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Pyrite is an abundant mineral, and its dissolution is important in the formation of acid mine drainage and the
extraction of metals. It has also been considered as a candidate material for electrochemical solar cells. We
studied the anodic processes on pyrite in hydrochloric acid. The current–voltage curve at steady state has
three regions. At potentials below 0.6 V, the current is low, and the Tafel slope is high; between 0.6 and 0.9 V,
the current is significant, and the Tafel slope is 0.082 V/decade; at potentials above 0.9 V, the current remains
high, but the Tafel slope changes to 0.430 V/decade. From careful measurements of the dissolution of pyrite by
chlorine, we show that this third region is due to charge transfer and not ohmic resistance. The shape of the
current–voltage curve is unaffected by the type of acid used. The effect of temperature was measured, and the
activation energies for the middle and upper region are 46 and 105 kJ/mol, respectively. The steady-state
current–voltage curves are not affected by the concentration of HCl, but are affected by the concentration of
chloride ions, with an order of reaction of −0.1, indicating that the rate only slightly dependent on chloride
ions. Pretreatment tests and XPS analysis of the surface confirm that the change in Tafel slope is not due to the
formation of a surface coating or oxidation product. A comprehensive model of the anodic dissolution of pyrite
that describes the current–voltage behavior of pyrite over the entire anodic region is proposed. At low potentials,
the behavior of pyrite is typical of an n-type semiconductor with some dissolution. However, as the potential is
increased, the Fermi level overlaps with an intrinsic surface state. The rate of dissolution of the pyrite in this re-
gion is dependent on the occupancy of the surface state. This accounts for previous reports indicating that pyrite
is quasi-metallic. The rate-determining step is the transfer of charge across the space-charge layer. As the poten-
tial is increased to about 0.9 V, the surface state is unoccupied, and the rate-determining step changes to the
transfer of ions across the Helmholtz layer. An expression based on this model fits the experimental data. An im-
portant feature of this model is that it also explains two contradictory features of pyrite electrochemistry. On the
one hand, n-type and p-type pyrite samples may have similar kinetic parameters, which suggests that the elec-
tronic structure of pyrite makes little difference. On the other hand, illuminating the sample with light increases
the rate of dissolution, which suggests that the electronic structure is important. The proposed model based on
surface states explains these seemingly contradictory observations.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The oxidation of pyrite is important in a number of differentfields. In
the extraction of gold, the dissolution of pyrite exposes enclosed gold.
Cobalt is incorporated into the pyrite structure in some ores (Dew
et al., 1997). Extraction of cobalt from these ores requires dissolution of
the pyrite structure (Fowler et al., 1999, 2001; Holmes and Crundwell,
2000; Holmes et al., 1999). The dissolution of pyrite is very important
in the generation of acid mine and rock drainage. Exposure of pyrite
exposed by industrial activity and its subsequent dissolution can lead
to major environmental problems (Evangelou, 1995). Other environ-
mental problems, such as the high levels of sulfur dioxide emission
from coal-fired power stations may be prevented by the removal of
F.K. Crundwell).
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pyrite from coal by oxidative dissolution (Mishra and Osseo-Asare,
1987).

Two of the properties of pyrite, its ability to absorb light in the whole
of the visible spectrum and its low rate of anodic photocorrosion, suggest
that itmay be a suitablematerial for the anode in a photoelectrochemical
cell (Chen et al., 1991; Schubert and Tributsch, 1990; Wei and Osseo-
Asare, 1996, 1997). Photoelectrochemical studies of the pyrite-aqueous
solution interface have shown that pyrite is an efficient photoanode
and that corrosion by photoinduced holes is suppressed by the non-
bonding d-states (Chen et al., 1991; Crundwell, 1988; Ennaouni et al.,
1985, 1986; Mishra and Osseo-Asare, 1992; Schubert and Tributsch,
1990).

Because of the importance of the oxidation of pyrite in these fields,
the electrochemistry of pyrite has attracted the attention of many
investigators.

Characterizing the pyrite-solution interface by the analysis of the
capacitance using Mott–Schottky plots has not been successful with
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Fig. 1. The anodic behavior for an n-type semiconductor. With increasing potentials from
the open-circuit potential, Voc, the anodic behavior of an ideal n-type semiconductor
becomes saturated, which means that the current is limited by the transport of electrons
across the space charge layer. For a non-ideal semiconductor, the current isn't completely
limited due to either dissolution (corrosion) of the semiconductor, or another conduction
band process. As the anodic potential is increased, a point is reached when the semicon-
ductor begins to breakdown. This breakdown is due to dissolution (corrosion) of the
semiconductor.
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pyrite in aqueous solutions. This is due to interference from the adsorp-
tion of solution species or intrinsic states on the surface (Mishra and
Osseo-Asare, 1988a, 1988b, 1992). The characterization of the interface
may be performed in non-aqueous solutions to limit the effect of
adsorption surface states (Frank and Bard, 1975; Kohl and Bard, 1977).
However, Mott–Schottky plots of pyrite are non-linear even in acetoni-
trile solutions (Mishra and Osseo-Asare, 1988a, 1988b). Therefore, it
appears that the surface properties of pyrite are far more complex
than those of ideal and more conventional semiconductors (Salvador
et al., 1991).

The ideal semiconductor-solution interface and the Schottky-barrier
diode are analogous (Koval and Howard, 1992; Morrison, 1980;
Reichman, 1980; Vanmaekelbergh, 1997). Thus, large anodic currents
due to dissolution are not expected for awide bandgap, n-type semicon-
ductor in an indifferent electrolyte in the dark (Vanden Berghe et al.,
1974). The expected current–voltage curve for an ideal n-type semicon-
ductor is shown in Fig. 1.

If pyrite behaved in this ideal manner, the current due to the anodic
dissolution of n-type pyrite expected to be low. In acetonitrile solutions,
pyrite behaves as an ideal semiconductor: only very small anodic cur-
rents are found in this blocked region (Mishra and Osseo-Asare, 1992).
However, significant anodic currents are measured at potentials above
0.6 V (vs Ag/AgCl)1 for pyrite in aqueous solutions, suggesting that the
non-ideal behavior of pyrite is associated with the adsorption of
water-related species. In other words, the dissolution of pyrite is associ-
ated with adsorbed hydroxyl or hydronium species.

A number of studies have examined the characteristics of the
current–voltage curve, and the chemistry of the corrosion products
(Ahlberg and Broo, 1997; Biegler and Swift, 1979; Meyer, 1979; Peters
and Majima, 1967; Springer, 1970). Two potential regions have been
identified in the anodic current–voltage curve. These two regions corre-
spond with the two regions shaded in gray in Fig. 1.

In the first region, between the rest potential and about 0.6 V, the
current is very low. The formation of a protective coating of either sulfur
or polysulfide material has been advanced as an explanation for these
low currents in this region (Biegler and Swift, 1979). However,
Crundwell (1988) argued that the electronic structure of pyrite was
responsible for the current behavior in this region.

In the second region, between 0.6 and 0.9 V, significant currents are
measured with a Tafel slope of between 0.09 and 0.11 V/decade
(Ahlberg and Broo, 1997; Biegler and Swift, 1979; Meyer, 1979; Peters
and Majima, 1967; Springer, 1970). The value of the Tafel slope falls
between that of an ideal semiconductor (0.06 V) and a metal (0.12 V).
However, Springer (1970) and Biegler and Swift (1979) found that
type of conductivity (n or p-type) had no effect on the Tafel slope.
Furthermore, Doyle andMirza (1996) couldfindno correlation between
the kinetics of anodic dissolution and the bulk electronic properties of
pyrite. Thus, these researchers found that the electronic properties
have little effect on the breakdown, or dissolution, of the semiconductor.

Two explanations for the value of the Tafel slope in the second
region have been advanced. Meyer (1979) found that pH affected the
rate of reaction and proposed a two-layer mechanism to account for
both the Tafel slope and the effect of pH. The transfer of charge across
the first layer is of the same form as the Butler–Volmer equation,
while the transfer of charge across the second layer is an equilibrium
process dependent on both the pH and the potential difference across
this second layer. Biegler and Swift (1979) proposed that an electro-
adsorption step could account for the effect of pH. They proposed the
coverage of the surface by the adsorbed species was described by the
Temkin isotherm, and this accounted for the value of the Tafel slope.
Both these studies treated the pyrite electrode as a metal.

Deviations from the ideal semiconductor model have been often
attributed to the presence of surface states within the band gap of the
1 All potentials are referred to the Ag/AgCl reference electrode.
semiconductor (Allongue and Cachet, 1985; Bard et al., 1980;
Chazalviel, 1982; Disilverstro et al., 1986; Frese and Morrison, 1979; Li
and Peter, 1985; Morrison, 1980; Noufi et al., 1978; Vandermolen et al.,
1980). Such surface states may arise from unfilled valencies on surface
atoms, or from adsorbed chemical species (Morrison, 1980). In order to
avoid the formation of adsorbed surface states, the semiconductor sur-
face may be characterized in non-aqueous solutions (Frank and Bard,
1975; Kohl and Bard, 1977). However, the Mott–Schottky plots of pyrite
are non-linear even in non-aqueous solutions, suggesting that surface
states are intrinsic states rather than adsorbed states. The photovoltaic
behavior of pyrite in the presence of various redox couples suggested
that the Fermi level is pinned by surface states since the potential at
which the onset of photo-current is observed is independent of the
redox potential of the solution (Jaegermann and Tributsch, 1983;
Mishra and Osseo-Asare, 1988a, 1988b). This finding was confirmed by
photovoltaic experiments in aqueous solutions on pyrite surfaces cleaved
in situ (Richardson et al., 1996).

The nature of these intrinsic surface states and the upper valence
band of pyrite has been examined by synchrotron X-ray photoemission
spectroscopy (Bronold et al., 1994). The valence band is comprised of
bonding eg and non-bonding t2g orbitals and the conduction band is
comprised of antibonding eg⁎ orbitals. Thus, the upper valence band
has a non-bonding character (Bronold et al., 1994; Vaughan and Craig,
1978). The surface of pyrite is characterized by an intrinsic surface
state formed by iron in a square pyramidal field because of the loss of
sulfur atoms. The Fe 3d orbitals are further split into two levels about
0.35 eV apart. The valence band spectra indicated that the valence
band edge is close to the Fermi level, in spite of the n-type conductivity
(Bronold et al., 1994). This indicates that there is an inversion layer at
the pyrite surface in vacuum.

It is clear that the anodic behavior of pyrite is not that of an ideal
semiconductor, nor that of a metal. The anodic dissolution of pyrite in
aqueous solutions is influenced by its semiconducting nature since
anodic photocurrents are observed. However, an n-type semiconductor,
such as pyrite, should not readily dissolve at anodic potentials, and the
Tafel slopes are not those typical of an ideal semiconductor. In semicon-
ductor terminology, pyrite has a low breakdown potential (Vbd in Fig. 1)
in aqueous solutions.

Although the current–voltage characteristics are an important
indication of the structure of the interface (Allongue et al., 1992;
Meissner and Memming, 1992), and of the charge-transfer processes
occurring at the interface, the anodic current–voltage curves of pyrite
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have not been satisfactorily explained. In this paper, we present a study
of the current–voltage characteristics of pyrite, and an XPS analysis of
the surface. Finally, we propose a novel mechanism for the dissolution
of n-type pyrite that describes our results.
2. Experimental apparatus and procedure

2.1. Materials and apparatus

Electrodes used were made from pyrite samples obtained from
Wards Scientific Establishment, Rochester, NewYork. The pyrite sample
was obtained in the form of single cubic crystal, which was cut into
rectangles measuring approximately 1.5 × 0.5 × 0.5 cm. The sample
was found to be n-type by the thermoelectricmethod and theHall effect
method. The Hall effect measurements showed that the carrier concen-
tration was 7.21 ± 0.58 × 1017 cm−3. The resistivity, measured by the
four-wire method, was 75 ± 5 × 10−3 Ω cm. Electrical contact was
made using colloidal silver paste. The pyrite was then mounted in
Struers cold mounting epoxy resin leaving only one face of the pyrite
exposed.

The experimental apparatus is shown in Fig. 2. A three-electrode cell
was used, consisting of a pyrite working electrode, a carbon counter
electrode and Ag/AgCl reference electrode. All potentials are referred
to the Ag/AgCl reference. The three electrodes and the electrolyte solu-
tion were placed in a glass container fitted with a water jacket. Water
from a constant water bath was pumped through the jacket. The con-
tainer lid was fitted with an inlet for a gas sparger. The pyrite working
electrode was connected to the rotating disk apparatus.

A BAS 100 B/Welectrochemicalwork station, connected to a personal
computer, was used to perform all voltammetry. A 1170 Solartron fre-
quency response analyzerwas used in conjunctionwith a 1186 Solartron
electrochemical interface for the ac-impedance tests. The cell response
was monitored for noise using a PM 3070 Philips oscilloscope.
Fig. 2. The three-electrode apparatus formeasures of current as a function of potential and
preparing pyrite samples at particular applied potentials.
Analytical grade reagents were used throughout. High purity nitro-
gen gas was used.

2.2. Procedure

Nitrogen was bubbled through the solution for 15 min prior to each
experiment in order to remove the dissolved oxygen. The pyriteworking
electrodewas polishedusing 600 gritwater paper, rinsedwith deionized
water and immediately immersed in the solution in the electrochemical
cell. The pyrite electrode was then polarized at −0.2 V to remove any
oxidation products on the surface of the pyrite electrode.

The current–voltage behavior of pyritewas investigated using steady-
state and cyclic voltammetry. In the steady-state experiments, the
potential of the pyrite electrode was set at an anodic potential starting
at 0.7 V and held for 1 min. The potential was increased in 25mV inter-
vals until a potential of 1.2 V was reached.

2.3. Surface analysis

After pyrite electrodes were subjected to specified electrochemical
treatment, they were removed from the electrochemical cell and thor-
oughly rinsed with distilled water. The pyrite sample was removed
from the electrode mounting using a diamond edge metallographic
sample cutter. The sample sides were still embedded in epoxy and
only the treated surface and the back of the sample were exposed. The
samplewas dried in a nitrogen environment and transferred to a sample
holder filled with nitrogen gas.

X-ray photoelectron spectroscopy (XPS) was conducted in a VG
ESCALAB MK II spectrometer fitted with a VG SIMLAB. Linear back-
ground subtraction and least squares fitting procedures were used to
determine peak positions, line widths and peak areas. The C 1s peak
with a binding energy of 284.6 eV was used to correct data for surface
charging effects. Both wide energy band and narrow energy band
sweeps were carried out on the various pyrite samples.

3. Results

3.1. Current–voltage behavior

The current–voltage behavior from the rest potential to a potential of
1.2 V in solutions of three different acids is shown in Fig. 3. The data
shown in Fig. 3 indicates that the type of electrolyte has little effect on
the current–voltage curve.
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Fig. 3. The current–voltage curve for n-pyrite in different acid solutions showing the three
different regions for pyrite. Conditions: temperature, 25 °C; sweep rate, 0.66 mV/s.
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Fig. 5. The effect of temperature on the steady-state current–voltage curve of n-pyrite. The
points represent the data, while the lines represent the proposedmechanism. Conditions:
1 M HCl; rotation speed, 840 rpm.
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Three distinct regions exist for pyrite in this range of potentials. The
low potential region has been referred to as the passive region by previ-
ous researchers (see for example Li andWadsworth, 1993). This region
is labeled ‘A’ for later reference. The intermediate potential region,
labeled ‘B’, has a Tafel slope of about 0.09. This region has been referred
to as the “transpassive”, or “active” region by other researchers (Li and
Wadsworth, 1993). The region above 0.9 V, labeled ‘C’, has not beenpre-
viously discussed. The change from region ‘B’ to region ‘C’ could be
caused either by a change inmechanism, or by ohmic resistance. An ini-
tial response might be to conclude that this change in slope is due to
ohmic reasons. However, it is argued later from several pieces of evi-
dence that the change in slope is not due to ohmic resistance, but to a
change in mechanism.

Cyclic voltammetry at a sweep rate of 0.5 V/s confirmed that there
are no anodic processes between the rest potential and 0.6 V. Two
reversible processes, shown in Fig. 4 as peaks 1–1′ and 2–2′, occur at
potentials cathodic to the rest potential, that is, at −0.1 V and 0.05 V.
Conway et al. (1980) proposed that the one process corresponds with
the adsorption and desorption of H+ at the pyrite surface, and that the
other process corresponds with the formation of reversible oxide layers
on the pyrite surface. Mishra and Osseo-Asare (1988a, 1988b) argued
that both processes are associated with the formation of oxides on the
surface. A single anodic process, shown as peak 3 at potentials above
0.6 V, is the irreversible dissolution of the pyrite.

The irreversible anodic dissolution of pyrite at potentials above 0.6 V
was investigated in further detail. The effect of temperature on the rate
of anodic dissolution at steady state, shown in Fig. 5, is pronounced. Two
regions are apparent in Fig. 5, corresponding to the regions B and C
shown in Fig. 2. The average Tafel slopes are 0.082 and 0.430 V/decade
for these two potential regions. Further experiments demonstrated that
the rotation speed of the electrode had no effect on the current.

The effects of HCl, and KCl on the rate of anodic dissolution in regions
B and C are shown in Figs. 6 and 7. The results presented in Fig. 6 indi-
cate that the concentration of HCl has little effect on the current in a 1
M KCl solution. The results presented in Fig. 7 indicate that the concen-
tration of KCl has a small negative effect on the current in 0.25 M HCl.
The reaction order with respect to the chloride concentration is about
− 0.2 at 0.775 and − 0.15 at 1.125 V.

The effect of electrode potential on the ac-impedance results are
given in Figs. 8 and 9. Fig. 8 shows the Nyquist plot of the imaginary
component of the impedance against the real component, while Fig. 9
Fig. 4. The effect of sweeping to different potentials on the cyclic voltammogram of pyrite
at high sweep rates. The peaks labeled 1 and 2 are reversible, due to adsorption and
hydroxide formation, while peaks marked 3 are a result of the irreversible dissolution of
the pyrite. Conditions: 1 M HCl; temperature, 25 °C; sweep rate, 0.5 V/s; rotation speed,
840 rpm.
shows the amplitude and the phase angle, ϕ, as a function of frequency,
2πω.
3.2. Surface analysis and an investigation of possible coating in the region
above 0.9 V

In order to test whether the formation of a coating of reaction prod-
ucts in the upper region influenced the reaction kinetics, the electrode
was polarized at 1.2 V for 30 min prior to the measurement of the
steady-state current–voltage curve. The close correspondence of the
results of this experiment with the standard pretreatment method,
shown in Fig. 10, indicates that the change in Tafel slope at 0.9 V is not
a result of the formation of reaction products on the surface.

Wide and narrow scan XPS spectra were obtained for pyrite samples
that had been oxidized for 30 min at various anodic potentials. The
surface ratio of sulfur to iron was 8.81 for the untreated pyrite. This
0

200

400

600

800

1000

0.65 0.75 0.85 0.95 1.05 1.15 1.25

Potential (V vs Ag/AgCl)

0.25 M HCl

0.50 M HCl
0.75 M HCl

1.00 M HCl

C
ur

re
nt

 (
A

/m
2 )

Fig. 6. The effect of the concentration of acid on the steady-state current–voltage curve of
n-pyrite. The points represent the data, while the lines represent the proposedmechanism.
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0

200

400

600

800

1000

1200

0.65 0.75 0.85 0.95 1.05 1.15 1.25
Potential (V vs Ag/AgCl)

0.75 M KCl

0.50 M KCl

0.25 M KCl

0.00 M KCl

C
ur

re
nt

 (
A

/m
2 )

Fig. 7. The effect of the concentration of chloride ions on the steady-state current–voltage
curve of n-pyrite. The points represent the data, while the lines represent the proposed
mechanism. Conditions: 0.25 M HCl; temperature, 25 °C; rotation speed, 840 rpm.

Fig. 9.Nyquist plot of the data from the ac-impedance study of pyrite at different voltages.
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ratio increased on anodic treatment. The ratios were 14.6, 13.8 and
18.5 at potentials of 0.4, 0.8 and 1.0 V, respectively. These results are
similar to those of Mycroft et al. (1990) and Hyland and Bancroft
(1989). In addition, it was found that the surface ratio of sulfur to iron
of pyrite was 13.0 in the presence of high concentrations of chlorine.
Since pyrite dissolves at high rates in the presence of chlorine, this result
suggests that the sulfur enrichment of the surface does not limit the rate
of anodic dissolution. This provides evidence that the change in slope at
0.9 V is not due to the formation of a coating of material on the pyrite
surface.

The narrow scan spectra suggested that the S 2p peak shifted to
higher binding energies. For example, the S 2p peak of the pyrite sample
treated at 0.4 V had binding energy of 162.5 eV, which was the same as
the untreated pyrite, while the binding energies of the peaks for the
pyrite samples treated at 0.8 and 1.0 V coincided at 163.4 eV. Mycroft
et al. (1990) and Hyland and Bancroft (1989) used the data of Buckley
et al. (1988) to argue that the shift in binding energy of the S 2p peak
is due to the formation of Sn2− species. Zhu et al. (1994) also argued in
favor of a polysulfide film, while Tao et al. (1994) interpreted the XPS
data as suggesting the formation of a FeS-like film. The formation of
polysulfide species on the surface agrees with the formation of a metal-
deficient surface indicated by the wide scan data. It is again emphasized
Fig. 8. The effect of pre-oxidation on the steady-state current–voltage curve of n-pyrite.
Conditions: 1 M HCl; temperature, 25 °C; rotation speed, 840 rpm.
that the high currents and high rates of reaction achieved at the higher
potentials and in the presence of chlorine indicate that the formation of
corrosion products such as polysulfides on the pyrite surface does not
limit the rate of dissolution.
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3.3. Investigation of ohmic resistance as a possible cause for the change in
Tafel slope at 0.9 V

The change in slope of the current– potential curve at about 0.9 V is
investigated further using three independent techniques: (i) measure-
ment of the ohmic resistance, (ii) measurements of themixed potential
of pyrite, and (iii) measurements of the polarization resistance. The
results of each of these measurements are discussed below.

The effect of ohmic resistance on the anodic current density was
calculated by incorporating the potential drop across the ohmic resis-
tance into the total potential drop in the following manner:

Δϕ ¼ Δϕelectrochemical þ Δϕohmic ¼ Δϕelectrochemical þ iRohmic: ð1Þ

The results of this calculation are shown in Fig. 11 using the
measured resistance of the electrode of 2 Ω. If ohmic resistance is the
reason for the region ‘C’, then the compensated curve should return to
line marked ‘Extrapolated’ in Fig. 11. The data compensated for ohmic
resistance still lies very close to the measured data, strongly suggesting
that the change in slope is not caused by ohmic resistance.

In spite of the result shown in Fig. 11, it might be argued by others
that the cause of the change in slope at 0.9 V is ohmic resistance because
themeasured resistance is too low. However, increasing the compensa-
tion for higher resistances does not return the curve to the extrapolated
line representing region ‘B’. Instead, it is worse— the curve is not linear
at all. It has a “scorpion tail” at the higher currents. This is shown clearly
in Fig. 12. Arguments based on resistance do not explain the results.

Further potent evidence is provided by the results of the mixed
potential study. The mixed potential measurements are not affected
by high currents (if a voltmeter with high input impedance is used).
Themeasurements of the mixed potential of pyrite undergoing dissolu-
tion by chlorine are shown in Fig. 13. Interestingly, thesemeasurements
also reflect the same change in slope at about 0.9 V. The change in slope
of the mixed potential in Fig. 13 is as a result of interfacial kinetics. This
adds further support to the argument that the change in slope at 0.9 V is
due to interfacial kinetics and not ohmic resistance.

The final set of evidence in favor of kinetic influences at the high
current densities is the measurements of the polarization resistance
obtained from low amplitude ac-impedancemeasurements. The advan-
tage of ac-impedance measurements is that polarization resistance is
not affected by ohmic resistance. The polarization resistance was deter-
mined from the results of the ac-impedance measurements using the
method of McCafferty (1997). The polarization resistance is plotted as
a function of potential in Fig. 14. These results also indicate a change
in slope at about 0.9 V, indicating a change in kinetic behavior.
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measured ohmic resistance does not account for the change in Tafel slope at 0.9 V. If the
change in slope were due to ohmic resistance, the compensated curve would correspond
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Therefore, from these three sets of independent measurements, we
conclude that the change in slope of the current–voltage curve at 0.9
V is due to the interfacial kinetics of pyrite.

4. Discussion

The current–voltage curves of pyrite in hydrochloric acid solutions
have three anodic regions. Thefirst region, labelled 'A' in Fig. 3, at poten-
tials below 0.6 V, is characterized by low currents and Tafel slopes of the
order of 0.3 V/decade. In the second region, which occurs at potentials
between 0.6 V and 0.9 V and is labelled 'B' in Fig. 3, significant currents
are measured, and the Tafel slope is between 0.075 V/decade and
0.09 V/decade. In the third region, which occurs above potentials of
0.9 V, and is labelled 'C' in Fig. 3 the current remains high; however,
the Tafel slope increases to values of about 0.430 V/decade.

In the next sectionwe present a qualitativemodel of the surface that
accounts for the measurements presented. This qualitative model is
then used to derive a quantitative mathematical model that fits the re-
sults after the next section.

4.1. Qualitative model of the interfacial surface of pyrite based on surface
states with a wide distribution of energy levels

The interface between pyrite and the solution is characterized by a
high density of energy states within the bandgap, both in the bulk and
the surface. Bulk states are associated with Fe2S3 defects (Muller et al.,
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Fig. 13. The mixed potential, whose measurement does not depend on ohmic resistance,
also shows the same change in slope at about 0.9 V. This result indicates that the reason
for the change in Tafel slope is not due to ohmic resistance.
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Fig. 14. The polarization resistance, which is obtained from the ac-impedance results, also
displaces a change in slope at about 0.9 V.
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1990; Salvador et al., 1991; Schubert and Tributsch, 1990), while intrinsic
surface states are associated with iron d-states at the surface (Bronold
et al., 1994). The surface states have a high surface density and have a
relatively wide distribution of energy. In addition, surface states due to
adsorption are also present on the surface of pyrite (Conway et al.,
1980; Mishra and Osseo-Asare, 1988a, 1988b).

The electronic structure of the surface of pyrite that we proposed is
illustrated in Fig. 15. This figure shows the electronic energy level
against distance from the interface. There is a potential difference be-
tween the bulk of the solid and the surface, which results in the bending
of the energy levels of the conduction and valence bands. This potential
difference is shown asΔϕsc. There is also a potential difference between
the interface and the outer Helmholtz plane, referred to as ΔϕH. The
overall potential measures the difference between the energy level of
the bulk of the pyrite and the energy level of the reference electrode.
Surface states, caused by uncompensated bonds and d-orbitals and by
adsorbed solution species, are present in the band gap.
Fig. 15. The model of the pyrite int
A crucial part of this model presented here is that the surface states
have a relatively wide distribution of overlapping energy levels.

This model of the interface will be used to describe the measure-
ments that were presented in the previous section.

At low potentials, the anodic current is small and has a high Tafel
slope. The cyclic voltammogram at a high sweep rate confirmed that
there are no anodic processes in this region. The small steady-state cur-
rent in this region could be a result of a conduction band process similar
to that proposedbyVandenBerghe et al. (1974). They argued that tunnel-
ing of electrons from the surface state to the conductionbandwas respon-
sible for the low anodic currents of n-type CdS in the dark. For pyrite, the
lowcurrent is associatedwith low rates of dissolution, probably caused by
conduction band electrons. This explanation is illustrated in Fig. 16(a).

A change in the current–voltage curve begins at anodic potentials
above 0.6 V. This change signals a change in the mechanism of charge
transfer. In semiconductor terms, this potential represents the break-
down potential, where the semiconductor no longer behaves as an
ideal semiconductor. As the anodic potential is increased from the rest
potential, a point is reached at which the Fermi level overlaps the sur-
face states, and significant anodic current occurs due to dissolution.
This point at which the Fermi level overlaps the surface state is the
breakdown potential, and heralds the onset of significant dissolution.

In this region above 0.6 V and below 0.9 V, electrons are transferred
fromenergy levels in the surface state to the conduction band via bulk de-
fect states, illustrated in Fig. 16(b). These defect bulk states allow charge
transfer between the surface and the conduction band. In addition, the
tunneling of electrons from the surface states through the energy barrier
may be possible since pyrite has a high concentration of donors. Concom-
itant with the removal of electrons from surface bonds, bonds are broken
and ionsmove across the Helmholtz layer to the bulk solution. The kinet-
ics of dissolution is controlled by the transfer of electrons across the
space-charge layer. However, changes in the potential are distributed
across both the space-charge layer and the Helmholtz layer.

Our model for this potential region has similarities with that of
Salvador et al. (1991) in the work on the n-FeS2/I interface. They pro-
posed that surface states and defects within the space-charge layer
played an important role in the oxidation of iodide.

As the applied potential is further increased, a point is reached
where the Fermi level no longer overlaps with the surface states. At
erface proposed in this work.



Fig. 16. Schematic diagram representing themodel proposed here for the anodic behavior
of n-pyrite. (a) At low potentials, the Fermi level, EF, does not overlap with the surface
state, and the behavior is typical of an n-type semiconductor, that is, there is no current
due to saturation effect. Illumination increases the concentration of current carriers, and
the effect of illumination in the potential region below 0.6 V has been reported. (b) At
this potential, the Fermi level overlaps with the surface state, and dissolution occurs due
to the holes present in the surface state. The two-steps in the mechanism are shown.
Step 1 is the transfer of electrons from the surface state to the conduction band. Step 2
is the transfer of electrons from the breaking bonds at the surface to the surface state.
The rate determining step is the transfer of charge across the space-charge layer. (c) At
high potentials, the Fermi level is at the bottom of the surface state energy, and the
occupancy of the surface state is low. The rate of anodic dissolution is controlled by the
transfer of ionic species across the Helmholtz layer.
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this point, the rate of electron transfer is at itsmaximum, and the rate of
transfer of ions across the Helmholtz layer becomes the rate-limiting
step. This change in the rate-controlling step results in the change in
the Tafel slope at about 0.9 V shown in Figs. 3 to 9. This model of the in-
terface is illustrated in Fig. 16(c).

This qualitative model of the interfacial kinetics is used to derive
quantitative expressions for the rate of anodic dissolution of pyrite in
the next section.
4.2. Quantitative mathematical model of the dissolution of pyrite

In order to describe the current–voltage behavior of pyrite quantita-
tively in the higher current regions, it is necessary to develop expres-
sions that describe the rate of charge transfer for the two individual
steps described above, that is, (i) the transfer between the conduction
band and the surface state, and (ii) between the surface state and the
solution.

The rate of transfer of electrons from the surface state to the conduc-
tion band via solid state defects is proportional to the occupancy of the
surfaces states, f, and the band-bending in the space-charge layer, Δϕsc.
This rate, jsc, expressed as follows:

jsc ¼ k1sf exp
FΔϕsc

RT

� �
ð2Þ

where Δϕsc is the potential difference across the space-charge layer, k1
is a constant, and s is the total density of surface states.

The rate of transfer of charge across the Helmholtz layer, jH, is given
by:

jH ¼ k2s 1‐ fð Þ exp FΔϕH

2RT

� �
ð3Þ

whereΔϕH is the potential difference across theHelmholtz layer, and k2
is a constant. At steady state, the rates of both these processes are equal,
that is jsc = jH = j. Equating Eqs. (2) and (3) and solving for the surface
state occupancy gives:

f ¼ 1
1þ k1=k2 exp 2Δϕsc−ΔϕHð ÞF=2RTð Þ : ð4Þ

Substituting Eq. (4) into either Eq. (2) or Eq. (3) gives an expression
for the current due to anodic dissolution:

j ¼ k1s exp Δϕsc F=RTð Þ
1þ k1=k2 exp 2Δϕsc‐ΔϕHð ÞF=2RTð Þ : ð5Þ

The interfacial potential difference Δϕ is the sum of the potential
difference across the space-charge layer and that across the Helmholtz
layer (Allongue and Cachet, 1985; de Gryse et al., 1975; Frese and
Morrison, 1979):

Δϕ ¼ Δϕsc þ ΔϕH: ð6Þ

If resistance in the solution is sufficiently small, the change in the
electrode potential ΔV is equal to the change in the interfacial potential
difference, Δϕ. A quantitative analysis of the current–voltage curve
requires a relationship between the change in the electrode potential
and the change in the potential across the space-charge layer. Since
the interface can be represented as the space-charge capacity in series
with the Helmholtz capacity, it is possible to show that the distribution
of the electrode potential ΔV over the space-charge layer and the
Helmholtz layer depends only on the relative values of the capacitances
(Allongue and Cachet, 1985; de Gryse et al., 1975; Frese and Morrison,
1979):

Δϕsc ¼
CH

CH þ Csc
ΔV ¼ 1−βð ÞΔV: ð7Þ

The assumption is usually made that Csc is much less than CH in the
study of semiconductor–solution interfaces, so that Δϕsc = ΔV
(Salvador and Gutierrez, 1984). However, if the semiconductor is highly
doped, then the space-charge capacitance is high, and the potential
difference across the Helmholtz layer becomes significant. Both the
space charge and the Helmholtz capacitances are functions of potential,
so β in Eq. (7) is not, in general, a constant. However, Disilverstro et al.
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(1986), in their study of the WO3 interface, proposed that dΔϕsc / dΔV
was constant over a wide range of potential, and approximately equal
to 0.2, that is, that β in Eq. (7) was 0.8. Salvador and Gutierrez (1984)
found that dΔϕH / dΔϕwas constant for n-SrTiO3 over a potential range
of 0.8 V. Vanmaekelbergh (1997) calculated values of dΔϕH / dΔV, and
showed that for highly-doped semiconductors (ND ≈ 1020 cm−3) this
value was about 0.4 and approximately constant with potential.

Substituting Eq. (7) into Eq. (5) gives the following expression for
the current–voltage curve for the anodic dissolution of pyrite:

j ¼ k1s exp 1−βð ÞΔVF=RTð Þ
1þ k1=k2 exp 2 1−βð Þ−βð ÞΔVF=2RTð Þ : ð8Þ

Eq. (8) has two limiting cases. Thefirst case is that at lowvalues of the
interfacial potential, under which conditions k1/k2 exp((2(1 − β) −
β)ΔVF/2RT) is much less than 1. In this case, the current is given by:

j ¼ k1s exp
1−βð ÞΔVF

RT

� �
: ð9Þ

A comparison of Eqs. (9) and (2) indicates that under these condi-
tions the current is controlled by the rate of transfer of electrons from
the surface state to the conduction band via defects (such as Fe2S3
defects) in the space-charge layer. Eq. (4) indicates that the surface
state occupancy under these conditions is close to one.

The Tafel slope of the data presented in Figs. 4 to 7 is 0.082 V/decade
in the low region,while that given by Eq. (9) is 2.303RT / (1−β)F. Since
the Tafel slope is constant, this suggests that the value of β is a constant,
with a value of 0.28, over this potential range. If the value of βwas equal
to zero, then Csc is much less than CH and all the interfacial potential oc-
curs across the space-charge layer. A value of 0.28 indicates that a siz-
able portion of the interfacial potential occurs across the Helmholtz
layer.

The second limiting case is that in which k1/k2 exp({2(1 − β) −
β}ΔVF/2RT) is much greater than one. Under these conditions, the
current is given by:

j ¼ k2s exp
βΔVF
2RT

� �
: ð10Þ

In this case, the transfer of charge across the Helmholtz layer is the
limiting step, and the occupancy of the surface states is close to zero.
Therefore, the change in Tafel slope at about 0.9 V arises because of a
change in rate controlling step brought about by the surface states
becoming completely unoccupied. This is illustrated in Fig. 16(c). The
Tafel slope at high values of the interfacial potential difference is about
0.430 V/decade, which gives a value of β of 0.28. This value is the
same as the value of β found in the first limiting case, indicating that
that the value of β is constant over the potential range from 0.7 to 1.2 V.

The rate constants k1 and k2 are Arrhenius functions of temperature.
Eq. (8) may be adapted to account for the effect of temperature and the
small effect of chloride ions observed. Thus, Eq. (8) becomes:

j ¼ k′1s
′ Cl−½ �−n exp −Ea1=RTð Þ exp 1−βð ÞΔVF=RTð Þ

1þ k′1=k
′
2 exp − Ea1−Ea2ð Þ=RTð Þ exp 2 1−βð Þ−βð ÞΔVF=2RTð Þ ð11Þ

where Ea1 and Ea2 are the activation energies, and −n is the reaction
order with respect to chloride ions.

The lines in Figs. 4 to 7 represent the fit of Eq. (11) to the data using
the same parameter set for all the steady-state data. Parameters
for Eq. (11) are: k′1 s′ = 4.99e9 A/m2 M−n, k′1 / k′2 = 2.63e1, Ea1 =
105.3 kJ/mol, Ea1–Ea2 = 59.1 kJ/mol, β = 0.275, n = 0.1.
The value of the activation energy for electron transfer step is
105 kJ/mol (1.1 eV), indicative of a thermally activated surface state
process. The activation energy for the transfer of charge across the
Helmholtz layer is 46 kJ/mol, typical of electrochemical reactions. The
values of the activation energies are consistent with the mechanism
that has been proposed. The value of βwas constant over the potential
and temperature range. This suggests that the occupancy of the surface
states that participation in the anodic dissolution process does not influ-
ence the distribution of the potential across the space charge and the
Helmholtz layers.

The form of Eq. (11) suggests that chloride ions form bonds with
the surface states which slightly stabilize the surface state. Other
researchers have determined that the concentration ofwater and protons
in solution affect the anodic current density (Mishra and Osseo-Asare,
1988a, 1988b, 1992), suggesting that water and protons may form
bonds with surface states that affect the reactivity of the surface states.

Electrochemical impedance spectroscopy was employed in this
study to determine the capacitance of the interface (Chazalviel, 1990;
Tomkiewicz, 1990) in an attempt to confirm the equivalent circuit im-
plied by Eq. (7). The impedance was modeled as a faradaic impedance,
Zf, in parallel with a capacitor, C, and a frequency dependent resistance,
given byω/B, to account for the surface roughness (Tomkiewicz, 1990).
For small amplitude, sinusoidal perturbations eV ¼ Vm exp iωtð Þ
superimposed on the electrode potential ΔV, the interfacial impedance
is given by:

Zf ¼ Rt 1−∂ jsc
∂ f

efejsc
( )

ð12Þ

where Rt = (∂jsc/∂(ΔV))−1 is the charge-transfer resistance, and ef andejsc are the time-dependent components of f and j, respectively. The
change in occupancy of the surface states is given by the material
balance:

es
df
dt

¼ jH− jsc: ð13Þ

Linearization and Laplace transformation of Eq. (13) yields an
expression for ef=ejsc. Substitution of this expression into Eq. (12), and
evaluation of the partial derivative in Eq. (12) gives the following
expression for the interfacial impedance:

Zf ¼
1þ k1=k2 exp ϕ1−ϕ2½ �ΔVsð Þ

ϕ1k1s exp ϕ1ΔVsð Þ
iωeþ k2 exp ϕ2ΔVsð Þ þ k1 exp ϕ1ΔVsð Þ

iωeþ k2 exp ϕ2ΔVsð Þ þ k1 exp ϕ1ΔVsð Þϕ2=ϕ1

� �
ð14Þ

where ϕ1 = (1− β)F / RT, ϕ2= βF / 2RT and i= n. This expression can
be approximated by:

Zf ≈
1þ k1=k2 exp ϕ1−ϕ2½ �ΔVsð Þ

ϕ1k1s exp ϕ1ΔVsð Þ : ð15Þ

The faradaic impedance, given by Eq. (15), is in parallel with the
capacitance, C, and the frequency-dependent roughness factor, B/ω.
Combination of these impedances gives a complete description of the
equivalent circuit. The parameters in Eq. (15) were obtained from the
steady state data. The remaining parameters in the equivalent circuit,
C and B, were estimated by minimizing the sum of relative squared
errors between the equivalent circuit and the impedance data. Results
typical of the parameter estimation procedure are shown in Figs. 8
and 9. The lines represent the fit of the equivalent circuit to the data.
The close correspondence between the data and the model lends
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support to the model and the equivalent circuit, especially since the
values of the reaction impedance were predicted from the parameters
obtained at steady state. The values of the capacitance, however, are
high, in the range of 33 to 45 μF/cm2, and they do not follow the
Mott–Schottky relationship. Pang et al. (1990) obtained values of the
capacitance that were even higher, of the order of 200 μF/cm2. They
proposed that a number of layers of reaction products developed on
the surface of pyrite, and these layers were responsible for their high
capacitance values. In this study, no layers were detected on the surface
by XPS, other than that it was enriched in sulfur. A more detailed study
of the surface capacitance is recommended. In spite of this, it is clear that
the model presented here predicts the interfacial impedance from the
steady-state parameters.

Two other characteristics have been reported in the literature on the
anodic dissolution of pyrite. They are,firstly, that the type of conductivity
of pyrite does not seem to influence the Tafel slope in the potential
region between 0.6 and 0.9 V (Biegler and Swift, 1979; Springer, 1970),
and, secondly, that illumination increases the anodic current density
(Chen et al., 1991; Ennaouni et al., 1985, 1986; Mishra and Osseo-Asare,
1992; Schubert and Tributsch, 1990). At first, these two observations
seem contradictory, since the first indicates that the semiconducting
nature of pyrite is not important, while the second indicates that it is
important. The mechanism of anodic dissolution that is presented
here can account for both of these observations, as discussed below.

4.3. Influence of the type of conductivity of pyrite

Both Springer (1970) and Biegler and Swift (1979) found that the
type of conductivity did not influence the current–voltage characteristics
of pyrite. The proposed mechanism of the anodic dissolution of p-type
pyrite is shown in Fig. 17. The charge transfer process is the transfer of
the majority carriers, holes for p-type semiconductors, from the valence
band edge to the surface state. The rate of this process is proportional the
concentration of holes at the surface, and the occupancy of the surface
state. Since the concentration of holes at the surface is dependent on
the potential difference across the space-charge layer, the rate of this
process is given by:

jsc ¼ kppbsf exp
FΔϕsc

RT

� �
ð16Þ

where pb is the density of holes in thebulk pyrite. The rate of transport of
ions from the surface to the solution across the Helmholtz layer is given
by Eq. (4). Therefore, by following the same method as used in the
Fig. 17. The effect of the surface state on the dissolution of p-type pyrite is similar to that of
n-type pyrite. In this case the charge carriers are holes that move from the bulk across the
space-charge layer.
derivation of Eq. (8) above, the current due to anodic dissolution of
p-type pyrite is found to be:

j ¼ kppbs exp 1−βð ÞΔVF=RTð Þ
1þ kp=k2 exp 2 1−βð Þ−βð ÞΔVF=2RTð Þ : ð17Þ

It is clear that Eq. (17) is of the same form as Eq. (8), and the Tafel
slopes are the same. Therefore, themechanismof the anodic dissolution
of pyrite is not dependent on the type of conductivity. It would bemost
interesting to determine if p-type pyrite displays the change in Tafel
slope above 0.9 V described in this work, and to determine the activa-
tion energies for the constant kp.

4.4. Influence of illumination on the anodic dissolution of pyrite

A number of researchers have found that both natural and synthetic
pyrite display photoeffects. Jaegermann and Tributsch (1983) reported
photocurrents in the anodic potential region. They determined a band
gap of 0.9 eV from the photocurrent spectra. They argued that the reac-
tion of photogenerated holeswithwater leads to corrosion,with SO4

2− as
the corrosion product. They also observed a shift in the flat-band poten-
tial, caused by surface states or inter-bandgap states. They proposed a
model of the interface that accounts for their measurements. Their
model assumed that the presence of the high density of surface states
resulted in all the change in the potential difference occurring across
theHelmholtz layer, that is, the Fermi level is pinned. Thephotogenerated
holes reacted with the reductant in solution, generating a sustained
photocurrent.

The model of the interface proposed by Jaegermann and Tributsch
(1983) is similar to that proposed here. However, we propose that
the potential is distributed across both the Helmholtz and the
space-charge layer. Our model of the effect of illumination is shown in
Fig. 18.

Illumination causes electrons to be excited from the valence band to
the conduction band. This creates electrons in the conduction band, and
holes in the valence band. Electrons in the conduction band migrate to
the external circuit, while the holes left behind migrate to the surface.
The holes at the surface have two different options: (i) they can either
react directly with bonding orbitals to cause dissolution, or (ii) they
can join the surface state, thus lowering the Fermi energy, indirectly
causing dissolution.
Fig. 18. The effect of illumination on n-pyrite. Illumination increases the concentration of
holes and electrons. The electrons are transported to the external circuit where they
increase the current. The holes are transported to the surface where either they react
with species in solution or they react with the surface state and increase the rate of anodic
dissolution. This model indicates that illumination will increase the anodic current over
the entire potential range.
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Mishra and Osseo-Asare (1992) found that illumination increased
the anodic current in thewhole potential region. This result is consistent
with our model. We propose that the behavior of pyrite is that of an
ideal n-type semiconductor in the low potential region (below 0.6 V).
Above this potential, significant corrosion occurs. In the potential
region above 0.6 V, the photogenerated holes are captured by the
surface state, the reaction of the surface state results in corrosion.
Thus, effect of the illumination is to increase the current in the anodic
region. The recombination of photogenerated electron–hole pairs and
the capture of holes by solution species also occur at the pyrite-
solution interface.

Thus, our model accounts for the shift in the flat-band potential and
the effect of illumination over the entire anodic region.

5. Conclusions

We studied the anodic electrochemistry of n-type pyrite from the
rest potential to 1.2 V (vs Ag/AgCl). Three regions exist in the steady-
state data: at potentials between the rest potential and0.6 V, the current
is low; at potentials between 0.6 V and 0.9 V, significant currents are
measured, and the Tafel slope is about 0.082 V/decade; and at potentials
above 0.9 V, the Tafel slope changes to about 0.430 V/decade. This basic
shape of the current–voltage curvewas the same in hydrochloric, sulfuric
andnitric acids. Itwas shown that the change in Tafel slope at about 0.9 V
is not due to the formation of surface coatings, nor is it an artifact of the
resistivity of the pyrite.

We proposed a comprehensive mechanism for the anodic behavior
of pyrite in aqueous solutions that accounts for these three regions. In
the low potential region, the behavior of pyrite is typical of a highly
doped n-type semiconductor. At increased potentials (above 0.6 V),
the Fermi level overlaps the energy levels of the surface states, and
significant current flows. The current is controlled by the transfer of
electrons from the surface state to the conduction band via bulk defects
within the space-charge layer. As the potential is further increased
(above 0.9 V), the Fermi level no longer overlaps with the surface
states, and the kinetics of dissolution is controlled by the transfer
of ions across the Helmholtz layer. The model is able to describe
both the steady-state data, and the charge-transfer resistance from the
data using electrochemical impedance spectroscopy. The model can
also be used to explain why n-type and p-type pyrite samples have
the same value of the Tafel slope andwhy illumination increases the an-
odic current, two seemingly contradictory observations.
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