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a b s t r a c t

The influence of anions (Cl�, SO4
2�, HCO3

�) on the anodic formation of Cu2S films on Cu was investigated
using cyclic voltammetry at rotating disk electrodes. At low ionic strengths, film growth was partially or
completely controlled by ionic migration within pores in the growing film depending on the sulphide
concentration. At low sulphide concentrations and high ionic strengths, film growth was controlled by
the rate of anodic formation of CuI (as adsorbed Cu(SH)ads) at the base of pores in the Cu2S film. The
ability of anions to suppress this reaction was in the order SO4

2� > HCO3
� > Cl�. At higher sulphide

concentrations, the film porosity was significantly reduced and film growth controlled by the properties
of the compact Cu2S film with ionic migration rate-controlling even at high ionic strength.

© 2019 Published by Elsevier Ltd.
1. Introduction

Copper is the primary candidate material for the manufacture of
nuclear waste containers in Sweden, Finland and Canada since it is
expected to be stable in the anoxic aqueous environments antici-
pated in deep geological repositories (DGR) [1e3]. The containers
are comprised of two main components: a cast iron or carbon steel
inner vessel and an outer Cu shell, which in combination are
designed to avoid both corrosion and mechanical failure. In the
Swedish/Finnish design, the outer shell would be fabricated using
Cu with a thickness of 50 mm [2e4]. A small addition of P (30e100
ppmw) improves the creep properties, thereby limiting the prob-
ability for mechanical failure of the container after emplacement
[5].

Although Cu is chosen for its resistance to corrosion in anoxic
environments [1e3], Swedish and Finnish repositories are known
to contain SH�, formed in the groundwater as a consequence of
sulphate-reducing bacteria and mineral dissolution processes
[1e4,6]. Based on analyses of samples from boreholes in the pro-
posed Swedish Forsmark repository, a [SH�] up to 1.4� 10�4 Mwas
measured [7], which is potentially detrimental to the container
since SH� can act as an oxidant for Cu producing a chalcocite (Cu2S)
film. However, various additional anions with comparable or
greater concentrations will be present in the groundwater and
would be expected to influence the Cu2S film growth process. The
groundwater anions of dominant interest, and their expected
concentrations (after 10,000 years) in the DGR, are chloride
(3 � 10�4 M to 0.154 M), bicarbonate (3 � 10�4 M to 5 � 10�3 M),
and sulphate (2 � 10�4 M to 7.2 � 10�3 M), respectively [2].

Chen et al. studied the effects of [Cl�] on Cu corrosion in
quiescent anoxic SH� solutions containing 10�3 M SH� [8]. It was
shown that the Cu2S film properties were significantly altered
when the [Cl�] was increased. At a relatively low [Cl�] (0.1 M), the
film grew according to a logarithmic growth law and displayed
protective properties. On increasing the [Cl�] to 0.5 M, the film
developed amore porous structure, as indicated by electrochemical
impedance spectroscopy (EIS) and confirmed by scanning electron
microscopy (SEM) performed on focused ion beam (FIB) cut cross
sections. Additionally, a linear film growth rate indicated the film
was not protective, providing further evidence of porosity. At the
highest concentration studied, 5.0 M, the Cu2S film developed
extensive porosity, and film growth appeared to be governed by a
combination of SH� diffusion in the bulk solution and the transport
of soluble CuI species (Cu(SH)2� or Cu3S3 clusters [9,10]) in the pores
of the film. This, and additional studies [6,11], indicate that Cl�

influences the Cu2S growth process by displacing adsorbed SH�
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from the Cu surface thus inhibiting the first step in the SH� induced
corrosion reaction.

Chen et al. also studied the key parameters that govern the
properties and structure of the Cu2S films grown in anoxic aqueous
environments [12]. Concentrations of Cl� ranging from 0.1 M to
5.0 M were studied in solutions with various [SH�] from 10�5 M to
10�3 M. The structure and properties of the films were determined
by three critical factors: [SH�] and [Cl�], their ratio, and the flux of
SH� to the corroding Cu surface. The film structure and the kinetics
of its growthwere governed by competition between the interfacial
reaction rate and the rate of SH� diffusion. When the interfacial
reaction (i.e., the generation of oxidized Cu species) was rate
determining, the Cu2S film was compact and protective, and when
SH� diffusion dominated, the film was porous and non-protective.
A ratio of [Cl�]/[SH�] � 1000 appeared to be required for a switch
from a compact to a porous film to be observed. However, it re-
mains unclear whether or not similar behaviour will be observed
when other anions are present.

When studied electrochemically [13,14], the properties of the
Cu2S film formed were also found to be dependent on [SH�] and
[Cl�] and the transport of SH� to the Cu surface (controlled using a
rotating disc electrode (RDE)). At low [SH�], a thin single porous
layer was formed, with a dual layer film developing as [SH�] was
increased. For a sufficiently high [SH�] (�5 � 10�4 M), the film
appeared to become at least partially passive. A series of published
studies in solutions containing [SH�] ¼ 2 � 10�4 M, has claimed
that the film grown electrochemically at this [SH�] is a passive
copper sulphide film [15e19]. However, more recent studies have
demonstrated that the resistance to film growth is conferred by a
deposited outer layer and not a passive barrier layer [20]. Further
electrochemical studies demonstrated that the Cu2S film formed
remained porous and non-passive with passivity only achievable
when oxide formation became possible at much more positive
potentials [11].

The adsorption of various anions on Cu has been studied
extensively, typically on single crystal electrodes. Broekmann et al.
[21] studied the specific anion adsorption of Cl� and SO4

2� on a
Cu(111) surface. It was shown that Cl� caused an increased surface
mobility of Cu atoms leading to a smoothing over of the holes, pits
and islands observed after electropolishing. This mobility enabled
large-scale morphological changes on a short time scale and
became more pronounced as the applied potential was made more
positive. In contrast, it was found that SO4

2� adsorption did not
allow for surface rearrangement and an overall low mobility of Cu
was observed. Furthermore, SO4

2� was found to adsorb in a close
packed form with co-adsorbed species identified as H2O, which is
not surprising given the very large hydration enthalpy for this
anion [22]. Lennartz et al. [23] found that SO4

2� preferentially
adsorbed on Cu(111) with a bidentate geometry. Scanning
tunneling microscopy (STM) revealed a two-fold bridging adsorp-
tion site for the centers of the SO4

2�molecules with C2V symmetry. A
study by Li and Nichols [24] found that the adsorbed SO4

2� layer
could be stabilized by structured hydration through incorporation
of water via hydrogen bonding between adjacent SO4

2� and co-
adsorbed H2O molecules. A study by Niaura and Malinaukas [25],
using surface enhanced Raman spectroscopy (SERS), concluded
that, on a roughened Cu electrode, the adsorption of Cl� was
preferred over that of SO4

2�. Whether or not these differences in
anion adsorption processes can influence Cu corrosion in the
presence of SH� has not been established.

The purpose of this study is to analyze the effect of various
groundwater anions on the growth mechanism of Cu2S films in
aqueous SH� solutions. This is of importance to degradation
mechanisms of the container in the DGR because it would deter-
minewhether or not each individual groundwater anion (Cl�, SO4

2�,
HCO3
�/CO3

2�) should be studied or whether the groundwater can be
considered as one overall ionic electrolyte.
2. Experimental

2.1. Electrochemical cell and instrumentation

All electrochemical data were collected using a conventional
three-electrode electrochemical glass cell. A Pt sheet rolled into a
cylinder was used as the counter electrode and connected to
external circuitry by a Pt wire. A saturated calomel electrode (SCE,
0.242 V/SHE) was used as the reference electrode. The cell was
housed inside a Faraday cage to reduce electrical noise from
external sources. All experiments were conducted using a rotating
disk electrode (RDE). The electrode rotation ratewas controlled by a
Pine Instrument Company Analytical Rotator Model AFA86 Serial
882, and electrochemical measurements were made using a 1287
Solartron potentiostat connected to a computer equipped with
CorrWare software.
2.2. Copper composition and electrode preparation

Oxygen-free, P-doped Cu provided by the Swedish Nuclear Fuel
and Waste Management Co. (SKB), Solna, Sweden, was machined
into Cu disks. Titanium rods were threaded into the back of the
discs and the Cu was set into a Teflon holder using an epoxy resin.
Only a single flat Cu face with a surface area of 0.785 cm2 was
exposed to solution. Prior to an experiment, the Cu electrode was
first ground with a sequence of SiC papers with grit sizes: 1000,
1200, and 4000. Then, to achieve a mirror finish, the electrode was
polished with Al2O3 suspensions with decreasing suspension size
(1 mm, 0.3 mm, and 0.05 mm). The electrode was then rinsed thor-
oughly with Type-1 water (resistivity: 18.2 MU cm) and dried in a
stream of ultrapure Ar gas (99.999%).
2.3. Solution preparation

Electrolyte solutions were preparedwith Type-1 water obtained
from a Thermo Scientific Barnstead Nanopure 7143 ultrapure water
system. All water was purged with ultrapure Ar gas for 1 h prior to
the preparation of solutions to prevent immediate oxidation of
sulphide. Solutions were made from reagent-grade sodium sul-
phide nonahydrate (Na2S$9H2O, 98.0% assay) from Sigma Aldrich,
sodium chloride (NaCl, 99.0% assay) and sodium carbonate
(Na2CO3, 99.5% assay) from Caledon Laboratory Chemicals, sodium
sulphate (Na2SO4, 101.5% assay) from Fisher Chemical, and sodium
bicarbonate (NaHCO3, 99.7e100.3% assay) from EMD Chemicals. To
ensure an anoxic environment, solutions were Ar-purged for a
minimum of 45 min before an experiment, with purging continued
throughout the experiment.
2.4. Cyclic voltammetry experiments

Cyclic voltammetric (CV) studies were performed at a RDE. Prior
to applying a voltammetric scan, the electrode was cathodically
cleaned at �1.5 V/SCE to reduce air-formed oxides, and then
at�1.15 V/SCE for a further 60 s to remove H2 bubbles formed at the
lower potential. Voltammetric scans were performed from an
initial potential in the range�1.5 V/SCE to�1.35 V/SCE to an anodic
limit between �0.7 V/SCE and �0.5 V/SCE, at a scan rate of 2 mV/s.
The choice of starting potential had no influence on the subsequent
electrochemical behaviour.



Fig. 2. Anodic plateau current (region 2 in Fig. 1a) and cathodic peak current (region 3
in Fig. 1a) obtained from CVs recorded in 5 � 10�5 M SH� at u ¼ 25 Hz.
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2.5. Auger electron spectroscopy (AES): depth profiling

Auger analyses were performed with a PHI 660 scanning Auger
microprobe (SAM). A 5 keV primary electron beam rastered over a
100 mm � 100 mm area was used during Auger analysis. Depth
profiling was performed using a 3 keV Arþ ion beam rastered over a
2 mm � 2 mm area and the signal strength for Cu, S, O, C and Cl
were monitored as a function of sputter time. Sputter time was
converted into sputter depth using a sputter rate of 30 nm/min for a
reference SiO2 standard.

3. Results and discussion

3.1. The effect of chloride

3.1.1. The influence of chloride and sulphide concentration
Fig.1 shows CVs recorded to an anodic limit of�0.70 V/SCE at an

electrode rotation rate (u) of 25 Hz in dilute (5 � 10�5 M and
10�4 M) SH� solutions containing various chloride concentrations.
At the low [SH�] and this value of u, when depletion of SH� at the
electrode surface would be expected, the anodic current slightly
increased as the [Cl�] increased from 0.1 M to 0.5 M. This was
observed for both regions 1, when the current was dependent on
potential, and 2 (Fig. 1a), when the current became independent of
potential (as shown more clearly in Fig. 2). At higher [Cl�] (�1.0 M)
the current in both anodic regions (1, 2) decreased substantially, as
previously observed [11]. For all [Cl�], the anodic current on the
reverse scan was very close to that on the forward scan. This
demonstrated that, as observed previously [13,14,20], the Cu2S film
formed on the forward scanwas porous and did not limit the anodic
formation of additional Cu2S on the reverse scan. Integration of the
positive and negative currents showed that all the charge
consumed by the anodic formation of the film (QA) was recovered
upon film reduction (QC), as observed previously [13].

The reduction of the Cu2S film yielded a symmetrical cathodic
peak (region 3 in Fig. 1a), which occurred at approximately the
same potential for all chloride concentrations. This peak shape
indicated that film reduction was distributed throughout the vol-
ume of the film, as expected for the nucleation and growth of Cu
centers distributed within a porous film. Fig. 2 compares the
dependence of the anodic plateau current (region 2) and the
cathodic peak current (region 3) as a function of [Cl�], confirming
the direct relationship between the two, and showing that two
distinct regions of film growth behaviour (A and B) were observed.

Similar anodic behaviour was observed at the intermediate
Fig. 1. CVs recorded at various [Cl�] at u ¼ 25 Hz in solu
[SH�] of 10�4 M, Fig. 1b; i.e., the current in both regions 1 and 2 first
increased slightly with an increase in [Cl�] before then decreasing.
The values of QA and QC remained equal, as expected at the higher
[SH�], demonstrating that all the anodic charge was consumed in
growth of the Cu2S film. The anodic plateau and cathodic peak
currents were considerably larger, but similarly related to those at
the lower [SH�]. The cathodic peak for film reduction was slightly
asymmetrical at low [Cl�] (0.1 M) and shifted to less negative po-
tentials, becoming more symmetrical, as [Cl�] increased. The
anodic current in the plateau region (region 2, Fig. 1b) was not
suppressed to the same extent as at the lower [SH�], leading to
much smaller differences in cathodic reduction peak currents and
areas (region 3 in Fig. 1b) across the [Cl�] range 0.1 Me5.0 M. This
last observation suggested that the effect of Cl� on the anodic film
growth process was less dramatic at this slightly higher [SH�] than
at the lower [SH�].

At the high [SH�] of 2 � 10�3 M, distinctly different behaviour
was observed, Fig. 3, although QA remained equal to QC. At low
[Cl�], the anodic current rose linearly with potential, before
exhibiting a peak, as observed previously in experiments at high
[SH�] [13,20]. The film reduction peak subsequently recorded on
the reverse scan (region 3 in Fig. 3) was also very asymmetrical
with the largemajority of film reduction occurring prior to the peak
tions containing a) 5 � 10�5 M and b) 10�4 M SH�.



Fig. 3. CVs recorded at various [Cl�] at u ¼ 25 Hz in a solution containing 2 � 10�3 M
SH�.
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maximum, generally an indication of a compact filmwith reduction
progressing from the film/Cu interface to the film/electrolyte
interface.

The influence of [Cl�] was more complex, Fig. 3, than observed
at the two lower sulphide concentrations. At the lowest [Cl�], both
film growth and reduction appeared ohmically controlled, the
current rising linearly with potential, suggesting the formation of a
compact Cu2S film. When [Cl�] was increased, the linear increase in
anodic current was retained but the current rose more rapidly with
potential (region 1, Fig. 3) indicating a decreased resistance to film
growth. As the peak was approached the current was suppressed as
the [Cl�] increased consistent with the observations at the two
lower [SH�]. After the subsequent decrease in current in region 2,
the influence of [Cl�] was inverted, the current increasing with
[Cl�] as shown in Fig. 4. Since EIS studies [20] showed the film
remained porous in this potential region, the increased current
suggested an influence of Cl� on the porosity of the Cu2S film/de-
posit as previously observed in corrosion experiments [9].
Fig. 4. Current densities for Cu2S film formation at �0.75 V/SCE from CVs recorded in
2 � 10�3 M SH� plotted as a function of [Cl�].
Changes in the properties of the film with increasing chloride
concentration were confirmed by three additional features. (i) A
change in the shape of the film reduction peak, region 3 in Fig. 3,
from asymmetrical to symmetrical. Both the peak symmetry and its
shift in potential to less negative values indicated the filmwas both
less compact and more easily reduced, most likely by a similar
nucleation and growth process to that proposed for lower [SH�]. (ii)
The increase in the positive current recorded on the reverse scan
(region 2) as the [Cl�] was increased demonstrated the absence of
passivation. (iii) A small reduction peak and shallow reduction
shoulder developed at the higher [Cl�]. These features have been
observed and discussed previously [13], although their origin re-
mains speculative.

It is clear from the features exhibited at the three [SH�] that
changes in [SH�] and [Cl�] exerted counterbalancing effects on film
structure. As the [SH�] increased at low [Cl�], the film becamemore
compact with an ohmically-controlled growth rate. This effect was
from completely (at low [SH�]) to partially (at high [SH�]) offset by
increases in [Cl�] which led to more porous and readily reducible
films.

Linear relationships between anodic film growth current and
applied potential, similar to those observed in our study for
[SH�] ¼ 2 � 10�3 M (Fig. 3), have been observed previously for the
anodic formation of films on Ag involving large anions (SH�, Br�,
and I�) [26e28] and for the anodic formation of Ag2O in alkaline
solutions [29]. Such ohmic relationships were attributed to control
of the film growth rate by ionmigrationwithin solution-filled pores
in the growing film and not by the solid-state transport of Cuþ

species in a cation-conducting matrix. An influence of ionic
migration would explain the increase in the anodic film growth
current when the [Cl�] was initially increased at the low [SH�],
Fig. 2. The increased ionic strength would lead to a decrease in the
electric field within the solution filled pores, with the applied po-
tential increasing across the Cu/solution interface at the base of the
pores leading to an acceleration in the rate of anodic film formation.

An ionic strength effect cannot, however, account for the
decrease in anodic film growth rate at lower [SH�] and higher [Cl�],
Fig. 2, which suggested an interference of Cl� with Cu2S film
growth, as its concentration was increased. That this interference
was not due to the incorporation of Cl� into the growing film, even
in the most concentrated Cl� solution (5.0 M), was clearly
demonstrated by AES analyses, an example of which is shown in
Fig. 5, which showed no Cl� signal throughout the film.
Fig. 5. Auger Depth Profile recorded on a Cu2S film grown during a CV recorded in a
5.0 M Cl� þ 2.0 � 10�3 M SH� solution at u ¼ 25 Hz up to an anodic potential limit
of �0.7 V/SCE.
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3.1.2. The influence of the sulphide to chloride concentration ratio
The nature of this interference by Cl� could be seen in the

changes in behaviour as the [SH�]/[Cl�] ratio was changed. Since
the equality between QA and QC indicated all the charge was
consumed in film growth, either can be used as a measure of the
extent of film growth. Consequently, the relative influence of Cl� on
the extent of film growth at various [SH�] could be appreciated by
comparing QC for the film grown in 0.1 M Cl� ((QC)0.1), when the
influence of Cl� would have been the least, to QC for the film grown
at other [Cl�] ((QC)[Cl]). The ratio of these two charges (RQ ¼ (QC)0.1/
(QC)[Cl]) then provided a relative measure of the influence of Cl� on
the film growth process at the different values of [SH�].

Fig. 6 shows this ratio, RQ, calculated as a function of [Cl�] for the
different sulphide concentrations. Two distinct regions of behav-
iour (A and B) were observed. In region A, when ionic migration
within the porous Cu2S film was partially rate controlling (Fig. 2,
region A), a change in [SH�] had only a minor to negligible influ-
ence on film growth. For all three [SH�] an increase in RQ was
observed in the [Cl�] range 0.1e1.0 M, an effect that can be
attributed to a contribution of ionic migration of SH� to the current.
At higher [Cl�] (i.e., as the [Cl�]/[SH�] ratio increased) the sup-
pression of Cu2S formation, indicated by the decrease in RQ (the
vertical blue arrow in region B, Fig. 6), became considerably more
marked. These observations were consistent with the behaviour
observed under corrosion conditions for which it was shown that
the film structure and kinetics of its growth changed with this
concentration ratio [9]. Since, as noted above, the porosity
increased as [SH�] was decreased, the greater suppression of the
film growth by increases in [Cl�] at the lower [SH�] can be attrib-
uted to the more ready access of Cl� to the Cu surface at the base of
pores in the film. This increased the surface concentration of Cl�

and, hence, its ability to displace SH� from adsorption sites on the
Cu surface.

For the high u (25 Hz) employed in these experiments, the
lowest [SH�] at the Cu surface would have been achieved at the
lowest bulk [SH�]. According to the literature [30], Cl� should not
be as readily adsorbed on Cu as SH�. However, at the extreme [Cl�]/
[SH�] ratios that would exist at the base of the pores in a Cu2S film
being anodically grown in a solution with a low [SH�], competition
between Cl� and SH� for surface adsorption sites seemed likely.
Fig. 6. Ratio (RQ) (defined in the text) as a function of [Cl�] for three values of [SH�]
recorded at u ¼ 25 Hz. The arrow indicates a suppression of anodic film growth as
[SH�] increased. Regions A and B are the same as those defined in Fig. 2.
Also, a synergistic response was possible, since both Cl� and SH�

complex CuI. Thus, the formation of Cu(I) by chemisorption of SH�

could have led to the co-adsorption of Cl�, a process which could
limit the release of Cu(I) (as Cu(SH)2� or Cu3S3) to the solution.

The greater influence of ionic migration on the film growth rate
at high [SH�], Fig. 3, can be attributed to a change in film porosity.
At this high [SH�], the enhanced flux of SH� into the porous film
network led to a tighter porosity [27,28], an increased electric field
within the film, a lower potential drop across the Cu/electrolyte
interface at the base of pores, and, hence, a suppression of the
anodic film growth. The suppression of anodic film growth by an
increase in [SH�] but acceleration by an increase in [Cl�] at high
potentials, Figs. 3 and 4, confirmed the contrasting influences of
these anions on the film porosity with the properties of the films
dominating the overall anodic behaviour rather than the interfacial
reaction kinetics as observed when the film was more porous at
lower [SH�].

3.1.3. Sulphide transport and chloride adsorption
For the two lower [SH�] for which the films were more porous

and an influence of Cl� on the interfacial rate was observed, the
relative influences of SH� transport and Cl� surface adsorption can
be appreciated from values of the ratio, RD, of the current density
(iA) measured at �0.73 V/SCE (region 2, Fig. 3) to the theoretical
diffusion limited current density (iL) (calculated using the Levich
equation) for the three [SH�] as a function of [Cl�] and at various
values of u, Fig. 7. In these plots a value of RD ¼ 1 indicated com-
plete transport control, and RD ¼ 0 total rate control by the inter-
facial anodic reaction. At the lower [Cl�], for the lowest [SH�],
Fig. 7a, RD became slightly > 1 irrespective of the electrode rotation
rate confirming a contribution to the current density of the ionic
migration of SH� within the pores in the film when the solution
ionic strength was low. When [Cl�] was increased to > 1.0 M, RD
decreased as this contribution from ionic migrationwas eliminated
at the higher ionic strength and diffusive transport became less
important due to the influence of Cl� adsorption suppressing the
interfacial rate. At the intermediate [SH�], Fig. 7b, the contribution
of ionic migration at the lowest [Cl�] was decreased, the measured
current approaching the transport limited value except at the
lowest u when the diffusive contribution to SH� transport would
be at a minimum. These results indicate that the claim of diffusive
control of the anodic formation of Cu2S on Cu has limited appli-
cation [31].

For both low and intermediate [SH�], RD decreased to values
well below 1 as [Cl�] was increased with a minor (low [SH�]) or
negligible (intermediate [SH�]) dependence on u. The lack of a
dependence onu indicated that the interfacial reaction current was
directly dependent on the diffusion of SH� to the Cu surface within
the pores, with the dependence on [Cl�] a measure of the
displacement of SH� from surface adsorption sites by Cl�.

3.2. The effect of sulphate and bicarbonate

Voltammograms recorded in a 10�4 M SH� solution containing
various [SO4

2�] are shown in Fig. 8a, and in a 2 � 10�3 M SH� so-
lution in Fig. 8b. The general shape of the curves was the same as
observed in Cl� solutions (Fig. 1). The anodic process was again
reversible demonstrating that the Cu2S film formed was porous
with the anodic charge, QA, for Cu2S formation equal to that for film
reduction, QC, confirming that Cu2S formation, continued on the
reverse scan. The symmetrical shape of the cathodic reduction peak
at the lower [SH�] (Fig. 8a) indicated, as observed at this [SH�] in
Cl� solutions, that the film reduction was distributed throughout
the volume of the film as expected for the random nucleation and
growth of Cu centers within a porous film.



Fig. 8. CVs recorded in solutions containing various [SO4
2�] at u ¼ 25 Hz with [SH�] of a) 10�4 M and b) 2.0 � 10�3 M.

Fig. 7. Ratio (RD) (defined in the text) as a function of [Cl�] for various values of u recorded in solutions of a) 5 � 10�5 M and b) 10�4 M SH�.

T. Martino et al. / Electrochimica Acta 331 (2020) 1353196
Despite this general similarity, a comparison of Figs. 1 and 8
shows a number of differences in behaviour in SO4

2� compared to
Cl� solutions: (i) the potential at which anodic film formation
commenced was more positive for SO4

2� than Cl� solutions (Figs. 1b
and 8a). (ii) The current in region 2 was lower in SO4

2� solutions
than in Cl� solutions, and the suppression of the current by in-
creases in [SO4

2�] was more marked than those imposed by in-
creases in [Cl�]; (iii) When [SH�] was increased to 2� 10�3 M, SO4

2�

exerted a similar influence to Cl� on the evolution of the film
reduction peak from asymmetrical to symmetrical accompanied by
a shift to less negative potentials, Fig. 8b. As described above for Cl�

solutions, this last observation indicated a change in rate control-
ling process for film growth from ionic migration in pores at low
[SO4

2�] to the kinetics of the interfacial reaction at high [SO4
2�].

Fig. 9 shows the ratio, RD, as a function of [SO4
2�] for the two

[SH�] and various values of u. Comparison of Figs. 9a and 7b shows
the values of RD were considerably lower in the SO4

2� than the Cl�

solution consistent with a greater influence of SO4
2� on the inter-

facial anodic reaction rate. At the higher [SH�] of 2 � 10�3 M a
similar plot of RD vs [SO4

2�], Fig. 9b, confirmed the contribution of
the ionic migration of SH� (RD > 1.0) at low ionic strengths (in 0.1 M
SO4

2�) and the suppression of anodic oxidation at high ionic
strengths.

Inspection of Fig. 8b shows the fall in anodic current in region 2
observed in Cl� solutions at high [SH�] (Fig. 3c) did not occur in
SO4

2� solutions, suggesting the tightening of the porous structure
observed at higher [SH�]/[Cl�] ratios was avoided in SO4
2� solutions

up to an anodic limit of �0.7 V/SCE. To confirmwhether or not this
was the case, CVs were performed to more positive potential limits
in a concentrated SH� solution (2 � 10�3 M) containing both Cl�

and SO4
2�, Fig. 10. The anodic current was sustained up to �0.5 V/

SCE, and was only marginally lower on the return scan, confirming
that SO4

2� interfered with the Cu2S film growth process and pre-
vented the formation of any surface protective layer. This indicated
that the tightening of the film porosity which accounted for the
suppression of the current in region 2 (Fig. 3) in Cl� solutions at
high [SH�] did not occur when SO4

2� was also present. This could be
explained by the much lower anodic production rate of the trans-
portable copper species (Cu(SH)2� and Cu3S3), due to SO4

2� adsorp-
tion on the Cu surface, which would limit the decreased porosity
due to deposition on the walls of the pores in the growing film. A
similar study was performed in solutions containing various
[HCO3

�]. Although not shown, suppression of anodic oxidation and
the restructuring of the Cu2S films similar to that exhibited in Cl�

and SO4
2� were observed over the range 0.1 M � [HCO3

�] � 1.0 M.
The influence of the various anions can most readily be

compared by plotting the currents measured in region 2 as a
function of anion concentration, Fig. 11. Over the concentration
range, 0.1 Me1.0 M, the difference in behaviour of the two oxy-
anions compared to that of the Cl� is clear for [SH�] ¼ 10�4 M; i.e.,
at an [SH�] at which the current is controlled by a combination of
SH� diffusive transport and the interfacial anodic reaction rate. A



Fig. 9. Ratio (RD) (defined in the text) as a function of [SO4
2�] for various values of u recorded in solutions of a) 10�4 M and b) 2.0 � 10�3 M SH�.

Fig. 10. Anodic region of CVs recorded in 2.0 M Cl� þ 0.5 M SO4
2� þ 2 � 10�3 M SH� at

u ¼ 25 Hz to different anodic limits.
Fig. 11. Limiting currents at �0.73 V/SCE extracted from CVs recorded in a 10�4 M SH�

solution at u ¼ 25 Hz.
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comparison at this [SH�] avoided the complications encountered at
higher [SH�] when the properties of the Cu2S deposit dominated
the film growth behaviour. As noted above in the presence of Cl� at
this [SH�], the film formation process was less dramatically influ-
enced by [Cl�] than at the lower [SH�] of 5 � 10�5 M. Also, the
influence of ionic strength on the film growth process appeared
minor compared to that observed at the lower and higher [SH�].
This is apparent in Fig. 11, where the current changed only slightly
as the [Cl�] increased. While SO4

2� will have a considerably larger
effect on the ionic strength than the singularly charged HCO3

� and
Cl�, the behaviour observed indicated the dominant effect of SO4

2�

was in suppressing the Cu2S film growth rate, most likely via
competition for adsorption sites.

4. Summary and conclusions

� The effect of the anions (Cl�, SO4
2�, HCO3

�) on the anodic for-
mation of Cu2S films on Cu has been studied voltammetrically.

� At low ionic strengths and [SH�] � 10�4 M, anodic film growth
was, at least partially, controlled by ion transport in the porous
network of the film. When the ionic strength was increased, the
electric field within the pores was decreased leading to a
decrease in pore resistance and a larger potential gradient across
the Cu/solution interface at the base of pores, with the result
that control of film growth switched to the anodic reaction on
the Cu surface.

� At higher [SH�] (>10�3 M) the film growth process became
controlled by the properties of the film with ionic migration
remaining rate controlling even at high ionic strength. This was
attributed to the compact nature of the film with tighter
porosity at these high [SH�]. At sufficiently high applied po-
tentials the film became protective but not completely passive.

� Besides changing the film growth kinetics by influencing the
ionic strength and, hence, the distribution of the applied po-
tential across the Cu/film layer, anions (Cl�, SO4

2�, HCO3
�)

compete with SH� for adsorption sites on the Cu surface,
thereby interfering with the initial electron transfer step (to
produce Cu(SH)ads) necessary for Cu2S film formation.

� The ability of anions to suppress porous film growth increased in
the order Cl� < HCO3

� < SO4
2� under electrochemically-

controlled conditions. This may be attributable to strong co-
adsorption of SO4

2� and H2O on the Cu surface. Alternatively,
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the weaker influence of Cl� may be attributable to a synergistic
influence of Cl� and SO4

2� in producing transportable CuI species.
� These results demonstrate that the anodic formation of Cu2S on
Cu did not proceed via a nucleation and growth process as
claimed by others [31].
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