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ABSTRACT The electrochemical behavior of Cu electrodes in alkaline solutions with and without argomn gas

purging was studied by cyclic voltammetry and the photocurrent response method. In Na,SOy4 solution ( pH

9. 1), the electrode shows a prtype photoresponse initially, which changes to an ntype when pitting corrosion

oceurs, at potentials more positive than the critical breakdown potential. The cathodic photocurrent is much

larger in stronger alkaline solutions, e. g., 0.1 mol/ L KOH solution, reflecting a more porous structure of

Cu,O layer on the electrode surface in strong alkaline solutions. Additionally, the cathodic current is larger in

deaerated solutions than that in norr deaerated solutions. While the initiation of CuO formation on the electrode

may not be obvious on the current-voltage curve, it can be obtained from the photocurrent-voltage curve where

it corresponds to the onset of the decrease in the photocurrent on the positive potential scan.

copper electrode alkaline solutions
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1 INTRODUCTION

The passive layer on the Cu electrode sur-
face has been studied by the photoelectrochemical

1- 15 : :
[ 1. In general, the passive layer is

techniques
a simple Cuy0 layer or a duplex structure of the
oxides, consisting of an inner CuxO layer and an
outer CuO/Cu ( OH ), layer. The inner layer
thickness is in the range of 1~ 1. 5 nm, while
the outer layer grows with potential and
time' ', The Cu,0 layer on the Cu electrode in
alkaline solution has a ptype semiconducting
property with a bandgap of 3. 1 eV for a direct
transition, which gives rise to a cathodic pho-

tocurrent' ® 1% 21 1t has been shown that the

magnitude of the cathodic photocurrent can be

correlated with the thickness of the Cuy0O film on
the Cu electrode in alkaline solution' > 71, A
photocurrent cannot be observed, however, from
CuO on the Cu electrode because of its low resis
tivity and high recombination rate' '* '

The photoelectrochemical behavior of the
Cu electrode depends on both the pH as well as

M For exam-

the composition of the solution
ples, at lower pH, the mtype photoresponse ap-
pears, and the presence of Cu( II) species favors

-1 the prtype pho-

the mtype photoresponse
toresponse is observed from Cu electrode in alka
line solutions in the absence of chloride ions. In

the presence of chloride ions, however, the elec
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trode shows an mtype photoresponse, which is
ascribed to the doping of the surface CuxO film

by the CI” onsl 7 10 121

. . . . _5
sponse is observed in solutions with 10" "% or

An mtype photore

higher BT A concentration, and the magnitude of
the anodic photocurrent increases with the BT A

. 12
concentrat 10n[ 1 .

Therefore, the photoelec
trochemical behavior of the Cu electrode is close
ly associated with the nature of the surface ox-
ides layer. In this work, we use cyclic voltam-
metry and the photoresponse method to study
further the photoelectrochemical behavior of Cu
electrode in deaerated and nomndeaerated alkaline
solutions, and examine the characteristics of the
surface oxides layer at different pH and anodic

switching potentials.
2 EXPERIMENTAL

A threeelectrode cell with a flat optical
glass was used. The reference electrode was a
saturated calomel electrode ( SCE) whereas the
counter electrode was a Pt electrode. The work-
ing electrodes were prepared from 99. 9% copper
plates of 0. 50cm” area embedded in epoxy resin.
The electrodes were polished with different
grades of emery papers, and then washed, de
greased with alcohol, and finally rinsed with
deionized water. They were cathodically treated
in a working electrolyte for 10 min prior to mea
surements. The electrolytes used were a borax
buffer solution (0. 075 mol/ L. NayB4O7+ 0. 15
mol/ L. H3BO3, pH 8.5), 0.075mol/ L. NaxB40O+
(pH 9.2), 0.10 mol/L. KOH and 0. 05 mol/ L.
Na)SO4(pH 9. 1), respectively.

The irradiation wavelength of a 1000 W Xe
WDG-1A

monochromator ( Siping Optical Instruments),

lamp was selected by wusing a
with the spectral bandwidth smaller than 30 nm.
A ND-4 chopper (Nanjing University) was used
to modulate the light intensity, whereas a PARC
M 5208EC lock-in analyzer was used to detect
the signals. For spectral measurements, the
light intensity was measured by a calibrated sil-
con photodiode, and the light flux never exceed-

ed 2.0 x 10" >W/ em?.

surements were conducted at a light modulation

The photocurrent mea-

frequency of 38 Hz and a wavelength of 420 nm.
The potential control was provided by a PARC
M 273 potentiostat. The potentiodynamic scan
rate was 2mV/s. All potentials were referenced
with respect to SCE.

3 RESULTS AND DISCUSSION

Fig. 1(a) shows the current density-voltage
(J —9®) characteristics observed on a Cu elec
trode in an argom gas purged borax buffer solu-
tion (pH 8.5). Curves 1, 2 and 3 are the ] —¢
plots with the anodic switching potentials ¥, of
- 0. 06, 0.30 and 0. 80V, respectively. The

anodic peaks A | and A » correspond to the forma

100} (a)
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Fig. 1 (a) J —% curve and (b) J, — @ curve

for a Cu electrode in an argomr gas purged
borax buffer solution ( pH 8. 5) at

different anodic switching potentials %
(Scan rate 2mVes !,
modulation frequency 38 Hz,
irradiation wavelength 420 nm)
l— 0.06V; 2—0.30V;
3—0.80V
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tion of Cu ( I ) from Cu(0), whereas the ca
thodic peak C; corresponds to the reduction of
Cu( 1) to Cu(0)'"?. The peak 4 3 is due to the
anodic oxidation of Cu( I ) to Cu( II), and the
peak C; is due to the reduction of Cu( II) to Cu
( I). Only one cathodic current peak Cy is oh-
served on the reverse negative scan when the ¢,
is set at — 0.06V.

Fig. 1 (b) shows the corresponding pho-
tocurrent density vs voltage (J,, —%) curve.
The photocurrents observed are of the p-type.
On the positive potential scan, curves 2 and 3
overlap with each other at potentials cathodic to
0.25V, and curve 1 also overlaps with curves 2
and 3 at potentials cathodic to — 0. 06 V. The
Jon increases from — 0. 14 V to 0. 06 V, which
may be correlated with the amount of CuyO
formed on the Cu electrode. In the potential re-
gion from 0.06V to 0. 24V, [, decreases with
increasing potential, and finally disappears when
the potential becomes more positive than 0. 24
V. The decrease in the photocurrent is attributed
to the oxidation of Cuy0 to CuO''™?'. Although
CuO is a narrow bandgap semiconductor with £,
= 0. 60 eV photocurrent has not heen ob-
served from CuO on the Cu electrode because of
and high

Therefore, the initial decrease in the

its  low recombination

[ 14]

resistivity
rate
photocurrent may be taken as the onset of the
formation of CuO on the electrode surface.

On the negative potential scan, J,, gradual-
ly increases as CuO is reduced to Cuy0, and then
decreases as Cup0 1is gradually reduced to Cu. At
potentials more negative than — 0. 58 V, [ is
close to zero as the reduction of CuyO is almost
complete; the electrode surface is nearly reduced
to the metallic state. Since the anodic switching
potential in curve 3 is the most positive one (0. 8
V), it is obvious that the largest amount of CuO
is formed on the positive scan. Hence, on the re-
verse negative potential scan, the largest amount
of Cup0 is also produced, which results in the
largest photocurrent among these three curves.

The J —%and J . — ¥ plots for the Cu elec-
trode in nomdeaerated borax buffer solution ( pH
8.5) are shown in Fig. 2(a) and 2(b), respec
tively. Curves 1, 2, 3 refer to the J —% plots

with the anodic switching potentials %, of
- 0.06, 0.30, and 0. 80V, respectively, as in
the previous case. Comparing Fig. 1(a) and Fig.
2(a), it can be seen that there is a larger cathod-
ic current from — 1.0V to — 0. 20V on the posr
tive potential scan when the solution is not
purged of oxygen. The larger current is due to
the reduction of the dissolved oxygen in the solu-
tion. Comparing Fig. 1(b) and Fig. 2(h), it can
be seen that the magnitude of the photocurrent
in Fig. 2(b) is less than half of that in Fig. 1
(b). This demonstrates that the amount of
CurO formed on the electrode surface in the
presence of dissolved oxygen is much less than
that in the absence of dissolved oxygen. This
may be because the anodic dissolution of copper
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Fig.2 (a) J —® curve and (b) Jpn —¢
curve for a Cu electrode in an nom deaerated
borax buffer solution ( pH 8. 5) at different

anodic switching potentials ¥
(Scan rate 2mVes '
modulation frequence 38 Hz,
irradiation wavelength 420 nm)

11— 0.06V; 2—0.30V; 3—0.80V
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is enhanced in the presence of dissolved oxygen,
resulting in a smaller amount of CuxO on the
electrode surface.

Fig. 3(a) and Fig. 3(b) show the J —%and
Jon —9 plots for the Cu electrode in argomrgas
purged 0. 075 mol/ L. Nap;B407 solution ( pH
9.2), respectively. Curves 1 and 2 correspond
to %= 0.1V and 0. 8V, respectively. In 0.075
mol/ L Na;B407 solution, both the current and
photocurrent are smaller than the corresponding
ones in the borax buffer solution (pH 8.5).
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Fig.3 (a) J —% curve and (b) J,, — ¢

curve for a Cu electrode in an
argomr gas purged 0. 075 mol/ L Na;B,O;
solution (pH 9. 2) at different
anodic switching potentials ¥
(Scan rate 2mVes !,
modulation frequency 38 Hz,
irradiation wavelength 420 nm)

1—0.1V; 2—0.80V

Fig. 4(a) and Fig. 4(b) show the J —®and
Jon —9 plots for the Cu electrode in argorr gas

purged 0. 1 mol/ L. KOH solution, respectively.
Curves 1, 2, 3 and 4 correspond to = — 0. 24
V, = 0.13V, 0.20V and 0. 63V, respectively.
Compared with Fig. 1(a), the peak A 3 is greatly
increased. In addition to the CuO and Cu( OH) »

2—
on the electrode surface, CuO3~ may be formed

according to the follow ing equations' '*':
Cu+ 40H™ —7Cu03 + 2H,0+ 2e
Cuz0+ 60H™ —2Cu03" + 3H,0+ 2e

On the reverse scan, peak C» is much
smaller than the peak A 3, indicating that a large
amount of Cu®* is still not reduced to Cu0 on
the surface of electrode. It is shown from curves
3 and 4 of Fig. 4(b) that during the reverse
scan, the photocurrent appears at 0. 21V, which
is more positive than in the weakly alkaline solu-
tions, as shown in curve 3 of Fig. 1(b) and in
curve 2 of Fig. 3(b). CuO or Cu(OH)2 has a
larger solubility in a stronger alkaline solution
(0. 10mol/ . KOH), and hence a larger amount
of CuO or Cu(OH), dissolving in the solution,
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Fig.4 (a) J —® curve and (b) Jpn —¢
curve for a Cu electrode in an
argomr gas purged 0. 10 mol/ L KOH solution at
different anodic switching potentials %
(Scan rate 2mVes '
modulation frequency 38 Hz,
irradiation wavelength 420 nm)
l— 0.24V; 2— 0.13V;
3—0.20V; 4—0.63V
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leaving a thin CuO or Cu(OH): layer on the
electrode surface. Therefore, on the reverse
scan, the thin CuO or Cu( OH) ; is easily reduced
to Cux0, causing the photocurrent to appear at a
more positive potential (+ 0.21V), as shown in
curves 3 and 4 of Fig. 4(b). In addition, a much
larger photocurrent is observed on the reverse
scan in 0. 1 mol/L. KOH solution, which sug-
gests the presence of a more porous structure of
the CuO layer on the electrode surfacel 1

Fig. 5(a) and Fig. 5(b) show, respectively,
the /] —®and J, — @ plots for a Cu electrode in
0. 05 mol/ . Na,SOy4 solution (pH 9. 1) with and
without argongas purging. In the case of argon
gas purging (curve 1), the passivating current
plateau region cannot be observed on the J —¢
curve, and the cathodic photocurrent corre
sponding to the prtype response also cannot be
measured, because the amount of CurO on the
electrode is very small. When the potential is
close to the critical breakdown potential — 0. 10
V on the positive scan, the anodic current (anod

10 (a)
8 /1 /2
o x
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Fig.5 (a) J —%® curve and (b) J,n —¢

curve for a Cu electrode in
0. 05 mol/ L Na,SOj solution ( pH 9. 1)

(Scan rate 2mVes ', modulation frequency 38 Hz,
irradiation wavelength 420 nm)
1l —with argorr gas purging;

2 —without argon- gas purging

ic dissolution of copper) greatly increases, and
the anodic photocurrent appears at the same
time. The corrosion products on the electrode,
therefore, shows an mtype semiconducting prop-
erty. In the norrdeaerated solution ( curve 2),
an anodic current plateau in the potential region
of — 0.26to 0.04V is observed when the poten-
tial becomes more positive than — 0. 26 V. This
current plateau is due to the formation of a Cu
oxide layer, and the simultaneous electro-disso-
lution of Cu through the Cu oxide layer. It is
shown in curve 2 of Fig. 5(b) that, on the posr
tive potential scan, the cathodic photocurrent
(the prtype response) increases with potential
initially, and then decreases with increasing po-
tential. The maximum cathodic photocurrent is
at — 0.02V. Hence, it is concluded that Cu,O
on the electrode appears around - 0. 02 V.
When the potential becomes more positive than
0.04 V, the critical breakdown potential of the
passivated Cu, pitting corrosion occurs on the
electrode surface 1, and the cathodic photocur
rent gradually changes to the anodic photocur-
rent. The transition from the pto the n-type
photoresponse may be attributed to the doping of
the surface CuyO film by the SO7 ions! .

4 CONCLUSIONS

The Cu electrode shows a prtype photore
sponse in alkaline solutions, and changes to an -
type response in the alkaline Na;SO4 solution
when the pitting corrosion occurs at potentials
more positive than the critical breakdown poten-
tial. The cathodic photocurrent for the Cu elec
trode in non-deaerated solutions is smaller than
in deaerated solutions, probably it is because
oxygen enhances the anodic dissolution of cop-
per, leaving a lesser amount of CuxO on the elec-
trode surface. The appearance of CuO on the Cu
electrode can be obtained from the J,; —@
curve. The potential of the initiation of CuO for-
mation corresponds to the onset potential of the
decrease in the cathodic photocurrent on the pos-
itive scan (or the potential at which the cathodic
photocurrent is at its maximum) . However, the
initiation of CuO formation can hardly be seen
from the J —® curve. The cathodic photocurrent
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in strongly alkaline solution (e. g., 0. 1 mol/L
KOH) is much larger than in weakly alkaline so-
lution, suggesting the presence of a more porous
structure of the Cup0O layer on the electrode in
the former case.
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