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Abstract

During electrowinning of copper from wastes, it was observed that Zn2� impurities had some e�ects on the aspect of
the deposits although the codeposition of these two metals is impossible under normal conditions. Cyclic
voltammetry, impedance analysis and rotating disc electrode techniques were used to characterize the e�ect of the
presence of small amounts of Zn2� on the copper electrodeposition kinetics from acidic sulphate electrolytes. SEM
and X-ray di�raction analysis were used to determine the morphology and the structure of the copper deposits.
Their composition was determined using X-ray dispersive analysis. The addition of small amounts of Zn2� had no
e�ect, either on the crystal growth orientation of the copper deposits, or on their composition, but it modi®ed
slightly their morphology by increasing their microscopic roughness. An increase in the cathodic peak of the cyclic
voltammograms observed in the presence of Zn2� can be attributed to the higher roughness of the copper deposits.
From impedance analysis, it can be deduced that Zn2� ions are electrosorbed at the interface and have an e�ect on
the copper electrodeposition kinetics. The adsorption capacitance, Ca, was calculated and correlated with the Zn2�

concentration. It was found that the nucleation time constant, parameter in¯uenced by the growing mode of the
deposit, decreased in the presence of Zn2�, especially at low concentrations.

1. Introduction

One of the distinguishing features of copper electrowin-
ning, as compared with other electrore®ning processes,
is the large concentration of impurities present in the
electrolyte. During the leaching of the raw materials,
many impurities such as Fe2�, Mn2�, Al3�, Ca2�, Ni2�,
Co2�, may be dissolved in the electrolyte. Their e�ects
on copper electrowinning have been investigated in
terms of current e�ciency, deposit morphology and
crystal orientation [1]. The subject has been widely
studied, because of the decrease in the quantity and
quality of the naturally occurring nonferrous resources
and also in order to recover metals from waste, both for
economic and ecological reasons [2].
Many of the electrochemical di�culties encountered

during deposition may be correlated with the concen-
trations of various species that originate in the ore.
Thus, to run the electrowinning process at its maximum

e�ciency, it is necessary to monitor carefully the
behavior of the foreign species.
The Fe2� ion, which is one of the most harmful

elements a�ecting copper electrodeposition, is the most
studied impurity [3±6]. Other species, such as As [7, 8],
Sb [8], Bi [8] and Ni [9], are also known to have a
deleterious e�ect on the structure of the copper elec-
trodeposit. The in¯uence of some electroinactive cat-
ions, such as NH�4 , Na�, K� and Li� has also been
studied. It has been shown that they modify the
nucleation mechanism, the nucleation rate and the
growth mechanism and, therefore, the deposit morphol-
ogy [10].
The present study deals with the speci®c e�ects of

Zn2� ions during copper electrodeposition. Zinc is
present in large amounts in industrial wastes resulting
from the thermometallurgical processing of nonferrous
ores at Copsa-Mica (Romania). The recovery of copper
from these wastes is of major interest. An in¯uence of
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zinc on copper deposit morphology was detected,
although codeposition of this metal with copper is not
possible, due to the very di�erent reduction potentials of
Zn2� and Cu2� ions.
Cyclic voltammetry, impedance spectroscopy and

rotating disc electrode (RDE) techniques were used to
characterize the e�ect of Zn2� on cathodic polarization
and copper deposition kinetics. X-ray di�raction, Scan-
ning Electron microscopy (SEM) and X-ray dispersive
analysis (EDX) were used to investigate the structure,
the morphology and the composition of copper deposits.

2. Experimental details

2.1. Electrolyte

A stock solution of acidic copper sulphate was pre-
pared using pure reagents (Merck) and distilled water.
The solution contained 30 g dmÿ3 Cu2� as CuSO4 and
100 g dmÿ3 H2SO4. Various amounts of a concentrated
solution of ZnSO4 were added to obtain electrolytes
containing 10 to 500mg dmÿ3 of Zn2�.

2.2. Electrochemical cells

Two kinds of electrochemical cell were used. The ®rst, a
parallel plate cell, was equipped with one vertical planar
brass sheet cathode between two parallel lead plate
anodes. This geometry was adopted to simulate, at a
small scale, an industrial cell. Copper was deposited on
both sides of the cathode onto a total area of 2.25 cm2.
The cell volume was 0.1 dm3. The electrolyte was
continuously recirculated from a one litre tank.
The second cell was a cylindrical glass vessel

(V � 100 cm3) with separated compartments. It was
used to perform electrochemical investigations. Copper
was electrodeposited onto a Cu disc electrode (2mm
dia.) which was carefully mechanically polished and
rinsed before each experiment. The working electrode
potential was monitored against a saturated calomel
reference electrode (SCE) by means of a potentiostat
(PS 3, Meinsberg, Germany). The counter electrode was
a platinum grid located in the second compartment of
the cell.

2.3. Examination of deposits

Morphological examination of the copper deposits
prepared in the parallel plate cell were carried out with
a Cambridge S 250 scanning electronic microscope. The
chemical composition of the samples was obtained using
a Tracor±Voyager energy dispersive X-ray analyser

coupled with the SEM. The preferential growth axis of
the copper deposits was determined by comparing the
relative peak intensities of X-ray powder di�raction
diagrams according to a method derived in a previous
study on lead electrodeposition [11].

2.4. Cyclic and linear voltammetry

Cyclic and linear voltammograms were recorded in the
second cell, at a scan rate of 20mV sÿ1 by monitoring
the potential with a computer controlled system. The
potential range was between 0.75 and ÿ0:75 V vs SCE
for the cyclic voltammmetry and between 0 and ÿ0:7 V
vs SCE for the linear voltammetry. Experiments were
performed on the copper disc cathode which was either
motionless or was rotated between 300 and 1300 rpm.

2.5. Spectroscopy of electrochemical impedance

Impedance diagrams were recorded in the Nyquist
coordinate system in the 3.2mHz and 10 kHz frequency
range by using a `virtual instrument' frequency response
analyzer, developed in our laboratory, based on a
AT-MIO 16F5 National Instruments data acquisition
board and an Olivetti 440 PC, connected to an analogic
potentiostat. For control of the mass transport, the
electrode was rotated at 1000 rpm. Measurements were
performed under potentiostatic conditions at three
di�erent potentials (ÿ0:05;ÿ0:075 and ÿ0:1 V vs
SCE) corresponding to moderate cathodic overpoten-
tials. To improve the accuracy, measurements were
automatically repeated up to 20 times, especially for
high frequency measurements, leading to experiments
lasting more than 2 h.

3. Results and discussion

3.1. Structure of copper deposits

Copper electrodeposition was carried out in the parallel
plate cell using electrolytes containing various amounts
of Zn2�. In most cases, the current density was held
constant at 250Amÿ2 for 180min. This corresponds to
a theoretical deposit thickness of 8.5 lm. As can be seen
in Figure 1, the morphology of copper deposits di�ers
slightly, but signi®cantly, in the presence of Zn2�

(Figure 1(b) and (c)) as compared with that obtained
in their absence (Figure 1(a)).
In all cases, the deposits consisted of rounded hillocks.

Each hillock most probably corresponds to a single
copper crystal. It can be observed that the presence of
Zn2� ions in the plating bath induces an increase in
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grain size Dg �Dg � 25 lm for cZn � 0 to Dg � 75 lm for
cZn � 500 lg dmÿ3) which is modi®ed in the presence of
Zn2�. Zinc was never detected in the copper deposits by
EDX analysis, even for the largest concentrations in the
bath. According to X ray di�raction, in contrast to
electrodeposits of other metals, these copper electrode-

posits did not exhibit a clear preferential orientation. In
all cases, the X ray diagrams were very similar to that of
a randomly oriented powder and the presence of Zn2� in
the bath did not change the relative heights of the dif-
fraction peaks. These initial results show that the foreign
ions are present at the interface. They disturb the growth
mechanism of copper although they are not codeposited.
However, the electrosorption of Zn2� is probably
independent on the orientation of crystal faces and
therefore, has no in¯uence on the growth direction. The
observed e�ects occurred for small Zn2� additions and
were not signi®cantly increased for larger concentrations
up to 500mg dmÿ3.

3.2. Cyclic and linear voltammograms

Cyclic voltammograms for copper deposition/dissolu-
tion, from solutions without and with 30mg dmÿ3 Zn2�,
were recorded using a motionless copper disc electrode
(Figure 2). When the potential became more negative,
an increase in the cathodic current density due to copper
electrodeposition was initially observed, and was fol-
lowed by a decrease due to the establishment of the
Nernst di�usion layer. A symmetrical behavior was
observed on the anodic part of the curve. After addition
of Zn2�, an increase in the cathodic and anodic peak
surface of about 10% was observed. This phenomenon
can be attributed either to an increase in the surface
roughness of the copper deposits or to activation of the
surface reactions.

Fig. 1. SEM micrographs of copper electrodeposits obtained from

sulphate electrolyte without (a) and with di�erent concentrations of

Zn2� ions: (b) 50mgdmÿ3; (c) 500mgdmÿ3.

Fig. 2. Cyclic voltammograms for 20mVsÿ1 scan rate on various

Zn2� concentrations: continuous line ± 0 mgdmÿ3, dotted line ±

30mgdmÿ3.
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Cathodic linear polarization curves were recorded
without ohmic drop compensation, by rotating the disc
electrode up to 1300 rpm in order to verify e�ects of
mass transport. The signi®cant increase of the limiting
current intensity for E < ÿ0:5 V vs SCE caused by the
presence of Zn2� ions is clearly an e�ect of higher
roughness leading to an increase in the e�ective surface
area. The small di�erences between the various curves in
the part which is not under mass transport control, are
probably due to small di�erences in electrolyte resis-
tance, due to changes in electrode positioning. They
cannot be attributed to a change in the exchange
reaction rate.

3.3. Impedance measurements

Electrochemical impedance analysis was used to char-
acterize in more detail the e�ects of electrosorbed zinc
ions on the elementary steps of the copper electrodepo-
sition process. Experimental impedance diagrams pre-
sented in the complex-plane (Figures 4±6), recorded in
the above mentioned polarization and addition concen-
tration range, exhibited two capacitive loops and an
additional low-frequency inductive loop. No important
modi®cation of the shape, type and number of the loops

Fig. 3. Polarization curves using various Zn2� concentrations: (j)

0mgdmÿ3, (d) 30mgdmÿ3, (r) 100mgdmÿ3, (h) 500mgdmÿ3.
Rotation speed 1300 rpm, scan rate 20mVsÿ1.

Fig. 4. Complex-plane impedance diagrams for copper electrodeposition at E � ÿ0:1 V. Rotation speed 1000 rpm, Zn2� ions concentration:

(a) 0mgdmÿ3, (b) 10mgdmÿ3, (c) 30mgdmÿ3, (d) 100mgdmÿ3. Frequencies in Hz (i � 88 mAcmÿ2).
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was observed, but only slight modi®cations of the apex
loop and diameter are evident for di�erent Zn2�

concentrations at all potentials.
The high-frequency loop, due to the ®nite rate of the

charge transfer across the interface, allows the determi-
nation of the charge transfer resistance, Rct and the
capacitance of the double layer, Cd. The values of these
parameters were determined by a Levenberg±Mar-
quardt procedure of nonlinear ®tting using a model
consisting of a parallel network between a resistor and
a capacitor connected in series with an additional
resistor. The ®tted experimental data were limited to a
total of 5±6 points, with the frequency values centered
on the apex.
To demonstrate the electrosorption of the Zn2� ions,

the adsorption capacitance, Ca, was calculated. In
contrast to the case where the adsorbed species is
involved in the electrode reaction [12], for the electro-
sorption of an indi�erent species, the double layer
capacitance is independent of frequency. Because the
electrosorption of a charged species increases the charge
separation at the interface, the adsorption capacitance
can be obtained by subtraction of the estimated double
layer capacitance in the absence of the Zn2� ions, C�d,
from the value obtained in its presence:

Ca � Cd ÿ C�d �1�

The above relation does not take into account any
change in the electrode surface. If the mentioned e�ect is
important, a better possibility is to use a similar
equation that contains the extensive parameters ob-
tained after normalization of the capacitances to the
continuous component of the current intensity. Because
an increase in the active area will a�ect both the double
layer capacitance and the current intensity, the extensive
parameter C=I will not be so a�ected by the changing
surface, assuming that the charge transfer kinetics are
unchanged.
A slight reduction in charge transfer resistance

(Figure 7(a)) and an increase in the adsorption capac-
itance of Zn2� ions, even at low concentration values
(Figure 8(a)) were observed. Using the empirical model:
Ca � AcN

Zn2� , Table 1 presents the values of A and N ,
obtained by ®tting experimental data to the model. The
corresponding standard errors, correlation coe�cient,
R, and the value of the double layer capacitance in the
absence of Zn2� ions are also presented.
Figures 7(b) and 8(b) show the variation of the

parameters IRct and Cd=I with Zn2� concentration.
Because the variation of the current density induced by

Fig. 5. Complex-plane impedance diagrams for copper electrodeposition at E � ÿ0:075 V. Rotation speed 1000 rpm, Zn2� ions concentration:

(a) 0mgdmÿ3, (b) 10mgdmÿ3, (c) 30mgdmÿ3, (d) 100mgdmÿ3. Frequencies in Hz (i � 78mAcmÿ2).
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the presence of the Zn2� ions is small, the modi®cations
of these parameters induced by the surface modi®cation
are insigni®cant by comparison with the modi®cations
of Rct and Cd. Figure 8(b) shows that the reduced
parameter Cd=I increases signi®cantly with Zn2� con-
centration. It can be concluded that this e�ect results
mostly from an increase in the interfacial capacitance
due to the presence of adsorbed Zn2� ions, and not from
a simple variation in the surface area.
As can be seen from Figures 4±6, the ohmic resistance

was not invariant. This is due to the di�culty of
maintaining the distance between the working and the
reference electrode constant. The resulting ohmic resis-
tance variation was less than 1±2X and caused di�er-
ences, not exceeding 3±4mV, between the potentials
corrected from the ohmic drop for the di�erent Zn2�

concentrations. Similarly, the presence of the additive
had a very small in¯uence on the charge transfer
resistance and it is di�cult to draw a clear conclusion
about its in¯uence.
The low-frequency features were interpreted on the

basis of a model developed originally for silver elec-
trodeposition [13] and subsequently veri®ed for copper
[14]. The presence of two loops, capacitive and induc-
tive, is explained in terms of relaxation of the electrode
area due to the birth and growth of monolayers formed

on the facets of crystallites. The capacitive loop origi-
nates from the propagation of edges over a ®nite
distance, while the inductive loop corresponds to the
lengthening of this distance, possibly related to the slow
desorption of inhibiting adsorbate species.
This model assumed that:

(i) the birth of edges is a random process characterized
by a mean birth rate, m,

(ii) the velocity of edges, v, is proportional to the cur-
rent density, i, on the active area of edges,

(iii) the active edges grow radial and the length of active
edge is governed by an ageing function f �u; s�,
where u is the age of a monolayer and s its lifetime,
corresponding to the mean propagation distance of
edges, ro, given by

ro � vs �2�

(iv) the propagation distance ro lengthens with in-
creasing overpotential and sn is the time delay
necessary for this lengthening.

Assuming that the steady state is reached, the faradaic
impedance, Zf, is given by

1

ZfI
� 1

RctI
� dm

mdE
ÿ dv

vdE

� �
F �x�

s
�3�

Fig. 6. Complex-plane impedance diagrams for copper electrodeposition at E � ÿ0:05V. Rotation speed 1000 rpm, Zn2� ions concentration: (a)

0mgdmÿ3, (b) 10mgdmÿ3, (c) 30mgdmÿ3. Frequencies in Hz (i � 67mAcmÿ2).
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where I is the current intensity, E is the applied potential
and Rct is the charge transfer resistance. The Fourier
transform of the ageing function is given by

F �x� �
Z1
0

f �u; s� exp�ÿjxu� du �4�

The inductive or capacitive type of process response
depends on the di�erences between the di�erentials
contained in the faradaic impedance equation. There-
fore, if the inequality:

dm
mdE

>
dv

vdE
�5�

is satis®ed, an inductive loop will be generated and, in
the reverse case, a capacitive one.
Considering the fraction of nuclei, k, subject to delay

sn before entering into an ageing process, the faradaic
impedance equation becomes a function of the two time
constants, s and sn: [15]

1

Zf
� 1

Rct
� 1

Rp

k
1� jxsn

� 1ÿ k

� �
ÿ 1

Rct

� �
F �x�

s
�6�

where Rp is the polarization resistance, obtained by
extrapolation of Zf at in®nite low frequencies. The delay

Fig. 7. In¯uence of Zn2� ion concentration on the charge transfer

resistance (a), and on intensive parameter IRct, (b). D.c. potential: (h)

ÿ0:075V, (d) ÿ0:1V. Error bars indicate the calculated standard

error.

Fig. 8. In¯uence of Zn2� ion concentration on the adsorption capac-

itance (a), and on intensive parameter Cd=I (b). D.c. potential: (h)

ÿ0:075V, (d) ÿ0:1V.
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sn includes any retarding process such as the induction
time of nucleation, the slow desorption of inhibiting
species or any other retarding event.
If the epitaxial growth is perturbed by the electrode

surface roughness or by poor electrode polishing, the
low-frequency loop becomes inductive as disordered
polycrystalline deposits are formed. Therefore, the LF
inductive loop, characterized by the nucleation time-
constant, sn, is strongly in¯uenced by the growth mode
of the deposit.
From this analysis it appears that the time constant sn

is in¯uenced by the additive concentration (Figure 9). A
signi®cant decrease was found, especially at low con-
centration, suggesting that the adsorbed Zn2� ions
modify the birth of edges. This behavior was previously
attributed to a slow desorption of some inhibiting
species, a process equivalent to an elongation of r0 with
the potential [15]. The decrease in sn suggests a
stimulation of the desorption of an inhibiting species
at the electrode in the presence of Zn.

Due to the small extent of the frequency domain, k
was not precisely determined. It was found to be in the
range 0.95±1, excluding the situation where additive
concentration is high at the lowest overpotential value
(Figure 6(c)), which corresponds to the cases when the
polarization resistance had a much lower value than RO

(the resistance when the capacitive behaviour turns into
inductive behaviour).
The time constant of the low frequency capacitive

loop, is strongly in¯uenced by the Zn2� concentration
(Figure 10). Its characteristic frequency lies in the range
of few hertz. As suggested in [14], this low frequency
capacitive loop is not a consequence of nucleation
growth phenomena, but of the kinetic e�ects of the two
step reduction process of Cu2� ions. The small varia-
tions in the loop parameters suggest that the adsorbed
Zn2� ions slightly modify the two standard heteroge-
neous rate constants corresponding to the above men-
tioned successive reactions.

4. Conclusions

An in¯uence of zinc on copper deposit morphology, was
detected, in spite of the fact that, due to the largely
di�erent reduction potentials of Zn2� and Cu2� ions, the
codeposition of the twometals is theoretically impossible.
The morphology of copper deposits di�ers slightly in

the presence of Zn2�. This suggests that Zn2� ions are
electrosorbed at the interface and slightly modify the
microscopic aspect and, consequently, the e�ective
surface of the copper deposits. The changes occur at
small Zn2� additions and there are no signi®cant

Fig. 9. In¯uence of Zn2� ion concentration on the nucleation time

constant sn. D.c. potential: (h) ÿ0:075V, (d) ÿ0:1V. Error bars

indicate the calculated standard error.

Fig. 10. In¯uence of Zn2� ion concentration on the time constant of

the low-frequency capacitive loop, s, for E � ÿ0:075V.

Table 1. Double layer capacitance values and standard errors

determined in the absence of Zn2� ions and the coe�cients values,

standard errors with correlation coe�cient, R, describing the in¯uence

of Zn2� ions on the adsorption capacitance

E/V A N R C�d=lF cm2

Value Std.

error

Value Std.

error

Value Std.

error

)0.075 13.0 1.2 0.435 0.027 0.9981 158 29

)0.100 15.0 1.3 0.455 0.022 0.9980 177 31
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di�erences between the deposits obtained with 50 and
500mg dmÿ3 Zn2� concentrations.
An increase in the cathodic peak surface in cyclic

voltammograms is observed in the presence of Zn2�,
which is in agreement with the higher roughness of the
copper deposits obtained in a parallel plate electrolysis
cell.
Impedance spectroscopy measurements reveal the

presence of a high frequency capacitive loop (allowing
the determination of the double layer capacitance and of
the charge transfer resistance), of a low frequency
capacitive loop, caused by the two-step charge transfer
of the copper ions, and of a low frequency inductive
loop, that can be used for the quanti®cation of the
growth model of the deposit. In order to demonstrate
the electrosorption of the Zn2� ions, the adsorption
capacitance, Ca, was calculated and correlated with Zn2�

concentration. The presence of the Zn2� ions increases
the value of the double layer capacitance. Due to the
slight variation of the dc intensity with ion concentra-
tion, we concluded that in the variation of the double
layer capacitance the electrosorption e�ect is dominant.
The charge transfer resistance is slightly a�ected by the
presence of Zn2� ions. The most important e�ect on the
copper electrodeposition kinetics seems to be the mod-
i®cation of the balance between the two steps of the
reduction of Cu2� ions. It was found that the nucleation
time constant is in¯uenced by the concentration of Zn2�,
especially at low concentrations (less than 30mg dmÿ3).
The presence of Zn2� ions induces a decrease in the
nucleation time constant, probably by stimulation of the
desorption of an inhibiting species.
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