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Abstract

Electrochemical Impedance Spectroscopy (EIS) was applied on Cu—Ni samples passivated in a specially designed
flat electrochemical cell which was heated at 60 °C. The electrolyte consisted of 160 g 1""H,SO,, 40 g I™' Cu*" and
0, 10, 20, 30 or 40 g I"' Ni*" and the copper anodes contained nickel ranging from 0 w% to 10 w%. The oxygen
content of the anodes and the electrolyte was also measured. An AC excitation signal of 10 mV and of 1mHz-
100 MHz frequency was applied at the open circuit potential as well as at a passivation potential, the latter having
been determined previously. The results indicate that nickel ion additions to the electrolyte increased the resistance
of the electrolyte and altered the porosity, thickness and constituents of the passivation layer formed. The equiv-
alent circuit models generated from the data acquired during the EIS experiments and the values for the electrical

components were in the predicted range. The results are supported by supplementary XRD and SEM findings.

1. Introduction

High purity copper is produced by electrorefining of
copper anodes containing at least 99.5% copper which
are cast from fire refined blister copper [1]. Copper ions
dissolve at the anode, enter the electrolyte and then
selectively deposit onto the cathode under the force of
an applied direct current. Impurities in the anode either
dissolve into the electrolyte and circulate with it or
remain at the anode and become part of the anode
slimes. Among the impurities are also precious metals
the recovery of which contribute into the financial
success of the operation. Nickel in the anode in
concentrations less than 3000 ppm dissolves virtually
100% into the electrolyte whereas in excess of that
amount result in the formation of some NiO upon the
solidification of the anode. Nickel oxide being a refrac-
tory, does not dissolve in the electrolyte and remains in
the anode slimes. The slimes will either settle to the
bottom of the cell or circulate with the electrolyte or
remain attached to the copper anode forming a rela-
tively thick porous layer of impurities. The slimes layer
adds to the resistance of the diffusion layer and may
contribute to the effect known as anode passivation i.e. a
sharp increase in anode potential while the current
applied is unchanged. During anode passivation further
dissolution of the anode ceases, the electrorefining
process is prematurely terminated and the remaining

undissolved anode is removed and remelted. To avoid
passivation the applied current density is limited to
around 30 mA cm™ [1].

The interpretation of the mechanism by which the
anode is passivated is still an issue of disagreement. Some
researchers [2] have attributed the anode passivation to
the low solubility of copper sulphate in the electrolyte
that causes precipitation of copper sulfate crystals at the
copper anode, which in turn is insulated and the passage
of current through the electrochemical cell is prevented.
Other researchers [3] have postulated that passivation is
due to the formation of a cuprous oxide film on the
anode, formed by the following reactions:

Dissolution Reactions
Cu — Cu" + e (fast) (1)
Cu’ — Cu*" + e (slow) (2)
Passivation Reactions
2Cut + H,O — Cu,0 + 2H* (3)

2Cu + H,O — Cu,O + 2H" + 2e~ 4)

According to this theory high current densities result
in the build up of Cu" ions at the anode surface by
reaction (1) since its conversion to Cu?" by reaction (2)
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is slow. The cuprous ion then reacts with water, as
shown in equation (3), in the electrolyte to form a
cuprous oxide passivation layer. However, excessive use
of supporting electrolyte (i.e. H,SOy), as is the industrial
practice, will cause reactions (3) and (4) to shift to the
left, thus minimizing passivation [3-5].

As copper refining is a primarily mass transport
limited process copper ions must not only diffuse
through the electrochemical diffusion layer at the anode
surface but also through a slime layer that builds up on
copper anode as it dissolves.

In a stationary vertical copper electrode the increase
in the current density and the addition of H,SO, was
found to lead to precipitation of CuSO, [6, 7]. In
industrial practice not only the concentration of the
bulk electrolyte is chosen such as to prevent a cathode-
limiting situation but also the electrolyte circulation is
such to avoid contamination of the final product. As the
quality of the copper ores deteriorates the amount of
nickel in the ore and subsequently in the electrolyte
increases. The physicochemical properties of electrolytes
that contain substantial amounts of nickel ions have
been studied [8, 9]. Several recent studies, using linear
sweep voltammetry and chronopotentiometry, have
been done to determine the influence of impurities, in
the copper anodes as well as the electrolyte, on copper
passivation [10—13]. None of these studies were done on
copper samples alloyed individually with nickel. Also 3-
electrode techniques were applied involving the rotating
disc electrode (RDE), linear sweep voltammetry (LSV),
chronopotentiometry (CP), and cyclic voltammetry.
(CV) on unrefined copper anodes and synthetic cop-
per/nickel alloys in a synthetic electrolyte containing
160 g 1I"! sulphuric acid, 40 g I™' Cu*" and nickel ion
concentrations ranging from 0 to 40 g 17! [14].

The purpose of the present research was to apply
electrochemical impedance spectroscopy (EIS) on unre-
fined and synthetic copper/nickel alloy samples that
contained nickel and passivated in a synthetic electrolyte
containing 160 g 1" sulphuric acid, 40 g I™' Cu®" and
nickel ion concentrations ranging from 0 to 40 g 1™! at a
temperature 60 °C. The surface oxide layers were
characterized using X-ray diffraction (XRD) and scan-
ning electron spectroscopy (SEM).

2. Experimental
2.1. Materials
Pure copper (99.999%) sheets and cast copper (99%)

were available from previous work in the laboratory [9].
Samples of unrefined commercial copper anodes were

Table 1. Chemical analysis of unrefined commercial copper anodes

prepared by re-melting pieces of real operation size
commercial anodes [8] in an induction furnace, under an
argon atmosphere in cylindrical boron nitride crucibles
of 1.3 cm inner diameter. They were then cooled slowly
under the same atmosphere and transferred to a tube
furnace where they were homogenized for 10 h at a
temperature of 950 °C, under an argon atmosphere. The
finished samples were cut into 10 pieces 1 cm in
thickness each. Chemical analysis was performed using
Atomic Absorption Spectrometry (Varian SpectrAA
model 55B). The chemical synthesis of the commercial
unrefined copper anode is shown in Table 1. The error
of determination is +1%. It can be seen that the
commercial unrefined copper anode contains most of
the impurities which were mentioned previously.

For the 3-electrode electrochemical experiments a
2 cm? circular piece electrode was prepared by melting
oxygen free copper and ultra pure nickel in cylindrical
boron nitride crucibles in the same induction furnace
mentioned earlier, under an argon/7 volume% hydrogen
atmosphere. The samples were kept in the molten state
for about 30 min to insure complete melting of all the
constituents of the alloys and the removal of as much of
the oxygen that might be present. They were then cooled
slowly to avoid the formation of any cavities due to
rapid shrinkage. The samples were then transferred to a
tube furnace where they were homogenized under an
argon/7 volume % hydrogen atmosphere, for 10 h at a
temperature of 1000 °C. Finished samples were cut into
10 pieces 1 cm in thickness. The nickel content of the
synthetic copper-nickel anodes was determined using
Atomic Absorption Spectrometry. The estimated error
was 1 to 2% of amount present.

The compositions of these electrodes are listed in
Table 2. The oxygen content was determined by a
carbothermal reduction analysis (LECO TC-436) a
method developed previously [15]. Samples for carbo-
thermal reduction analysis were prepared immediately
after sampling. The samples being 0.1-0.2 g each were
transferred into pre-weighted adding a pair of tweezers.
The tin-capsules were closed tight, the weight deter-
mined and put into numbered glass containers with
plastic caps. The samples for analysis were transferred
to the LECO instrument, and analysis performed
immediately to avoid exposure of the metal in the tin-
capsules to air. In addition, the samples were examined
by SEM to determine whether the oxygen is present as
NiO or as solid solution.

The counter electrode for the electrochemical pro-
cesses was a 316L stainless steel bar measuring 0.5 cm in
diameter and 10 cm in length whereas Ag/AgCI (in 1 M
KCl) equipped with a Luggin capillary was used as a
reference electrode.

Element Si Bi Te Sb

Amount/ppm (%) 115 133 54 181

2300 2.1 124 -




Table 2. Composition of the synthetic copper electrodes

Sample 1D Ni/ w% O/ppm
CNO 0 15
CNI1 1 10
CN2 2 15
CN3 3 11
CN4 4 13
CNS S 7
CN6 6 41
CN8 8 19
CN9 9 53
CN10 10 4

2.2. Electrolyte

Synthetic electrolytes were prepared from laboratory
grade chemicals dissolved in 18 MQ cm deionized
water. Concentrated sulphuric acid (98%), hydrated
copper sulphate CuSOy4 - 5SH,O and hydrated nickel
sulphate NiSOy4 - 6H,O were used as source chemicals.
During the experiments, the electrolyte was kept at a
temperature of 60 °C to simulate industrial environ-
ments. The oxygen content in the electrolyte for all the
experiments was monitored using an oxygen meter. The
meter was calibrated before each measurement using a
wet towel to provide a 100% humidity environment and
the numbers were adjusted according to calibration
tables provided by the manufacturer.

2.3. Electrochemical cell and instrumentation

All electrochemical experiments were performed at a
controlled electrolyte temperature using a Dyna-Sense
thermoregulator control system, composed of a variable
output controller and a mercury thermoregulator that
has a maximum sensitivity of 0.003 °C. The flat cell
designed for optimum current distribution and shown in
Figure 1 was used for the electrochemical impedance
spectroscopy (EIS) experiments. The flat cell consisted
of a cylindrical body made of Plexiglas with an O-ring
grooved bottom edge for direct clamping to a flat
sample. The counter electrode, made of Pt expanded
mesh with an area of about 3.5 cm? parallel to the
surface of the sample to provide optimum current
distribution for EIS measurements. An Ag/AgCI refer-
ence electrode (in 1 m KCI) was mounted so as to fit
through an opening in the counter electrode. The cell
body rested on the sample and was pressure clamped to
the sample between the top and bottom plates with four
threaded stainless steel rods.

An EG&G model 273A potentiostat controlled by
Labview™ software was used to perform the EIS tests.
The potentiostat was calibrated by EG&G, and was
checked for any drift from calibration on a weekly basis
using a dummy cell. The potentiostat is connected to the
electrochemical cell by means of an electrometer, which
measures the potential difference between the reference
and working electrodes. A Fluke 45 dual display
multimeter was used to check if the values displayed
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Fig. 1. Flat cell for EIS experiments.

by the potentiostat and the FRA were correct. The
multimeter was calibrated using a Fluke 9100 Universal
Calibration System to insure proper operation and
accurate readings. Instrumental control, data acquisi-
tion, and processing were performed by an in-house
driver for national instrument LabView ™.

A Solartron 1255 Frequency. Response Analyzer
(FRA), controlled by a Scribner Associates Electro-
chemical Impedance Spectroscopy, Zplot, was used for
the Electrochemical Impedance Spectroscopy measure-
ments. The FRA consists of a sweep generator to
generate sine waves at a given frequency, a voltmeter,
and a phase meter. In a typical experiment, two channels
on the FRA were used, one to measure the potential at a
specified frequency, and the other to record the resulting
current at that frequency. The ratio of the two channels
is the impedance. The potential and the phase were
found accurately using a digital Fourier integration.
Once measurements at a given frequency are done, the
RFA moves automatically to the next frequency and the
same measurements are performed. The RFA was
calibrated and was checked for any drift from calibra-
tion using an in-house built dummy cell.

2.4. Characterization equipment

A Hitachi S-4700 Field Emission Scanning Electron
Microscope (FESEM) operating at 2 kV and a current
of 50 pA was used to study the surface morphology of
specific samples. The passive layers were characterized
using an Oxford INCA Energy 200 EDS System,
equipped with a 30 mm? Si(Li) crystal, 136 eV resolu-
tion at Mn Ka, SATM window covering from B to U
detection. This facility provided rapid, non-destructive,
and quantitative chemical analyses of the surface of the
samples.

X-ray diffraction was done using a Siemens D5000 X-
Ray Diffractometer equipped with a copper X-Ray tube
and a scintillation counter. To accomplish phase iden-
tification the peaks and relative intensities from the
specimen are compared with peaks and relative inten-
sities from a very large set of standard data, both
experimental and calculated.
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3. Experimental Procedure

Copper/ nickel samples of composition 0, 1, 2, 3, 4, 5, 6,
7, 8,9 and 10% Ni and unrefined commercial anodes
were used as anodes, and stainless steel rods were used
as cathodes. The cell electrolyte consisted of 160 g 17!
H>SO4, 40 g I™' Cu?" and 0, 10, 20, 30 or 40 g 1" Ni*".
The cell assembly was heated to 60 °C and maintained
at that temperature throughout the experiment with the
aid of an electrical tape and a temperature controller.
Prior to each experiment, the anodes were subjected to
two stages of wet polishing using 1 and 0.05um alumina,
washed with deionized distilled water first and then with
methanol. After the samples were completely dry they
were mounted in the flat cell which exposes 1 cm? of the
sample to the test solution. The electrolyte was flushed
with argon, and a blanket of the same gas was kept over
the solution.

During a typical experiment the AC excitation signal
of 10 mV and of 1 mHz-100 MHz frequency was
applied at the open circuit potential as well as at a
passivation potential [14]. The FRA collected and
recorded the real and imaginary components of the
impedance response of the system.

All data were plotted vs frequency and then analyzed
and fitted into equivalent circuits. The response of the
system was analyzed and the results are plotted in terms
of the Nyquist and Bode plots. On the Nyquist plot, in
the low frequency region, the Warburg resistance could
be attributed to diffusional processes either in the
electrolyte or through the passivation layer on the
surface of the anode. It could be also attributed to
reactions taking place on the passivation layer. In this
study the low frequency region has not been observed
due to the extreme noisy conditions.

4. Results and Discussion

Figure 2 shows a plot of the imaginary impedance
component (Z”) against the real impedance component
(Z') at each excitation frequency for a pure copper
anode in an electrolyte containing, 160 g 17! H,SOy,
40 g 1I"' CuSO, and 0, 10, 20, 30, or 40 g 1"' NiSO,. The
segment MN in the low frequency region of the Nyquist
plot could be the beginning of a large semi-circle which
could be attributed to the capacitance of a second layer
that formed or precipitated on the surface of the anode.
Alternatively, it could also be attributed to adsorption
of ions onto the surface of the anode. The presence of
the depressed semi circle (LM) in the high frequency
region of the Nyquist plot could be due to the
capacitance of the double layer, or to high rate reactions
taking place on the surface of the anode. The center of
the semi circle (MN) does not lie on the real axis. This is
due to the geometry of the anode, which includes surface
roughness, porosity, and inhomogeneity. In some cases,
such as curves D and E, an inverted loop appears which
could be attributed to the formation of a second phase

in the layer that was represented by segment MN. The
resistance of the electrolyte is the point were the curve
representing each electrolyte composition intersects the
7’ axis. As the nickel ion concentration in the electrolyte
increased so did the resistance of the electrolyte, in
agreement with previous findings [9]. Inductive behav-
iour shown at the end of the high frequency loops may
be due to equipment artifacts although an alternative
explanation has been proposed [16].

For the sample of pure copper (Figure 2) in an
electrolyte containing no nickel ions the Nyquist plot
consists of the resistance of the electrolyte, a semi circle
due to the double layer and part of a second larger semi
circle attributed to the passivation layer on the surface
of the electrode. This is typical of a passivating sample
where the passivation layer consists of only one phase.
Two semicircles, one of which exhibits an inversion is a
characteristic of a two layers passivation case.

From the Bode plot, Figure 2, it can be seen that as
the nickel ion concentration increases the capacitance of
the passive layer decreases slightly for additions of 10,
20, 30 g I"! Ni*", and substantially when 40 g I"" Ni*"
is added. This could be due to the passivation layer
becoming either more porous or thicker.

As nickel ions are added to the electrolyte (Figure 2,
10 g 1" Ni*") the Nyquist plot has same shape and
indicates an increase in the ohmic resistance of the
electrolyte as expected.

As the nickel content in the electrolyte increases to
20 g 1I”! so does the ohmic resistance of the electrolyte,
which agrees with previous findings [9]. The passivation
layer still consists of one phase as indicated on the
Nyquist plot.

As the nickel ion concentration is increased to
30 g 1I”!, the Nyquist plot consists of the ohmic resis-
tance of the electrolyte, a semi circle as the result of the
double layer presence, an inverted loop, and part of a
semi circle due to the passive layer presence. The
inverted loop, characterized by an initial drop followed
by a sudden rise in the imaginary part of the impedance,
has been associated with the formation of a second
phase in the passivation layer [17]. The capacitance of
the layer changed by a small amount indicating, that the
nature of the passive layer changed. This is most likely
due to the precipitation of the second phase, which
might make the passivation layer thicker and change its
dielectric constant, thus changing its capacitance.

With the nickel ion concentration increasing to
40 g 1!, the Nyquist plot consists of the ohmic resis-
tance of the electrolyte, a semi circle caused by the
double layer presence, an inverted loop, and part of a
semi circle due to the presence of the passivation layer. It
can be seen that the ohmic resistance did increase, which
is in accordance to previous findings [9]. The passivation
layer consists of two phases, as indicated by the inverted
loop in Figure 2.

X-ray diffraction was used to identify the potential
second phase. The XRD major peaks and the relative
intensities of the compounds which may be expected on
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Fig. 2. Nyquist plot and the electrical equivalent circuit of a pure copper anode passivated in an electrolyte containing 160 g 17" H,SO,,
40 g I”' Cu®* and 0, 10, 20, 30 or 40 g I"' Ni**, at a bath temperature of 60 °C. (AC = 10 mV, Frequency from 10000 to 0.1 Hz, J 0 g 17"
NiZ",m10g I""Ni?", 020 g I"' Ni?", @ 30 g I"! Ni**, V 40 g I! Ni*").

the surface of the passivated anodes are given in
Table 3.

Figure 3 shows the intensity count vs 2-theta diffrac-
tion angle for a sample of a pure copper anode which
was passivated in an electrolyte containing 160 g 1™
H,SO4, 40 g1™' Cu®' and 0gl™!' Ni** at a bath
temperature of 60 °C. It can be seen that major peaks,
attributed to Cu,O and CuO, appear at 42.29 and 89.76
degrees 2-theta, respectively. Therefore it seems that
during this scan Cu,O was formed and some of it
transformed into CuO which is seen on the surface of
the electrode. The same conclusion was also drawn from
the CV plots [14].

Figure 4 shows the X-Ray spectrum of a pure copper
anode passivated in an electrolyte containing 160 g 17!
H,S0,, 40 g 1! Cu*" and 10 g 1! Ni**. The presence of
CuSOy - SH,0 was confirmed by the peaks that appear
at 2-theta diffraction lines of 8.49,16.16 and 17. Only one
peak, at 13.91 2-theta degree, attributed to the precip-
itation of NiSO4 can be observed. A possible explanation
is that after the formation of Cu,O and CuO as was also
indicated from the cyclic voltammetry experiments [14] a
considerably thick layer of CuSO, - SH,0 and NiSOy -
6H,0 either precipitated or electrochemically formed on
the surface. Similar XRD spectra were observed for
anode samples containing 1, 2, 3, 4, 5, and 6 w% nickel.

Table 3. Major 20 peaks and their relative intensities in [ ] for compounds related to passivation of copper and copper/nickel alloys

Compound 2-0 (Relative Intensity)

Cu (hkl) 43.29 [100] (111) 50.43 [46] (200) 74.13 [20] (220) 89.93 [17] (311) 116.92 [3] (400)
Cu,0 (hkl) 36.41 [100] (111) 42.29 [37] (200) 61.34 [27] (220) 73.52 [17] (311) 107.62 [3] (420)
CuO (hkl) 48.76 [25] (-202) 51.34[2] (112) 72.41 [7] (311) 89.76 [6] (—131) 99.75 [4] (313)
NiSOy, (hkl) 54.61 [8] (310)

CuSO, - 5H,O (hkl) 8.495 [5] (010) 16.16 [55] (-110) 17.00 [9] (020) 25.13 [20] (120) 26.99 [60] (—2—11)
NiSO; - 6H,O (hkl) 13.91 [8] (101) 50.70 [2] (323)
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Fig. 3. XRD spectrum of a pure copper anode passivated in an electrolyte containing 160 g 17! H,SO4, 40 g 17! Cu®" and 0 g I"! Ni*" at a
bath temperature of 60 °C.
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Fig. 4. XRD spectrum of a pure copper anode passivated in an electrolyte containing 160 g 17! H,SO,, 40 g 1I™' Cu®" and 10 g 17! Ni*" at a
bath temperature of 60 °C.

The diagrams in Figure 2 were fitted by the equivalent |
circuit of Figure 2. It can be seen that the electrolyte is ZCpE = ————PE. (5)
represented by a resistor Ro. The double layer is CPEr(jw) P

represented as a capacitor, Cy, in parallel with a charge
transfer resistor, Rct, and the passive layer is repre-
sented by a constant phase element CPE the impedance
of which can be expressed in terms of CPEt and CPEp
in the following manner [18, 19]:

where CPEq is the capacity of a constant phase element
and CPEp is a constant.

CPEp generally has a value between —1 and 1, and
CPE-~ is the effective capacity of the CPE.



The results of correlation of experimental data with
this equivalent circuit are given in Table 4 (a).

As the nickel ion concentration in the electrolyte
increases from 0 to 40 g17' the CPEp increases from
0.458 to 0.745 whereas no trend was observed between
the changes in the CPEt and the increase in the nickel
ion concentration. When the nickel ion concentration in
the electrolyte is 30 g 1!, CPE has the lowest values
compared to the other Ni*" concentrations. A change in
the CPEt can be related to a change in the dielectric
properties of the passivation layer as well as to a change
in its area.

Nyquist and Bode plots for unrefined commercial
copper anodes in an electrolyte containing 160 g 17!
H,SO4, 40 g 17! Cu*" and 0 and 40 g 17! Ni*", were
similar in appearance to the diagrams obtained for the
pure copper anode in an electrolyte containing 0 and
40 g I"' Ni**. Similar results were reported [10] but for a
different frequency range. The results of correlation of
experimental data for the unrefined copper anode with

Table 4. Equivalent circuit parameters for the passive surface, Rq,
CPEt and CPEp for (a) pure copper anode, (b) commercial copper
anode

Ni?" concentration/g 17! Ro/Q CPEr/uF CPEp
a

0 5.5923 8.459 0.458
10 6.3683 6.87 0.493
20 6.4708 7.704 0.548
30 6.4708 5.986 0.709
40 8.8369 7.117 0.745
b

0 6.504 10.28 0.801
40 10.04 9.291 0.917

S4700 15.0kV 21.5mm x6.00k SE(U
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equivalent circuit of Figure 2 are given in Table 4 (b).
There is a considerable increase in the values of Rg and
CPEp for the electrolytes containing 0 and 40 g 17!
Ni?", where a decrease in the CPEt was observed for the
electrolytes containing 0 and 40 g 1"' Ni*". The increase
in Rg is due to the large amounts of impurities
dissolving from the commercial anode.

The morphology of the various precipitation and
passivation layers on the anodes was studied using a
Cold Field Emission Electron Microscope. The nature
of the layer seems to be very dependent on the nickel
content of the electrolyte as well as the nickel content of
the electrodes. Figure 5 shows the morphology of the
passivation layer that formed on a pure copper anode
that was passivated in an electrolyte containing
160 g H,SO4, 40 g 1! Cu®* and 0 g 1! Ni*" at a bath
temperature of 60 °C. It can be seen that the layer has a
good integrity. It consists mainly of CuO as determined
by EDS. The high reflectivity CuSO, - SH,0, seen on the
surface of the layer, is the result of precipitation and was
noted in the XRD spectra in Figure 4.

Figure 6 shows the Nyquist plots for a pure copper
anode and copper anodes containing 1, 2, 3, 4, 5 and 6
w% nickel in an electrolyte containing 160 g 17" H,SOy,,
40 g I"' Cu®* and 0 g I"' Ni*". The appearance of the
reverse loop has been attributed to the formation of
CuSO,4 whereas the disappearance of the reverse loop
from the plots is due to CuSOy, precipitating. As the
nickel content in the electrodes increases, the ohmic
resistance of the electrolyte changes as a result of nickel
ions dissolving from the electrode. However, no corre-
lation between the amount of nickel in the electrode and
the change in the resistance could be made. The decrease
in the ohmic resistance of the electrolyte for nickel
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Fig. 5. SEM micrograph of the surface of a pure copper anode passivated in an electrolyte containing 160 g 17! H,SO,, 40 g I"! Cu?* and
0 g 17" Ni*" at a bath temperature of 60 °C. CuO and CuSO, - 5H,O are identified by arrows.
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Fig. 6. Nyquist plot of a passivated copper anode containing 1, 2, 3,
4, 5, and 6 w% nickel in an electrolyte containing 160 g ! H,SO,,
40 g1™" Cu*" and 0gl1™' Ni**, at a bath temperature of 60 °C.
(AC=10 mV, Frequency from 10000 to 0.1 Hz, OO Pure copper, ®
Copper 1 w% nickel, O Copper 2 w% nickel, @ Copper 3 w% nick-
el, V Copper 4 w% nickel, ¥ Copper 5 w% nickel, /A Copper 6 w%
nickel).

addition of 2, 3, 4, and 5 w% nickel is not well
understood and requires more study.

A change in the capacitance of the passivation layer
can be seen with increasing nickel content in the
electrode. But no correlation could be determined
between the nickel content and the changes in the
capacitance of the passivation layer.

All data generated for pure copper anodes and
samples containing 1, 2, 3, 4, 5 and 6 w% nickel were
fitted in circuits similar to the one shown in Figure 2.
The results of correlation of experimental data with this
equivalent circuit are given in Table 5. A change in
the CPEr occurs; this change could be due to changes in
the area, the thickness and the dielectric properties of
the passivation layer.

Figure 7 shows the Nyquist plot for a copper anode
containing 2w% nickel in an electrolyte containing
160 g 1" H,SO,, 40 g 17! Cu*" and 0, 10, 20, 30 or
40 ¢ I"' Ni**. Similarly to previous results (Figure 6) it
can be seen that as the nickel ion concentration increases
the ohmic resistance of the electrolyte increases which is
in accordance with previous findings [9]. The passivation
layer consisted of one phase with very similar capaci-
tances. This is also reflected in the XRD spectra of both
samples. The CuSO, - 5SH,0 and NiSO, - 6H»O detected

Table 5. Equivalent circuit parameters for the passive surface, Rq,
CPE7 and CPEp for synthetic copper/nickel anodes in 0 g I™" nickel.

Nickel content/%w Ro/Q CPEr/uF CPEp
0 5.5923 8.459 0.458
1 6.6013 10.57 0.545
2 5.0035 11.66 0.511
3 6.0733 8.22 0.559
4 4.4639 10.29 0.481
5 4.7931 11.9 0.473
6 5.843 14.73 0.645

in Figure 4 are a result of precipitation and not
electrochemical formation, as indicated by the absence
of the inverse loop on the Nyquist plot in Figure 7.

For a 20 g 1I"' Ni** addition in the electrolyte, an
increase in the ohmic resistance as well as a passivation
layer consisting of two phases are observed. A signifi-
cant drop in the capacitance of the passivation layer
takes place, indicating a change in the dielectric property
and/or layer thickness as well as the layer area. This
drop is due, as indicated on the XRD spectrum
(Figure 8), to the formation and precipitation of both
CuSOy, - 5SH,0 and NiSO, - 6H,O on the surface of the
already formed passivation layer which consists of a
mixture of CuO and Cu,O.

As the nickel ion concentration increases to 30 g 17!, a
drop is observed in the ohmic resistance of the electro-
lyte; this anomalous behaviour which, was also observed
in LSV, CP and CV [14] and it was attributed to
precipitation. It can also be seen that the passivation
layer consists of two phases, which is expected due to
the presence of a high concentration of nickel ions in the
electrolyte. An increase in the capacitance of the
passivation layer could be due to the passivation layer
being more porous, hence increasing its area which will
lead to an increase in the capacitance.

The anomalous behaviour observed at a 30 g1
nickel ion concentration returns to normal when the
concentration is increased to 40 g 17!, At this concen-
tration it can be observed from Figure 7 that the ohmic
resistance of the electrolyte increases and that the
passivation layer consists of two phases, which is
indicated by the presence of the inverse loop on the
curve E.

The capacitance of the passivation layer decreases,
which is probably the result of an increase in its
thickness due to the formation and the precipitation of
CuSOy - 5SH,0 and NiSOQy, - 6H-0 as seen from the XRD
spectrum of Figure 8. The morphology of this passiv-
ation layer is given in Figure 9. The CuSOy, - SH,O that
exists on the surface of the layer is different than that
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Fig. 7. Nyquist plot of a copper anode containing 2 w% nickel pas-
sivated in an electrolyte containing 160 g 1" H,SO,, 40 g 17! Cu**
and 0, 10, 20, 30, or 40 g I"! Ni?", at a bath temperature of 60 °C.
(AC=10 mV, Frequency from 10000 to 0.1 Hz, A: 0 0 g I"" nickel
jons, B: m 10 g 17! nickel ions, C: O 20 g 17! nickel ions, D: @
30 g I"! nickel ion and E: V 40 g 1! nickel ions).
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precipitated on the layers formed in electrolytes con-
taining no nickel ions and 10 g 1”' Ni*". This suggests
that the CuSO4 - SH,O on the present layer formed
electrochemically, which is in agreement with the results
seen in EIS suggesting that the layer contains a
minimum of two phases. The passivation layer consists
mainly of CuO.

Figure 10 shows the Nyquist plot for a copper anode
containing 4w% nickel in an electrolyte containing
160 g 17! H,SO4, 40 g 17! Cu®* and 0, 10, 20, 30 or
40 g I”' Ni*". This sample was chosen to illustrate the
additions of Ni content on the anode on the passivation.

For nickel addition of 10 g I™' Ni**the ohmic resis-
tance increases substantially and the passivation layer
consists of only one phase with a capacitance lower than
the capacitance of the passivation layer formed on the
sample in an electrolyte that does not contain any nickel
ions. Such behaviour may be attributed to a change in
the porosity of the passivation layer, its roughness or
thickness. Also as seen from the XRD of Figure 8,
NiSQy - 6H,0 and CuSO, - 5H,O0 formed on the surface
of the passivation layer. All these possible changes might
lead to a porous layer which causes the decrease in its
capacitance.

Similar behaviour was observed for an addition of
20 g I"' Ni** in the electrolyte. As the nickel ion
concentration is increased to 30 g 17! Ni*", the Nyquist
plot indicates that the passivation layer consists of a
minimum of two phases, which have a lower capacitance
than the layers formed in the electrolytes containing 0,
10 and 20 g I™' Ni*". This behaviour is expected since
the passive layer consists of a minimum of one extra
phase, which is indicated by the presence of the inverse
loop on curve “D” in Figure 10 and could be due to the

substantial amount of nickel ion dissolving from the
electrode in the electrolyte. This causes a rapid increase
in the nickel ion concentration in the vicinity of the
surface of the electrode causing NiSOy4 - 6H,O or CuSO,
- 5SH>O to precipitate and insulate the surface.

As the nickel ion concentration is increased to 40 g 17!
the passivation layer no longer consists of several
electrochemically formed phases but only one phase.

Figure 11 shows the Nyquist plot for a copper anode
containing 6w% nickel in an electrolyte containing
160 g 17! H,SO4, 40 g 17! Cu** and 0, 10, 20, 30 or
40 g 17" Ni?*.

For a sample of copper that contains 6 w% nickel, the
presence of inverse loops leads to the interpretation that
a passivation layer consisting of a minimum of two
phases is formed for nickel concentrations of 20 and
30g17h

As the nickel ion concentration increases to 40 g 17!
the passivation layer consists of a single phase as
indicated by the absence of the inverse loop.

To illustrate the effect of Ni in the Cu anode and Ni**
in the electrolyte, Figure 12 shows the morphology of
the passivation layer formed on a copper anode con-
taining 6 w% nickel passivated in electrolyte containing
40 g 1™ Ni** at 60 °C. The CuSO4 - 5H,O on the
surface of the layer again has a different structure than
that precipitated on the layers formed in electrolytes
containing no nickel ions and 10 g I™' Ni*". The CuSOy
- SH,0 precipitates are round and dull looking suggest-
ing that the CuSO4 - SH,0O formed electrochemically,
which is in agreement with the EIS results, suggesting
that the layer formed on the copper anode containing
6 w% nickel consists of a minimum of two phases. The
inner passivation layer still consists mainly of CuO and
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Fig. 9. SEM micrograph of the surface of a copper anode containing 2 w% Ni passivated in an electrolyte containing 160 g 17! H,SO,,
40 g 1I”" Cu®" and 40 g 1" Ni?* at a bath temperature of 60 °C. CuO, CuSOy, - 5H,0 and NiSO, - 6H,O are indicated by arrows.

the NiSO,; - 6H,O seen is similar to that formed
previously in Figure 9.
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Fig. 10. Nyquist plot of a copper anode containing 4 w% nickel
passivated in an electrolyte containing 160 g 17! H,SO4 40 g 17!
Cu?™ and 0, 10, 20, 30, or 40 g 1! Ni?7, at a bath temperature of
60 °C. (AC=10 mV, Frequency from 10000 to 0.1 Hz, A: 0 0 g 17!
nickel ions, B: m10 g 17! nickel ions, C: O 20 g 17! nickel ions, D: @
30 g 1! nickel ion and E: V 40 g 1! nickel ions).

5. Conclusions

From EIS experiments it is concluded that nickel ion
additions to the electrolyte increased the resistance of
the electrolyte, Rq. It is also concluded that the porosity,
thickness and constituents of the passivation layer
changed with nickel ion addition to the electrolyte.
The circuit models generated from the data acquired
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Fig. 11. (a) Nyquist plot of a copper anode containing 6 w% nickel
passivated in an electrolyte containing 160 g 1”' H,SO,, 40 g 17!
Cu?*and 0, 10, 20, 30, or 40 g 1" Ni?*, at a bath temperature of
60 °C. (AC=10 mV, Frequency from 10000 to 0.1 Hz, A: J 0 g1
nickel ions, B: ® 10 g 17" nickel ions, C: O 20 g I"! nickel ions, D:
® 30 g 1" nickel ion and E: V 40 g I"! nickel ions).

during EIS experiments calculated values for the elec-
trical components consistent with these conclusions. EIS
experiments on samples prepared from an unrefined
commercial clipper anode followed the same behaviour
as the synthetically prepared samples thus indicating
that the conclusions above also applied to commercial
unrefined anodes.

Additions of nickel to the electrolyte, as well as to the
electrode, had an effect on the electrical properties of the
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Fig. 12. SEM micrograph of the surface of a copper anode containing 6 w% Ni passivated in an electrolyte containing 160 g 1™' H,SOy,
40 g 1”1 Cu®" and 40 g 1" Ni?* at a bath temperature of 60 °C. CuO, CuSO, - 5H,0 and NiSO, - 6H,O are indicated by arrows.

passivation layer as calculated from the corresponding
equivalent circuits. However, this effect was more
pronounced when nickel was added to the electrolyte
than when it was added to the electrode.

Scanning Electron Microscopy revealed when the
nickel ion concentration in the electrolyte increased,
there was an increase in the amount of precipitated
CuSOy - 5H,0 and NiSO, - 6H,O on the surface of the
oxide layer. Nickel additions to the anode did not have a
noticeable effect on the amount of precipitate on the
surface of the oxide layer but had a definite effect on its
structure. As the nickel content increased in the anodes
the oxide layer appeared more porous and had a layered
structure. As a result it would be expected that an
increase in the nickel content in the anode causes the
passive layer to become less stable and be less effective in
slowing electron transport.
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