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Abstract

A chalcopyrite CuFeS, electrode obtained from the “El Teniente” mine has been studied by Electrochemical
Impedance Spectroscopy (EIS) in an alkaline solution for different oxidation potentials. The experimental results can
be interpreted from a Randles equivalent circuit, V5, <0.4 V vs. saturated calomel electrode (SCE), and a surface
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1. Introduction

The industrial flotation process of chalcopyrite
CuFeS, produces a number of irreversible degrada-
tion processes such as redox reactions, adsorption
and others which affect the mineral surface and a
layer of modified mineral is grown; these changes
modify the hydrophobicity of mineral and the
industrial performance of the flotation process
[1,2]. A number of studies [3] have shown that,
in general, these films consist of two layers; an
inner barrier layer consisting of a disordered crys-
talline phase which is typically 0.5-2 nm thick and
an outer hydrated layer which may extend to
significant distances from the surfaces depending
upon the system under study; this layer implies a
strong change of impedance and capacity electrode
and the electrode/electrolyte interface.
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The object in Electrochemical Impedance
Spectroscopy (EIS) is to correlate features of
impedance spectra with their underlying micro-
structural origins by means of appropriate and
reasonable equivalent circuit. Analysis of experi-
mental data of EIS provides information about
physical and chemical processes present in the
electrode/electrolyte interface, such as charge
transfer resistance, which is related to the faradaic
current flowing across the interface, and the
Warburg impedance, which is related to the diffu-
sion-controlled migration.

The aim of this paper is the application of EIS
to a chalcopyrite electrode in an alkaline solution
of borate (pH 9.2) in order to determine its equiva-
lent electrochemical circuit and the influence of
applied potential in the behaviour of electrode/
electrolyte interface. Because these processes are
charge transfer processes, EIS is very valuable
because of its ability, in a single experiment, to
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detect interface and bulk relaxation covering a
wide range of relaxation times [4,5].

2. Experimental

The working electrode is natural chalcopyrite
(CuFeS,) from the “El Teniente” mine (Chile); its
crystalline structure has been determined by X-ray
diffraction. The sample was placed on epoxy resin.
The area of the electrode exposed to the electrolyte
was 0.2cm? The electrode was attached to a
copper wire with In—-Ga. The auxiliary electrode
was made of graphite and the reference electrode
was a saturated calomel electrode (SCE). Before
each measurement a fresh electrode surface was
prepared by wet abrading with 600 grade silicon
carbide paper and then rinsing with deoxygenated
deionized water. Finally, a fine polish was achieved
with alumina suspension of first 0.3 and then
0.05 m particle size. The electrolyte solution was
prepared with disodium tetraborate decahydrate
GR (borax) from Merck (EWG-NTr. 215-540-4) to
0.05M in deoxygenated deionized and, by heat
treatment, dicarbonated water obtaining a con-
stant ionic strength of 0.2 at pH 9.2. Impedance
data were recorded with a Solartron 1255
Frequency Response Analyzer. For all impedance
measurements, the Solartron sine wave output was
superimposed on an applied d.c. bias from a
Solartron 1286 Electrochemical Interface. The
FRA and the EI were both controlled by computer
by means of an “ad hoc” handmade program.
Measurements were made for the frequency range
from 10 mHz to 10 kHz for different d.c. applied
potential (—0.1 V to +0.7V vs. SCE) and a.c.
potential of 0.01 V [6]. The d.c. potential range is
from that corresponding to the natural state
(—0.1V vs. SCE) to that corresponding to the
beginning of compositional change in the CuFeS,
electrode surface by an oxidation process (+0.8 V
vs. SCE). Before each EIS measurement, the d.c.
potential is applied by a potentiostat in the positive
sweep direction (PSD) from —0.1V vs. SCE to
the value of the applied d.c. potential with a sweep
rate of SmV/s.

3. Experimental results

Data directly measured as complex impedance
Z* were converted into complex capacitance C*
using the relation [7,8]:

1

CH(w)=
©= oz

which is related to the complex dielectric constant
through the relation:

)= <

where C, is the vacuum capacitance and

J=V(=D.
3.1. Impedance

Fig. 1(a)-(d) presents the real (horizontal, Z’)
and imaginary (vertical, Z”) components in the
complex plane of the total circuit impedance for
each frequency and different applied potentials. At
high frequencies, the data show a semicircle fol-
lowed, at intermediate and low frequencies, by a
straight line of slope 45°. As the applied potential
is moved to more positive values, the semicircle at
high frequencies increases progressively and pres-
ents a dramatic change for potential values higher
than 0.4 V vs. SCE. Figs. 2 and 3 show the imped-
ance modulus and phase angle Bode plot.

3.2. Differential capacitance

Variations of the real part of the complex capaci-
tance:

1

log C=log <2ch Im(Z)A)

for some d.c. potential are plotted in Fig. 4(a),
where A is the apparent electrode area, Im(Z) the
imaginary part of Z* and f the frequency [9].
Fig. 4(b) shows the capacitance complex plot for
some d.c. potential. For an ideal capacitance,
which is an independent frequency capacitance,
the variation of log C with logf is a horizontal
straight line [10]. This capacitance is a “frequency-
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Fig. 1. Nyquist plot of complex impedance for some V. vs. SCE: (a) —0.1 V; (b) +0.2V; (c) +0.4V;(d) +0.6 V.
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Fig. 2. Impedance modulus plot vs. frequency for some ¥ vs.
SCE: @, —0.1V; O, +0.2V; 1, +04V; +, +0.5V.

dependent” capacitance rather than an ‘‘ideal”
capacitance. This effect is usually called frequency
dispersion of capacitance or simply capacitance
dispersion. Experimental variations of log C are
linear with a low slope at each end of the frequency
domain. This may be explained by an empirical
constant phase element (CPE) with Q=1/Kp". In
this expression, n is a dimensionless number, lower
but close to 1, K is a constant whose dimen-
sion is Fs" ! and p=jo with w=2rnf. Q is
equivalent to the impedance of a capacitance
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Fig. 3. Phase angle plot vs. frequency for some V, vs. SCE: @,
—0.1V; O, 402V; O, 404 V; +, +0.5V.

C=K(Q2nf)" !, or log C=log[K(2n)" ]+ (n—1)
log f=constant(n—1)log f, that is, the CPE
behaves as a capacitance varying with the fre-
quency. This modification to an ideal capacitance
behaviour has already been explained by distribu-
tion effects [11], porosity [12] or fractal geome-
try [13].

One may distinguish in Fig. 4(a) and (b) three
kinds of frequency domain in which slopes differ
for each d.c. applied potential, moreover, the
Mott-Schottky plot shows a dramatic change
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Fig. 4. (a) Complex capacitance modulus vs. frequency for
some Vg, vs. SCE: @, —0.1V; O, +0.2V; [J, +04V; +,
+0.5V. (b) Nyquist plot of complex capacitance for some
Vg vs. SCE: @, —0.1V; O, +0.2V; I, +04V; +, +0.5V.
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Fig. 5. Mott—Schottky plot: @, 100 Hz; x, 1 kHz.
when V. >0.4V vs. SCE (Fig. 5); for a V,_ lower
than 0.4 V vs. SCE C~? it presents an exponential

increase which is almost independent of frequency
and implies an n-type semiconductor.

3.3. Equivalent circuit

The above results can be represented by a simple
equivalent R—C circuit of the type illustrated in

Fig. 1(a) (Randles circuit) [14]. In such a circuit,
R, represents the resistance of the electrolyte
between the electrode under study and the counter-
electrode and others ohmic resistance, that is, the
uncompensated resistance; R; is the interfacial
resistance and/or the charge transfer resistance;
Cy 1s the double layer capacitance, and W is a
Warburg element, which takes into account diffu-
sion effects [15]. In the Nyquist plot, going from
high to low frequencies, the semicircle correspond-
ing to the R—Cy parallel combination and the
straight line is due to diffusion impedance. The
experimental data were fitted by means of a non-
linear least squares method [16] (Table 1). For
V4. >0.5 V vs. SCE the plots show a new relaxation
process and the experimental data can be modeled
by a surface layer equivalent circuit [17], Fig. 6(b);
in this circuit Ry is the surface layer resistance,
C,, the polarization of surface layer, R, the charge
transfer resistance, W a Warburg impedance, the
serial R W association represents the faradaic
current branch and the W'Cy association is the
non-faradaic current one originated by the dis-
placement current due to charge polarization. The
existence of a surface layer modifies the double
layer capacitance, which is associated with the
mobile species in the surface layer. Since the double
layer is confined to a small fraction of the surface
layer, the relation Cy4,> Cy can be anticipated, so
we are justified in putting the surface layer circuit
in series with the interfacial region circuit.
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Fig. 6. (a) Randles circuit; (b) surface layer circuit.
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Table 1
Characteristic parameters for Randles and surface layer circuit

Ve vs. SCE R, (kQ) Cy (WF cm?) W (10 ! Hz'/?) R, (kQ) Cy (uF cm?) R, (kQ)
-0.1 19.79 0.63 8.9

0.1 45 2.1 20.7

0.2 10 1.63 20.8

0.3 16.22 1.03 235

0.4 18.69 0.8 24.1

0.5 25.55 0.058 1.87

0.6 0.062 1.58 61.93 0.0023 10.5

0.7 0.15 1.21 41.86 0.0085 83.7

4. Discussion

According to the thermodynamic diagram [18],
chalcopyrite electro-oxidation at pH 9.2 must show
the following general process:

CuFeS,—Fe,0;—CuS—CuFeO,—CuO,
S, Fe,05

and the variation in modulus of complex imped-
ance, (|Z*|=VZ? +2Z") and the real part of the
complex capacitance must be due to the formation
of a layer of these species. The slow change of
Randles elements and other electrochemical char-
acteristic parameters, impedance, capacitance and
C~2, implies a slow growth of the oxide layer.
From XPS, voltammogram and photovoltammo-
gram data in the positive sweep direction [6,19],
we can assume that for potentials lower than 0.4 V
vs. SCE a thin layer of Fe,O5 is formed by the
Fe*" ion migration to the surface electrode; but
Cu and S are not oxidized. However, the strong
change for potentials higher than 0.4 V vs. SCE
implies quick modification of the layer and
film/electrolyte interface. The charge transfer resis-
tance presents the most important transformation;
for V;.<0.4V vs. SCE, a layer of CuFe;_.S, is
grown over the electrode surface, by means of
the formation of a metastable compound (CuS¥)
and the migration of Fe®** ions; however, for
Vie>0.4V vs. SCE, there is a migration of Fe3*
ions and S atoms to give rise to the formation of
Fe, 05 and CuO from a deeper layer whilst elemen-
tal S is deposited on the electrode surface and the
development of non-homogeneous films on the
surface of the electrode is originated. The change

of surface composition implies a change of the
equivalent circuit; now, it is necessary to take into
account the new relaxation due to a surface layer
electrolyte which is produced by the oxidized sur-
face of the electrode; moreover, the new composi-
tion of surface layer implies a non-faradaic current
due to a strong change of the charge polarization.

The increase of interfacial resistance R; with the
applied potential for the range V;.>0.4 V vs. SCE
can be attributed to an increase of film thickness,
and the strong decrease for V,;,>0.4V vs. SCE
implies a change of surface composition with a
better electrical conductivity. The Warburg ele-
ment of the Randles circuit presents a slow increase
when the potential moves into more positive
values (V4,<0.4 V vs. SCE); as this circuit element
is inversely proportional to the diffusion coeffi-
cient, this result indicates that the charge carrier
mobility changes with the applied potential, and
more specifically, in agreement with the kinetics
of the process which become increasingly diffusion-
controlled; moreover, the strong decrease for
V4e>0.4V vs. SCE implies an increase in the
diffusion coefficient when there is CuO on the
electrode surface.

5. Conclusion

The oxidation of chalcopyrite in an alkaline
solution produces a modification of the electrode
surface; for values lower than 0.4V vs. SCE a
Randles equivalent circuit can be used, but the
Nyquist plots present a change when the applied
potential is higher than 0.4 V vs. SCE and a surface
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layer model must be used. This change gives rise
to a modification of the charge transfer resistance
and the diffusion coefficient of charge carriers
across the interlayer electrode/electrolyte resis-
tance. This behaviour is due to the initial formation
of a layer of Fe,O; and an inner layer of CuO
and Fe,O; which confer an irregular and non-
homogeneous surface to the electrode.
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