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The state was investigated of the copper surface in phosphate buffered saline (PBS; 140 mM Cl−, 10 mM phosphate; pH 7)
by a combination of cyclic voltammetry (CV) and chronoamperometry (CA) with in situ spectroscopic ellipsometry and Raman
spectroscopy. After polarization, samples were analyzed ex situ. In agreement with expectations on the basis of the Pourbaix diagram,
Cu2O and Cu4O3 were observed when polarizing the system above ≈−0.05 V vs. Ag|AgCl|3M KCl. The formation of Cu2O did not
lead to a passivation of the system. Rather, the system dissolved under formation of soluble square planar CuCl2−

4 , identified by its
strong Raman peak ≈300 cm−1. During dissolution, spectroscopic ellipsometry showed a film with a stable steady state thickness.
Energy electron loss spectroscopy (EELS) analysis of a cross section of the oxide after removal from the electrolyte showed that
the oxide was Cu2O. It is suggested that Cl− replaces oxygen vacancies in the oxide layer. As soon as oxidation to CuII becomes
dominant, the dissolution proceeds to soluble CuII species. The outer surface of copper under these conditions is hence a Cu2O-like
surface, with CuII complexes present in solution.
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Copper is known for its antibacterial activity.1–3 The impor-
tance has been pointed out of the physical chemistry of the cop-
per/environment interface for the “contact killing” of bacteria by
copper.4 In contact with any electrolyte-containing medium, such as
bacteria, copper may actively corrode, implying copper dissolution.
Often, however, passivating films form on copper. Electrochemical
reactions at the copper/electrolyte interface were extensively studied,
because copper is one of the most important metals in the industry,
because of its corrosion resistance, its good electrical and thermal
conductivity, and mechanical properties.5–11

Biological environments often contain high concentrations of Cl−.
In vitro antibacterial tests are typically performed in buffers, which
represent complex electrolytes from the point of view of corrosion.
Copper ion release from the metal, and oxide film formation in biolog-
ical test solution, are accepted to be the key for bacteria killing.1,4,12,13

While a number of works are available addressing the surface film
formation on copper in alkaline electrolytes,14–17 much less physical-
chemical data is available for conditions when active corrosion is
possible,18 and to our knowledge, the state of the surface during elec-
trochemical polarization in a biochemical buffer has not been inves-
tigated. However, a number of reactions are possible in the typical
biochemical buffers, in addition to those present in usual aqueous
electrochemistry. One buffer frequently used in biochemical tests is
phosphate buffered saline (PBS).19 In PBS, corrosion products based
on copper oxides and hydroxides, copper chloride, copper phosphates,
or mixed phases may develop. The state of the copper surface shall be
investigated in situ in this work, under controlled electrode potential,
mimicking possible processes in contact with a solution containing
microorganisms.

Film formation on copper during high temperature atmospheric
oxidation yields a duplex oxide layer consisting of Cu2O as inner
layer and CuO as outer layer.20–22 In a previous study, we showed that
the formation of Cu4O3 occurs during the oxidation of Cu in alkaline
environment.17 The interactions of copper oxides with complexing
ions such as Cl− are rather complicated.7,23–26 Consequences of such
interaction may be a localized attack, with loss of the oxide film.27–29

Previous experimental studies repetitively showed that the presence
of Cl− in the electrolyte leads to pitting corrosion, and thus instability
of the oxide film, resulting in CuCl formation.30
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A very early proposal for the corrosion mechanism of Cu in neu-
tral Cl−-containing media assumed that the initial corrosion product
is cuprous chloride, CuCl, which transformed into cuprous oxide,
Cu2O.30 In later works, copper oxide formation in Cl−-containing
media was suggested to be a precipitation reaction rather that an elec-
trochemical process.31,32 It was also suggested that the stability of
Cu2O depends on the concentration of chloride ions. On the other
hand, some works showed that cupric oxide, CuO, or cupric hydrox-
ide, Cu(OH)2, could be detected as a function of surface preparation
and electrolyte.30,32–34 Overall, there is a lack of in situ investigations
about formation of surface films in Cl−-containing media.

The film formation at the copper|electrolyte interface in general
has been characterized by coupling electrochemical experiments to in
situ characterization methods.15–17 In situ Raman spectroscopy studies
showed the potential dependent oxide formation.18,35 Using their vi-
brational fingerprints in Raman spectroscopy, three main oxide phases
of Cu can be easily identified.36,37 Formation of CuCl and Cu2O as
function of electrode potential in Cl−-containing electrolyte was con-
firmed by surface enhanced Raman spectroscopy.18 In situ scanning
tunneling microscopy (STM) showed that the presence of Cl− lead to
an enhanced dissolution of Cu.15,38,39

In the present work, the electrochemical properties of copper in
PBS were investigated. The state of the surface during cyclic voltam-
metry (CV) and chronoamperometry (CA) experiments was probed
in situ and operando by spectroscopic ellipsometry (SE) and Ra-
man spectroscopy. After electrochemical experiments, the internal
structure of the formed corrosion product layers was analyzed ex
situ by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), electron energy loss spectroscopy (EELS), and
X-ray photoelectron spectroscopy (XPS).

Experimental

Sample preparation.—Evaporated Cu was used as working elec-
trode both for in situ SE and in situ Raman spectroscopy during CV
experiments. For CA experiments, polycrystalline Cu foil was used
to avoid the detection of the strong fundamental Si phonon in Raman
spectra, which might or might not be observed due to the high total
amount of copper dissolution.

For evaporated samples, Si(100) wafers (Siegert Wafer) were used
as substrates. The wafers were cleaned with neutral detergent (Ex-
tran; VWR), rinsed with deionized water, 2-propanol, and then dried.
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Chromium and copper pellets with purity 99.999% (Wieland Edel-
metalle) were used for electron beam evaporation. All evaporation
was carried out in a Leybold Univex 450 chamber. The base vacuum
before the evaporation was around 6 · 10−7 mbar. Firstly, a 10 nm
chromium adhesion layer was deposited. Subsequently, copper was
evaporated at an evaporation rate of 10 nm min−1. Layers of 200 nm
overall thickness were prepared.

Polycrystalline Cu foils with a purity of 99.5% (Goodfellow) were
mechanically ground with SiC paper up to 4000 grit, and subsequently
polished with different polishing suspension (3 μm and 1 μm diameter
SiO2, pH = 9) to obtain a smooth surface. Samples were subsequently
rinsed with ethanol, and sonicated in ethanol for 5 min to remove
residual polishing suspension, before being dried in a nitrogen stream.

In situ SE.—In situ SE experiments were performed using an
optical-electrochemical cell. The details of the in situ cell were de-
scribed elsewhere.40,41 The copper surfaces served as working elec-
trodes in the experiments. Copper tape was used to provide the electri-
cal contact of the surface of the sample. A Pt mesh counter electrode
and Ag|AgCl|3M KCl microreference electrode (DriRef-2SH, World
Precision Instruments) were used to measure current flow and to con-
trol the electrode potential, respectively. The electrode potential of
the microreference electrode was determined as +0.208 mV vs. stan-
dard hydrogen electrode by a calibrated Ag|AgCl|3M KCl electrode
(Metrohm). All electrode potentials reported in this work are ref-
erenced against Ag|AgCl|3M KCl. Phosphate-buffered saline (PBS,
140 mM NaCl, 10 mM total phosphate, pH 7), was used as electrolyte.
The electrolyte was externally purged with argon, and flown through
the cell with a rate of 2 mL min−1 using a peristaltic pump (Ismatec
IDEX Health and Science). During the measurement, the pump rate
was reduced to 10.6 μL min−1. In this work, duration of a single
ellipsometric measurement was 23.5 s.

The cell was placed under a spectroscopic ellipsometer SE 800
(Sentech Instruments), working in the wavelength range of 280-
810 nm (1.5-4.4 eV). A Compactstat potentiostat (Ivium Technolo-
gies) was used to control potentials and measure currents.

Raman spectroscopy.—In situ Raman spectra were obtained using
a Labram confocal Raman microscope (Horiba). An objective with
magnification 10×, numerical aperture 0.25, was used to illuminate
the sample with light from the 632 nm (1.96 eV) line of a HeNe laser.
A home-built Teflon cell was used.42 A graphite rod was used as a
counter electrode, while the same microreference electrode as during
in situ SE experiments was used. Each spectrum was acquired for 30 s.

For ex situ experiments, in addition to the 632 nm laser, light from
the 514 nm (2.41 eV) line of an Ar+ laser was also used.

XPS.—XPS measurements were performed (Quantera II, Phys-
ical Electronics) applying a monochromatic Al Kα X-ray source
(1486.6 eV) operating at 15 kV and 25 W. The binding energy scale
was referenced to the C 1s signal at 285.0 eV. For investigation of
the change of elemental composition with depth, sputtering with Ar
plasma has been carried out. Sputtering time of 1 min corresponded
to the removal of approximately 3 nm of Cu. These sputtering rates
were calculated from the depth profiles of the Cu samples with de-
fined thickness. The sputtering spot size was 2 mm × 2 mm. Anal-
ysis of the spectra has been carried out with the Casa XPS software
(http://www.casaxps.com/). In addition to research articles, the Lasur-
face database (http://www.lasurface.com) was used to aid interpreta-
tion.

Electron microscopy and EELS.—Microstructural characteriza-
tion was carried out by SEM and TEM. The microstructure of the
samples were investigated with back scattered electron (BSE) imaging
in a dual-beam Zeiss 1540XB scanning electron microscope (SEM)
equipped with a Edax Apollo XL EDX camera. Top view micro-
graphs were taken by SEM (JEOL JSM-6450). Cross-sectional spec-
imens were prepared in a dual beam focused-ion-beam system (600i
dual beam SEM/FIB) using the lift out technique,43 in a modification

of a procedure described elsewhere.44,45 TEM investigations were
performed in a probe-corrected FEI Titan Themis 60-300 X-FEG
S/TEM instrument equipped with a FEI Super-X windowless energy-
dispersive X-ray spectroscopy (EDX) system with four synchronized
silicon drift detectors and a post column Gatan GIF Quantum ERS
energy filter.

The instrument was operated at 300 kV in scanning TEM (STEM)
mode with a spot size of about 1.5 Å. For STEM imaging, a probe cur-
rent of ≈80 pA was used, while EDX measurements were performed
with 400 pA, and EELS measurements with 80 and 320 pA. STEM
images were recorded with a convergence semi-angle of 23.8 mrad
using a Fischione Instruments Model 3000 high angle annular dark-
field (HAADF) detector with inner and outer collection semi-angles
of 73 and 352 mrad, respectively.

For electron energy loss near-edge structure (ELNES) analysis of
the O K edge (edge onset at ≈532 eV),46,47 and the Cu L2/3 edge (onset
at ≈931 eV)46,47 spectra with a dispersion of 0.25 eV/channel and an
entrance aperture of 2.5 mm were recorded in dual EELS mode,48 at a
collection angle of 35 mrad. The full width at half maximum (FWHM)
of the zero loss was 0.9 eV. 20 spectra were taken at an acquisition
time of 1.0 s and summed up to obtain high signal to noise ratios. All
spectra were corrected for the dark current and channel-to-channel
gain variation. The pre-edge background was extrapolated using a
power law function and subtracted from the original spectrum.47 The
edge onset was measured at the FWHM of the first onset. The thickness
of the different layers was determined by analysis of 6 different regions
of interest and is stated as mean ± standard deviation. In addition, the
minimum to maximum value is given.

Thermodynamic analysis.—Potential-pH predominance di-
agrams were calculated using the freely available program
MEDUSA (http://www.kth.se/en/che/medusa/chemeq-1.369367;
https://sourceforge.net/projects/eq-diagr/) and its standard HYDRA
database. MEDUSA calculates equilibrium predominance diagrams
of complex systems. In total 59 soluble and 9 insoluble compounds
were considered, containing Cu, P, Cl, O and H in all relevant
oxidation states. All calculations were carried out for a temperature
of 25◦C, close to the experimental temperature, and the temperature
used in the HYDRA data basis. No correction for activity coefficients
was used.

Results and Discussion

In situ characterization of surfaces during potentiodynamic
polarization.—A CV and the corresponding thickness d of the grow-
ing layer of oxidation products is shown in Fig. 1. The layer thick-
ness was obtained using ellipsometric data based on the analysis of
the shift in ellipsometric parameter �,17 with a calibration reported
previously.12

The CV of copper in PBS is different from those obtained in
alkaline electrolyte.14,15,18,49,50 The CV in the potential region from
−1.0 V to 0.1 V exhibited two reduction peaks (C1 and C2) and one
accompanying anodic feature (A1). The initially observed cathodic
features are attributed to the reduction of initially present surface
oxide. The related anodic peak (A1) is in alkaline electrolyte typically
associated with oxidation of copper to Cu2O.14,15,18,49,50 The current
density increased continuously after the electrode potential reached
≈−0.1 V, indicating a high metal dissolution rate. A more detailed
CV peak assignment was obtained by in situ Raman spectroscopy, and
will be discussed later in this section.

Initially, the layer thickness increased from 1.5 nm to 7 nm af-
ter starting to apply a controlled potential. During the cathodic scan,
the layer thickness decreased and the layer essentially disappeared
because of reduction. In the anodic scan, the first increase in layer
thickness was observed when the potential reached ≈0 V. Subse-
quently, the layer thickness increased up to ≈15 nm, simultaneously
with the increase in the current density.
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Figure 1. First ellipsometric CV scan ( ) in PBS (started 0 V, first in nega-
tive direction). The current density j and thickness d (◦) are plotted against
electrode potential E . The scan rate was 5 mV s−1, thus each SE spectrum
averages over 120 mV. The first 3 SE measurements ( ) were recorded at open
circuit potential (OCP, ≈−150 mV). Inset: Same CV as in main graph with
smaller current range, clearly showing the redox peaks.

In order to determine the nature of the layer on Cu in PBS solu-
tion, in situ Raman spectroscopy experiments were performed. The
neutral pH buffered system is interesting to investigate under these
condition, because thermodynamically, in the presence of Cl− the for-
mation of the Cu2O and CuCl films are possible.18,51 In the presence of

Figure 2. (a) Evolution of in situ Raman spectra collected during a CV with
scan rate 5 mV s−1 in the potential range of −1.0 V and +0.1 V in PBS.
Experiments proceeded from 0 V toward the negative vertex potential (Vert. 1)
at −1.0 V, and the positive vertex potential (Vert. 2) at 0.1 V back to 0 V.
(b) Examples of in situ Raman spectra collected during a CV at the potentials
indicated in the graph. BG indicates an initial measurement at OCP. All other
measurements were collected during the positive scan.

Table I. Raman peaks observed in this work with possible
assignments to chemical species on the basis of literature
assignments.18,35–37,52,60,69 Reported peak wavenumbers of some
oxides in the literature vary considerably.

System In this work peak / cm−1 Lit. peak / cm−1 Ref.

CuIIO 280 290 35–37
CuIICl2−

4 300 290 60
CuI

2O 400 400–490 18,36,37
CuI

2CuII
2 O3 530–560 540 36,37

CuIIO 620 630–634 18,35,36
CuI

2CuII
2 O3 620 630 36,37

CuI
2O 620 635 18,35,36

CuII
2 (OH)3Cl 940 942 52,69

phosphates 1000–1100 1019 52,69
phosphates 1000–1100 1100 52,69

phosphate, precipitation of copper phosphates is a further possibility.
Raman spectra recorded during CV are shown in Fig. 2.

The CV obtained during in situ Raman spectroscopy closely fol-
lows the CV in in situ SE. The main feature of aqueous phosphate
oxyanions are two peaks at ≈930 cm−1 and ≈1000 cm−1,52 which
were not observed in this work. Control experiments with the pure
electrolyte and the same illumination geometry as used for in situ
experiments did not yield any phosphate peaks from the electrolyte
itself. Discussion of the surface features shall concentrate on the pos-
itive scan in the CV. Here, anodic currents start to be observed at po-
tentials above ≈-150 mV. From above ≈-50 mV, two Raman features
at ≈540 and 635 cm−1 developed in the spectrum (Fig. 2), indicating
the concurrent formation of Cu2O and possibly Cu4O3, i.e. copper
oxide species (Table I). At ≈0 V, a peak at slightly below 300 cm−1

started to develop. This peak dominated the spectra above ≈0.05 V,
when the oxide peaks disappeared. The high intensity of the peak at
≈300 cm−1 suggests that it does not originate from adsorbed species.
The assignment of this peak shall be discussed in the following.

In comparable works in NaOH,17,53 no peak at ≈300 cm−1 was
observed. Phosphate peaks around 1000 cm−1 are were not observed
in the presence of this peak. Therefore, this peak must originate from a
chloride-related species. On a similar line of reasoning, this peak was
previously assigned to originate from “a Cu-Cl stretching mode of
adsorbed chloride or copper chloride phase film”.18 Indeed, a number
of works report Cu-Cl stretching modes at ≈290 cm−1.54–56 How-
ever, solid CuCl has no characteristic Raman feature in this region;
rather, all strong Raman modes from CuCl are observed at lower
wavenumbers.57–59 Furthermore, the electrochemical data shows a
continuing high dissolution rate, without even slight drops in current
density. The species to which this mode belongs can therefore not
inhibit the dissolution of copper. If a solid precipitate was forming,
stochastic dips in current density would be expected, which were not
observed here. Neither were they observed in CA experiments dis-
cussed below. On the other hand, a strong Raman feature at 286 cm−1

is characteristic for square planar CuIICl2−
4 .60 The occurrence of a

CuII species is expected at higher electrode potentials, where the peak
in question is observed. The high intensity of the peak is consistent
with the presence of a large concentration of dissolved species in the
near-interface region. Alternatively, the species may form directly at
the interface, e.g. via adsorbed Cl− as precursor. The interpretation is
also consistent with the electrochemical data. Therefore, the peak at
≈300 cm−1 is assigned here to a Cu-Cl stretching mode of dissolved,
adsorbed, or oxide-film incorporated CuIICl2−

4 . Table I presents an
overview of the vibrational modes of copper oxides and relevant other
species observed in this work and a comparison with literature data.

The SE data was analyzed to obtain the absorption spectrum of
the forming thin films (Fig. 3), to have additional information on the
films. The electronic absorption spectrum of the oxide film on Cu
formed in alkaline media was discussed in previous studies.17,53 The
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Figure 3. Imaginary part k of complex refractive index of the layers forming
on copper obtained in situ (a) during the positive scan in a CV experiment in
the potential range from −1.0 V to 0.1 V. Spectra are shown acquired during
positive potential scan at −0.1 V ( ), 0 V ( ) and 0.05 V ( ), at the positive
vertex potential 0.1 V ( ), and the final potential 0 V ( ). (b) Color-coded k
of the layer depending on electrode potential and time during a CA experiment.
Color scale is given next to the graph. (c) Representative imaginary part k of
refractive index of the layer in the potential range in the potential range of
−1.0 V and 0.1 V, during a CA experiment.

shape of the spectra obtained in PBS (Fig. 3) is qualitatively different
from the ones obtained in alkaline environment.17,53

Fig. 3a shows absorption spectra obtained during a CV experiment.
These spectra were obtained by an analysis procedure described in de-
tail elsewhere.17 Note, that thinner layers make the resulting spectra
more sensitive to noise in the raw data. There were significant dif-
ferences in the spectra depending on the electrode potential. When
the potential reaches ≈0 V, peaks at ≈2.8 eV and ≈3.5 eV appeared,
which are assigned to Cu2O.37 The strongest feature from CuCl is ex-
pected to be observed at 3.1 eV,61 which may initially be hidden in the
broad peak at 2.8 eV. The shape of the spectrum changed significantly
with increasing potential. At 0.05 V, a feature at 2.1 eV dominated
the spectrum. This feature has been interpreted as the “yellow” elec-
tronic absorption of Cu2O, which is the forbidden direct band to band
transition.17 Activity in electrochemically formed films was attributed
to the prevalence of defects.17 The absorption spectrum acquired at
0.1 V (Fig. 3a) shows a minor peak at 2.3 eV and a broad feature at
3.4 eV. The peak at 2.3 eV indicates the presence of Cu4O3.37 As-
signing the broad feature at 3.4 eV unambiguously is not possible,
because this peak might contain several components. The strongest
electronic absorption feature from CuO is at 3.46 eV,37 which agrees
well with the observed feature. On the other hand, this broad peak
has a shoulder at 3 eV which could originate from CuCl, which has a
strong feature at 3.1 eV.61 A feature around this region dominated the
spectra in the later stages of the experiment. Summarising, the elec-
tronic absorption spectra agree with the Raman results as they point
to an initial formation of oxides. At higher potentials, chlorides may
be present in the film. In this whole discussion, the fact was neglected
that roughening or lateral structuring of the surface will affect the con-
ducted analysis, so that the obtained spectra should only be interpreted
qualitatively.
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Figure 4. Current density j ( ) and layer thickness d (◦) as a function of time
t of Cu in PBS during CA experiments at certain applied electrode potentials as
indicated in the graph. The first 5 SE measurements ( ) were recorded at OCP
(≈−150 mV). Representative uncertainty estimates are shown on selected
points only to keep the graph legible.

In situ characterization of surfaces during potentiostatic
polarization.—In CA experiments, preformed oxides were initially
reduced. In SE experiments, after 5 SE measurements at OCP, the
preformed oxide of 2 nm thickness was reduced at −1.0 V for 5 min.
The surface was subsequently oxidized at −0.1 V and 0.1 V for 20 min
each as shown in Fig. 4. After a potential jump to −0.1 V, the current
density stabilized at 0.05 mA cm−2 within 100 s. On the other hand,
the thickness of the layer continuously increased during the first 350 s,
before reaching a steady state value of 13 nm. When the potential was
switched to 0.1 V, the typical spike in the current density was observed.
Simultaneously the thickness of the layer increased and stabilized at
15 nm after 100 s.

Fig. 5 shows Raman spectra recorded during a CA experiment on
Cu foil. As in CV experiments, during the reduction of the surface
(Fig. 5a), no obvious changes were observed. The Raman spectrum at
this stage showed mainly the water deformation mode at 1635 cm−1.
When the potential jumped to anodic conditions (Fig. 5b and 5c), the
spectrum showed peaks in the range of 500-700 cm−1, and also at
300 cm−1 (Fig. 5c).

After stepping the potential to −0.1 V, three main features be-
came visible in the spectra in Fig. 5b,5c. The peaks at 530 cm−1

and 625 cm−1 indicate the oxidation of Cu to Cu4O3 and Cu2O, re-
spectively. The feature at 300 cm−1 may be assigned to presence of
CuIICl2−

4 , as discussed above. A significant change related to the po-
tential jump from −0.1 to 0.1 V is the spectral shift of the latter peak
from 300 cm−1 to 290 cm−1. This observation suggests a transforma-
tion of the species from which the peak originated from. A shift due
to effects of the changing electric field is unlikely, as no such shift
was observed in CV experiments. Here, this shift is interpreted as a
transformation of the ratio of CuO and CuIICl2−

4 contributing to the
peak.

From the electronic absorption spectra shown in Fig. 3(b,c), it is
obvious that the spectra acquired during CA are quite different from
the spectra acquired during CV. The absorption spectra of the films
recorded during CA experiments (Fig. 3b) shows the main absorption
at 3.3 eV, which is assigned to Cu2O.37 Moreover, it is obvious that
only minor changes occurred during the potential jump, confirming
the slow growth of the film. Therefore, it is useful to compare spectra
recorded at the very beginning of polarization at −0.1 V, and the
last spectra recorded at 0.1 V (Fig. 3c). The very first spectrum has
two peaks at 2.1 eV and 3.1 eV, assigned to the presence of both
Cu2O and CuCl.37,61 As the current reached steady state, the feature
at 2.1 eV disappeared, and the peak at 3.1 eV shifted to 3.3 eV. The
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Figure 5. Evolution of in situ Raman spectra in CA experiments on a Cu foil.
(a) full set of spectra in the potential range of −1.0 V to +0.1 V; (b) Spectra
during the final stage of polarization at the three potentials chosen for this
experiment; (c) CA data.

latter indicates an electronic transition from Cu2O, complementing
the Raman spectra (Fig. 5).

Surface characterization after electrochemical experiments.—
Different samples were characterized with different ex situ methods
after experiments. In this section, the focus is on samples after CA
experiments. Top view SEM images of representative parts of the sur-
face after in situ Raman CA experiments are shown in Fig. 6. Large
parts of the surface were covered with needle shaped crystals. In cer-
tain regions, spherical features with an inner structure were observed.
It is not immediately obvious whether these structures formed during
the electrochemical treatment, or during removal of the samples from
the electrolyte.

A sample after CA experiments was analyzed in more detail by
STEM and EELS. Fig. 7 shows a STEM HAADF image and EDX
elemental maps of the layer on top of the copper film. A continuous
oxide film with a thickness of (38±10) nm (27–62 nm) was observed

Figure 6. SEM images with two different magnifications of a copper surface
after the full Raman CA experiment as shown in Fig. 5; (a) overview image,
(b) magnified region showing the observed structures.

in the cross-sectional STEM HAADF micrographs. This thickness is
higher than observed in situ by SE in the initial stages of the experi-
ments, indicating significant oxide formation at OCP after switching
off potential control, and during the removal of the sample from elec-
trolyte and drying. In some regions, the oxide intruded into the Cu
film as indicated by the arrow in the O EDX map. Different intrusion
distances have been observed. In many cases, they are only a few nm
at the former Cu surface. In a specific case shown in Fig. 7, intrusions
range ≈70 nm into the copper. In some cases, intrusions over the full
thickness of the copper film were observed, ranging up to the former
Cr/Cu interface. The intrusion of the oxide layer could originate from
pitting, induced by Cl− ions, and subsequent repassivation of pits. The
results make it clear that the oxide film is laterally inhomogeneous, at
least at the end of the experiments. Additional oxide, likely a result of
precipitation, was observed on top of the closed layer.

Several voids are visible in Fig. 7. Pores formed at the Cu/oxide
[diameter (50 ± 17) nm, 26-81 nm] as well as at the Cr/Cu interface.
EDX maps show an enrichment of Cl at the Cu/Cr interface. The high
concentration of O depicted at the Cu/Cr interface is an artifact due
to the overlap of the O Kα and Cr L lines. Nevertheless, the results
indicate Cl− diffusion through the film due to pitting and preferentially
at the grain boundaries.

EELS measurements were acquired in STEM mode for different
regions of the metallic Cu thin film including the surface layers. In
Fig. 8, exemplary ELNES spectra of the Cu L2/3 and the O K edge are
shown for the various regions. No white lines were observed in the Cu
L2/3 ELNES of the Cu thin film, in accordance with literature spectra
of metallic Cu, because of its fully occupied 3d band.62,63 For the
oxidized layer and the oxide feature on the top, white lines appear due
to the partial emptying of the Cu 3d band.62,63 No chemical shift was
found for the Cu L3 edge (edge onset ≈933 eV) of the oxide, indicating
the presence of CuI.64 No evidence was found for the presence of
CuII, where an energy shift of ≈−2 eV with respect to metallic Cu is
expected.62 The presence of CuI is further confirmed by the white line
intensity of the Cu L3 edge, which should be much more pronounced
for CuII.64 The O K ELNES of both, the oxide layer and the feature
on top, shows a sharp peak with an edge onset of 530 eV, followed
by a broad peak at an energy loss of about 541 eV. A similar ELNES
was reported in literature for Cu2O.62,64 No oxygen was found in the
metallic Cu thin film.

In summary, the presence of CuI was confirmed by its ELNES
fingerprint using the Cu L2/3 as well as the O K edge. Moreover,
no evidence for the existences of CuII, either in CuO or in Cu4O3

was observed by the ex situ EELS investigations of the specimen af-
ter electrochemical treatment and removal from the electrolyte. The
existence of a CuI containing monolayer was reported for atomically
sharp Cu| α-Al2O3 interfaces.62 Surface roughness in the present work
prevented a sharp interface in projection in TEM, thus the presence
of a sub-nanometer layer containing CuII cannot be ruled out. CuII

may also be present as minor component homogeneously distributed
in the oxide layer below the EELS detection limit of ≈1%.47 Alterna-
tively, CuII-containing species might be present only when the surface
is in contact with the aqueous solution. In general, for thin electro-
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Figure 7. STEM HAADF cross-sectional image and
EDX elemental maps showing exemplary the microstruc-
ture and spatial elemental distribution of Cu, O, Si, Cr
and Cl after electrochemical treatment.

chemically grown oxide films, differences of structure observed in
electrolyte and outside the electrolyte are frequently observed.65

A chemical analysis of the surface after the electrochemical treat-
ment was performed by XPS, including depth profiling (Fig. 9). The
oxidation state of the copper was determined in the Cu 2p spectra
with the help of the satellite peaks. The surface spectrum of the layer

Figure 8. (a) STEM HAADF image showing exemplary the location where
the presented EELS spectra were taken. (b) Cu L2/3 and (c) O K near-edge
fine structures of the upper oxide feature (red), the lower oxide layer (black)
and the Cu thin film (blue).

from the CA experiment (Fig. 9a) shows a satellite peak in the Cu 2p
region between 946 and 947 eV, pointing toward the presence of CuI.
CuI presence is confirmed by the Cu LMM spectrum.66,67 A single
sputtering step of ≈3 nm shows Cu metal in Cu LMM spectrum,
however Cu 2p still indicates the presence of CuI. Fig. 9c presents
the chloride spectrum. The surface spectrum shows a Cl 2p3/2 peak,
which decreased in intensity upon sputtering into the material. It is
important to note that chloride is present, though not prominently, on
the surface. Local STEM-EDX imaging (Fig. 7) also shows that the
concentration of Cl decreases from the surface into the thin film. It is
worth noting that XPS is not a trace analysis technique; it is likely that
the concentration of Cl within the thin film, as probed after sputtering,
is below the XPS detection limit. Both the Cu 2p as well as the Cl 2p
spectra support the conclusions drawn from STEM-EDX data on a
representative large sample area.

Differences have been observed between results obtained in situ,
and ex situ surface characterization, which could originate, e.g., from
drying or contact with air. Therefore, ex situ Raman spectra were
recorded, to be able to compare the results directly to the in situ
spectra discussed above. Fig. 10 shows the Raman spectra of the
sample after removal from the electrolyte with two different excitation
wavelengths. The first striking difference to the respective in situ
spectra is the strong photoluminescence (PL) background in the ex
situ measurements. PL with different intensities depending on the
experiments peaks at ≈1.65 eV with under excitation at 2.41 eV. PL
peaking at this energy has been used as evidence for an oxygen-poor
metastable phase.37 The peak photon energy is in between the photon
energies of singly charged and doubly charged oxygen vacancies,37

supporting the interpretation of an oxygen-deficient oxide as source of
this PL. Moreover, Raman features of Cu4O3 and Cu2O are observed
(compare Table I) in Fig. 10. The existence of Cu4O3 and Cu2O
are in line with in situ observations at intermediate potentials. An
interpretation of the peak at ≈300 cm−1 is difficult, because both
CuIICl2−

4 and CuO have Raman features at this wavelength. Moreover,
the feature at ≈300 cm−1 is observed ex situ only when the sample is
excited with 2.41 eV, while it was also visible at the excitation with
1.96 eV in the in situ experiments.

Discussion of layer formation and dissolution mechanism.—The
thermodynamics of the system under investigation is best analyzed in
terms of Pourbaix style predominance pH diagrams. The Pourbaix
diagram of copper in PBS solution was calculated at the fixed con-
centrations of Cl− and total phosphate in solution as 140 mM and
10 mM, respectively, in line with used electrolyte concentrations.
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Figure 9. XPS sputter profiles of the layer after CA-SE experiments. The
depth difference between the sputtering cycles was ≈3 nm. (a) Cu 2p spectra;
(b) Auger Cu LMM spectra; (c) Cl 2p spectra.

Different scenarios regarding total copper concentration in solution
were investigated, to map a wide range of experimental scenarios.
Results for four copper ion concentrations are given in Fig. 11.

At the beginning of each experiment, the system should be in
a regime of low copper ion concentration (Fig. 11a). This is also
the situation when immersing the material first to a solution without
copper, or bringing a solution with bacteria into contact with a copper
surface. At pH 7 in the potential region between −1.2 V and 0.1 V,
copper is supposed to be in the active state, and dissolves as

Cu + 2Cl− → CuICl−2 + e−. [1]

(a)

(b)

Figure 10. Ex situ Raman spectra after electrochemical in situ spectroscopic
ellipsometry experiments, CA or CV as indicated in the graph; (a) excitation
633 nm/1.96 eV; (b) excitation 514 nm/2.41 eV. Numbers on the eV scale
correspond to the closest second digit the wavelength of the respective Raman
shift on the Raman shift axis.

At high electrode potentials, in the pH range between 5–7, formation
of CuIIHPO4 is possible, but this phase was not observed in this work.
In the course of an experiment, hydrogen may be evolved during
cathodic polarization,

H2O + e− → 1

2
H2 + OH−, [2]

leading to a slow increase in pH. The increase is expected to be rel-
atively mild in a phosphate buffered system, compared to unbuffered
solutions.68 Under anodic polarization, or under conditions of free cor-
rosion, copper will slowly dissolve (Reaction 1), increasing the copper
concentration, especially near the copper surface. Fig. 11 shows that
CuCl precipitation is expected only at lower pH. At pH 7 and above,
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Figure 11. Predominance potential pH diagrams for copper in contact with PBS (140 mM Cl−, 10 mM PO3−
4 ) calculated using MEDUSA with the HYDRA

database, for four different concentrations of total dissolved copper, including both Cu+ and Cu2+; (a) 10−6 M, (b) 1 mM, (c) 10 mM, (d) 1 M. The dotted line in
(a) represents the ambiguous domain separation Cu(OH)2 and CuO.

the system is supposed to be passive above copper ion concentrations
of 1 mM, where Cu2O should form at intermediate potentials, and
different CuII-containing phases at higher potentials.c

The observation of Cu2O in most of the experiments is hence
expected after active dissolution of Cu which produced a sufficient
amount of copper in solution. There is no fundamental difference here
between the results from CA (Fig. 5) and CV (Fig. 2) experiments.
In situ Raman spectra (Fig. 5c) do, however, show that CuI species
are still present in the film in CA experiments at 0.1 V after long
polarization times, while in CV experiments (Fig. 2b), they disappear.
The different experiments are therefore discussed jointly. At higher
potentials, no precipitation of phosphates was observed, as suggested
by the predominance diagrams. Also, no passivation was observed.
Most likely the equilibrium constant for the formation of the observed
CuCl2−

4 ,

Cu2+ + 4Cl− ⇀↽ CuCl2−
4 , [3]

which is included in the equilibrium constant K of the reaction

Cu+ + 4Cl− ⇀↽ CuCl2−
4 + e−, [4]

given as log10 K = −6.5 in HYDRA, is not accurate enough. The
formation of a soluble CuII species, is, however, in agreement with
the results from the surface analytical techniques.

cCu4O3 is a metastable oxide, and as such not included in the Pourbaix diagram.

In situ ellipsometry shows that in CA experiments at 0.1 V, a layer
is present, which is also surprisingly stable in thickness, but does not
lead to passivation. It must therefore be stable as a steady state layer.
This layer must be rich in CuI. Ex situ analysis after the experiments
show an incorporation of certain amounts of Cl− into the layer. In situ
experiments show also, via the presence of Cu4O3, the presence of a
certain amount of CuII. The absorption spectra can be interpreted such
that CuCl-like species are present, in agreement with the observations
after in situ experiments. It is hence likely that the film dissolves as
soon as species are oxidized to CuII, while it re-forms by oxidation of
Cu to CuI.

The overall mechanism suggested based on the experimental re-
sults is summarized in Fig. 12. When polarizing from cathodic region
positively, a Cu2O film forms. This film is rich in point defects, as

Figure 12. Schematic mechanism of film formation on copper and copper
dissolution in PBS. On an initially oxide free surface, Cu2O is forming at
sufficiently high electrode potentials. Cl− incorporates into the oxide layer,
possibly by filling oxygen vacancies. As soon as the electrode potential is
high enough to permit the oxidation to CuII, the film dissolves while CuCl2−

4
becomes the dominating copper oxidation product.
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suggested by its absorption spectrum. Some of these are likely to
be oxygen vacancies, in line with the ex situ PL observation. These
can be compensated by uptake of Cl−, resulting in the first step in a
chloride-rich, copper(I) oxide based layer. As soon as the electrode
potential increase triggers the oxidation from CuI to CuII, the forma-
tion of soluble CuCl2−

4 sets in, which may have precursors inside the
film, or adsorbed to the surface.

Summary and Conclusions

In situ spectroscopic investigation of the oxidation of copper in
PBS electrolyte at pH 7 show that above a potential of ≈−0.05 V, a
defect-rich Cu2O formed. Formation of Cu2O is in agreement with
thermodynamic expectations based on the Pourbaix diagram of the
system in the presence of chloride and phosphate. Upon further oxi-
dation, a Raman signal started to dominate the spectra which has been
assigned here as originating from square planar CuCl2−

4 . The fact
that no passivation was observed is interpreted such that the CuCl2−

4
species must have a significant solubility. Nevertheless, a layer with
a thickness in the order of 10 nm was found at +0.1 V by spec-
troscopic ellipsometry, indicating that the continuing dissolution of
copper proceeded via a layer of a steady state thickness. While in situ
spectroscopy has shown signatures of the presence of CuII in form of
Cu4O3, post mortem surface analysis confirmed only the dominance
of CuI and traces of chloride. The lack of a dominating Cl−-containing
species in post mortem surface analysis is in agreement with the in-
terpretation of the presence of soluble CuCl2−

4 . However, Cl− was
detected along grain boundaries inside the copper. This ingress of
chloride is likely to facilitate later dissolution under complex forma-
tion, and the formation of pits into the copper. No significant solid
phases containing copper chlorides or copper phosphates have been
detected. It is suggested that the dissolution of copper proceeds via
chloride incorporation in oxygen vacancies in the defective Cu2O. As
dissolution in the presence of biological material often proceeds at near
neutral pH in an environment containing significant amounts of Cl−,
the results obtained in this work may be relevant for the understanding
of the surface electrochemistry of copper as antibacterial agent.
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