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Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry were used to investigate the oxide

layer formed on a copper disc electrode and the changes that took place when treated potentiostatically in

the range of -0.3 V to 0.9 V in aqueous buffer solution of pH 9.2. Equivalent circuits were used to model

the response of the electrode, initially at equilibrium to an applied potential. These circuits were proposed

for different potential ranges in order to illustrate the Cu/oxide/electrolyte system and its properties in

terms of 2 interfaces. A criterion for the applicability of equivalent circuit models was discussed. Changes

in the film/metal interface as a function of potential were probed at 30 mHz from Nyquist plots. Diffusion

coefficient calculated for the ionic movement in the film at 2 potential values using EIS data was of the order

of 10−9 cm2 s−1 .
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Introduction

Corrosion of copper occurs in presence of oxygen when in contact with electrolytes.1 Thin film formed over
copper in anodic conditions in neutral,2 weakly acidic, or alkaline aqueous3 media has attracted considerable
interest of researchers studying corrosion, electro catalysis, and double layer structures.4 Passive layers on
copper metal have been widely investigated5−8and several surface analytical and electrochemical tools have
been used.9−13 Some of the obvious factors affecting the thickness and structure of the oxide film are pH,
potential, and the time of contact with the aqueous environment.
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Electrochemical impedance spectroscopy is a powerful and sensitive in situ technique to characterize
surfaces. Its potential in the study of corrosion of copper3,14−16has not been fully realized. Metals exhibit
inhomogeneous surfaces obstructing corrosion studies. However, even though inclusion of a constant phase
element (CPE) as an active electrochemical element in the model circuit has rather facilitated the study of

such inhomogeneous surfaces,17−19 only a few studies that employed EIS solely have appeared. Contradictory
views regarding the nature of partial reactions at copper-electrolyte interface exist. Two models are proposed
to explain the growth of passive film; dissolution/precipitation for Cu2 O and CuO and nucleation for CuO.7

The present work is an effort to explain the mechanism responsible for the growth of the passive film,
mainly comprised of Cu2 O and CuO/Cu(OH)2 and ultimately its breakdown when static potential is varied,
in standard buffer solution, pH 9.2, using EIS as the main technique.

Experimental

Copper disc of 1 mm thickness and 1cm diameter was used to prepare the working electrode. Analysis
of copper metal used for making disc, as working electrode showed that it contained less than 0.5% impurities
(0.03% iron, 0.39% zinc). The disc was fixed on a glass tubing using araldite (Ciba-Giegy). Its thickness was
reduced to 0.5 mm by mechanical abrasion over sand papers of various grit sizes, including aluminum oxide
(No. 1) and silicon carbide (Nos. 400-1200) papers. Eventually, mirror shine was achieved by buffing the disc
with buffing paste. The disc was then immersed in acetone for 30 min to remove sticking paste and particles.
Caroic acid (5% H2 O2 + 10% H2 SO4) was used to finally remove impurities due to oxidation of metal. The
disc was then rinsed with water.

Buffer solution of pH 9.2 was prepared by dissolving buffer tablets from BDH in triply distilled water.
Before making electrochemical measurements the working electrode was pre-treated at -1.40 V for 45 s. Cyclic
voltammogram was recorded using a 3-electrode configuration, with a spirally coiled platinum wire as the
counter electrode and saturated calomel electrode as the reference electrode. All potentials in this work were
referred to SCE.

Impedance data in the frequency range of 30 mHz to 100 kHz was collected using the 3-electrode system,
on a TFA 2000 Impedance Analyzer from Sycopel Scientific, U.K. The interfering circuit of the reference
electrode was removed by connecting a platinum wire electrode serving as sonde via a 10 μF capacitor. The
strength of the perturbation potential used in all measurements was 5 mV peak to peak. Prior to measurement
at each potential the sample disc was potentiostatically polarized to the desired potential. The impedance data
was collected after the waiting period of 10 min.

Results and discussion

Cyclic voltammetric studies

The cyclic voltammogram as in Figure 1 (CV) of the copper disc electrode in a buffer solution of pH 9.2 showed

an anodic and 2 cathodic current peaks. According to Pourbaix1 following equilibriums were expected in the
copper/aqueous solution system at pH 9.2.

2Cu + H2O = Cu2O + 2H+ + 2e−E = −0.324V/SCE (1)
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Cu2O + H2O = 2CuO + 2H+ + 2e−E = −0.114V/SCE (2)

Cu2O + 3H2O = 2Cu(OH)2 + 2H+ + 2e−E = −0.054V/SCE (3)

The current peak A1 was due to the electroformation of Cu2 O barrier layer (Eq. 1) and the anodic formation
of a complex hydrous CuO layer (Eqs. 3 and 2), which was overlaid upon the barrier layer and gave a duplex
structure to it. The latter layer was responsible for the decrease in anodic dissolution of copper. The 2
cathodic peaks were unquestionably due to electroreduction of CuO and Cu(OH)2 to Cu2 O, and Cu2 O to Cu

respectively.20

Figure 1. Cyclic voltammogram of copper in buffer solution of pH 9.2 at a scan rate of 50 mV s−1 .

The anodic peak appeared broader and dragged in the anodic direction. The appearance of more than
one anodic peak in the cyclic voltammogram was pH and sweep rate dependent.10,16 That only one anodic peak
observed was not surprising because of the relatively high scan rate used in this study. Even a scan rate of 20
mV s−1 did not resolve anodic peaks.20 Strehblow and Titze10 obtained 2 well resolved anodic peaks with a
distinct broad shoulder to higher potential peak at 0.1 mV s−1 scan rate. However, in the same system (pH 9.2

borate buffer) at 20 mV s−1 sweep rate although 2 anodic peaks were observed, the higher potential peak was
weaker and dragged. Therefore, the observed anodic peak in the present study is assigned to electroformation
of Cu2 O and complex CuO/Cu(OH)2 .

Electrochemical impedance spectroscopic studies

The impedance characteristics of the freshly prepared copper disc electrode were measured employing an AC
signal of 5 mV amplitude in the frequency range of 30 mHz -100 kHz at 13 static potentials from -0.3 V to 0.9 V.
The potential in this range was progressively increased in steps of 0.1 V. The experimental data were analyzed
and fitted using equivalent circuits through software by Boukamp,21 which also made use of some elements as
calculation variables.22

On the basis of the circuits used to fit the impedance data the entire potential range brought out 3
distinct potential stages: (a) initial stage, -0.3 to 0.1 V (b) middle stage, 0.2 to 0.3 V, and (c) final stage, 0.4
to 0.9 V.
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Equilibrium redox potentials for the formation of Cu2O from copper and CuO, Cu(OH)2 from Cu2 O
(Eqs. 1, 2, and 3) showed that in the first potential region the formation and growth of the inner layer of Cu2 O
and the outer layer of CuO/Cu(OH)2 overlaying the Cu2 O barrier layer occurred as in Figure 2. Capacitive
circuit (inset Figure 3), which characterized a diffusion process represented the behavior of the modified film. In
the third potential region diffusion controlled kinetic phenomenon changed to a charge transfer process especially
at 0.4 and 0.7 V. In this region CuO oxide layer grew using Cu1+ ions from the inner Cu2 O layer and then
Cu(OH)2 from CuO at higher potential.
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Figure 2. Nyquist plots for the initial stage of passivation of copper surface.

It is to be pointed out that EIS is a potentiostatic technique and prior to EIS measurements at each
potential step, the electrode was given sufficient time for stabilization.

(a) Initial Stage

Complex plane plots, Z ′ vs. Z ′′ , are shown in Figure 2 for potentials of the initial stage. A complete semicircle
was not observed; instead a highly reactive arc was obtained, which rose steeply from the higher frequency
end. At 0.0 V, structural transformations began in the film and were enhanced at 0.1 V. The Nyquist plot
of 0.1 V potential became almost parallel to the Z ′ axis at low frequencies. The dissolution also affected the
homogeneity of the surface leading to incoherent response of different species present to the applied signal.

The behavior of the film in relation to its continuously varying structure on application of potential is
best represented by fitting the impedance data (Table) to the circuit in the inset of Figure 2. Better agreement
was achieved between theoretical and experimental results by including frequency dependent constant phase
elements (CPEs), Q1 and Q2 in the circuit. A CPE was introduced instead of pure capacitance and Warburg
impedance. In the proposed circuit CPE represented interfacial capacitance Q1 in parallel with a sub-circuit
involving charge transfer resistance (Rct). The circuit represented the characteristics of the underlying Cu2 O
layer and the duplex layer.
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Table. Best fit parameters of copper surface at various potentials.

Potentialin Q1*10−6 n1 Rpor Rct Q2*10−6 n2

V Ω−1 cm−2 s0.5 kΩ cm2 kΩ cm2 Ω−1 cm−2 s0.5

-0.3 23.7 0.85 0.056 122 4.08 1.00

-0.2 4.74 1.00 0.060 236 11.9 0.84

-0.1 4.82 1.00 0.061 287 11.8 0.84

0.0 5.95 1.00 0.107 193 12.8 0.76
0.1 9.26 0.96 0.257 49 15.2 0.70

0.2 6.74 0.88 5.77 - 42.8 0.35

0.3 4.65 0.89 32.1 - 23.2 0.22

0.4 21.7 0.81 5.23 4.22 109 0.56

0.5 31.5 0.84 10.4 23.2 116 0.76

0.6 25.2 0.86 7.40 43.2 49.6 0.51

0.7 30.2 0.88 7.03 15.3 22.5 0.53

0.8 36.6 0.84 2.61 14.6 50.5 0.56

0.9 49.1 0.82 1.53 17.6 46.1 0.59

In general CPE appeared due to a distribution of relaxation times arising from inhomogeneities present
at the microscopic level in the oxide phase and at the oxide/electrolyte interface. The static disorder such as

porosity,23 a random mixture of insulator and conductor described by the effective medium approximations
as percolation,24 an interface that can be described by fractal geometry,25 an RC transmission line,26,27 or
dynamic disorder, such as diffusion, are contributors to CPE. The impedance of a CPE is defined by Eq. (4).

ZCPE = [Q(jω)n]−1 (4)

When n = 1, Q becomes equivalent to a true capacitance (ideal case of no dispersion); for n = 0, Q becomes
equivalent to a resistance. The value of n = 0.5 corresponds to diffusion of a reactant in a Faradaic process and
Q becomes equivalent to Warburg impedance. At intermediate values 1 > n > 0.5, Eq. (4) describes frequency
behavior of a constant phase element, which contrary to Warburg impedance is not dependent on the presence
or absence of redox reactions. Magnitude of the exponent n indicates the extent of surface homogeneity. Poor
surface homogeneity is related to some type of pore structure permeating solvent through it.

The electrolyte/film interface was represented by Q1 and film/metal interface by Q2 . Rpor and Rct

represent film resistance and charge transfer resistance, respectively. Similarly n1 represents inhomogeneity of
the electrolyte/oxide interface and n2 represents homogeneity of the film/metal interface. The rate of corrosion
was controlled by the charge transfer resistance Rct and the undergoing structural changes of the passive layer
were indicated by Q1 and Q2 . The Q2 and Rct combination characterized a higher time constant and therefore
it was connected to the processes occurring at lower frequencies.

The Q1 and Rpor parallel combination characterized a lower time constant and it was connected to the
processes occurring at higher frequencies. It reflects the properties of the oxide/electrolyte interface. It refers
to the double layer capacitance and resistance of electrolyte in the pores of the oxide film. The contribution to
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the overall impedance from the porous outer layer with pores filled with electrolyte would be small when the
outer layer is thin. In such a case the charge transfer resistance dominated the impedance.

Theoretically, Eqs. (5) and (6) provided the criteria that should be met for the experimental data to
be resolved into 2 parts. Each time constant gave rise to a semicircle when the 2 time constants were quite
far apart from each other so that the phenomena represented by them were not interacting and these can be
studied independently.28

0.2 < Rct/Rpor < 5 (5)

and

0.05 > τt/τp > 20 (6)

Here τt and τp stand for time constants at low frequency and high frequency, respectively. Appearance of one
semicircle (incomplete) in Nyquist plots of Figure 2 indicated that 2 time constants did not differ from each
other widely as required. The Nyquist plots contained information about the solution/film and the film/metal
interfaces and apparently it was unlikely that a second semicircle would be observed due to film resistance
and capacitance at frequencies greater than 100 kHz. The observed semicircle therefore represented a charge
transfer semicircle, although incomplete, which gave information about the rate of corrosion occurring through
the passive film. The diameter and the maximum reactance (Z ′′) at low frequencies gave Rct and Q2 strictly in
accordance with the equivalent circuit model used. The Rpor and Q1 strongly influenced the oxide/electrolyte
interface.

The shape of a wide open capacitive arc was characteristic of a capacitor charged via CPE or Warburg
impedance due to semi infinite diffusion of the charging species.

Rct values were higher than Rpor and inversely related to exchange current thus it measured the rate of
electron transfer reaction. Higher values of Rct in the -0.3 V to 0.1 V potential range indicated the presence of
Cu2 O barrier layer with some CuO/Cu(OH)2 formed8 at later potentials (0.0, 0.1 V) from Cu2 O. Apparently,
the film was compact and protective. The capacitance values in this initial potential stage may be rationalized
in terms of the charge transfer processes leading to conversion of Cu to Cu1+ and Cu2+ , and Cu1+ to Cu
2+ . Low capacitance value (Q2) in this potential stage suggested near perfect oxide covering of metal29 with
cuprous layer. At -0.3 V, the n2 value corresponds to that of an ideal capacitor indicating coverage of the
electrode surface by well organized Cu2 O component of the bulk oxide film. The decrease in n2 values with
increasing applied potential suggested that the film is losing its initial homogeneity due to reactions of Eqs. (2)
and (3).

Q1 , n1 , Rpor parameters characterized the oxide film/electrolyte interface. The Q1 value first decreased
followed by a slight increase. At -0.3 V, Cu2 O is formed and this aspect is reflected in the Q1 , n1 values.
With further development of Cu2 O layer at -0.2 and -0.1 V potentials, the interface became more organized
and homogenous with the removal of dislocations, edges present. Changes in the interface structure start taking
place at 0.0 V and continues at +0.1 V as reflected by corresponding Q1 , n1 . At this potential, copper also

dissolved in the form of HCuO−
2 species in buffer of pH 9.2.10 Such low values of Q1 suggested negligible

contribution of charging current as also noticed in the case of chromium.30 This trend together with low values
of Rpor suggested that the outer layer is thin with pores filled with little electrolyte.
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Middle stage

Best fit Nyquist plots are shown in Figure 3 for 0.2 and 0.3 V. An incomplete circle at high frequencies interacted
with a “reactive tail” at low frequencies at an angle of 45◦ with the Z ′ axis. The shape was characteristic of a
diffusion controlled process, which in this case was responsible for the movement of ions and accumulation of
charge in the bulk film. At 0.3 V, the Nyquist plot is a circular arc at the high frequency side which changed
to an arched line at low frequencies indicating the presence of a CPE. Both impedance (Z ′ , Z ′′) values have
increased as compared to that at 0.2 V potential indicating more compactness and rigidity of the film by diffusion
of ionic species into the duplex layer.
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Figure 3. Nyquist plots for the second stage of passivation of copper surface.

The proposed circuit (inset of Figure 3) represented diffusive character of the film. It consisted of an
electrolyte/film interface denoted by Q1 in parallel with Rpor (film resistance) and another for film/metal

interface Q2 . Kinetic parameter, diffusion coefficient was calculated using the following equation:31

S = RT/n2F 2c
√

2D; S = 1/(Q2
√

2) (7)

The diffusion coefficient value is of the order of 10−9 cm2 s−1 and suggested a protective film where ion
movement was low and potential dependent. According to point defect model the oxidation of metal atoms to
form ions at the metal/oxide (inner) interface generated a driving force to form anion vacancies.32,33

CuCu(m) = CuCu(ox) + 1/2V ..
o (ox) + e (8)

where CuCu (m), a copper atom in a regular metal site, CuCu(ox), a copper cation in a regular site of the oxide
film, V ..

o , a positively charged oxygen vacancy, and e represented the electron. At the oxide/electrolyte (outer)
interface anion vacancies became occupied by anions:

V ..o(ox) + H2O(aq) = Oo(ox) + 2H+(aq) (9)
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where Oo(ox), an oxygen anion in a regular site of the oxide film and H+ (aq), the hydrogen ion in the aqueous
electrolyte. Cation vacancies, which were formed by dissolution of cations into the electrolyte diffused towards
the inner interface:

CuCu(ox) = Cu+(aq) + V ′
Cu(ox) (10)

where these could be exchanged with cations:

CuCu(m) + V ′
Cu(m) = CuCu(ox) + VCu(m) + e (11)

Cu+ (aq), a positively charged copper cation in the aqueous electrolyte, V ′
Cu (ox), a negatively charged cation

vacancy in the oxide, and VCu (m), a neutral vacancy in a regular metal site.34

CuCu(ox) = Cu+
duplex + V ′′

Cu(ox) (12)

where Cu+
duplex showed the ion that moved into the duplex film and V ′′

Cu(ox) , vacancy created in the Cu2 O

layer.35

The interfacial capacitance (Q1) of the oxide/electrolyte interface slightly decreased on increase in
potential. However, constant n1 values showed that the interfacial homogeneity is retained. The Q1 values are
typical capacitance values observed for an oxide covered surface of metal.29 An increase in Rpor at 0.2 V and

then further to a maximum value at 0.3 V suggested that the Cu1+ ions from the inner Cu2 O layer diffuse and
accumulated in the duplex layer. In this buffer solution, 0.2 V and 0.3 V are those applied potentials, where
compressive stress developed in the crystals causing ejection of Cu1+ ions into the duplex film.36 For the same
reason Q2 increased but n2 decreased. The small n2 values were characteristic of the solid electrolyte37 and
electrochemical systems.34,38 The increased resistance caused blocking of the percolation of the molecules into
the passive film although the film appeared to be amorphous in nature (low n2 value) and behaves like solid

electrolyte37 .

Final stage

Best fit Nyquist plots in Figure 4 for the 0.4 V – 0.9 V potentials range showed a skewed semicircle at 0.4 V.
At this potential a charge transfer process owing to the presence of Cu1+ occurred that resulted in the CuO
growth.

At 0.5 and 0.6 V the skewed semicircle transformed into a rising curve, almost linear at the low frequency
end suggesting diffusion of OH− opposite to Cu1+ due to increased porosity.

The change of Nyquist plots along with Z ′ and Z ′′ suggested that the charge transfer process appeared to
have slowed down considerably and the diffusion process took over. At 0.7 V again a skewed semicircle appeared
which gradually opened up as the potential increased to 0.9 V. Corresponding Z ′ and Z ′′ values for the peaks
were respectively 4.2 and 2.7 kΩ cm2 for 0.4 V and 7.6 and 4.8 kΩ cm2 for 0.7 V. The maxima in the skewed
semicircles in the Nyquist plots for 0.4 V and 0.7 V were observed at 1.08 Hz and 294 mHz, respectively. The
increase in the Z ′ values at these potentials may be correlated with the molar volume increase on transformation
of underlying Cu2 O to CuO and Cu(OH)2 at oxide/metal interface due to diffusion. Formation of Cu(OH)2

is expected at 0.7 V since thermodynamically this compound is formed at a higher potential.1,8 w
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Figure 4. Nyquist plots for the final stage of passive copper surface.

At 0.8 V, the semicircle structure of the plot is still retained, but the maximum now shifted further to
a lower frequency (212 Hz). At this potential it is assumed that formation of hydroxide still continued leading
to change in the structure of the oxide/electrolyte interface. At 0.9 V, the shape of the Nyquist plot changed
toward the low frequency end. The maximum may be located somewhere near 30 mHz. Apparently, potential
increase modified the amorphous structure of the film. First, film thickness increased with the formation of
CuO from Cu2 O, and later conversion to Cu(OH)2 produced wide pores in the film, eventually, facilitated the
movement of ions from solution to metal surface. Passivity of the film was thus broken down, i.e. trans-passive
region was reached with filling of pores with solution. Aluminum oxide films were also porous when formed
but they possessed a barrier type layer underneath.19,20 In case of copper the increased potential destroyed the
passive film.

The influence of potential change on the metal/oxide and oxide/electrolyte interfaces was reflected in the
values of the best fit parameters also. The growth of the duplex film was accompanied by the formation of
CuO, which restarted at 0.4 V after diffusion of Cu1+ stopped into the duplex film. The formation of CuO
islands from the oxidation of Cu2 O increased the roughness of the surface39 as also shown in the scanning
tunneling microscopy (STM).40 The resistance Rpor increased and attained a maximum value of 10.4 kΩ cm2

at 0.5 V due to CuO growth on the electrode surface which had a smaller molar volume (12.4 cm3 mol−1) than

Cu2 O (23.9 cm3 mol−1), thus made the film compact. Simultaneously, Q1 and n1 values increased. With
further increase in potential, both the Rpor and Q1 decreased, which may be due to the variation in the film
texture. At 0.7 V conversion of CuO to Cu(OH)2 through a charge transfer process slightly decreased Rpor

and increased Q1 and n1 , indicating trapping of charged species, due to the dissolution of Cu(OH)2 having

molar volume of 29.0 cm3 mol−1 .

The charge transfer process continued at 0.8 V and 0.9 V also causing further decrease in Rpor and
increase in Q1 . Dissolution of Cu(OH)2 may also be a factor at these potentials that affected the value of n1 .
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According to the band structure model of semiconductors, crossing of valence band and fermi level above
0.308 V for Cu2O inject an acceptor level, i.e. Cu2+ states, which finally leads to the formation of CuO and
Cu(OH)2 as the potential increased to 0.708 V. According to Strehblow, any further potential increase would

be located in the Cu(II) oxide/electrolyte interface.9 Therefore, it is expected that potential increase to 0.7 V

would give hydroxide of copper according to the reaction:41

CuO + 2OH− →← Cu(OH)2 + O2− (13)

The Q2 values together with n2 values reflected the potential dependence of the film structure.

Nyquist plot analysis at 30 mHz

The Z ′ and Z ′′ values at 30 mHz are plotted in Figure 5. In the initial stage of formation, high resistance
and low capacitance values indicated the growth of protective passive film where minimum charge separation
is observed. This is followed by another peak in the middle region of film formation. The low Z ′ value in this
region shows structural changes accompanied with slightly increased capacitance values. Lowest values of Z ′

are observed in the 0.4 V to 0.9 V potential region while the maximum charge separation took place at 0.4 V in
the film. Additionally, 0.7 V is another potential value where charge separation was observed. These variations
clearly indicated the structural changes in the film as potential move anodic.
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Figure 5. Variation of Z ′ and capacitance (C) with potential at 0.03 Hz.

Conclusion

The corrosion process strongly depended upon the applied potential. In the first potential stage, the film was the
most stable and its formation and growth over the polycrystalline copper surface followed a consistent pattern
in the negative potential regime.
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The second stage acted like the demarcation line between passivation and trans-passivation stages.
Diffusion coefficient calculated in conjunction with impedance spectra showed that film was protective with
difficult ion movement.

In the final potential stage the film structure was severely affected by increasing potential. So electrolyte
supersaturated with Cu2+ ions adjacent to the metal surface did not cause precipitation of oxides rather direct
oxide growth seems very likely.
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