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Abstract The electrochemical behavior of a series of
Cu-(7, 30, 50, 70 wt%)Ni alloys in borate buffer and
sodium sulfate solutions with and without argon purg-
ing was studied by cyclic voltammetry and the photo-
current response method. It is shown that nickel has an
effect on both the dark and photocurrents and stimu-
lates oxide film formation. The measurements show that
oxygen leads to the formation of passivating p-type
Cu,O0 layers. In sulfate solution this type changes at the
potential of the onset of intense alloy dissolution.

Introduction

Oxide films (OF), which are formed on alloy surfaces,
have a pronounced effect on the electrochemical prop-
erties and corrosion of the alloys. At present, only a few
methods are available which make it possible to study
the OF in situ in solution. The photoelectrochemical
method, which enables the characteristics of semicon-
ductive OF to be determined, is among these methods.
This method may serve as a significant supplement to
the traditional electrochemical methods for investigating
the electrochemical behavior of alloys.

A considerable number of photoelectrochemical
studies have been performed on OF on many pure
metals, while the OF on alloys have received much less
attention. Studies of OF on pure copper using cyclic
voltammetry (CV) [1, 2] and the photoelectrochemical
method [3-6] have shown that the presence of Cu,O,
CuO, and CuO + Cu(OH), on the copper surface may
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be found, depending on the electrode potential and so-
lution composition. The CV curves exhibit the charac-
teristic peaks corresponding to the regions of metal
oxidation and oxide reduction. Cu,O is a semiconductor
with a band gap of about 3.2 eV [3-6] and is suitable for
photoelectrochemical studies: it is readily detected in the
region of visual light. CuO is not detectable by the
photoelectrochemical method because of its very low
band gap (about 0.5-0.6 eV).

It was shown for nickel that the semiconductive oxide
NiO with a band gap of 3.4 eV is the main oxide grown
in most solutions [7-9]. In [9], the photocurrents were
measured at —0.2 V for nickel with the OF formed at
+0.8 V (NHE) in a borate buffer solution.

So far, only a few systematic electrochemical inves-
tigations have been conducted on Cu-Ni alloys [10-13].
Many papers concern the composition of surface oxides
on each alloy as studied by ex situ physical methods [14—
19]. For example, for CulONi and Cu30Ni it has been
shown [16, 17] that both copper and nickel are present in
the film of the corrosion products. A detailed investi-
gation of the oxide films which formed on different Cu-
Ni alloys, as a function of potential, was conducted by
Strehblow and co-workers [18, 19] and a two-layer
model for such film formation was proposed.

Studies using the in situ method of differential re-
flectometry [20, 21] demonstrated the simultaneous
presence of Cu,O and NiO on the surface of the alloy
Cu70N:i.

No photoelectrochemical studies of the entire series
of Cu-Ni alloys are available. However, it was shown
[22] by examing the photopotentials for Cu-Ni alloys in
0.1 M NaCl that there is a correlation between the alloy
composition, corrosion rate, and type of surface film
conductivity. For pure nickel and Cu70Ni alloy the
corrosion rate is low, and the film is a p-type semicon-
ductor. For other alloys (Cu30Ni, CulONi, and Cu) in
this solution the corrosion rate is high, and the film is an
n-type semiconductor. For copper and Cu30Ni it has
been found [23] that the corrosion behavior varies with
the type of film conductivity.
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The aim of the present work was to study the elec-
trochemical behaviour of Cu-Ni alloys using
voltammetry while simultaneously recording the pho-
tocurrents arising from the specimen illuminated with
modulated light.

Experimental

The specimens were made of CuXNi alloys (where X = 7, 30, 50,
and 70 wt%); two solutions, a borate buffer solution (0.15 M
H;BO5;+0.075 M Na,B,07, pH 8.7) and a 0.1 M Na,SOy, solution
(pH 9.1), were used for the study. The alloys were melted in a
vacuum furnace from pure copper (99.999) and nickel (99.99).
Plates of 8 x 8 x 2 mm size were cut from the ingots produced; the
current leads were soldered to one side of the plate. This side and
the end-faces of the plate were insulated with epoxy resin. At the
working plate side, the alloy composition was determined by X-ray
spectral microanalysis. The electrode working surface was abraded
with emery paper, polished with aluminum oxide powder of 0.5 pm
grade, and rinsed with ethyl alcohol and deionized water.

The potentiodynamic curves were measured with a sweep rate
of 2 mV/s; both dark and illuminated situations were studied. The
specimens were illuminated with a 500 W Xe lamp through a
quartz window in the electrochemical cell, using a focusing lens, a
monochromator (spectral gap width of 10 nm), and a mechanical
chopper with a frequency of 38 Hz for light modulation in the
range of A from 300 to 700 nm. The luminous flux power did not
exceed 20 mW/cm. The experimental set-up involved a PAR-273
potentiostate, a two-coordinate two-channel recorder, and a lock-
in analyzer PAR M5208EC.

Immediately prior to each experiment the specimen was ca-
thodically reduced in a special cell in the working solution at 3—4
mA/em? for 25-30 min. The experiment began as soon as the
specimen was placed into the main electrochemical cell. In some
experiments, to remove the dissolved oxygen the solution in the cell
was purged with extra pure argon for 30 min prior to the experi-
ment and then throughout the measurements. The solution was
replaced after 3—5 experiments.

For all specimens, the potentiodynamic curves were measured
from —1.0 V to +0.8 V (direct scan) and reversed to the potential
of the onset of noticeable hydrogen evolution (its value ranged
from —0.7 to —0.9 V for various alloys) (reverse scan). All poten-
tials are given with reference to the saturated calomel electrode
(SCE).

The previous data and our preliminary experiments with pure
nickel have shown that the photocurrents are very low and can be
recorded only in the reverse scan of the potentiodynamic curve at
A < 320 nm, after —0.7 to —0.8 V is reached, i.e. slightly before or
simultaneously with the onset .

The photocurrents on copper characterizing Cu,O may be
measured during anodic and cathodic cycles of the potentiody-
namic curve at 4 = 350-550 nm. In this case the photocurrents on
copper are 10-100 times higher than those on nickel. Hence, we
propose that the photocurrent at the wavelength of 420 nm
(3.0 eV) corresponds to Cu,0O in all potentiodynamic experiments
on the alloys.

Results and discussion
Deaerated borate buffer solution
Copper

A potentiodynamic curve (positive-going and reverse
scans) presenting a dependence of dark current on the

potential is shown as a dashed line in the upper part of
Fig. 1. The anodic branch (the direct scan) is charac-
terized by the three peaks Al, A2, and A3 corresponding
to the formation of Cu,O (peak A1), dissolution yielding
Cu™ (peak A2)' and formation of a CuO and Cu(OH),
mixture (peak A3) [1, 3, 6, 24].

In the cathodic branch (the reverse scan), two peaks
corresponding to reduction are observed: CuO or
Cu(OH), —» Cu,O (peak C2) and Cu,O — Cu (peak
Cl).

A comparatively small photocurrent is observed for
copper during the anodic scan in the potential region of
the anodic peak Al (the lower part of Fig. 1). The
considerable photocurrents which are measured during
the reverse scan correspond to the cathodic peak C2, i.c.
to the photoactive Cu,O formation. When the Cl1
maximum is reached, the photocurrent decays to zero.

Nickel

In the anodic branch of the curve for nickel (dot-and-
dash line in the upper part of Fig. 1), one peak corre-
sponding to NiO formation is observed [10, 20]. The
cathodic branch with very small currents for passive
nickel indicates that oxide reduction does not occur.

No photocurrents were recorded during either the
anodic cycle or the cathodic cycle (including at
A = 280-300 nm).

Copper-nickel alloys

Deoxygenated borate buffer solution. The anodic behav-
ior of alloys (Fig. 1) is as follows: addition of nickel to
copper leads first to an increase of the peak Al (Cu7Ni
and Cu30Ni alloys) and, then, to its decrease (Fig. 2).
The anodic peak, which is typical of pure nickel, is
present only for alloys rich in nickel (Cu70Ni) as a slight
increase of current before peak Al in the potential range
from —0.5 to —0.05 V.

Thus, nickel, which is less prone to passivity in the
potential range studied, causes a not quite clear increase
in the anodic current for the alloys in which the nickel
content does not exceed 50%. As expected, alloys with a
higher Ni content exhibit passivity. It should be noted
that the passivating properties of Ni are observed for
alloys with copper, if its concentration is 50 wt% and
higher [10-13].

"In alkaline solutions the second peak is usually related to the
formation of CuO [1, 2, 6]. However, in borate buffer solution,
copper dissolution yielding Cu®* occurs in the second peak region
[24]. In our experiments the second peak lies 50-70 mV more
negative than the peak of CuO formation. Because of that and
because the anodic peak for Cu reappeared on reverse scan at these
potentials, we propose that it was due to Cu dissolution as Cu™
ions.



100} Al A a

50

-0.5 0.0 0.5 E,V(sce)

i

-100 ¢

200} . nA/em’

Fig. 1 a Dependence of dark current iy and b corresponding
dependence of photocurrent iy, (4 = 420 nm) on the potential in
the deaerated borate buffer solution. Hereafter, the numbers denote:
1 Cu7Ni, 2 Cu30Ni, 3 Cu50Ni, 4 Cu70Ni, 5 Cu, 6 Ni. Direction of the
potential scan (2 mV/s) is shown by an arrow

The peak A2 is observed only in the curve of the
Cu7Ni alloy. Higher nickel amounts lead to its disap-
pearance, i.e. nickel inhibits the dissolution.

The current of peak A3 is higher in the curve of the
Cu7Ni alloy than in the curve for copper, but it de-
creases with an increase in the nickel content, i.e. an
activating effect of nickel on the alloy manifests itself in
a narrower range of Ni content in the peak A3 than in
the peak Al.

The cathodic branch of the CVs of the alloys shows
that introduction of 7% nickel into the alloy leads to
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Fig. 2 Dependences of currents of peak Al on the Cu-Ni alloy
composition for borate buffer solution (potential scan rate 2 mV/s)
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insignificant changes of the maximum currents in the
peaks C2 and CI1 in relation to copper, but to a marked
increase in the peak areas (i.e. in the amount of nickel
oxide reduced).

Large amounts of nickel in the alloy cause a decrease
in both peaks up to their total disappearance for the
alloy Cu70Ni; for this alloy, the cathodic curve almost
coincides with the curve for pure nickel. The charge of
the anodic cycle is larger than that of the cathodic cycle;
the relation between anodic and cathodic charges which
characterizes the irreversibility of the process increases
with the increase of the nickel content. Probably this
indicates, first, that a fraction of the anodic current is
used for alloy dissolution; the smaller the nickel content
of the alloy, the larger is this part. Second, the oxide
reduction is hampered (during the cathodic cycle). The
currents are higher for the Cu7Ni alloy than for copper,
i.e., in this case, probably, nickel promotes alloy disso-
lution.

The photocurrent measurements yielded the follow-
ing results: no photocurrent was detected during the
anodic scan for the alloys as opposed to pure copper.
For pure copper, the photocurrent was recorded in the
region of peak A1 and corresponded to Cu,O formation.
However, after the alloy specimens were held at the peak
Al potentials for 20 min, a small photocurrent arose.
The smaller the nickel content, the higher the photo-
current was. This points to a possibility of markedly
slower Cu,O formation on the alloys than on pure
copper at the potentials of peak Al. Probably, for al-
loys, on the positive-going scan, the dark current of peak
Al is consumed by dissolution to a greater extent. An
increase of this peak in the curves of the Cu7Ni and
Cu30N:i alloys relative to the curves for pure copper also
suggests that nickel promotes alloy dissolution.

During the reverse scan the photocurrents of the al-
loys are readily recorded. In the curve for Cu7Ni, two
peaks are observed at the potentials which correspond to
the dark-current peaks C2 and CI1. In the curves of
Cu30Ni and Cu50Ni, one peak corresponding to peak
Cl is readily seen. No photocurrent is detected for
Cu70Ni.

The first photocurrent peak of Cu7Ni, as well as for
pure copper, corresponds to the formation of photoac-
tive Cu,0 as a result of CuO reduction. A much higher
photocurrent peak of alloy than of copper indicates that
a much larger oxide amount has been formed during the
positive-going scan on the alloy than on copper.

The second peak (in the region of more negative
potentials) in the photocurrent curve of Cu7Ni and the
peaks in the photocurrent curves of Cu30Ni and CuS0Ni
are, evidently, associated with the presence of nickel in
the alloy. However, as noted above, nickel itself does not
yield a photocurrent but could save copper oxide during
the anodic scan.

Borate buffer solution containing dissolved oxygen.
Figure 3 gives the potentiodynamic curves, which are
measured for the pure copper and copper-nickel alloys
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Fig. 3 a Dependence of dark current iy and b corresponding
dependence of photocurent iy, (4 = 420 nm) on the potential for
Cu-Ni alloys in the oxygen containing borate buffer solution
(potential scan rate 2 mV/s)

in the borate buffer solution; dissolved oxygen has not
been removed from the solution. The main differences
from the results of the oxygen-free solutions are as fol-
lows: the anodic currents of the copper and high copper
alloys are significantly lower here. The cathodic currents
of copper and Cu7Ni in the region of peak C2 are
markedly higher than in the region of peak CI. On the
high-nickel alloys the photocurrent is detected essen-
tially earlier: at potentials 150-250 mV more positive
than the dark current of oxide reduction. The photo-
currents of copper are lower and the photocurrents of
Cu7Ni and Cu30Ni are higher than in the deaerated
solution.

As would be expected, the presence of dissolved ox-
ygen promotes alloy passivation.

Sodium sulfate solution
Potentiodynamic curves

Figures 4 and 5 give the results of the electrochemical
study of the Cu-Ni alloys in a 0.1 M Na,SO, solution.
Either the solution was preliminary purged with argon
to remove dissolved oxygen (Fig. 4) or contained dis-
solved oxygen as a result of natural aeration (Fig. 5).
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Fig. 4 a Dependence of dark current iy and b corresponding
dependence of photocurent i,, (4 = 420 nm) on the potential for
Cu-Ni alloys in the deaerated Na,SO, solution (potential scan rate
2 mV/s)

The behavior of the Cu-Ni alloys in the sulfate solution
depends on the nickel content in the alloy. The alloys
with low nickel content (Cu7Ni, Cu30Ni) began to dis-
solve without passivation. The Cu50Ni and Cu70Ni al-
loys are passivated at 0.1-0.25 V.

The Cu-Ni alloys are characterized by markedly
higher anodic currents compared to the borate buffer
solution. the intense alloy dissolution in the aerated
solution begins at slightly more negative potentials than
in the solutions with dissolved oxygen. The anodic cur-
rent peaks for CuS0Ni and Cu70Ni are considerably
higher in the first solution than in the second one. For
example, these currents with Cu5S0Ni are 2 and 0.3 mA/
cm?, respectively. An increase of the nickel content in the
alloy leads to a decrease of the anodic currents over the
whole potential range. The passivating effect of nickel in
the Cu-Ni alloys was pointed out in previous studies
[10-13].

The passivating effects of nickel and dissolved oxygen
are markedly stronger in the sulfate solution than in the
borate buffer solution. For example, it is seen from
Figs. 1 and 4 that current peak A1l decreases by 1.4 times
in the borate solution and by 7 times in the sulfate so-
lution, when we pass from alloy Cu50Ni to alloy
Cu70Ni.
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Fig. 5 a Dependence of dark current iy and b corresponding
dependence of photocurent i,, (4 = 420 nm) on the potential for
Cu-Ni alloys in the oxygen containing Na,SO, solution (potential
scan rate 2 mV/s)

For all studied alloys in the deaerated solution (the
lower part of Fig. 4) the positive photocurrent begins to
increase as soon as the dark anodic current starts to
increase. Consequently, the anodic dissolution of Cu-Ni
alloys occurs in the presence of photosensitive Cu,O
on the surface. This oxide is an n-type semiconductor,
since the photocurrent is anodic. The photocurrents pass
through a maximum.

The results obtained for Cu7Ni and Cu30Ni alloys
are difficult to interprete because of the marked varia-
tions of the electrode surface owing to the intense dis-
solution.

As well as for the dark situation, the photocurrent is
higher for the Cu50Ni alloy than for the Cu70Ni alloy.
The photocurrent decays to zero as the potential in-
creases. This occurs earlier for the Cu70Ni alloy than for
Cu50Ni alloy. The amount of Cu,O formed on the
surface probably depends on the rate of alloy dissolution
and, to a larger extent, on the nickel content of the alloy.
The observed decrease of the photocurrent may be
caused by the formation of a non-photosensitive oxide,
CuO for example.

During the reverse scan from 0.8 to 0.0 V the pho-
tocurrents, as well as the dark currents, are hardly de-
tectable. The absence of the dark current means that the
passive film, which has formed at the potential of 0.8 V,
is retained. The absence of the photocurrent means that
the passive film consists of non-photosensitive oxides,
e.g., from a mixture of NiO, CuO, oxides and Cu(OH),.
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A shift to the more negative potentials for CuSONi
and Cu70Ni alloys leads to the rise of negative photo-
currents (p-type semiconductors), passing through a
maximum. The appearance of the photocurrents means
the formation of Cu,O as a result of the reduction of
passivating oxide. In this case, a dependence is observed
inverse to that observed for the direct scan: the photo-
current for the Cu70Ni alloy is higher than for the
Cu50Ni alloy. Probably, nickel promotes deeper alloy
passivation and the accumulation of oxides, among
them copper oxides, on the surface. Hence, high pho-
tocurrents are observed during the reduction. In the case
of Cu50Ni alloy, the smaller amounts of copper oxides
are retained on the surface, and, correspondingly,
smaller Cu,O photocurrents are recorded during re-
duction (a similar mechanism of nickel action may
manifest itself in the behavior of the Cu7Ni and Cu30Ni
alloys in the borate buffer).

For sulfate solution containing natural oxygen
(Fig. 5), during the direct scan in the region of the onset
of the small dark anodic current, a negative photocur-
rent is observed for the Cu7Ni and Cu30Ni alloys. After
an abrupt increase of the dark current, which corre-
sponds to the onset of activated dissolution, the photo-
current changes sign and may reach 750 nA/cm2. The
measurements were not conducted at the more positive
potentials, because the electrode surface changed
markedly owing to its dissolution. The initial negative
photocurrent indicates the presence of the passive Cu,O
film, which is a p-type semiconductor. The film may
thicken rapidly after activation, and the type of con-
ductivity could change as a result of the variation of the
oxide stoichiometry. Similar results were obtained using
pure copper [24].

No photocurrent was detected using alloys high in
nickel (50% and 70%) during the potential scan from
—1.0 to 0.8 V. This may be associated with a change of
alloy dissolution mechanism and the absence of Cu,O
on the electrode surface. No reverse scan was recorded
for these reasons.

On the Cu50Ni and Cu70Ni alloys, no photocurrents
are observed during the potential scan from 0.8 to 0.0 V.
On these alloys the photocurrents appear at a potential
somewhat more negative than the potential of the dark
current appearance. The order of magnitude and the
character of variation of the photocurrents differ little
from those for the deaerated solution. However, the
inverse dependence of the photocurrent peak on the
nickel content of the alloy is important: the peak is
higher for CuS0Ni alloy. However, no photocurrent
decay to zero is observed even after the onset of hy-
drogen evolution, indicating that the oxide reduction is
hampered. In this case, the presence of oxygen in the
solution has a pronounced effect on the copper com-
ponent and raises the degree of alloy passivation (lower
dark currents). This favors the retention of copper ox-
ides on the surface. The reduction of these oxides to
Cu,O yields the photocurrents proportional to the
copper content of the alloy.
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Spectral dependences of the photocurrent

The above photocurrent data were obtained using
monochromatic illumination of specimens at a wave-
length of 420 nm. To estimate the band gap of the an-
odic oxides, which had formed on the Cu-Ni alloys of
various composition, we measured a wavelength de-
pendence of the photocurrent.

The band gap was determined by the known equation
[25]:

(iph) 2 o022 (hv — Ey)"

where iy, is the photocurrent, o is the absorption coef-
ficient near the edge of proper absorption zone, Av is the
photon energy, E, is the band gap, and » = 0.5 and 2
for direct and indirect electron transitions, respectively
If we plot the equatlon using the coordinates (zph) ver-
sus hv and (zph) versus /v and extrapolate the depen-
dencies to the abscissa, we find the band gap of the
semiconductive oxide. Figure 6 gives the results ob-
tained for the anodic oxide films on the Cu-Ni alloys of
various composition. It is seen that the linear curve
portions may be obtained both for n = 0.5 (direct
transition) and n = 2 (indirect electron transition). In
the first case the band gap is 2.6 = 0.1 V; in the second
case the band gap is 3.2 £ 0.1 V. According to the lit-
erature [3, 5, 24], the second value corresponds to Cu,O.
Consequently, for all systems studied (Cu-Ni alloys of
various composition in the borate buffer solutions and
sodium sulfate solutions), the band gap corresponds to

12 / 2
(Ipn) /" o (L)
(a.u.) / (a.u.)
1.5 / 15
1,01 410
0,5 ds
2.0

Fig. 6 (iph)2 vs. (hv) and (iph)l"2 vs. (hv) plots for alloys of various
composition (@ Cu7Ni, borate buffer; 0 Cu7Ni, Na,SOy4; x Cu30Ni,
borate buffer; A Cu50Ni, borate buffer; & Cu50Ni, Na,SO,)

Cu,O only. The relatively low photocurrents due to
other oxides, which may be present in the anodic film
(mixed copper and nickel oxides, for example), are ob-
scured by the high Cu,O photocurrent.

Conclusions

For copper, nickel, and several of their alloys in the
borate buffer solution and 1 M Na,SO, solution, the
potentiodynamic polarization curves were measured
from —0.8 to +0.8 V and the reverse curves were mea-
sured to —1.0 V. The corresponding photocurrent curves
(4 = 420 nm) were obtained.

It is shown that the nickel content of the alloy has an
effect on the anodic current and also on the current of
the oxide cathodic reduction. Nickel in amounts of 7 and
30 wt% causes an increase of the anodic current.
However, the larger amounts of nickel (50 and 70 wt%)
lead to a decrease of the anodic current.

It is shown that oxygen dissolved in the electrolyte
has a pronounced effect on the electrochemical behavior
of the Cu-Ni alloys. The photocurrent measurements
show that oxygen in the borate buffer solutions leads to
the formation of passivating layers of p-type semicon-
ductive Cu,0. In the sulfate solution, the presence of
oxygen leads to the formation of a passivating layer of
Cu,0, which is again a p-type semiconductor; this type
changes at the potential of the onset of intense alloy
dissolution.

Oxygen elimination from the boric-borate buffer so-
lution leads to an increase of the anodic currents cor-
responding to the formation of p-type semiconductive
oxides and alloy dissolution. Oxygen elimination from
Na,SOy4 solution leads to alloy dissolution and simul-
taneous formation of non-passivating Cu,O that is an
n-type semiconductor.

For all alloys in the potential ranges studied, the
spectral dependences of the photocurrent show that the
photosensitive oxides on the surface correspond to Cu,O
oxide with a band gap of 3.2 + 0.1 eV.
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