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A B S T R A C T

This study investigated copper and pre-oxidized copper immersed in 0.2 M NaCl solutions containing different 
concentrations of sulfide ions. In order to investigate the corrosion processes, the corrosion potential and elec
trochemical impedance at room temperature and at an elevated temperature were measured for 24 h during and 
after exposure to the chloride solution with different sulfide concentrations in aerated conditions. The surfaces of 
the pre-oxidized copper were characterized by scanning electron microscopy, energy dispersive X-ray spec
troscopy (EDS), a focused ion beam scanning electron microscopy (FIB-SEM), and Raman spectroscopy. It was 
shown that the concentration of sulfide ions in the chloride environments, in addition to the temperature itself, 
greatly affect the film formation in oxic conditions. The thickness of the films observed corresponds well to those 
calculated using cathodic stripping voltammetry. The mechanism of corroding copper in chloride/sulfide system 
was proposed.

1. Introduction

Copper and many of its alloys have favorable combinations of 
desirable properties, including high electrical conductivity, wear and 
corrosion resistance, tensile strength, solderability, and an appealing 
appearance [1–3]. When exposed to a humid, aerated environment, 
copper and its alloys spontaneously form copper(I) oxide, Cu2O, which is 
insoluble in water and slightly soluble in acid [4–7]. In the presence of 
aggressive species, and depending on the nature of the environment, 
further oxidation occurs. The further oxidation of Cu2O leads to the 
formation of copper(II) oxide, CuO. CuO nanostructures have been 
studied to explore their structural, electrochemical and functional 
properties as they are used for advanced applications such as energy 
storage, catalysis, biomedical (antibacterial) and environmental appli
cation [8–13]. In various environmental conditions, the corrosion rate 
depends on the aggressiveness of the environment. In an industrial at
mosphere, over 20 years of exposure, the corrosion rate of copper is 
typically under 2.5 µm/year [5,14]. In aerated solutions, such as 0.1 M 
NaCl, the corrosion rate of copper is between 15 µm/year and 123 
µm/year, depending on the microstructural characteristics of the copper 
[15]. In aerated seawater, the corrosion rate has been shown to be be
tween 25 and 70 µm/year [16,17]. The corrosion rate of copper-based 
alloys in soil have been shown to be 0.05–4 µm/year for exposure 

durations of <20 years, tending to decrease with time [18]. An inter
esting observation of a great number of bronze artifacts from the Bronze 
Age is that the thickness of the corrosion products was 10–250 µm when 
the alloy core was present [18].

The corrosion behavior of copper and copper alloys in aqueous 
media, seawater, and other saline environments has been investigated 
extensively [19–24]. Corrosion processes lead to the formation of sur
face films, which can be either protective or non-protective [21]. A 
crucial role in the formation and properties of the corrosion film in a 
chloride-containing environment plays chloride ion, with competition 
between Cl– and OH– for surface sites being the first step [23]. Cu2O is 
more likely to form at a higher pH, while at higher chloride concen
trations the formation of CuCl2– is more desirable [23,25]. North and 
Pryor et al. [22], observed Cu2O films with traces of atacamite (Cu2Cl 
(OH)3) on copper exposed to 3.4 % NaCl. El Warraky et al. [26] found 
that the CuCl film is less protective than Cu2O in chloride-containing 
media. The formation of CuCl on the Cu2O surface leads to defects 
that can initiate pitting, so that copper continues to dissolve and Cu2O 
continues to grow [25,26]. Other anions such as bicarbonate, nitrate, 
chloride, and sulfate can also contribute to pitting [26].

The presence of sulfides in chloride media has been studied for more 
than four decades, particularly concerning copper and copper alloys in 
seawater polluted with sulfides [20]. The corrosion of copper also occurs 
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in soil, where copper interacts with sulfide, such as pyrite [27]. Early 
studies investigated the behavior of copper-nickel alloys in deaerated 
conditions, with long-term exposure to sulfide pollution found to 
significantly impact the protective ability of surface oxides in such en
vironments [3,20,28–30]. Macdonald et al. [31] investigated the 
corrosion of Cu-Ni alloys in dearated sulfide seawater. In deaerated 
unpolluted seawater, the corrosion rate of copper was low due to 
hydrogen ion reduction. In deaerated sulfide polluted seawater, corro
sion rate increased due to hydrogen ion reduction. Syrett et al. [20] also 
concluded that the presence of sulfide and oxygen lead to the formation 
of a thick non-protective, porous cuprous sulfide layer, which interferes 
with the normal growth of the protective oxide film in unpolluted 
environment. Similar observations have been made in more recent 
studies in sulfide-polluted environments [27,32,33]. In a recent study by 
Li and co-workers [34], the effect of sulfides on the pitting behavior of 
copper-nickel alloy was investigated in aerated natural seawater and 
seawater containing sulfides. Sulfides were shown to significantly 
accelerate the corrosion of these alloys, with the pits more significant 
than those induced in natural seawater. After 15 days of Cu-Ni alloys 
being immersed in sulfide-polluted seawater, the corrosion products 
consisted of Cu2S, CuS, Cu2O, CuO, and nickel oxides (Ni(OH)2, NiO, 
Ni2O3) [34].

Al Kharafi et al. [35] investigated intergranular corrosion of copper 
in sulfide-polluted salt water. The sulfide ions influence the rate and 
mode of copper dissolution especially when the impurities such as Ni, 
Ag, Bi, Ta, etc. segregate to the grain-boundary region. This leads to the 
formation of a weak Cu2O layer, which breaks quickly under the effect of 
sulfide ions [35]. In a recent study, the properties of oxide and sulfide 
corrosion films on copper were investigated using density functional 
theory (DFT). It was found that Cu2S forms compact film only on specific 
facets of Cu. This could help to understand why Cu2S is rather porous 
and non-adherent compared to Cu2O [36].

Some studies have also investigated the atmospheric corrosion of 
copper in an environment polluted with hydrogen sulfide (H2S), 
particularly in relation to the degradation of electronic components and 
equipment exposed to such conditions [4,37,38]. The corrosion of 
copper can also occur as a result of exposure to water containing reduced 
sulfur or from microbiologically induced corrosion mechanisms 
involving sulfate-reducing bacteria (SRB) [39,40].

With the selection of copper as a corrosion barrier material in the 
Swedish/Scandinavian concept for nuclear waste disposal, the behavior 
of copper in saline environments containing varying amounts of sulfides 
became a primary research focus for many global research groups. A key 
element of these studies is their relevance to deep geological disposal 
environments, where the concentration of oxygen is limited and sulfide 
ions play a dominant role as an oxidizing species.

Oxygen will be trapped during the sealing and will be consumed by 
various reactions and also by corrosion of the copper canister. It will also 
be located in the pore space of HCB blocks and backfill material [25,41]. 
In the Scandinavian concept, sulfide is already present in the ground
water itself, in concentrations of up to 10–4 M and >10–6 M [25,42]. In 
the Canadian concept, sulfides are not present in the groundwater 
composition [41,43,44], but the source of SH– is the activity of 
sulfate-reducing bacteria (SRB), which is more evident under anoxic 
conditions, where there is no trace of oxygen [45,46].

Recently, research has focused on pre-oxidized copper, as cuprite 
forms on the surface of copper during handling or in the presence of 
initial oxygen [47–50]. This cuprite layer represents the typical surface 
condition of copper [4–6]. Studies are now investigating the effects of 
various sulfide concentrations, the extent of the sulfide attack in 
different anion environments, and the underlying mechanisms of such 
attacks [45,51].

Unlike most studies that focus on copper behavior under strictly 
anoxic conditions, our research explores unlikely but scenarios that may 
arise during the early evolution of a deep geological repository–such as 
localized oxygen exposure due to incomplete sealing, microcraks, or 

transient oxidizing conditions. While such events are not expected under 
normal engineered condition, they cannot be entirely excluded. By 
examining the combined effects of sulfide concentration, oxygen avail
ability, and temperature over a defined time frame, this study provides 
valuable insights into potential deviations from ideal repository 
conditions.

The depth and intensity of the sulfide attack, as well as the properties 
of the oxide film, are examined using cyclic voltammetry, open-circuit 
potential measurements, electrochemical impedance spectroscopy, and 
various characterization techniques, including OM (optical micro
scopy), scanning electron microscope (SEM), FIB-SEM (focused ion 
beam scanning electron microscope), XPS (X-ray photoelectron spec
troscopy), and Raman spectroscopy.

2. Materials and methods

2.1. Sample preparation

Copper samples, in the form of discs (θ = 15 mm), were cut from a 2 
mm thick Cu sheet (oxygen-free, high thermal conductivity of 99.95 %, 
cold-rolled and soft-annealed) from Goodfellow, Huntingdon, England, 
UK. Further details regarding the composition and properties of this 
copper material can be found in our earlier publication [15]. For the 
electrochemical measurements, the copper samples were ground with 
800–4000 grit SiC paper, polished to a mirror finish using a 1-μm dia
mond suspension, rinsed with deionized water, and then ultrasonically 
cleaned in 96 % ethanol for 3 min and air-dried.

Test samples were copper and pre-oxidized copper.

2.2. Test solutions

A borate buffer with a pH value of 10 was used for preparation of pre- 
oxidized copper and for electroanalytical purposes using cyclic vol
tammetry. A tetraraborate buffer was prepared by combining 4.77 g of 
sodium tetraborate decahydrate (Na2B4O7⋅10H2O, assay ≥ 99.5 %, 
Carlo Erba) and 183 mL of 0.1 NaOH (99+ %, LAB Expert) in 1 L of 
solution.

To study the effect of sulfides on copper corrosion in oxic conditions 
the following three test solutions were chosen: 0.2 M Cl–, 0.2 M Cl– with 
5⋅10–6 M SH– and 0.2 M Cl– with 1⋅10–4 M SH–.

NaCl (≥ 99.5 %, Fisher Chemical) was used for preparation of 0.2 M 
chloride solution and sodium sulfide (Na2S⋅9H2O, 98+ %, Carlo Erba) 
was used for preparation of sulfide solutions. All chemicals were of p.a. 
grade.

The pH values of the solutions were measured using a Mettler Toledo 
pH meter. At room temperature (22 ± 2), the pH of the chloride solution 
was 6.9, the pH of the chloride solution with a low sulfide concentration 
(5⋅10–6 M SH–) was 7.1, and the pH of the solution with a high sulfide 
concentration (1⋅10–4 M SH–) was 9.6. The pH values of the solutions 
were also measured at 60 ◦C. The pH of the chloride solution alone was 
6.0, the pH of the chloride solution with a low sulfide concentration was 
6.4, and the pH of the solution with a high sulfide concentration was 7.9. 
The accuracy of measuring pH values at 60 ◦C, however, is affected by 
the changed activity of the H+ ions, the reduced stability of the glass 
electrode, and the effect of temperature on the reference electrode [52].

2.3. Electrochemical measurements

A three-electrode corrosion cell with a volume of 350 cm3 and a 
working electrode embedded in a Teflon holder with an exposed elec
trode area of 0.785 cm2 were used for the electrochemical experiments. 
The reference electrode was Ag/AgCl with 3 M KCl (standard reference 
potential 0.197 V vs SHE) and the counter electrode was a graphite rod. 
A Gamry 600 potentiostat/galvanostat was used for the electrochemical 
measurement of corrosion potential (Ecorr) and for electrochemical 
impedance spectroscopy (EIS). An Autolab PGSTAT100 (Netherlands, 
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2011) was used for cyclic voltammetry. All potentials in this paper refer 
to Ag/AgCl, unless otherwise stated.

Before each electrochemical experiment, the copper electrodes were 
cathodically cleaned at –1.4 V for 60 s so as to remove any air-formed 
oxides.

Cyclic voltammetry was performed to investigate the formation 
mechanism of copper oxides. The voltammograms were recorded from a 
starting potential of –1.4 V in the anodic direction up to the anodic 
potential limit, Ea. Ea were 0.0 V, 0.3 V, 0.7 V, and 1 V. The scan rate was 
5 mV/s. Cyclic voltammetry was used and terminated at various po
tentials to confirm the formation of different copper oxides at several 
different potentials.

After oxidation, the samples were transformed to electrochemical 
cell containing test electrolyte. The electrochemical tests were con
ducted at room temperature (22 ± 2 ◦C) and at an elevated temperature 
(60 ◦C) over a period of 24 h.

Corrosion potential was monitored for the duration of the period (24 
h). After 24 h of immersion, electrochemical impedance spectroscopy 
(EIS) was performed over a frequency range of 100 kHz to 1 mHz using a 
Gamry 600 potentiostat/galvanostat. The AC perturbation amplitude 
was 10 mV rms and the number of frequency points per decade was 7. 
EIS data were fitted using Zview (Scribner, Southern Pines, North Car
olina, USA) and interpreted based on equivalent electrical circuits. The 
goodness of fit values was estimated through chi square value.

Cathodic stripping voltammetry (CSV) was used for the cathodic 
removal of the oxide and sulfide films that formed on the pre-oxidized 
copper when exposed to the chloride solutions of different sulfide con
centrations. Following 24 h immersion in solutions at different tem
peratures, the pre-oxidized copper samples were rinsed with deionized 
water, air-dried, and then immediately transferred to an electrochemical 
cell for the CSV experiments. The CSV experiments were performed in 
borate solutions with a pH value of 10, from 0 V to –1.5 V, at a scan rate 
of 1 mV/s. The experiments were performed at room temperature and in 
an aerated solution.

The thickness (d) of the oxide layer formed on the copper surface 
after oxidation was calculated using the charge densities (Q), according 
to Eq. (1). The estimated thickness of the Cu2O layer on the pre-oxidized 
samples was 15 nm. The thickness of the corrosion layer after immersing 
the samples in various sulfide solutions for 24 h was also estimated from 
the charge densities. The charge densities were obtained through inte
gration of the cathodic peaks recorded in the cathodic stripping vol
tammograms, as follows 

d =
QVm

nFr
(1) 

where d is the oxide thickness (nm), Q is the charge density (C/cm2), Vm 
is the molar volume of the oxides and sulfides (cm3/mol), n is the 
number of exchanger electrons, r is the roughness coefficient (r = 1), and 
F is the Faraday constant (96,485 C/mol) [53,54]. The molar volume of 
Cu2O is 23.9 cm3/mol, the molar volume of CuO is 12.4 cm3/mol, and 
the molar volume of Cu2S is 27.4 cm3/mol [55].

2.4. Surface characterization

The surface morphology of samples exposed to chloride solutions of 
different sulfide concentrations at room (22 ◦C) and elevated (60 ◦C) 
temperatures were inspected using a scanning electron microscope (FIB- 
SEM ZEISS CrossBeam 550 SEM) equipped with an energy dispersive 
spectrometer EDS (OctaneElite, EDAX, Pleasanton, California, USA). 
The instrument was operated at 15 kV with the current probe at 2.5 nA. 
The elemental composition of the corrosion products was investigated 
using an energy dispersive X-ray spectrometer (EDS, OctaneElite). A FEI 
Helios Nanolab 600i FEG-SEM with an energy dispersive X-ray spec
troscopy (EDS) detector (Aztec Oxford apparatus, SDD detector, WD 4 
mm) was used to determine the thickness of the corrosion products 

formed on the copper surface. The in-situ cross sections were obtained 
by FIB milling (Ga+ ions). An acceleration voltage of 2 kV and a current 
intensity of 50 pA were used for the cross-sectional imaging. With the 
FIB-SEM, we can examine the cross-section of the sample and make 
precise milling and deposits in the nanometer range, but it can also 
damage or alter the surfaces of the samples.

Raman spectroscopy is a non-destructive technique that provides 
chemical information on surface composition without requiring vacuum 
or sample preparation. Corrosion products were analyzed using a Horiba 
Jobin Yvon LabRAM HR800 Raman spectrometer coupled with an 
Olympus BXFM optical microscope was used to obtain Raman spectra 
using a 633 nm laser excitation line, a 100× objective lens, and a 600 
grooves/mm grating. The spectra presented include baseline correction.

XPS is surface sensitive technique and is used for the analysis of thin 
films, oxides and coatings (5–10 nm in depth). XPS can provide quan
titative analysis including the chemical composition of the surface. XPS 
measurements were performed using a Supra+ instrument (Kratos, 
Manchester, UK) equipped with an Al Kα source, a monochromator, and 
a charge neutralizer. The take-off angle of the analysis was 90◦ The 
binding energy (EB) scale was corrected using the C–C/C–H peak in 
the C 1 s spectrum at 284.8 eV. The data were acquired and processed 
using ESCApe 1.4 software (Kratos, Manchester, UK). The pass energy 
values used to acquire high-resolution (HR) were 40 eV and 160 eV. The 
Shirley background subtraction algorithm was used [56].

3. Results

3.1. Cyclic voltammetry of copper

Cyclic voltammetry (CV) was performed in a borate buffer (pH 10) to 
study the oxidation and reduction processes of copper. As described in 
the literature [54,57], the results from cyclic voltammetry are not 
identical, due to differences in the surface preparation, contamination, 
and the corrosion media used. The potential of each voltammogram was 
reversed at a different potential, as shown in Fig. 1. During the CV scan 
in the positive direction to the anodic potential limit, Ea = 0 V, the first 
anodic peak, A1, was reached at a potential of –0.19 V. The anodic peak 
was assigned to the formation of a copper(I) oxide, Cu2O, which occurs 
according to Equation 2 [54]. 

2Cu + H2O = Cu2O + 2H+ + 2e− (2) 

The reduction scan showed the cathodic peak, C1, at a potential of 
–0.5 V. It is assigned to the reduction of copper(I) oxide to copper, as 
shown in Eq. (3) [53,54]. 

Cu2O + 2H+ + 2e− = 2Cu + H2O (3) 

Pushing the anodic potential limit to Ea = 0.3 V, the second peak, A2, 
is observed at a potential of –0.03 V. In a borate buffer, the peak A2 
oxidizes copper(I) oxide to a copper(II) oxide film. The CuO film is 
formed according to Eq. (4) [54]. 

Cu2O + H2O = 2CuO + 2H+ + 2e− (4) 

Other authors have attributed the second oxidation peak in alkaline 
solutions (NaOH, KOH) to the formation of a complex hydrous(II) oxide 
film [58–60]. According to Seo [61], the average composition of the 
outer layer could be represented as CuOx(OH)2–2x, where x varies in the 
range of x = 0 – 1. This corresponds to the range of composition of Cu 
(OH)2 to CuO [61].

At higher reverse positive potentials, the second peak, C2, is 
observed in the negative scans at a potential of –0.17 V, which is 
attributed to the reduction of the outer layer, i.e., the reduction of 
copper(II) oxide to copper(I) oxide, as shown in Equation 5 [53]. 

2CuO + 2H+ + 2e− = Cu2O + H2O (5) 

Fig. 1a shows that the formation of the anodic peaks (A1 and A2) in a 
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positive scan always occur at the same potential. The anodic peak A1 
appears at a potential of –0.19 V, while the anodic peak A2 appears at a 
potential of 0.03 V. The reduction (cathodic) peaks in the negative parts 
of the CV, however, behave differently. At a higher positive reverse 
potential, the reverse potential significantly influences the shape and 
position of the cathodic peaks. The cathodic peak moves towards a more 
negative potential and the height of the cathodic peak increases, indi
cating that more copper(I) oxide and copper(II) oxide have formed on 
the copper surface. This can be most clearly observed between the CVs at 
Ea values of 0.3 V and 1 V (see Fig. 1a).

In order to prove the formation and reduction of different copper 
oxides, XPS CuLMM spectra were measured at different stages of the 
oxidation and reduction processes (Fig. 1b). The first spectrum, P1, 
represents a copper sample where the CV scan was stopped at the A1 
peak for 2 h, which represents the oxidation of Cu to Cu2O. The thickness 
(d) of the oxide layer was calculated from the XPS CuLMM spectra and 
integration of the intensities of the individual species, using Eq. (6) [62], 

Iox

Im
=

(
DOXλOX

Dmλm

)[

exp
d

λoxcosΘ − 1
]

(6) 

where D denotes the atomic density, λ is the electron inelastic free path, 
and Θ is the takeoff angle. The following values were used for the cal
culations: DCu = 0.14, DCu2O = 0.042, λCu = 1.63 nm, λCu2O = 2.91 nm, 
and the takeoff angle, Θ, was 90 ◦

The thickness of the Cu2O oxide film formed on the copper at the 
peak A1 was 3.70 nm. A second XPS spectrum was recorded at the peak 
A2 (area P2), which represents the oxidation of Cu2O to CuO. The 
thickness of the Cu2O layer was 2.95 nm, indicating the oxidation pro
cesses. After the first reduction process of CuO to Cu2O, the XPS spec
trum was recorded again (P3 in Fig. 1b). The calculated thickness of the 
Cu2O at position P3 was 3.81 nm. This indicated the reduction of CuO to 
Cu2O at the cathodic reduction peak at –0.4 V, since the thickness of 
Cu2O increased again. The last CuLMM spectrum (P4) was obtained after 
the second reduction process at C1, where the reduction of Cu2O to Cu is 
expected. The thickness of the Cu2O after the reduction was 3.16 nm, 
indicating only the partial reduction of Cu2O.

XPS analysis showed that the oxidation of Cu to Cu2O at P1 (E =
–0.19 V) was consistent with previous findings in a tetraborate buffer 
[54] and 0.1 M NaOH [45,47]. Cu(OH)2 at P2 was excluded on the basis 
of the cathodic stripping voltammetry, which revealed two cathodic 

peaks in a tetraborate buffer, as previously reported [54] and by our 
results presented in Fig. 1a. In contrast to recent reports on reduction 
species [45], our results confirm that the cathodic peak, C1, at –0.75 V 
(Ea = 1 V) corresponds to the reduction of Cu2O, whereas C2, at –0.4 V, 
indicates the reduction of CuO. This was also noted by Su [63] in a 
literature review on the cathodic reduction of copper. The reduction of 
Cu2O at –0.5 V (vs. SCE) has also been confirmed previously on naturally 
grown oxide films on copper in air or in a 0.5 M NaCl solution [64].

3.2. Electrochemical properties of the copper and pre-oxidized copper 
samples immersed in 0.2 M cl– solutions with the addition of either 5⋅10− 6 

M SH– or 1⋅10–4 M SH–

a) Corrosion potential measurements

The evolution of the corrosion potential of copper and pre-oxidized 
copper immersed for 24 h in different aqueous solutions at room (22 
◦C) and elevated (60 ◦C) temperatures is shown in Fig. 2.

At 22 ◦C, the corrosion potential, Ecorr, of copper (Fig. 2a) in the 
chloride solution (0.2 M Cl–) and in the solution with a low sulfide 
concentration (0.2 M Cl– + 5⋅10–6 M SH–) initially dropped to slightly 
more negative values in the first 2 h, then it increased and remained 
constant at –0.18 V during the period of immersion. In the solution with 
the highest sulfide concentration (0.2 M Cl– + 1⋅10–4 M SH–), Ecorr 
increased rapidly to more positive values within one hour (up to –0.12 
V), but then also decreased rapidly. After 8 h of immersion, a second 
drop in potential was observed, then Ecorr slowly stabilized at a value of 
–0.184 V.

Compared to the exposure at 22 ◦C, at elevated temperatures (60 ◦C), 
Fig. 2b, the corrosion potential values for copper shifted to more nega
tive values within one hour, from –0.17 V to approximately –0.22 V, in 
all three different solutions. Then Ecorr began to increase throughout the 
remainder of the immersion period. The largest increase in potential was 
observed in the solution with a low sulfide concentration, which reached 
a final Ecorr value of –0.191 V after 24 h of immersion. When copper was 
immersed in only the chloride solution, the corrosion potential initially 
decreased slightly and then remained constant. In the solution with the 
highest sulfide concentration, the Ecorr increased initially, but then 
slowly decreased over time. At the end of immersion, the Ecorr value was 
the most negative (Ecorr= –0.218 V). In general, the behavior of copper 

Fig. 1. a) Cyclic voltammograms recorded for copper in a borate buffer (pH 10) with progressively increasing Ea potential, v = 5 mV/s; b) XPS-induced Auger 
CuLMM on a copper sample at different oxidation and reduction states (P1, P2, P3, and P4).
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was observed to be similar at both temperatures.
Fig. 2c and 2d shows the evolution of corrosion potential for the pre- 

oxidized copper immersed in different solutions at room and elevated 
temperatures.

The first observation was that the Ecorr values started at more positive 
values (between –0.09 V and –0.13 V) than when the copper was 
immersed in the same solutions at room temperature. This can be 
attributed to the presence of a protective layer of Cu2O on the surface. At 
room temperature (22 ◦C), Fig. 2c, the corrosion potential, Ecorr, 
decreased with time in the chloride solution, reaching a final value of 
–0.191 V after 24 h. In the solution with a low sulfide concentration 
(5⋅10–6 M SH–), the Ecorr value initially decreased, then started to in
crease after 14 h, reaching a final Ecorr value of about –0.15 V at the end 
of the period of immersion. In the solution with the highest sulfide 
concentration (1⋅10–4 M SH–), no rapid increase in potential was 
observed, in contrast to the copper in the same solution (Fig. 2a), but the 
second drop in Ecorr occurred at almost the same time, after 8 h of im
mersion. Over time, Ecorr continued to decrease slightly, eventually 
reaching a value of –0.179 V.

At 60 ◦C (Fig. 2d), the Ecorr values dropped rapidly in all three so
lutions to a value of –0.22 V, similar to that observed for the copper 
immersed at the same temperature (Fig. 2b). In the chloride solution, the 
Ecorr value remained almost constant throughout the entire period of 
immersion, at an Ecorr value of –0.214 V. The highest increase in 

corrosion potential was observed for the pre-oxidized copper immersed 
in the solution with a low sulfide concentration. The Ecorr value 
increased from –0.22 V to –0.15 V and then remained constant until the 
end of the exposure (Ecorr = –0.164 V). In the solution with a high sulfide 
concentration, the Ecorr behaved similarly to the copper (Fig. 2b) in the 
chloride solution, with the open circuit potential having a similar value 
(Ecorr = –0.215 V).

The pH was measured at the end of the period of immersion so as to 
detect any chemical changes in the solutions, as indicated in Fig. 2. The 
pH was similar in all of the solutions, with the exception of the high 
sulfide concentration solutions, where the pH value decreased more 
significantly from the initial pH of the freshly prepared solutions. The 
reported decrease of solution pH is mainly caused by the oxidation of 
sulfide by oxygen in aerated solution. SH– is unstable and can be con
verted via the intermediates SO3

2–, S2O3
2–, to SO4

2– where elemental S and 
polysulphides (S2

2–) are also possible products [65]. The half-life of sul
fide in aerated seawater has been reported to be around 17 min [66,67], 
with the bisulfide ion (HS⁻) predominating at pH 7–12. This suggests 
that under the experimental conditions tested in 0.2 M Cl– solutions with 
the addition of 1⋅10–4 M SH–, both reaction pathways, the direct for
mation of Cu2S via reaction between HS⁻ and copper and the oxidation 
of unconsumed sulfide occurred since the decrease of pH was observed.

Previous studies reported a slight decrease in the potential of about 
40 mV with the addition of sulfide, when measured over a shorter period 

Fig. 2. Evolution of Ecorr for the copper (a,b) and pre-oxidized copper (c,d) immersed in 0.2 M Cl–, 0.2 M Cl– + 5⋅10–6 M SH–, and 0.2 M Cl– + 1⋅10–4 M SH– at 22 ◦C 
and 60 ◦C.
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of 40 min [3]. Similarly, in previous studies of Cu-Ni alloys exposed to 
aerated, sulfide-polluted seawater for 24 h, a reduction in the corrosion 
potential of about 20 mV was observed after 8 h in a heavily 
sulfide-polluted saline solution [58]. 

b) Electrochemical impedance spectroscopic measurements

Electrochemical impedance spectroscopy studies after 24 h immer
sion in various chloride solutions with different sulfide concentrations 
allowed observation of the properties of the surface films on the copper 
and pre-oxidized copper.

The Nyquist and Bode plots for the copper in chloride solutions of 
different sulfide concentrations at both 22 ◦C and at 60 ◦C are shown in 
Fig. 3. The measurements were carried out after the copper samples had 
been immersed in the different solutions for 24 h. The lines show the fits 
to the equivalent circuits. The Bode diagram shows two clearly resolved 

time constants at high to mid and low frequencies. A diffusion response 
at low frequencies is clearly observed in the Nyquist diagrams in all 
three solutions. In the chloride solution without sulfide, the total 
impedance at the lowest measured frequency (ν = 1 mHz) was of the 
order of 17.0 kΩ cm2. In the chloride solution with a low sulfide con
centration (5⋅10–6 M SH–), the total impedance increased (|Z| = 22.0 kΩ 
cm2), whereas the total impedance in the solution with a high sulfide 
concentration (1⋅10–4 M SH–) was 15.8 kΩ cm2.

Similar behavior was observed at 60 ◦C. In the chloride solution 
without added sulfide, the total impedance at a low frequency was of the 
order of 3.17 kΩ cm2. In the chloride solution with a low sulfide con
centration the total impedance increased to 7.82 kΩ cm2, but at a high 
sulfide concentration the total impedance decreased (|Z| = 2.95 kΩ 
cm2). Two dinstinct semicircles representing two time constants in the 
system are observed in the Nyquist diagram. The high-frequency semi
circle represents the charge transfer resistance or double layer 

Fig. 3. Nyquist and Bode diagrams of the copper after 24 h immersion in three different solutions (0.2 M Cl–, 0.2 M Cl– + 5⋅10–6 M SH–, and 0.2 M Cl– + 1⋅10–4 M 
SH–) at 22 ◦C and 60 ◦C.
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capacitance, while the low-frequency semicircle describes the diffusion 
processes, most probably within the oxide layer.

Fig. 4 shows EIS spectra recorded on the pre-oxidized copper samples 
in chloride solutions of different sulfide concentrations at 22 ◦C and at 
60 ◦C after 24 h of immersion.

At 22 ◦C, the Nyquist and Bode plots for the pre-oxidized copper in 
different solutions show two capacitive loops, indicating two well- 
separated processes at high and low frequencies. In the chloride solu
tion, the total impedance at the lowest frequency (ν = 1 mHz) was of the 
order of 18.7 kΩ cm2, which is 10 % higher than when the copper was 
immersed in the chloride solution. The higher total impedance can be 
attributed to the presence of an oxide layer (Cu2O). In the chloride so
lution with a low sulfide concentration, the total impedance at 10 mHz 
(the measurement was aborted due to a system error) was 13.1 kΩ cm2, 
while in the solution with a high sulfide concentration the total 
impedance at a frequency of 1 mHz was 13.7 kΩ cm2.

At 60 ◦C, two well-separated semicircles can be observed in the 
Nyquist diagram. Similar to before, these indicate the presence of 
several electrochemical processes that contribute to the overall imped
ance response while the pre-oxidized copper is immersed in different 
solutions. The total impedance at the lowest frequency (ν = 1 mHz) was 
smaller in the chloride solution, at 3.38 kΩ cm2. In the solution with a 
low sulfide concentration, the total impedance was higher (|Z| = 7.82 
kΩ cm2), while in the solution with a high sulfide concentration the total 
impedance was 3.44 kΩ cm2. At 60 ◦C, the behaviour of the pre-oxidized 
copper was very similar to that of the copper in 0.2 M Cl–.

The impedance spectra were analysed by fitting the experimental 
data to the electrical equivalent electrical circuits, as shown in Fig. 5. 
The symbols in Figs. 3 and 4 represent the experimental data and the 
solid lines depict the fitted curves. The fitted parameter values are 
summarized in Tables 1 and 2.

Impedance spectra could be fitted with an equivalent circuit using 

Fig. 4. Nyquist and Bode diagrams of the pre-oxidized copper after 24 h immersion in three different solutions (0.2 M Cl–, 0.2 M Cl– + 5⋅10–6 M SH–, and 0.2 M Cl– +

1⋅10–4 M SH–) at 22 ◦C and 60 ◦C.
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two RCPE couples (Fig. 5), where R is a resistor and CPE is a constant 
phase element. A Constant Phase Element (CPE) is used to describe non- 
ideal capacitive behaviour due to uneven current distribution or surface 
inhomogeneity providing the exponent n is close to unity. The imped
ance of the CPE is given by Eq. (7) [68]: 

ZCPE(ω) = [C(jω)n
]
− 1 (7) 

Re represents the electrolyte resistance, CPEdlRct couple represents 
the reaction between the metal and the solution at the interface, with 
CPEdl representing the capacitive properties in the electrochemical 
double layer and Rct representing the charge transfer resistance.

QfRf represents the properties of and within the oxide layer for sur
face films grown at 60 ◦C.

In chloride/sulfide solutions at 22 ◦C, the Warburg diffusion element 
was used instead, when n value was 0.5. The Warburg element is given 
by Barsoukov and Macdonald [50] 

Winf =
σW
̅̅̅̅
ω

√ (1 − j) (8) 

where the Warburg coefficient is related to the surface concentration (cs) 
and diffusion coefficient (D) by the equation 

σW =
RT

n2F2cs
̅̅̅̅̅̅
2D

√ (9) 

where R presents gas constant (8.314 J/mol⋅K), T (K) temperature, n 
number of electrons, and F is the Faraday constant (96,544 As/mol).

The CPEl and Rl couple represents additional loosely bound layer 
present for Cu in 0.2 M Cl– solution at room temperature.

Equivalent circuit in Fig. 5a was used to fit impedance spectra for 
copper and pre-oxidized copper in chloride and chloride/sulfide solu
tions at 22 ◦C where diffusion properties were observed in low frequency 
region, while Fig. 5b represents equivalent circuit used to fit the 
impedance spectra at 60 ◦C. Fig. 5c shows the equivalent electrical cir
cuit used to fit the EIS spectra of the copper immersed in the chloride 
solution with a low sulfide concentration (5⋅10–6 M SH–) at 60 ◦C, and 
Fig. 5d presents equivalent electrical circuit for fitting the EIS spectra for 
Cu in 0.2 M Cl– at 22 ◦C.

The fitted parameter values are summarized in Tables 1 and 2. ZCPE 
was converted to an effective capacitance using the relationship derived 
by Brug [69].

The capacitance Cdl values are in the range 100–400 µF/cm2 in so
lutions with sulfide ions, while the Cdl value for Cu and pre-oxidized 
copper in 0.2 M Cl– is smaller at 14 and 114 µF/cm2, respectively. 

Fig. 5. Equivalent circuits used to fit the EIS spectra obtained on the copper and pre-oxidized copper after 24 h immersion in different solutions at 22 ◦C and 60 ◦C. 
Red line indicates ionic paths through non-protective layer.

Table 1 
Results of fitting the EIS spectra obtained with the equivalent electrical circuits shown in Fig. 5 on the copper samples in 0.2 M Cl–, in 0.2 M Cl– 

+ 5⋅10–6 M SH–, and in 
0.2 M Cl– + 1⋅10–4 M SH–, at 22 ◦C and at 60 ◦C.

Re 

Ω 
cm2

Cdl, 
µF 
cm–2

ndl Rct, 
Ω cm2

Cf, 
µF 
cm–2

nf Rf, 
Ω cm2

σW, 
Ωcm2s− 1/ 

2

Cl, 
µF 
cm–2

n3 Rl, 
Ω 
cm2

Chi- 
square

Equivalent 
circuit (in 
Fig.)

0.2 M Cl– 22 
◦C

17.6 14.3 0.927 70.48 7570 0.831 18,990 ​ 652 0.559 5721 0.0000741 5d

60 
◦C

9.76 147 0.711 1382 4630 0.939 1799 ​ ​ ​ ​ 0.000298 5b

0.2 M Cl– þ 5⋅10 –6 

M SH–
22 
◦C

16.1 126 0.730 5285 ​ ​ ​ 1300 ​ ​ ​ 0.00031 5a

60 
◦C

16.2 206 0.658 6863 ​ ​ ​ ​ ​ ​ ​ 0.00116 5c

0.2 M Cl– þ 1⋅10 –4 

M SH–
22 
◦C

9.04 0.043 0.666 376 ​ ​ ​ 725 ​ ​ ​ 0.000666 5a

60 
◦C

2.36 149 0.5 712.4 2290 0.88 2762 ​ ​ ​ ​ 0.001093 5b

Table 2 
Results of fitting the EIS spectra obtained with the equivalent electrical circuits shown in Fig. 5 on the pre-oxidized copper samples in 0.2 M Cl–, in 0.2 M Cl– + 5⋅10–6 M 
SH–, and in 0.2 M Cl– + 1⋅10–4 M SH–, at 22 ◦C and at 60 ◦C.

Re 

Ω cm2
Cdl, 
µF cm–2

ndl Rct, 
Ω cm2

Cf, 
µF cm–2

nf Rf, 
Ω cm2

σW, 
Ωcm2s− 1/2

Chi- square Equivalent circuit (in Fig.)

0.2 M Cl– 22 ◦C 14.6 114 0.786 2249 ​ ​ ​ 1003 0.0012 5a
60 ◦C 5.96 137 0.732 1253 3460 0.889 2157 ​ 0.000168 5b

0.2 M Cl– þ 5⋅10 –6 M SH– 22 ◦C 16.2 141 0.766 1722 ​ ​ ​ 1332 0.000223 5a
60 ◦C 0.026 437 0.719 3143 1700 0.771 4124 ​ 0.000197 5b

0.2 M Cl– þ 1⋅10 –4 M SH– 22 ◦C 23.5 351 0.607 3525 ​ ​ ​ 653 0.000614 5a
60 ◦C 8.0 145 0.535 944 1290 0.839 2870 ​ 0.000730 5b
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Such values may reflect surface roughening. Generally, higher values are 
observed at higher temperatures (see Tables 1 and 2).

For the experiments at room temperature (22 ◦C), the equivalent 
circuit in Fig. 5a is attributed to the diffusion of O2 through the oxide 
layer. When observing the Warburg coefficient (σW), it can be seen that 
very similar values were observed; between 1.00 and 1.33 kΩ cm2 s− 1/2 

for copper and pre-oxidized copper in 0.2 M Cl– with 5⋅10–6 M SH–, and 
0.6–0.7 kΩ cm2 s− 1/2 for copper and pre-oxidized copper in higher 
sulfide concentration (0.2 M Cl– with 1⋅10–4 M SH–) at 22 ◦C. Similar 
values show similar surface concentration, cs of O2 and similar effective 
diffusion coefficient (D) within developed porous layer (see Tables 1 and 
2).

At elevated temperatures (60 ◦C) no diffusion tail was observed in 
the Nyquist plots, indicating that the diffusion-controlled process is no 
longer dominant under these conditions. At low frequency region, the 
value of Rf can be observed in chloride-sulfide systems at 60 ◦C, with 
values between 1800 and 4000 Ω cm2. The difference can be noticed 
between copper and pre-oxidized copper, with slightly higher values for 
pre-oxidized copper (see Tables 1 and 2).

With presented EIS measurements after 24 h, variations in the 
measured impedances may no longer occur when the effect of the sulfide 
has taken place and the sulfide has been consumed. Possibly, this 
competes with the reaction of SH– at the surface or its oxidation in the 
solution to either S8 or sulfates [70,71]. How these surface films changed 
with time was not recorded, but it has been shown previously in a 
shorter experiment that the impedance response for Cu in 3 % NaCl and 
3⋅10–5 mol/L S2– increases with the immersion time [3].

It this study we have focused on particular time after 24 h exposure 
to chloride and chloride/sulfide solutions with comparison to spectro
scopic data, presented below.

3.3. Exposure of the pre-oxidized copper samples to chloride solutions 
with different sulfide concentration at room (22 ◦C) and elevated (60 ◦C) 
temperatures

Copper samples with preformed Cu2O were immersed in chloride 
solutions containing different sulfide concentrations for 24 h under 
aerated conditions. The sulfide concentrations were 5⋅10–6 M SH– and 
1⋅10–4 M SH–, respectively. The samples were exposed to conditions at 
room temperature (22 ◦C) and an elevated temperature (60 ◦C). Before 
immersion, the copper samples were oxidized to form Cu2O on the 
surface so as to mimic the oxidation of copper in an unpolluted humid 
atmosphere. Details of the pre-oxidation steps are given in the Materials 
and methods section.

Fig. 6 shows the pre-oxidized copper samples after 24 h of immersion 

in the chloride solutions and in the solutions with different sulfide 
concentrations at 22 ◦C and 60 ◦C. Differences between the surface color 
of the various samples and at different temperatures can be observed.

At room temperature, the surface of the pre-oxidized sample in the 
0.2 M Cl– solution is orange-brown in color. When the sample was placed 
in a solution with a low sulfide concentration (5⋅10–6 M SH–) the surface 
darkened, while in the solution with a high sulfide concentration (1⋅10–4 

M SH–) approximately 50 % of the surface became black in color.
At 60 ◦C it can be observed that the surfaces of the samples are darker 

in color. The surface of the sample that was immersed in the chloride 
solution was rather dark and reddish-purple in color. When the sample 
was immersed in the solution with a low sulfide concentration at 60 ◦C, 
the surface became slightly darker and browner. At the highest sulfide 
concentration, the entire surface of the pre-oxidized sample became 
dark purple to almost black in color.

The changed colors of the surface films clearly show the changes in 
the composition and texture of the surface, and, indirectly, differences in 
the thickness of the films.

SEM images of the surface morphology of the corrosion films on the 
pre-oxidized copper after immersion in a chloride solution without the 
addition of sulfide are shown in Fig. 7. At room temperature, the 
corrosion film followed the grinding grooves still visible on the surface, 
as shown in Fig. 7a. The corrosion products, in the form of cubic crystals, 
varied in size and shape and were not evenly distributed across the 
surface. Some pits were also observed on the surface. The cubic crystals 
ranged in size from 0.15 µm to 0.7 µm. The chemical composition of the 
cubic crystals was determined by EDS analysis. It was found that the 
larger crystals consisted of 10.6 wt. % O and 89.4 wt. % Cu (area 1), 
while the remaining surface area, with smaller corrosion products, 
consisted of 6 wt. % O and 94 wt. % Cu (area 2). Similar behavior with 
respect to the formation of corrosion products was observed in a study 
by Ratia-Hanby [50], where the formation of a film in simulated 
groundwater, either without the addition of sulfide or in a solution with 
a low sulfide concentration, also followed the grinding grooves.

At elevated temperature, the corrosion products were larger in size 
and more homogeneously distributed across the surface (Fig. 7b). The 
size of the cubic crystals ranged between 0.2 µm and 2.4 µm. Larger 
cubic crystals were found to consist of 13.8 wt. % O and 86.3 wt. % Cu 
(area 3). The area with smaller corrosion particles, area 4, consisted of 
10.6 wt. % O and 89.4 wt. % Cu. Kosec et al. [15] found that the 
corrosion products found on a Cu-sheet after immersion in a 0.1 M NaCl 
solution for 30 days primarily consisted of Cu2O and took the form of 
irregular cubic crystals.

At room temperature, the corrosion products accumulated following 
the grinding grooves in the solution with a low sulfide concentration 
(5⋅10–6 M SH–) (Fig. 8a). The visibility of the grinding grooves indicated 
the presence of a relatively thin film of corrosion products. The corro
sion products were in the form of cubic crystals and varied in size from 
0.15 µm to 1.1 µm. Compared to the sample that was immersed in only 
the chloride solution, the cubic crystals were larger and the surface on 
this sample was free of pits. EDX maps showed that the surface in area 1 
consisted of 10.9 wt. % O and 89.1 wt. % Cu. Smaller corrosion products 
in area 2 resembled the chemical composition of larger cubic crystals.

Two different morphologies of corrosion products were observed on 
the pre-oxidized copper sample immersed in the chloride solution with a 
low sulfide concentration at 60 ◦C, as shown in Fig. 8b Larger cubic 
crystals, between 0.45 µm and 3 µm in size, uniformly covered the 
surface, with small corrosion products in the form of needles formed on 
top. Thinner and thicker needle-like corrosion products formed as 
crystal structures and covered several cubic-shaped corrosion products. 
The length of the thicker needles was observed to be >8 µm. EDX maps 
showed that the needle-like corrosion products contained more sulfur. 
This was also observed in the EDS analysis of the acicular corrosion 
products, which proved the presence of S. In area 3 (Fig. 8b), the analysis 
showed the presence of 2.8 wt. % S, 13.1 wt. % O, and 84.1 wt. % Cu. 
The remaining area was similar but contained less sulfur. The EDS 

Fig. 6. Surfaces of the pre-oxidized copper samples after 24 h immersion in the 
chloride solutions with different sulfide concentrations at 22 ◦C and 60 ◦C: a, d) 
0.2 M Cl–, b, e) 0.2 M Cl– 5⋅10–6 M SH–, and c, f) 0.2 M Cl– + 1⋅10–4 M SH–.
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analysis of area 4 in Fig. 8b showed that the corrosion products con
tained 0.6 wt. % S, 13.7 wt. % O, and 85.7 wt. % Cu.

The morphology of the corrosion products in the solution with the 
highest sulfide concentration (1⋅10–4 M SH–) differs from that observed 
on the pre-oxidized copper samples immersed in solutions with a low 
concentration or in those containing no sulfide. At room temperature, 
various agglomerates of sulfur-containing corrosion products are 
observed, as seen in Fig. 9a (shown in the EDX maps). Smith et al. [47] 
observed sponge-like deposits after 24 h of immersion in an anoxic so
lution containing 10–3 mol/L sulfide, indicating the ongoing accumu
lation of a thick outer layer on the deposit. The agglomerates of 
corrosion products varied in size from 2.3 µm to 7 µm and were in the 
shape of different dendritic and columnar deposits. The EDS analysis of 
the larger agglomerates (area 1) showed consistently higher concen
trations of S (4.4 wt. %), as shown in Fig. 9a. The EDS analysis also 
showed the presence of O (11.9 wt. %) and Cu (83.7 wt. %). The rest of 
the small corrosion products on the surface (area 2) exhibited lower 

concentrations of S (2.4 wt. %) and O (8 wt. %) and higher concentra
tions of Cu.

At 60 ◦C, corrosion products of different morphologies were present, 
as seen in Fig. 9b Large and well-defined cubic crystals with smooth 
surfaces and fine agglomerates could be observed. The size of the cubic 
corrosion products on the surface was between 1.5 µm and 9.3 µm. A 
different film morphology was formed on top of the cubic crystals. The 
size of the agglomerates was between 0.5 µm and 1 µm and they were 
distributed like moss, covering the cubic crystals. The EDX maps showed 
that the film over the cubic crystals contained more sulfur, which was 
also confirmed by the EDS analysis. The cubic corrosion products shown 
in area 4 consist of 15.4 wt. % O, 84.2 wt. % Cu, and only 0.4 wt. % S. 
The agglomerate film on the cubic crystals contained more sulfur (5.2 
wt. %) and less oxygen (10.6 wt. %).

The corrosion products formed on the pre-oxidized copper surface 
were identified by Raman spectroscopy. Fig. 10 depicts the spectra ob
tained on the pre-oxidized copper samples after 24 h immersion in 

Fig. 7. SEM images of the pre-oxidized copper samples immersed in the 0.2 M Cl– solution at 22 ◦C (a) and 60 ◦C (b) for 24 h.

Fig. 8. SEM images of the pre-oxidized copper samples exposed to a 0.2 M Cl– solution with a low sulfide concentration (containing 5⋅10–6 M SH–) at 22 ◦C (a) and 60 
◦C (b) for 24 h.
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various chloride solutions with different sulfide concentrations at room 
and elevated temperatures. The Raman spectra of the pre-oxidized 
copper immersed in a chloride solution for 24 h demonstrate the pres
ence of Cu2O, with bands at 149 cm–1, 221 cm–1, 401 cm–1, 528 cm–1, 
and 632 cm–1 (Fig. 10a) [72–74]. The Raman spectra also indicate the 
presence of Cu2O at a higher temperature, with bands positioned at the 
same wavelengths, as shown in Fig. 10b

When a small quantity of sulfide (5⋅10–6 M SH–) was added to the 
chloride solution at room temperature, the Raman spectra showed the 
presence of Cu2O, but no band indicative of Cu2S was observed. The 
bands for Cu2O are observed at 146 cm–1, 218 cm–1, 528 cm–1, and 627 
cm–1 (Fig. 10c). At elevated temperature, however, a small additional 
band appeared at 289 cm–1, which was attributed to Cu2S (Fig. 10d) [75,
76]. The presence of sulfide was also indicated by EDS analysis, while 
Raman spectroscopy confirmed its presence on the surface.

When a greater amount of sulfide ions (1⋅10–4 M SH–) was added to 
the chloride solution at room temperature, darker, almost black corro
sion products appeared. The Raman spectra of the black corrosion 
products (area 3 on Fig. 10e) showed only one band for Cu2S, at 282 
cm–1, and none for Cu2O. In areas 1 and 2, the bands for Cu2O were 
observed at 146 cm–1, 217 cm–1, and 631 cm–1, and a band for Cu2S was 
also observed at 285 cm–1. At 60 ◦C, the Raman spectra indicated the 
presence of Cu2O, and the band for Cu2S was also observed at 282 cm–1 

(Fig. 10f).
The thickness of the corrosion film was analyzed by FIB-SEM, as 

shown in Fig. 11. Fig. 11a shows a pre-oxidized copper sample immersed 
in the chloride solution for 24 h at room temperature. The analysis 
revealed the thickness of the corrosion film to be 74 to 120 nm. At 60 ◦C, 
the thickness of the corrosion layer ranged from 270 nm (small corrosion 
products) to 560 nm (larger cubic crystals of Cu2O, as indicated by the 
Raman spectra), as shown in Fig. 11b

When the pre-oxidized copper sample was immersed in a solution 
with a low sulfide concentration (5⋅10–6 M SH–), the corrosion layer was 
coated with Pt to facilitate observation of the cross section (Fig. 11c). 

The analysis enabled the observation of a few individual gaps between 
the copper and the corrosion layer. The size of the gaps was between 80 
and 250 nm. At 22 ◦C, the corrosion layer was between 89 and 380 nm in 
size. At an elevated temperature, the thickness of the corrosion layer 
ranged from 169 nm to 540 nm (Fig. 11d). The thickness of the small 
corrosion products, in the form of needle-shaped structures, was up to 
160 nm.

The thickness of the corrosion film formed on the pre-oxidized 
copper sample immersed in the solution with the highest sulfide con
centration (1⋅10–4 M SH–) was 1.78 to 6.68 µm, as shown in Fig. 11e. 
Since it was difficult to create a cross section of the thick corrosion film, 
which contained sulfur, and to avoid decomposition under electrons and 
Ga+ ions, the film was coated with Pt, similar to as done in a previous 
study [79]. As shown in Fig. 11e, the sulfur-containing corrosion de
posits grew in the form of a columnar film in the vertical direction. The 
smaller corrosion layer was 120 to 520 nm thick, and the columnar film, 
which can be seen to be porous, grew up to 6.68 µm. At an elevated 
temperature, the thickness of the corrosion layer attributed to Cu2O was 
1.92 µm (Fig. 11f). The corrosion products formed on the cubic crystals, 
which, according to the EDS analysis, contained more sulfur, were about 
335 nm thick. In addition, a far more significant gap can be observed 
between the Cu base metal and the corrosion layer. Martino et al. [51] 
also observed a detachment of the base layer from the Cu substrate, 
which they attributed to the removal of the sample from the electro
chemical cell and the drying process. A large void was also observed 
between the porous base layer and the outer layer, but they were un
certain as to whether the void formed due to stresses created at the 
corrosion interface as the thick, porous layer grew.

3.4. Cathodic stripping voltammetry of the pre-oxidized copper samples 
after 24 h immersion in various chloride solutions with different sulfide 
concentrations

Cathodic stripping voltammetry (CSV) was performed to obtain 

Fig. 9. SEM images of the pre-oxidized copper samples exposed to a 0.2 M Cl– solution with a high sulfide concentration (1⋅10–4 M SH–) at 22 ◦C (a) and 60 ◦C (b) for 
24 h.
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information about the reduction processes on the pre-oxidized copper 
samples after immersion in various chloride solutions with different 
sulfide concentrations at room (22 ◦C) and elevated (60 ◦C) tempera
tures. Fig. 12 shows the CSV curves of the various pre-oxidized copper 
samples immersed in a chloride solution, in a chloride solution with the 

addition of 5⋅10–6 M SH–, and in a chloride solution with 1⋅10–4 M SH– 

added. Cathodic stripping voltammetry was performed from 0 V to –1.5 
V, and the thickness of the film was obtained from the charge densities, 
calculated using Eq. (1). Details for obtaining the thickness of the film 
are given in the Materials and methods section.

Fig. 10. Raman spectra of the corrosion products formed on the pre-oxidized copper samples after 24 h immersion in solutions containing (a, b) 0.2 M Cl–, (c, d) 0.2 
M Cl– + 5⋅10–6 M SH–, and (e, f) 0.2 M Cl– + 1⋅10–4 M SH– at 22 ◦C (a, c, e) and 60 ◦C (b, d, f), alongside ref. Cu2O, cuprite [77] and ref. Cu2S, chalcocite as analyzed in 
[77] and as posted in [78].
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Fig. 12a shows the pre-oxidized copper samples that were exposed to 
a chloride solution at 22 ◦C and 60 ◦C. At both temperatures, one 
cathodic peak was observed, which can be attributed to the reduction of 
Cu2O. This can be inferred from the surface characterization shown both 
in this paper and from the literature [54]. At room temperature, the peak 
appeared at a potential of E = –0.81 V, while at an elevated temperature, 
the peak shifted to more negative values, at a potential of E = –0.95 V. 
The thickness of the corrosion film was calculated from the charge ob
tained under the curve. The thickness of the Cu2O film was 78 nm at 
room temperature and 501 nm at an elevated temperature. Very good 
agreement was shown between the thickness estimated by FIB-SEM 
observation and that calculated from the charge densities.

At room temperature, when a small amount of sulfide (5⋅10–6 M SH–) 
was added to the 0.2 M chloride solution, a peak at E = –0.91 V was 
observed on the CSV, as shown in Fig. 12b The peak was attributed to the 
reduction of Cu2O and the thickness was calculated to be 150 nm. 
Another reduction peak could be observed at the elevated temperature. 
The first reduction peak at E = –0.99 V, attributed to Cu2O, shifted to 
more negative values. The additional reduction shoulder was observed 
at more negative potentials (E = –1.12 V), which can be attributed to the 
reduction of Cu2S. The thickness of the Cu2O layer was calculated to be 
279 nm and the thickness of the Cu2S 1.5 nm. Kosec et al. [80] observed 

a large peak between –1.0 V and –1.1 V after 24 h of CSV for copper 
exposed to a solution of 0.1 M Cl– + 5⋅10–6 M SH–, confirming that the 
initially formed Cu2S/Cu2O layer was not passive and allowed greater 
expansion of the outer deposited layer. In the presence of sulfide ion
s—which strongly promote the growth of the outer deposited layer—the 
thicknesses derived from CSV curves serve only as rough estimates. Due 
to poor contact between the corrosion film and the Cu substrate, the 
reduction process may be incomplete, leading to an underestimation of 
the thickness of Cu2S layer.

In the chloride solution with a high sulfide concentration (containing 
1⋅10–4 M SH–), two reduction peaks were observed in the CSV curve at 
room temperature (Fig. 12c). The first reduction peak appeared at a 
potential of E = –0.90 V, which was, again, attributed to the reduction of 
Cu2O. The second peak was attributed to the reduction of Cu2S 
(confirmed also by Raman spectroscopy), which appeared at a potential 
of E = –1.08 V. The thickness of the Cu2O film calculated from the 
charge densities was 269 nm and the thickness of the Cu2S film was 15 
nm. At higher temperatures, a cathodic peak with a shoulder at a more 
negative potential can be observed. The first reduction peak, at a po
tential of E = –1.18 V, was attributed to the reduction of Cu2O. The 
thickness calculated from the charge densities was 549 nm. The addi
tional shoulder was observed at a more negative potential of E = –1.31 V 

Fig. 11. FIB-SEM images of the pre-oxidized copper sample after 24 h immersion in the various solutions ((a, b) 0.2 M Cl–, (c, d) 0.2 M Cl– + 5⋅10–6 M SH–, and (e, f) 
0.2 M Cl– 

+ 1⋅10–4 M SH–) at 22 ◦C and 60 ◦C.
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and is attributed to the reduction of Cu2S. It could be seen that more 
complex reduction reactions were taking place. The thickness of the 
Cu2S layer was calculated to be 21 nm.

CSV enabled the identification of reduction species; however, 
particularly in cases where a thick outer deposit was present—as 
confirmed by FIB-SEM analysis—the charge-based estimations from CSV 

diagrams should be considered comparative rather than absolute.

3.5. Model of corroding system

The corrosion rate of copper is governed primarily by the ion
ic‑transport properties of its corrosion‑product film. Using FIB‑SEM, we 
characterized the morphology and thickness of films on Cu and 
pre‑oxidized Cu after exposure to (i) a chloride solution and (ii) the same 
chloride solution contaminated with sulfide (SH⁻) at two temperatures 
(22 ◦C and 60 ◦C).

Although the standard Gibbs free energies of formation suggest that 
Cu2O (ΔGf◦ = –141 kJ mol⁻¹) should be more stable than Cu2S (ΔGf◦ =
–98 kJ mol⁻¹) [81], thermodynamics alone does not explain the loss of 
protectiveness observed when SH⁻ is present. FIB‑SEM cross‑sections 
showed that sulfide accelerated the transition from a compact, 
low‑permeability Cu2O layer to a heterogeneous, defect‑rich film con
taining Cu2S, through which ionic transport is orders of magnitude 
faster.

This behavior is consistent with Payer’s four-stage model [82]. In the 
first and second stage, a thin, compact Cu2O layer forms in air or solu
tion. Its low ionic conductivity suppresses corrosion by blocking ion 
transport. In the third stage, the film loses protectiveness. Sulfide ions 
(SH⁻) promote Cu2S formation and increase structural defects, resulting 
in a heterogeneous layer with higher ionic transport. This shift enables 
corrosion to proceed. In the fourth stage, a porous outer layer forms over 
the inner, now non-protective layer. Though thicker (in the µm range), 
this layer allows ionic movement and water ingress, sustaining active 
corrosion beneath.

The schematic representation in Fig. 13 shows the electrochemical 
and spectroscopic findings for the pre-oxidized Cu immersed in sulfide- 
polluted saline solutions in oxic conditions. The protective properties of 
the Cu2O layer are lost in chloride solutions and this becomes even more 
evident when low quantities of sulfide ions are added. This can be seen 
in the porous structure with a surface opening at the Cu/Cu2O interface 
and in the increased ionic conductivity observed with the thickening of 
the film. At higher sulfide concentrations, a porous and thick Cu2O/Cu2S 
film was formed, and tarnishing was also observed.

Fig. 12. CSV of the pre-oxidized copper immersed in different solutions for 24 
h at 22 ◦C and 60 ◦C: a) 0.2 M Cl–, b) 0.2 M Cl– + 5⋅10–6 M SH–, and c) 0.2 M Cl– 

+ 1⋅10–4 M SH–. CSV was performed in a borate buffer at a scan rate of 1 mV/s.

Fig. 13. Schematic representation of the pre-oxidized copper in chloride so
lutions with different sulfide concentrations at 22 ◦C and at 60 ◦C. Processes 
taking place at Cu/inner interface: (i) oxidation of Cu: Cu→ Cu+ + 1 e–, (ii) 
reduction of oxidizing species (22 ◦C) O2 + 2 H2O + 4 e–→ 4 OH–, (iii) 
reduction reaction taking place at 60 ◦C: 2 H+ + 2 e– → H2.
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3.5.1. Effect of pre-oxidizing of copper
Electrochemical oxidation at –0.19 V in borate buffer resulted in 

formation of a 15 nm thick Cu2O, which is protective due to its p-type 
conducting nature [83]. However, FIB-SEM analysis of cross sections 
revealed notable changes after immersion in 0.2 M Cl– solution. After 24 
h, the surface film on the pre-oxidized Cu became porous and signifi
cantly thicker reaching 75–120 nm. This increase in thickness coincides 
with a loss of the protective properties. The degradation is attributed to 
changes in the semiconductor character of the oxide: the initially uni
form p-type Cu2O layer evolved into a mixed oxide with spatially 
separated p-type and n-type regions. In particular, the formation of 
n-type Cu2O at the metal/oxide interface facilitates ionic transport, 
compromising the barrier properties of the film [64,83].

With the pre-oxidized copper, the initial corrosion potential at 22 ◦C 
was more positive than that observed for copper. That was observed for 
all the solutions, 0.2 M Cl– and 0.2 M Cl– with the addition of 5⋅10–6 M 
SH– and 1⋅10–4 M SH–. The decreasing potential indicated the destabi
lizing effect of the oxide film, which transforms in a saline solution. After 
24 h of immersion, the corrosion potential of the pre-oxidized copper 
was similar to that of copper in a chloride solution (–0.19 V), which 
stabilized already after 8 h of immersion.

Under deaerated conditions, corrosion proceeds via a different 
mechanism, with sulfide ions acting as the anodic reactant and water 
reduction driving cathodic process, leading to the conversion of Cu2O to 
Cu2S [45,47,51,84,85]. The pre-formed Cu2O layer (oxidation at –0.3 V) 
delayed the three-stage transition from –0.41 V to –0.9 V, during which 
Cu2O gradually transformed into Cu2S [45,47].

The impedance results (Tables 1 and 2) and Rct values further 
confirm that the film that formed on pre-oxidized copper showed 
destabilizing properties after 24 h, with similar values of Rct of 3–5 kΩ 
cm2 (Tables 1 and 2). However, from FIB-SEM results, we could observe 
that film thickness increased after 24 h exposure, from 15 nm to 75–120 
nm in 0.2 M Cl–, to 89–376 nm in 0.2 M Cl– + 5⋅10–6 M SH– and even 
more (124–512 nm (Cu2O) and 1.78–6.68 µm (Cu2S)) in 0.2 M Cl– +

1⋅10–4 M SH–. The measured thickness of the FIB-SEM cross section 
corresponded to the thickness calculated from the estimated charge of 
the peaks in the cathodic stripping voltammograms for Cu2O only, as is 
evident from the Table 3.

In general, the pre-oxidized Cu did not show better protection than 
Cu under the same conditions.

3.5.2. The effect of temperature
At 60 ◦C, no significant difference in behavior was observed when 

measuring the corrosion potential of Cu and pre-oxidized Cu. The 

evolution of the corrosion potential was quite similar, with the potential 
increasing slightly in the chloride solutions with a low sulfide concen
tration (with this difference more pronounced in the pre-oxidized 
copper).

The surface films were significantly thicker at 60 ◦C (Table 3, Fig. 11) 
with the surface deposition of Cu2S more pronounced. At 60 ◦C, the Cu2S 
was deposited on the surface of the Cu2O in the form of elongated, 
needle-like crystals at lower sulfide concentration (Fig. 11d) and fine 
agglomerates at high sulfide concentration (Fig. 11f). The capacitance 
values for charge transfer reactions and oxide films in the solution with a 
low sulfide concentration were even higher at 60 ◦C (Table 2).

It was observed that at elevated temperatures in sulfide-containing 
solutions, the cathodic reaction typically involves proton reduction 
from bisulfide dissociation and SH– oxidation in O2 containing solutions 
[80,86]. This promotes hydrogen evolution at the Cu/film interface 
(Equation 10): 

2H+ + 2e− − →H2 (10) 

The formation of hydrogen gas may create localized pressure 
beneath the inner layer, leading to mechanical disruption, such as crack 
formation and delamination, as observed in Figs. 11f and 13f.

3.5.3. The effect of sulfide ions
When sulfides were added to chloride solution, a thick tarnish film 

and the increased thicknesses of surface deposits analyzed by FIB-SEM 
microscopy was observed.

The formation of a thick tarnish layer (Fig. 6b–F) marks the transi
tion from a protective oxide to a non-protective mixed oxide/sulfide film 
[82]. This loss of protection is linked to changes in semiconducting 
behavior, where sulfide incorporation leads to spatial separation of 
n-type and p-type regions in Cu2O. Notably, n-type Cu2O at the met
al/oxide interface facilitates ionic transport, compromising the barrier 
properties [64,82,87]. This was observed indirectly by examining the 
cross sections and the large surface population of fine structure across 
the entire surface and the identification of a Raman band at 285 cm–1, 
confirming the presence of Cu2S (Fig. 10f).

The Cu2O film formed in the solution containing 5⋅10–6 M SH– was 
thicker (up to 376 nm) than that in chloride solution and exhibited large, 
porous, surface cracks at the Cu/Cu2O interface. While sulfide was not 
incorporated, it reduced the film density, leading to high capacitance 
values (Cdl) indicative of elevated ionic conductivity. Prior studies in 
anaerobic SH– conditions also showed that Cu2S formed at low SH– 

concentrations is porous [88].
In the chloride solution with a high sulfide concentration (1⋅10–4 M 

SH–) the FIB-SEM cross sections showed large agglomerates of sulfide 
structures formed on the surface. The Cu/Cu2O interlayer was also 
affected, as large openings were observed (Fig. 11e,F). The film was up 
to several µm thick, which was also indicated by the high capacitance 
values shown by the impedance results (Table 2).

The effects of the low and high sulfide concentrations on corrosion 
potential were negligible after 24 h; only for the pre-oxidized copper in a 
solution with a low sulfide concentration was the potential slightly more 
positive (–0.15 V). The impedance results for the Cu and pre-oxidized Cu 
exposed to chloride solutions with a high sulfide concentration (1⋅10–4 

M SH–) show that the sulfide has no significant effect on the properties of 
the surface oxide film compared to the chloride solution alone. The 
destabilizing effect of surface film is reflected in lower Rct values for high 
sulfide concentrations, and even lower for measurements at 60 ◦C 
(Tables 1 and 2).

Previous publications have shown that the susceptibility of copper- 
nickel alloys to corrosion in sulfide-polluted seawater (whether 
aerated or deaerated), as measured by the polarization resistance, is 
lower than that in unpolluted seawater under the same conditions [89]. 
While sulfide ions promote the corrosion of copper [3,20,90], some 
studies report more complex behavior. For instance, Cu2S formed in 
sulfide containing groundwater has been shown to partially passivate 

Table 3 
Comparison of FIB-SEM cross-sectional analysis of corrosion products after 24 h 
immersion and thickness evaluated from CSV curves.

Solution T FIB-SEM CSV correlation

Cu2O- 
15 
nm

0.2 M Cl– 22 
◦C

75–120 nm 78 nm good

​ 0.2 M Cl– +

5⋅10–6 M SH–
22 
◦C

89–376 nm 150 nm 
(Cu2O)

good

​ 0.2 M Cl– +

1⋅10–4 M SH–
22 
◦C

124–512 nm 
(Cu2O) 
1.78–6.68 µm 
(Cu2S)

269 nm 
(Cu2O) 
15 nm 
(Cu2S)

good for 
Cu2O 
poor for 
Cu2S

​ 0.2 M Cl– 60 
◦C

273–558 nm 501 nm good

​ 0.2 M Cl– +

5⋅10–6 M SH–
60 
◦C

169–533 nm 
(Cu2O) 
72 nm (Cu2S)

279 nm 
(Cu2O) 
1.2 nm 
(Cu2S)

good for 
Cu2O 
poor for 
Cu2S

​ 0.2 M Cl– +

1⋅10–4 M SH–
60 
◦C

1.92 µm 
(Cu2O) 
335 nm (Cu2S)

549 nm 
(Cu2O) 
21 nm 
(Cu2S)

good for 
Cu2O 
poor for 
Cu2S
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the surface [80]. Additionally, cathodic stripping voltammetry at a po
tential of –1.1 V (SHE) in chloride solution with sulfide indicated the 
growth of a thick Cu2S/Cu2O outer layer in the was indicated by [47,80], 
with higher reduction charge linked to increased film thickness [80].

Our results support and expand upon previous findings by providing 
a more detailed insight through structural analysis. The observations 
confirm that sulfide-induced corrosion behavior is strongly influenced 
by the interaction between sulfide ions and the oxide film—particularly 
whether SH⁻ acts alone or in competition with dissolved O2 with the 
concentration of sulfide ions also playing a key role in determining the 
nature of the resulting surface films [90].

4. Conclusions

The electrochemical properties, morphology and composition as well 
as thickness of corrosion layers of Cu and pre-oxidized copper in 0.2 M 
Cl– with 5⋅10–6 M SH– or 1⋅10–4 M SH– were investigated at two tem
peratures, 22 ◦C and 60 ◦C in oxic conditions. The behavior of the copper 
and pre-oxidized copper was systematically evaluated through corrosion 
potential measurement during 24 h immersion in the solutions and the 
measurement of electrochemical impedance after the immersion, while 
the corrosion layers were analyzed using scanning electron microscopy, 
FIB-SEM, Raman analysis and cathodic stripping voltammetry. The aim 
of the study was to correlate the results with previous investigations and 
to evaluate the influence of the pre-oxidation of copper.

It was shown that the corrosion behavior of copper in saline envi
ronments with sulfides is dictated more by the structure and transport 
properties of its surface film than by equilibrium thermodynamics. 
Compact, p‑type Cu2O formed either naturally or by electrochemical 
pre‑oxidation initially offers good protection, but its properties change 
by chloride and, more critically, by sulfide (SH⁻) contamination.

Even though Cu2O (ΔG◦ = –141 kJ mol⁻¹) is the thermodynamically 
preferred phase, sulfide ions accelerate transition to non-protective 
layer, converting protective oxide Cu2O into a heterogeneous, defec
t‑rich mixed Cu2O/Cu2S layer with high ionic transport properties. 
FIB‑SEM cross‑sections reveal that SH⁻ increases both porosity and total 
film thickness: from 75 to 120 nm in pure 0.2 M Cl– to >500 nm and 
locally >2 µm, when 1⋅10–4 M SH⁻ is present in chloride solution. The 
observed drop in charge‑transfer resistance (Rct ≈ 3–5 kΩ cm²) and rise 
in double‑layer capacitance confirm that the mixed film no longer im
pedes corrosion.

Electrochemical pre‑oxidation at − 0.19 V generated a 15 nm Cu2O 
layer that shifted initial Ecorr to more positive values. After 24 h in 
chloride media, the film thickened, became porous with spatially sepa
rated n‑ and p‑type regions, resulting in high ionic transport properties. 
In sulfide‑contaminated solutions the pre‑oxidized copper exhibited no 
superior corrosion resistance compared to bare copper, showing the 
important effect of film properties controlling protective performance.

At higher temperatures of 60 ◦C, film growth was faster, Cu2S crys
tallized as needles or dense agglomerates, and hydrogen evolution at the 
Cu/film interface induced crack openings and local delamination. These 
observations highlight the synergistic impact of heat and sulfide on film 
destabilization.
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