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Abstract

Surface oxides grown on copper and copper—nickel alloys (UNS 72000 and UNS 70600) in aerated borax-borate
buffer solution of pH 7.7 were characterized using various experimental techniques. Their influence on the mech-
anism of oxygen reduction was also investigated. The composition of the passive films formed in situ on the different
materials was studied using differential reflectance spectroscopy. Electrochemical techniques such as voltammetry
and potentiodynamic reductions, as well as hydrodynamic tools such as the rotating disk electrode were used to
characterize the kinetic parameters of the oxygen reduction reaction. The results show that the addition of Ni to Cu
to form copper—nickel alloys changes the composition of the surface film. As the amount of Ni in the alloy increases,
the proportion of Cu(I) compounds decreases, and Ni(II) compounds are incorporated into the film structure. The
films anodically grown at 0.5 V on Cu70Ni30 tend to be thinner but more resistive. This is supported by results from
reflectance and impedance spectroscopy. The kinetics of oxygen reduction follows a four-electron path on surface-

free films, independently of the Ni-content in the alloy.

1. Introduction

Copper, as well as many copper-based alloys are
extensively used for constructing industrial equipment,
particularly tubing systems and heat-exchangers [1-3].
The incorporation of nickel as an alloying element has
proven to be beneficial, in terms of improving corrosion
resistance to aggressive environments. The corrosion
resistance of copper—nickel alloys is directly related to
the performance of the passive film [4]. The film is
mainly composed of Cu,O but the incorporation of
alloying elements can improve its properties.

The passive film also plays a key role in the mecha-
nism of oxygen reduction, which constitutes the
cathodic hemireaction of the corrosion process in
aqueous aerated electrolytes [5, 6]. Different oxidation
states of the same element or cations of diverse nature
can enter into a catalytic cycle for the reduction of the
important peroxide intermediate, as shown before. In
the case of copper-based alloys, the presence of Cu(I) on
the metallic surface appears to be essential in the
reduction mechanism [7].

This study focuses on the influence of Ni as alloying
element. Special attention was paid to the surface film
formed and to the effect of varying amounts of the
alloying element on the reaction kinetics. Boric-borate

buffer (pH=7.8) was chosen as electrolyte. The com-
position of the surface oxide layer on copper is well
characterized in this electrolyte [8].

Other variables that also participate in the process,
such as the presence of aggressive ions in solution,
microorganisms and other contaminants in the water
have been described elsewhere [9, 10].

2. Experimental setup

The electrodes were constructed from spectroscopic grade
copper (99.99%) and from Cu90Nil0 (UNS 70600) and
Cu70Ni30 (UNS 72000) provided by Metals Sample™,
USA. For the stationary experiments, metal disks were
embedded in epoxy resin and conveniently mounted on
PVC holders. A cable for electrical contact was welded at
the back side of the disk. To prepare rotating-disk
electrodes, rods of Cu and Cu—Ni alloys were embedded
in epoxy resin and mounted in Grilon™ cylindrical
holders. Prior to the electrochemical analysis, the elec-
trodes were abraded with a sequence of emery papers and
finally mirror polished with 0.5 um alumina powder.
The electrochemical measurements were conducted
using a standard three-electrode cell. A Pt wire of large-
enough area was used as auxiliary electrode. Two
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different electrodes were used as reference: Hg/Hg,SO4/
K,SO, sat. (0.615 V vs NHE) for the electrochemical
experiments and Ag/AgCl/NaCl 3 mol/l (0.281 V vs
NHE) when recording reflectance spectra. However, to
simplify comparisons, all the potential values will be
indicated taking the saturated calomel electrode (SCE,
E=0.242 V vs NHE) as reference. The electrochemical
instrumentation included a Voltalab PGP 201 potentio-
stat and a Solartron SI 1280B unit.

Boric-borate buffer (pH = 7.8) was used as electrolyte.
All the experiments were carried out at room temper-
ature (20+2 °C). The oxygen content in air saturated
solutions can be taken as 2.73 x 10™* mol 1" at 20 °C.

When cyclic voltammograms were recorded, the
electrolyte was deaerated for 15 min with high-purity
N, prior to each measurement. The electrodes were then
pretreated by holding them at —1.0 V for 10 min to give
a reproducible initial condition. Finally the scan was
started at —0.8 V using a sweep rate of 0.01 V s~ and
reversed at 0.5 V.

Another group of experiments was performed after a
surface film was anodically grown on the electrodes. The
samples were prereduced at —0.8 V for 15 min and then
the oxide grown holding them at 0.5 V for 30 min. To
carry out the potentiodynamic reductions of the surface
film the electrodes were immediately transferred to
another cell where the oxides were reduced in deareated
electrolyte applying a potentiodynamic scan from 0.5
to —1.0 V at a scan rate of 0.01 V s™'. The starting point
was the positive potential where the oxide had been
grown, from where the potential was moved in the
negative direction up to —1.1 V.

The oxygen reduction polarization curves were regis-
tered at 0.01 V s™', using five different rotation rates
between 225 and 2025 rpm. The rotating disk experi-
ments were carried out using a Radiometer™ controller
(CTV101). The electrolyte was saturated with oxygen,
bubbling the gas for at least 15 min prior to recording
the polarization curves.

Electrochemical impedance spectroscopy (EIS) tests
were performed at pre-reduced electrodes held
a —1.0 V as well as at open circuit potential (OCP)
on pre-oxidized electrodes. In this last case, the
surface film was grown for 30 min at 0.5 V. The
electrodes were then kept at OCP until the potential
attained a stable value. Recording each spectrum took
between 90 and 120 min. The solution was used
without stirring or deareation. The AC voltage signal
amplitude was =£0.005 V., and the frequency was
varied between 100 kHz and 1 mHz. The results were
analyzed using equivalent circuits. The experimental
data were fitted to each proposed equivalent circuit
using ZView [11]. In the case of pre-reduced elec-
trodes, the conventional Randles circuit gave satisfac-
tory fittings.

The circuit chosen to fit the results on pre-oxidized
electrodes is presented in Figure 1. This circuit is
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Fig. 1. Equivalent circuit proposed for interpreting the EIS response
of pre-oxidized electrodes.

typical of oxide-coated metals and has been used
before by other authors. Corroding electrodes can
show various types of inhomogeneities, which can be
represented by the inclusion of constant phase ele-
ments (CPE) in place of capacitors in the equivalent
circuit. Surface roughness, insufficient polishing, grain
boundaries and surface impurities have been
mentioned among the main reasons allowing the
use of CPEs in equivalent circuits of corroding
electrodes [12]. The impedance of CPEs can be written
as:

Zepr = [Q(jw)"] " (1)

where Q is the frequency-independent constant or
pseudo-capacitance and n a constant power,
with —1<n<1. A rough or porous surface can cause a
double layer capacitance to appear as a constant phase
element with n between 0.5 and 1.

The composition of the surface films was also eval-
uvated using reflectance spectroscopy. The absorption
spectra were recorded in situ. Baseline corrections were
carried out by polarizing two identical polished surfaces
at —1.0 V to prevent oxide growth. The spectrum of
each surface was recorded after holding the electrodes at
0.5V for 30 min in aerated electrolyte. The spectro-
electrochemical measurements were carried out using a
commercial double-beam spectrophotometer (Shimadzu
UV 160A), appropriately modified as described else-
where [13].



3. Results and discussion

3.1. Characterization of the surfaces by cyclic
voltammetry

Figure 2 shows the cyclic voltammogram of copper and
copper—nickel alloys in deaerated boric-borax buffer
pH 7.8. Oxide growth starts at potentials positive to
0.1 V. A sharp anodic peak is clear, as well as two
cathodic peaks which can be attributed to Cu(Il) and
Cu(l) reduction [4, 14]. At potentials positive to 0.5 V
the electrodes tend to show localized corrosion. At
potential values negative to —1.0 V the current increases
due to water reduction. The three materials have similar
voltammograms. No peak was observed which could be
attributed to Ni species.

3.2. Surface characterization by reflectance spectroscopy
and potentiodynamic reduction

Figure 3 presents the reflectance spectra typical of
copper, Cu90Nil0 and Cu70Ni30 electrodes held at
0.5 V for 30 min. In the case of copper the absorbance
peaks at 230 and 280 nm together with the shoulder at
560 nm are characteristic of Cu,O [13, 15]. The main
features of a differential reflectance spectrum of a Cu(I)
oxide were first measured by Shanley et al. [15]. Cupric
oxide, on the other hand, has a featureless absorption
band, increasing in intensity as the wavelength
approaches the UV-range [13, 15], which could also be
detected in the copper electrodes. The spectra obtained
for the two copper—nickel alloys are similar to those
reported by other authors [13]. In the case of Cu90Nil0
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the characteristic peaks of Cu,O are, however, weaker.
In the case of Cu70Ni30 the distinctive features of the
Cu,0 spectrum are even weaker. The inclusion of Ni(II)
oxide in the passive film could not be detected from the
deconvolution of the spectra. CuO has a strong absor-
bance band very close to that of Ni(II) compounds. The
incorporation of Ni(I) compounds into the surface film
favours the formation of Cu(II) compounds. This can be
observed in the Cu70Ni30 spectrum, comparing the
relative intensities of the Cu(II)/Cu(I) peaks.

The difference in the transmittance values in the
spectra in Figure 3 can be attributed to differences in the
thickness of the surface films on each metal. The film on
copper seems to be thicker. As the nickel content in the
alloy increases, the thickness decreases because Cu(Il)
and Ni(II) oxides are more compact than Cu,O. This
overall change in the composition and thickness of the
passive layer is related to the better corrosion resistance
of Cu70Ni30.

The spectra in Figure 4 were obtained for surface
films prepared as described for Figure 3, which were
partially reduced for 15 min at —0.3 V. As suggested by
the results in Figure 2, Cu(II) species should be reduced
at this potential while the resulting Cu(I) species are
incorporated to the film. As the Ni content in the metal
base increases the characteristic features of the Cu,O
spectrum are lost. This fact may be interpreted as the
stabilization of Cu(Il) species in the film promoted by
the incorporation of Ni(IT) compounds into the passive
layer.

When the films that grow on Cu and Cu90Nil0 after
30 min at 0.5 V are potentiodynamically reduced, two
cathodic peaks appear in each case, in good agreement
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Fig. 2. Voltammetry of Cu, Cu90Nil10 and Cu70Ni30 electrodes in contact with deaerated boric-borate buffer pH 7.8 (v=0.01 V s7").
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Fig. 3. Differential reflectance spectra for Cu, Cu90Nil0 and Cu70Ni30 in aerated boric-borate buffer solution pH 7.8 after holding them at
0.5V for 30 min.
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Fig. 4. Differential reflectance spectra for Cu, Cu90Nil0 and Cu70Ni30 in aerated boric-borate buffer solution pH 7.8. After recording the
spectra in Figure 3, the electrodes were held at —0.3 V for 30 min.

with those found in the voltammograms shown in compounds is lower in the case of the alloy. In the case
Figure 2. When the areas of the two peaks are compared of Cu70Ni30, three cathodic peaks appear when the
it can be seen that the proportion of Cu(l)/Cu(Il) surface film is reduced (see Figure 5). The new peak
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Fig. 5. Cu70Ni30 voltammetry (same as Figure 2), dot line. Potentiodynamic reduction curve of the oxides formed during 30 min. at 0.5 V,
full line. The curves are registered in deaerated boric-borate buffer pH 7.8 at 0.01 V s™'.

at —0.8 V could be attributed to NiO reduction, in
agreement with the results from independent experi-
ments, presented above.

3.3. Surface films characterization by electrochemical
impedance spectroscopy

Impedance spectra were recorded on copper and cop-
per—nickel electrodes held at —1.0 V (clean surface) and
0.5 V (passive surface). The results, in the form of Bode
plots, are shown in Figures 6 and 7 for clean and
oxidized surfaces, respectively.

The spectra obtained for clean, reduced surfaces can
be fitted using a simple Randles equivalent circuit. The
fitting parameters are presented in Table 1.

When the surface film grown at 0.5 V is present on the
metallic surface the impedance spectra present two time
constants. A schematic representation of the structure of
the surface film present on the metallic surfaces after
passivation, as well as the corresponding equivalent
circuits is shown in Figure 1. EIS data fit results are
shown in Figure 6 and 7, together with the recorded
data. R, represents the solution resistance, Q, the
pseudo-capacitance of the surface oxide, R, the resis-
tance to current flow through defects in the surface
oxide, Qy the metal pseudo-capacitance and R, the
polarization resistance. The experimental data were
found to be sufficiently well fitted by the proposed
equivalent circuit. The fitting parameters are presented
in Table 1 which suggest that the increase in the oxide
pseudo-capacitance (Q,) of the film with the increase in
the Ni content in the alloy may be attributed to a thinner
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Fig. 6. Impedance spectra using the Bode representation recorded on
Cu (0O), Cu90Ni10 (d) and Cu70Ni30 (V) electrodes held at —1.0 V.
The symbols represent the data and the lines the fitting results. Dur-
ing the fitting procedure, the Randles equivalent circuit has been
employed.

superficial film, in good agreement with the results
obtained by reflectance.

3.4. Cathodic polarization curves under hydrodynamic
control

Cathodic polarization curves were registered on clean
surfaces using rotating disk electrodes, as described in
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Fig. 7. Impedance spectra using the Bode representation recorded at
OCP on Cu (0), Cu90Ni10 (O) and Cu70Ni30 (V) electrodes held at
0.5V for 30 min. The symbols represent the data and the lines the
fitting results. During the fitting procedure, the equivalent circuit
presented in Figure 1 has been employed.

Section 2. A typical result for Cu is presented in
Figure 8. Two distinctive regions can be defined: a
potential range of mixed control (activated and diffu-
sional), where current and potential are interdependent
and a diffusional range at more negative potentials,
where the current is no longer dependent on the
potential values. The final current increase in the
negative end of the potential interval is due to water
decomposition. The curves registered for the other
materials present similar characteristics. The number
of electrons exchanged in the cathodic hemireaction can
be calculated from the slope of the appropriate repre-
sentation of the Levich equation [16]

jL = 0.20nFD*3y V0 Cpe'/? (2)

where j is the limiting current density, D the diffusion
coefficient of the electroactive species in cm” s™', v is the
kinematic viscosity in cm? s™!, Cj represents the oxygen
concentration in the bulk solution in mol dm™3, and o is
the rotation rate in rpm.

For all three of the materials under investigation, in
the pre-reduced condition, the slope of the j; vs ©'/? plot

is approximately 30 uA cm 2 rpm~'. This slope value

was calculated taking the concentration of oxygen in the
air saturated solution as 2.73x 107* mol 1", the kine-
matic viscosity as 0.01 cm? s™! and the diffusion coef-
ficient as 1.9 x 107> cm? s™'. The number of electrons
calculated for each material is shown in Table 2. An
exchange of four electrons can be explained if the
oxygen reduction follows a direct path, with no hydro-
gen peroxide formation as reaction intermediate.

In the mixed controlled range of the polarization
curves, the Koutecky—Levich equation (Eq. 3) can be
used [16]

I 1 1

=
J o Ja 020nFDYv16CHw! 2

3)

where the symbols have the same meaning as those used
in Eq. (2).

The number of electrons exchanged as a function of
the applied potential, can be calculated from the slope of
the j ™' vs w~1/2 representation. The results for the pre-
reduced electrodes can be seen in Figure 9. The differ-
ence in the values of » may be attributed to the presence
of residual oxides, which form naturally on corrodible
metals and cannot be reduced during the precondition-
ing treatment.

Polarization curves were also registered on electrodes
where a surface film had been anodically grown by
polarizing it at 0.5 V for 30 min. The curves started at
0.5V and the potential was swept in the negative
direction. A set of typical curves is presented in Figure 8,
superimposed to those for clean, reduced electrodes. A
much narrower diffusional interval is now evident. The
diffusional current density in the cathodic current is
slightly higher for the oxidized electrodes. This is not
surprising, as it represents the simultaneous reduction of
oxygen and surface oxides. However, in the mixed
control range the current density registered for those
electrodes where a surface film has been grown is always
lower when compared to clean electrodes. When the
amount of nickel in the alloy increases, the difference in
the currents also increases. This has been represented in
Figure 10 by plotting the quotients j; ox/j1. clean at 0.3 V
and for various rotation rates. This supports the idea of a
more compact and resistive film as the amount of Ni
increases. An increase in resistance following the increase
in Ni content has been found by other authors [17]. They

Table 1. Optimized values for the parameters employed in fitting the data in Figures 6 and 7 to the equivalent circuit proposed in Figure 1

Element Cu Cu90Nil10 Cu70Ni30 Cu Cu90Ni10 Cu70Ni30
-1.0V -10V -1.0V 0.5V 0.5V 0.5V

Ry/Q cm? 259.5 166.3 253.9 268.2 251.8 224.5

0./Q7 " em™ " - - - 7.63 15.8 25

ny - - - 0.79 0.88 0.85

R,/Q cm? - - - 1777 3825.5 2504.4

0p/Q 7 em™2§" 74.7 74.8 93.0 42.4 65.8 70.4

ny 0.67 0.82 0.84 0.39 0.63 0.71

R,/Q cm? 1007 1454.5 661.9 122321 38326 47694

Each value corresponds to, at least, an average of three independent measurements.
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Fig. 8. RDE polarization curves for Cu electrodes pre-reduced at —0.8 V during 15 min (dots line) and Cu70Ni30 electrodes pre-oxidized at
0.5 V for 30 min (full line). Curves started at —1.3 V. Rotation rates are 400, 900 and 1600 rpm. Scan rate: 0.0l mV s~'.

propose that the extensive incorporation of Ni(II) to the
surface film would lead to a higher ionic and electronic
resistance, leading to a structure containing less defects.
This interpretation is also supported by field experience,
where a better performance of Cu70Ni30 against corro-
sion has been found for slightly alkaline environments

[].

4. Conclusions

The addition of Ni to Cu, to form copper—nickel alloys,
changes the composition of the film anodically grown at
0.5 V in borax buffer pH 7.8. As the amount of Ni in
the alloy increases, the proportion of Cu(I) compounds
in relation to Cu(Il) ones decreases, together with the
incorporation of Ni(I) compound into the film struc-
ture. When more nickel is incorporated into the alloy
composition, anodically grown films at 0.5 V tend to be
thinner. This is supported by results from reflectance
and impedance spectroscopy.

Table 2. Number of electrons exchanged in the oxygen reduction
reaction evaluated from the limiting current density and the Levich
equation (average of three independent measurements)

Material n (electrons)
Cu 4.05+0.28
Cu90Nil0 3.74+0.36
Cu70Ni30 4.01+0.03

The electrodes were pre-reduced at —0.8 V.

The kinetics of oxygen reduction follows a four-
electron path on surface-free films, independently of the
Ni-content in the alloy. In the presence of a surface film,
the limiting current for oxygen reduction is poorly
defined, because of the current due to oxide reduction,
which is superimposed in the same potential range. If
oxygen reduction is under mixed control (activation and
diffusional) the current is always lower as the Ni content
increases, in good agreement with the presence of a more
resistive surface.
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Fig. 9. Electrons (n) exchanged in the oxygen reduction reaction on
pre-reduced Cu70Ni30, calculated from the Koutecky—Levich equa-
tion as a function of the applied potential.
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Fig. 10. Quotient between the limiting current for oxidized and pre-
reduced electrodes, evaluated at —0.3 V for Cu, Cu90Nil0 and
Cu70Ni30.
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