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ABSTRACT

The formation of sulfide and oxide films on copper has been studied in sulfide solutions containing chlo-
ride and buffered to pH = 9 with borate over the temperature range 20 °C to 80 °C. The primary goal
was to investigate the susceptibility of copper to pitting corrosion over a range of temperatures expected
in a deep geological repository. Films were formed electrochemically and characterized using scanning
electron microscopy (SEM), energy dispersive X-ray and Raman spectroscopy and X-ray diffractometry
(XRD). Chalcocite (Cu,S) formation was observed to occur under partially transport-controlled conditions
in the potential range —0.9 V to —0.3 V vs SCE. At less negative potentials (> —0.3 V vs SCE), a transition
from active dissolution to partial passivation by a copper oxide film was observed. Temperature had only
a minor effect on the formation of the sulfide film, but the onset of active dissolution and oxide film

Pitting corrosion
Nuclear waste disposal

formation shifted to lower potentials as the temperature increased.

© 2020 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The internationally accepted method for the permanent dis-
posal of high-level nuclear waste involves sealing it in corrosion-
resistant containers to be subsequently emplaced in deep geologic
repositories (DGR). In Sweden, Finland and Canada, the spent fuel
would be sealed in containers fabricated with either a cast iron in-
sert and a copper (Cu) shell (Sweden, Finland), or a carbon steel
vessel with a Cu coating (Canada). Such containers would provide
the only absolute barrier in a multi-barrier system designed to pre-
vent radionuclide release to the environment [1-6]. The choice of
Cu as the corrosion barrier is based on its corrosion resistance in
the anoxic environments anticipated in a DGR [7,8], in which ex-
posure conditions will evolve from initially warm (~ 90 °C) and
oxidizing to eventually cool (~ 15°C) and anoxic [9]. The period
required for the evolution in redox conditions to occur is uncer-
tain [10] with recent field studies suggesting consumption of O,
trapped on sealing the DGR, may be complete within the first 10
to 100 years after container emplacement in the DGR [11]. By con-
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trast, the evolution in temperature, which can be controlled to a
large extent by container and DGR design, is more readily calcu-
lated, and expected to evolve from a high of 80—90 °C during the
first 100—200 years of emplacement to ~ 20 °C after several thou-
sands of years [12]. Based on Swedish DGR design and calculations,
containers are expected to remain uncompromised by corrosion for
periods exceeding 10> years with most containers surviving for >
106 years [3,13,14].

While resistant to corrosion under anoxic conditions [7,10],
copper is unstable in the presence of sulfide (S2~) or hydrosul-
fide (SH™) ions [10,15]. In a DGR, the production of SH™ is likely
via the action of sulfate-reducing bacteria (SRB) [8] at locations re-
mote from the Cu container surface. While SH™ transport to the
Cu surface will be extremely slow [16] due to the high compaction
density of the clay surrounding the container, corrosion induced by
SH~ should be investigated.

A series of corrosion studies have shown that under anoxic
conditions the corrosion of Cu in aqueous SH~ environments
leads to the formation of chalcocite (Cu,S) films on the Cu
surface [10,15,17-19]. The properties of these films were found
to depend on [SH~] and [Cl~] and their ratio, with CI~ being
one of the dominant groundwater anions. These studies showed
that, while the growth law may change, these films remained
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porous and only partially protective. Based on these studies, cor-
rosion would be expected to propagate relatively uniformly in
Swedish/Finnish/Canadian repositories, since the interfacial reac-
tion of SH~ with Cu is rapid compared to SH~ transport via the
compacted clay under SH™ transport-controlled conditions [20,21].

Other authors have claimed, however, that the film is passive in
nature when formed under electrochemical conditions. Since pas-
sivity is a prerequisite for pitting corrosion, this would render the
metal susceptible [22,23]. For instance, Dong et al. [22] measured
the influence of temperature on supposedly pitting breakdown po-
tentials in borate (HBO32~/BO33~) buffered, slightly alkaline solu-
tions containing various [CI~] and [SH™], and proposed that Cu
would be susceptible to passivity and pitting under DGR conditions
[22,23]. However, Martino et al. [24], based on electrochemical ex-
periments conducted at room temperature in solutions containing
various [SH™] and [Cl~], found film properties to be dependent on
these concentrations and the flux of SH™, controlled by the use of
a rotating disk electrode [24]. They categorized the films accord-
ing to their properties and demonstrated that only films formed in
solutions containing > 5 x 10~4 M SH~ could be considered par-
tially passive, and only when a high SH~ flux to the Cu surface was
maintained. More recent studies, however, showed that, even at
high [SH™], films formed anodically remained porous rather than
becoming passive [25]. Sulfide concentrations are expected to be
well below 10~% M in Swedish and Finnish DGRs [3,10], and <
106 M in a Canadian DGR [10]. This, coupled with the extremely
low flux of SH™ through compacted clay, would reduce the surface
[SH™] to a very low value [16]. These studies and calculations indi-
cate that passivity, a prerequisite for pitting corrosion, should not
be possible. However, the corrosion behavior of Cu in SH~ solu-
tions is also influenced by the presence of other anions (SO42~ as
well as Cl7) [26], suggesting that the presence of HBO32~/BO33~ in
the experiments of Dong et al. [21] and Kong et al. [27,28] could
have influenced the properties of the Cu,S films.

In a previous paper, we re-evaluated the formation of sul-
fide and oxide films on Cu under electrochemical conditions in
HBO32~/BO33~containing solutions that either contained or were
free of SH™ and various concentrations of chloride [29]. This pub-
lished study demonstrated that HBO32~/BO33~ could induce pas-
sivity, but only in the potential range where oxide formation was
thermodynamically possible, which is a potential that is much
more positive than that at which Cu,S formation occurred. In this
study, we report results and analyses obtained under similar condi-
tions as a function of temperature over the range from 20 to 80°C.

2. Experimental
2.1. Sample preparation

Copper samples used in all the experiments were oxygen-free
and phosphorus-doped (30-100 wt.ppm), provided by the Swedish
Nuclear Fuel and Waste Management Co (SKB), Solna, Sweden.
Copper specimens for rotating disk electrodes (RDE) were ma-
chined with a threaded connection to a titanium (Ti) rod and
sealed into a Teflon holder using epoxy resin. A non-conductive
lacquer was applied to prevent exposure of the Ti/Cu junction to
the electrolyte, leaving a flat Cu surface with a total surface area
of 0.785 cm? exposed to the electrolyte. The average grain size of
SKB Cu is ~150 pm [30,31]. Prior to each experiment, the Cu elec-
trode was ground with a sequence of SiC papers with grit sizes:
800, 1000, 1200, 2400, 4000, and then polished to a mirror surface
finish using aluminum oxide (Al,03) suspensions with decreasing
particle size (1 um, 0.3 um, and 0.05 wm), sonicated in methanol
(reagent-grade) for 1 min, and finally dried in a stream of ultrapure
(99.999%) Ar gas.
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2.2. Electrochemical cell and instrumentation

Experiments were performed in a three-electrode cell using a
Cu RDE working electrode, a Pt plate counter electrode, and a sat-
urated calomel reference electrode (SCE, +0.242 V vs SHE). The cell
was fitted with an outer glass jacket through which H,0O was cir-
culated from a thermostatic bath (Isotemp 3016H Fisher Scientific)
to maintain the temperature of the solution constant to within +
1 °C. The electrochemical cell was placed inside a Faraday cage to
reduce interference from external electrical noise. The RDE rotation
rate (w) was controlled by a Pine Instrument Company Analytical
Rotator Model AFA86 Serial 882. Cyclic voltammograms (CV) were
recorded using either a Solartron 1287 potentiostat or a Solartron
Analytical Modulab equipped with CorrWare and XM-Studio-ECS
software. Prior to each experiment, the electrode was cathodically
cleaned at —1.5 V vs SCE for 1 min to reduce any air-formed ox-
ides, and then at —1.15 V vs SCE for another minute to allow the
detachment of any H, bubbles which may have formed due to H,0
reduction at the more negative potential. CVs and potential scans
were performed from an initial potential of —1.35 V vs SCE to var-
ious anodic limits at a scan rate of 2 mV/s. Potentiostatic polariza-
tions were conducted at —0.13 V vs SCE for 6 h at 33 Hz (80 °C).

2.3. Electrolyte and environment

Solutions were prepared with reagent-grade sodium chlo-
ride (NaCl, 99.0% assay), sodium sulfide (Na,S<9H,0, 98.0% as-
say), boric acid (H3BOs3, 99.5% assay), sodium borate decahydrate
(Na;B407+10H,0, 99.5% assay) and Type I water (18.2 MQecm) pu-
rified using a Barnstead NANOPure 7143 ultra pure water system.
Electrodes were exposed to solutions containing 2 x 104 M SH—
(buffered with 0.2 M HBO32~/BO5;~ to pH 9) and various chloride
concentrations in the range from 0.01 M to 5 M. To ensure the
maintenance of a deaerated environment and minimize sulfide oxi-
dation, the solution was sparged with ultrapure Ar for 30 min prior
to each experiment and then continuously throughout the experi-
ment. The solution temperature was maintained by circulating H,0
from a thermostatic bath (Isotemp 3016H Fisher Scientific) with
adjustable temperature control through a water jacket surround-
ing the cell. Experiments were performed at various temperatures,
ranging from 20 to 80 °C (& 2 °C).

2.4. Surface analysis

Scanning electron microscopy (SEM) analyses were conducted
using a LEO 1540 instrument equipped with a focused ion beam
(FIB) (Zeiss Nano Technology System, Germany) at the Western
Nanofabrication Facility. An electron beam with an accelerating
voltage ranging between 1 kV and 5 kV was used to collect high-
resolution images of both film morphologies and milled samples
at various magnifications. Elemental compositions of sample sur-
faces were analysed using an energy dispersive X-ray spectrometer
(EDX) in conjunction with the LEO 1540 FIB/SEM microscope and a
Hitachi SU8230 Regulus Ultra High-Resolution Field Emission SEM
coupled with a Bruker X-Flash EDX detector.

Raman spectroscopy was performed using a Renishaw InVia Re-
flex Raman spectrometer equipped with a 633 nm He-Ne laser and
an Olympus microscope. Spectra were obtained using a 50 x un-
coated objective lens with a laser beam diameter of ~ 2 pum. To
minimize any surface heating effects, the laser beam was used at
1-5% power. Prior to the acquisition of spectra, the spectrometer
was calibrated against the 520.5 cm~! peak of Si.

A Rigaku SmartLab X-ray diffractometer with Cu Ko radiation
(40 kV, 44 mA) was used to examine the phase composition of the
surface film. The sample was scanned over a 20 range from 20°
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Fig. 1. CVs recorded in solution containing 0.1 M NaCl 4+ 2 x 10~* M Na,S + 0.2 M
borate (pH 9) at w =17 Hz and at various temperatures. The numbers 1-6 refer to
different regions.

to 95° with a 0.02° step size. A grazing incidence angle configura-
tion (GIXRD) with an incidence angle of 2.5° was used to minimize
interference from the Cu substrate.

3. Results and discussion

3.1. Borate-buffered solutions containing sulfide and chloride at
various temperatures

A series of CVs were recorded from —1.35 V to —0.1 V vs SCE
in a solution containing 0.1 M NaCl + 2 x 10 M Na,S + 0.2 M
HBO32-/BO33~ (pH = 9). Fig. 1 shows the sections of the CVs from
—0.9 V to —0.1 V vs SCE at various temperatures. In Fig. 2, two
sections of the scans conducted at 80 °C and various electrode ro-
tation rates (w) are shown: (a) —0.9 V to —0.1 V vs SCE; and (b)
—1.25 V to —0.85 V vs SCE. As indicated in these figures, a number
of specific regions can be defined.

The current in region 1 has been demonstrated [24,29] to be
due to the anodic formation of chalcocite (Cu,S), reactions (1) and
(2), with the formation of oxide/hydroxide and soluble Cu com-
plexes prohibited in this potential range [7].

Cu (s) + SH™ (aq) — Cu(SH)(ads) + e~ (1)
Cu (s) + Cu(SH)(ads) + SH™ (aq) — CuyS + H,S + e~ (2)

The current in region 1 was independent of potential (E), Fig. 1,
but increased with w, Fig. 2 (a). In addition, although not shown
here, the current was maintained on the reverse scan if the po-
tential scan was reversed at other potentials in this region, which
was consistent with previous results recorded at 20 °C [24]. This
set of observations would only be possible if the Cu,S film formed
on the forward scan was porous, and its formation was at least
partially transport-controlled and sustained on the reverse scan. If
the film formed on the forward scan had been passive, the cur-
rent on the reverse scan would have been effectively zero since
the electric field within such a film would have been too low to
sustain the further film growth observed. A significant increase in
current was observed when the scan was extended into region 2,
where dissolution as CuCly®~1~ became possible. The shift of the
current increase in region 2 to lower potentials as the temperature
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Fig. 2. CVs conducted in solutions containing 0.1 M NaCl + 2 x 107¢ M
Na,S + 0.2 M borate (pH 9) at 80 °C at various values of the electrode rotation
rate (). (a) shows the section of the scans between —0.9 V to —0.1 V vs SCE: (b)
shows the sections of the same scans between —1.25 V and —0.83 V vs SCE.

was increased suggested a significant influence of temperature on
this anodic dissolution step. Since anion adsorption on Cu is well
known to occur, this could suggest a preference for increased Cl—
adsorption at the higher temperatures. The subsequent decrease in
current in region 3 suggested an active-to-passive transition which
shifted to lower potentials as the temperature was increased. The
current in region 2 was only slightly dependent on w, while the
decrease in region 3 was independent of w, Fig. 2 (a). This was also
similar to the behavior observed at 20 °C [24]. Since we demon-
strated previously that such current increases were observed in the
absence of SH™, they can be attributed to the anodic dissolution of
Cu, with a minor dependence on w, and thus less dependent on
the transport of chloride ions, due to the occurrence of these re-
actions within the pores of the Cu,S layer formed at lower poten-
tials (< —0.3 V vs SCE). The reactions occurring in this potential
range have been extensively studied [8,32]. The rapid decrease in
current in region 3 was shown, at room temperature, to be due
to the formation of a Cu,0/CuO layer induced by the presence of
HBO;2-/B0O33~ (at pH 9) irrespective of whether SH~ was present.
Oxide formation could proceed directly by oxidation of the Cu sur-
face or by the hydrolysis of the surface layer formed in reaction
(3)-(5), or of dissolved CuCly*~1-, reaction (6) [32,33].
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Cu + CI- — CuClyys + e~ (3)
CuClygs + (x—1)Cl- — CuCl,&-D- (4)
2CuClyys + 20H- — Cuy0 + Hy0 + 2CI- (5)
2CuCl*=1D- 4+ 20H- — Cuy0 + H,0 + 2xCl- (6)

The low current in region 4, Fig. 1, suggested the formation
of a passive oxide film. However, the increase in current (region
4) with temperature, Fig. 1, and w, Fig. 2 (a), and the recovery
of the current for anodic dissolution (as CuCly®~1-) in regions 2
and 3 on the return scan confirmed that passivation was incom-
plete, especially for T > 60 °C. The cathodic reduction peak in re-
gion 5, Figs. 1 and 2 (a), can be attributed to the reduction of
the anodically-formed oxides and CuCl,*~1)~ trapped within the
pores of the Cu,S film. This was consistent with the observation
that the anodic charge increased in regions 2 and 4 as tempera-
ture increased, Fig. 1. The charge associated with reduction peak 5
also increased as expected.

Fig. 2 (a) shows that, at a stationary electrode (w = 0 Hz), the
cathodic charge recovered in region 5 was close to that consumed
by anodic oxidation in regions 2 and 3, which was consistent with
the retention at the electrode surface of the majority of the anodic
products, which could then be reduced on the reverse scan. When
w was increased, the charge associated with region 5 decreased
and, for a sufficiently high value of w, the net current in this re-
gion became positive, Fig. 2 (a), suggesting a net oxidation process.
This can be attributed to a combination of the increased fluxes of
reducible CuCl,*~1~ away from the electrode surface, which pre-
vented its cathodic reduction, and of SH~ into the porous struc-
ture, which led to the enhanced anodic formation of Cu,S, with
the current becoming positive when the anodic process became
dominant at high values of w. The combination of these two fluxes
would also be expected to lead to the rapid chemical deposition of
Cu,S on the Cu surface via the chemical reaction (7) [34], with the
Cu,S not being able to be reduced until the potential was scanned
to region 7. Additionally, an increased flux of SH™ to the Cu surface
would also lead to the chemical conversion from Cu,0 to Cu,S, al-
though this reaction is not particularly fast compared to reaction 7
[35].

2CuCl®-D- 4 SH- — Cu,S + H* + 2xCl- (7)

The revival of the current for the anodic formation of Cu,S in
region 6 on the reverse scan, Figs. 1 and 2 (a), confirmed that
the Cu,S film formed on the forward scan remained porous and
continued to grow. The recovery of the current observed in re-
gion 6 to that observed in region 1 on the forward scan was al-
most complete, especially at the higher temperatures, Fig. 1, indi-
cating that the film formation/reduction processes at higher poten-
tials had only a minor influence on the anodic formation of Cu,S.
Fig. 2 (b) shows the cathodic reduction peaks of Cu,S in region 7.
Commonly, two reduction peaks are observed in this region [24],
reflecting the distinct morphologies of these films. Previously, it
has been shown that the cathodic charge associated with Cu,S re-
duction (Qc) was approximately equal to the anodic charge (Qa)
consumed in its formation. In this study, while Q¢ increased as Qa
increased, it was difficult to perform a quantitative comparison due
to the large partially overlapping current for H,O reduction which
accounted for the rapidly increasing current at more negative po-
tentials (E < —1.1 V vs SCE), Fig. 2 (b). The significant increase in
current associated with H,0O reduction reaction (E < —1.1 V vs SCE)
could be attributed to an increase in total surface area of the Cu
particulates formed during the cathodic reduction of Cu,S.
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Fig. 3. Limiting current densities at E = —0.6 V vs SCE plotted as a function of
solution temperature taken from the CVs in Fig. 1. The red open circle shows the
current density for theoretical transport-control at 25 °C. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

3.2. The influence of temperature on sulfide film formation

Fig. 3 shows the current densities recorded at E = —0.6 V vs
SCE (i.e., in region 1) in CV experiments and at w = 17 Hz for all
the temperatures studied. Similar behavior was observed at other
values of w ranging from 8 Hz to 33 Hz. At all temperatures,
the current densities were substantially lower than the theoretical
transport-limited current, as indicated by the red circle which was
calculated at 25 °C using the Levich equation [36]. While the mea-
sured current density decreased only slightly with temperature,
the deviation from transport control was greater at the higher tem-
peratures, since the theoretical transport-limiting current would
have increased with increasing temperature. This influence of tem-
perature on the potential-independent current in region 1 was
contrary to that claimed by others [22,28] who observed a slight
increase. This slight increase was attributed by those authors to
an increase in generation of cation vacancies as the temperature
was increased, and the condensation of cation vacancies at the
metal/barrier layer interface was considered to account for the pas-
sive film breakdown [22,27,28].

3.3. The influence of temperature on chloride-induced active
dissolution and oxide formation

The potential at which the current began to rise in region 2,
Fig. 1, can be defined as the onset potential at which the an-
odic oxidation associated with the formation of soluble CuCl,(*~1)~
species began. This potential was determined by plotting the cur-
rent logarithmically and defining the onset potential as the inter-
section of the extrapolated currents in regions 1 and 2, as shown in
Fig. 4. These onset potentials, and similar values obtained at differ-
ent concentrations of Cl~ over the range from 0.1 M to 5.0 M, are
plotted for three temperatures (40, 60 and 80°C) in Fig. 5. Included
in this plot are the potentials which Dong et al. [22] claimed were
Cl--induced breakdown potentials for the Cu,S films grown at
lower potentials in region 1, Fig. 2. The similarity between the two
sets of data demonstrates that the values measured by Dong et al.
[22] represented onset potentials for anodic dissolution, not Cu,S
film breakdown values.
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Fig. 5. Comparison of the potentials at which the current increases in CVs (Fig. 1)
to those measured by others and claimed to be sulfide film breakdown potentials.
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3.4. Characterizations of electrochemically grown films

SEM micrographs recorded on the surfaces of electrodes after
scanning the potential to various potential limits at w = 33 Hz at
a temperature of 80 °C are shown in Fig. 6. FIB-cut cross-sections
of these electrodes are shown in Fig. 7. When the potential limit
was —0.85 V vs SCE (i.e., confined to the early section of region
1), the SEM micrograph in Fig. 6 (a) showed the formation of only
a thin film, and the grinding ridges from surface preparation re-
mained visible. The extremely small apparent pit-like features oc-
cur at the locations where SiC and Al,03 particles were embedded
in the soft metal surface during electrode preparation, as demon-
strated by EDX. The cross-section in Fig. 7 (a) shows that the Cu,S
film was thin and porous, with a maximum thickness of 367 nm,
but with many locations where the film was considerably thin-
ner. This approximate maximum thickness was considerably larger
than that for the film grown under similar conditions at 20° C (<
150 nm) [29], despite the observation that the plateau current in
region 1 was smaller at 80 °C than at 20 °C, Fig. 4. As a conse-
quence, the overall extent of film formation would be expected
to be lower at the higher temperature, leading to a correspond-
ingly thinner film if the thickness was determined by charge only.
The FIB-cut cross-sectional image in Fig. 7 (a) shows that the film
grown at 80 °C was composed of columnar features that were
non-uniformly distributed on the surface. This columnar growth
at the higher temperature could be attributed to the more exten-
sive transport of Cu species than that at the lower temperature. As
shown previously, Cu,S film growth occurred at the film/solution
interface, with transport occurring in the form of either Cu(SH),~
complexes or Cu3Ss clusters [34]. When the potential was scanned
to E = —04 V vs SCE, a scattered dendritic Cu,S deposit was
formed on top of a fine particulate base layer, Fig. 6 (b). The cross-
section shown in Fig. 7 (b) revealed that the particulate base layer,
while apparently more compact and evenly distributed, remained
porous and continued to grow in a columnar manner. While the
Cu surface was slightly rougher, there was no indication of pitted
locations at the Cu/film interface. One particularly long columnar
feature is marked in Fig. 7 (b).

When the potential scan limit was extended to —0.24 V vs SCE
and eventually to -0.13 V vs SCE, the outer dendritic deposit be-
came denser, and achieved an apparent thickness of 5 um but
contained extensive void spaces, Fig. 6 (c) and (d). The porous par-
ticulate base layer reached a thickness of 280 nm to 398 nm at
-0.24 V vs SCE and did not thicken noticeably when the poten-
tial was extended to —0.13 V vs SCE, Fig. 7 (c) and (d). This base
layer maintained its coherence at —0.24 V vs SCE, a potential in
region 3 at 80°C, and the Cu surface showed no indication of pit-
ting. At —0.13 V vs SCE, when the CV in Fig. 2 (at 80 °C) indicated
a partially passive state (region 4), the base layer appeared to have
broken up slightly, Fig. 7 (d).

Raman spectra were collected at various surface locations af-
ter the potential was scanned to —0.4 V vs SCE (region 1) and
—0.13 V vs SCE (region 4), Fig. 8. The spectrum recorded at —0.4 V
vs SCE showed a broad peak at 297 cm~!, confirming the presence
of Cu,S [35,37-39]. The very shallow response in the wavenumber
range 500 cm~! to 625 cm~! may indicate slight conversion of the
Cu,S to oxide by reaction with air, which can be attributed to the
local heating effect induced by the laser beam while the spectrum
was recorded [40,41]. In the spectrum recorded at —0.13 V vs SCE,
the peak at 297 cm~! could be due to either Cu,S or CuO, since the
formation of the latter was also thermodynamically possible at this
potential [7]. The peaks at 147 cm~! and 220 cm~!, and the less
well-defined peaks in the range 500 cm~! to 625 cm~! confirm
the presence of Cu,0 [42]. To confirm these compositions, grazing
incidence X-ray diffraction patterns were recorded after 6 h of po-
tentiostatic oxidation at —0.13 V vs SCE at 80 °C, Fig. 9. Comparison
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Fig. 6. SEM micrographs showing morphologies of films formed after scanning potential to various limits at 80 °C in solutions containing 0.1 M NaCl + 2 x 1074 M
Na,S + 0.2 M borate. (a) —0.85 V vs SCE, (b) —0.40 V vs SCE, and (c) —0.24 V vs SCE, (d) —0.13 V vs SCE.

to standards confirmed the presence of Cu,S and Cu,0 but did not
detect CuO.

Fig. 10 shows EDX elemental maps (expressed as wt.%) recorded
on a mechanically polished cross-section of the Cu electrode anod-
ically oxidized at —0.13 V vs SCE for 6 h (80 °C). The high Si and
O wt.% at the top of the maps indicate the locations of the epoxy
resin used to protect the surface layers during cutting and polish-
ing of the cross-section. The void space throughout the film, ob-
served in the SEM/FIB micrographs, Fig. 7, was also evident in the
maps for Cu, O and S, shown in Fig. 10. Sulfur was mostly detected
on the top, while the majority of the O associated with oxide was
located in the middle of the film and at the Cu/film interface. The
body of the film was mainly composed of copper oxide (Cu,0, as
indicated the by XRD analysis) with islands of Cu metal distributed
in the oxide (red spots in Fig. 10(b)) attributable to Cu particles
produced during the mechanical polishing.

At the Cu/film interface, the surface layer contained some Cu,S,
but was predominantly oxide, consistent with the dominant forma-
tion of a partially protective oxide at E = —0.13 V vs SCE, as sug-
gested by the electrochemical results, Fig. 2 (a). While Cu,S forma-
tion at the Cu/film interface was limited, a thick layer of Cu,S was
formed at the film/solution interface (i.e., at the film/epoxy inter-
face in the maps) with only relatively small amounts present in the
thick, void-filled body of the film. Since the anodic reaction of Cu
with SH™ is rapid, limited film growth on the Cu surface can be at-
tributed to SH~ depletion at this location, the surface [SH~] being
controlled by transport through the thick film. The accumulation of
a much thicker Cu,S layer at the film/solution interface would be
expected when the anodically-formed CuCl,*~1)~ was transported
through pores within the film to the film/solution interface to react
with SH™, via Reaction 7, on encountering the bulk [SH™], leading
to the deposition of Cu,S.

4. Conclusions

1) The kinetics of electrochemically-grown chalcocite (Cu,S) films
on Cu in the potential range —0.8 V vs SCE to —0.3 V vs
SCE were partially transport-controlled and developed a porous,
non-passive structure. Temperature had only a minor influence
on the kinetics of film growth.

2) At more positive potentials (> —0.3 V vs SCE) an active to pas-
sive transition was observed, with active dissolution occurring
as CuCly®=1~- within the Cu,S film formed at lower potentials,
followed by the partial passivation of the surface by the for-
mation of Cu,0. The potential range within which these two
processes occurred decreased as the temperature increased.

3) The potentials at which active dissolution commenced coin-
cided with the potentials erroneously claimed in the literature
to be chloride-induced sulfide film breakdown potentials. This
coincidence of values was observed at all temperatures studied
in the range 20 to 80 °C.

4) Raman spectroscopy and XRD confirmed the formation of chal-
cocite (Cu,S) in the low potential region (E = —0.4 V vs SCE)
and Cu,S/Cu,0 at higher potentials (E > —0.3 V vs SCE).

5) SEM micrographs and EDX analyses confirmed the presence of
oxides at the Cu/film interface covered by a thick extremely
porous overlayer with a thick deposited outer layer of Cu,S
formed by the reaction of SH~ with CuCly*~1)~ transported
from the Cu surface.
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Fig. 7. FIB cut cross-sections of films formed after scanning potential to various limits 80 °C in solutions containing 0.1 M NaCl + 2 x 104 M Na,S + 0.2 M borate (pH 9).

(a) —0.85 V vs SCE, (b) —0.40 V vs SCE, and (c) —0.24 V vs SCE, (d) —0.13 V vs SCE.
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scan rate of 2 mV/s.
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