Cu(OH), } + e 6)

and finally when the Cu(OH), is formed
{[n — (@' + p")] Cum'(CuOH)
p'Cu(OH), } + m'OH~
= {[n—@m' +pHCu(p' +m)

Cu(OH),} + m'e. (7)

The above reaction sequence implies no specific
stoichiometry between various species of hydroxy-
and oxy-copper and copper atoms in the lattice
since the corresponding coefficients vary over

the surface. Moreover, the overall reaction

under potentiodynamic conditions comprises a
time variation of the surface composition either
on the electrode plane or inside the layer.

Current peak 11 which is mainly related to
Cu(OH), electroformation involves a charge
larger than current peak I, therefore (m' + p')
> (m + 1)/2. This reaction sequence can also be
initiated from the Cu, O-containing species. The
overall reaction is in either case represented by
Equation 6 in Table 1.

The porous characteristics of the Cu(OH),-con-
taining film may in part be due to a contribution
of a Cu electrodissolution as Cu(1I) which further
precipitates on the surface as the hydroxide species.

compounds involving Cu(II) species are continuously The latter either produces a thickening of the film

formed during the potential sweep covering current
peaks 1T and III. From the potentials where these
processes occur (see Table 1) and the influence of
pH both in the location of the current peaks and

in the distribution of current product, the corre-
sponding overall reaction can be understood in
terms of a sequence of steps such as

{[n—(m+ DICu(m + 1)(CuOH)} + OH™

or dissolves in part as a Cu(Il)-containing species.

The Cu(OH), surface product formed in
Equation 7 reacts at least in part with the alkaline
media yielding one of the soluble species CuO3~
or HCuO; depending on pH, according to

fCup[Cu(OH), ] }= nCu (p —9) Cu(OH), }
+ gHCuO; + gH* (82)
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{nCu p[Cu(OH); ] } = {Cu (p —q) Cu(OH), }
+qCu03™ + 2¢H* (8b)

The [Cu(OH), + CuO]-containing film is electro-
chemically transformed into a CuQ-type film at
higher anodic potential than that corresponding
to current peak II.

The electrooxidation of the Cu(OH), -covered
Cu gives an H* jon and a CuO species, starting
from one of the following compounds:

{[n—(m' + p"]Cu (m' + p")Cu(OH),}
={[n—@m'+p' + D]Cufm’ +p' —1)]

Cu(OH), 2Cu0} + 2H* + 2e ©)

until all the Cu(OH), surface is transformed into
CuQ. Then, the total passivation of the metal is
achieved.

The formation of the CuO species means that
the film acquires a more compact structure, which
facilitates the onset of metal passivity.

The reaction pathway, although particularly
involved, explains that the surface products ob-
tained in this potential range are a mixture of oxy-
and hydroxy-compounds with the prevalence of
either one, depending on the anodic potential. The
chemical transformation of the Cu(OH), species
into the CuO one, as suggested by Shoesmith ef al.
[17], is a reaction paralle! to the electrochemical
process

[Copper + xCu(OH), + yCu0]
== [Copper + (x -+ »)Cu0] +xH,0. (10)

The cathodic processes pertaining to this potential
region are the discharge of anions such as Cu03™ or
HCuO; to either Cu, O or Cu (see Table 1). It is
also interesting to notice that when E, , extends
beyond the potential current peak IV no electro-
reduction of either CuO3 ~ or HCuO; to Cu, 0 is
observed. This suggests that these species are elec-
trooxidized to CuO,

The charge involved in the potential range of
the Cu(I)/Cu(III) couple is smaller than that for
current peak I and apparently is independent of
the amount of Cu(II) in solution. Following the
reaction sequence given above, it seems reasonable
to assume that the CuO surface species is one of
the reactants [14];

CuO +H,0 + 20H = Cu(OH); +e¢  (11)

although, it might also be possible for the reac-
tion to take place from the Cu(OH), species. There
is no evidence, however, that a significant propor-
tion of the latter constitutes the surface film at
such a high anodic potential.

The Cu(IIT) species has been proposed earlier
[22] and recently identified {21]. The depend-
ence of both the anodic and the cathodic peak
heights on w'? and on »"? confirms that it en-
tails a soluble species. Nevertheless, the fact that
the charge involved is smaller than that correspond-
ing to the CuO species raises the question of why
the electrochemical dissolution is so limited. There
are no apparent kinetic reasons for this which can
be derived from the corresponding E/I trace. In
fact, the potential difference between the anodic
and the cathodic potential peaks lies close to
0-060 V, as is expected for a reversible diffusion-
controlled reaction. Taking into account the fact
that the Cu(IT)/Cu(III) redox couple is formed in
the potential region of the £// trace correspond-
ing to the O, evolution reaction, it is reasonable
to suppose that a Cu(I1I) surface species is also
involved as a surface intermediate related to the
latter process. This would imply that the outer-
most surface layer approaches a Cu, O3-type
structure facilitating the O, -evolution reaction.
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