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Abstract

The corrosion behavior of copper, tin, and bronze CuSn14 is studied in si-

mulated acid rain (pH 4.5) by electrochemical techniques, cyclic voltammetry

and electrochemical impedance spectroscopy. The potentiodynamic formation

of anodic oxide film on copper and tin is described in terms of high‐field
model. Cyclic voltammetry shows that dissolution of bronze is higher than of

pure copper metal in acid rain. Electrochemical impedance spectroscopy data

reveal that oxide films formed on copper and tin have a higher resistance and

suppressed diffusion process through the surface layer than the oxide film

formed on bronze CuSn14 at the same conditions.

KEYWORD S

bronze, copper, electrochemical methods, simulated acid rain, tin

1 | INTRODUCTION

As a result of modern industry and the burning of fossil
fuels, the problem of environmental pollution, such as
acid rain, is increasing. Acid rain is acidic wet sediment,
with a pH value less than 5.6 caused by the presence of
dissolved acidifying gases sulfur dioxide and nitrogen
dioxide. Metals exposed to the acid precipitation (cables,
bridges, vehicles) are affected by acid rain corrosion,
which leads to the degradation of materials and loss of
mechanical strength.

Copper and its alloys have been widely used for dif-
ferent applications: In architecture due to their mechanical
resistance and good behavior against atmospheric corro-
sion, and in the communications industry and in electro-
nics due to their high conductivity.[1] Tin is very suitable in
many important applications due to its low melting point,
malleability, good corrosion resistance, and its nontoxic
nature in the food processing industry and electronic in-
dustry.[2,3] Wide application of metals and alloys is due to
their corrosion stability, which depends on the properties
and stability of the passive oxide layer on the metal surface.
The passive layer can be produced by the spontaneous

oxidation in the air or by a specific treatment. Passive layer
of metals is affected by the media where metals are im-
mersed. Passive layer stability depends on many variables,
such as temperature, chemical composition, and pH of the
electrolyte. It was found that the growth of copper(I) oxide
takes place in a range of pH values above 4,[4,5] and with
increasing pH, the oxide films became thinner and more
compact. In alkaline solution, at pH 10, a very thin and
dense layer is formed, whereas at pH 12, a growth of copper
(II) oxide film takes place, and the film thickness increased
quickly with greater alkalinity.[4,6] Passivation and proper-
ties of the passive film grown on tin depends on experi-
mental conditions, especially the pH of the solution[7,8] and
composition of the oxide could vary from tin(II) hydroxide
and tin oxide hydrate to tin hydroxide and tin(IV) oxide.[2,7]

The properties of bronze, an alloy composed mainly of
copper and tin, depend on the content of the main com-
ponents and any additional alloying elements.

In this study, the corrosion stability and the
properties of the surface oxide layer of pure copper,
pure tin, and bronze CuSn14 in a simulated acid rain
solution are investigated. The aim of this study is to
compare the difference in metal corrosion stability
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between bronze (14 wt% Sn) and its pure constituents
(copper, tin) when exposed at identical conditions of
acid rain solution. In general, alloying of copper with
tin results in a material of improved corrosion re-
sistance,[9] but there are some exceptions depending
on the properties of media where bronzes are im-
mersed.[10] It was found[10–12] that corrosion rates of
bronze (4 wt% Sn) are similar or higher as compared
with copper metal at marine conditions. The electro-
chemical study was performed using cyclic voltam-
metry (CV) and electrochemical impedance
spectroscopy (EIS).

2 | EXPERIMENTAL

The electrochemical experiments were carried out in a
classical three‐electrode cell: A platinum electrode as the
counter electrode and an Ag/AgCl, KCl 3.0 mol L–1 as the
reference (all the potential values refer to the Ag/AgCl
electrode). Copper 99.97% (Ag, Bi, Pb, Sb, As, Fe, Ni, Sn,
Zn, S, Se, Te as trace elements), spectroscopically pure
tin, and bronze CuSn14 with a composition (wt%) of Cu
85.2%, Sn, 13.9%, and Pb 0,9% were used as the working
electrode. The surface areas of the copper, tin, and
bronze CuSn14 samples exposed to the electrolyte were
0.502, 0.490, and 0.785 cm2, respectively.

The electrodes were mechanically abraded by 1200 grade
emery paper, degreased with ethanol in an ultrasonic bath,
and rinsed with ultrapure water (18.2MΩ·cm, produced by
Millipore Simplicity UV Water Purification System). Before
each measurement, all electrodes were polarized at –1.60V
versus Ag |AgCl|3M KCl electrode for 30 s to remove air‐
formed oxide from the surface.

The electrolyte was a simulated acid rain solution
prepared with salts[13] listed in Table 1. The pH value of
the solution was 4.5 (adjusted by 0.5 mol L─1 sulfuric
acid) and the electrical conductivity was 1.306 mS cm–1.
All chemicals were of analytical grade and obtained from
Sigma‐Aldrich.

The formation and stability of anodic oxide film on
copper, tin, and bronze CuSn14 electrodes in simulated
acid rain solution were studied using CV and EIS. All
experiments were performed using a potentiostat
Autolab PGSTAT320N controlled by Nova 1.5 software.

CV measurements were carried out in the potential
range: (a) for copper, between –1.50 and 0.20V; (b) for tin,
between –1.60 and –0.15V, and (c) for bronze CuSn14, be-
tween –1.60 and 0.20V with scan rates ranging from 10 to
110mV s–1. EIS was performed at open circuit potential
(EOCP(Cu)= –0.016V, EOCP(Sn)= –0.605V, and EOCP
(CuSn14)= –0.012V) in the frequency range 10 kHz–5mHz
with a 10mV rms amplitude. For bronze CuSn14 electrode,

EIS measurement was also performed at –0.300V. Before
each measurement, the electrodes were stabilized for 30min
at the selected potentials. This procedure gave good re-
producibility of results.

3 | RESULTS AND DISCUSSION

3.1 | Cyclic voltammetry

3.1.1 | Copper

The cyclic voltamograms of copper recorded in the si-
mulated acid rain solution with increasing scan rates
from 10 to 110mV s–1 are presented in Figure 1.

During the anodic sweep, the current profile shows
two anodic peaks that are shifted toward higher current
densities with increasing scan rate. The first oxidation
peak, A1, at around –0.20 V, corresponds to the electro-
formation of a hydrous copper(I) oxide layer.[4,14,15] The
second anodic peak, A2, at around 0.10 V, can be attrib-
uted to the formation of a copper(II) oxide.[14,15] At
potentials more positive than 0.10 V, copper passes in a
passive region, current density reaches a steady‐state
value (jpl), and oxide film is becoming thick with in-
creasing anodic potential.[16,17] The potential scan in the
negative direction shows three cathodic peaks at –0.20 V
(C3), –0.70 V (C2), and –1.20 V (C3). The peaks C3 and C2

TABLE 1 Chemical composition of the simulated acid rain
solution (g L–1)

NH4NO3 MgSO4·7H2O Na2SO4 KHCO3 CaCl2·2H2O

0.13 0.31 0.25 0.13 0.31

FIGURE 1 Cyclic voltammograms of copper in simulated acid
rain with increasing scan rate (shown in figure, in mV s−1)

1636 | MARTINOVIĆ AND PILIĆ



are attributed to the reduction of copper(II) to copper(I)
and copper(I) to copper(0), respectively,[14,15,18] whereas
the peak C1 corresponds to the reduction of soluble
copper(I) species.[14,15,19–21]

Analysis of the anodic peak current and the anodic
peak potential dependence on the scan rate showed that
the reactions occurring at the anodic peaks are under
ohmic resistance control (Figure 2). It was reported[6]

that with increasing pH from 4 to 6 and above, the copper
(I) oxide films became thinner and more compact, which
results in a change in dissolution control from mixed
diffusion to diffusion.

The obtained linear dependences can be explained on
the basis of the layer–pore resistance model.[22,23] The
oxide film formation process is under ohmic resistance
control, as proposed by this model. Under potentiody-
namic conditions, the following equations describe the
scan rate dependence of the peak maxima:

j zFρκ M θ ν= ( / ) (1 − ) ,p
1/2 1/2 (1)

E E zFρκ M δ κ RA θ ν= + ( / ) [( / ) + (1 − )] ,p n
1/2 1/2

(2)

where z is the number of electrons, F is the Faraday
constant, ρ is the film density, κ is the specific con-
ductivity of the solution within the pores of the film, M is
the molar mass of the film, θ is the surface fractional
coverage, En is nucleation potential, δ is the film thick-
ness, R is the external resistance, and A is the electrode
surface area.

From the slopes of the straight line (2.221 × 10–3

(C S)1/2 cm–2 and –2.261 × 10–3 (C S)1/2 cm–2; Figure 2)
and from the specific conductivity of simulated acid rain
solution

(κ= 1.306 × 10–3 S cm–1) in accordance with Equation
(1), the surface coverage, θ, was calculated (for peak A1,
θ= 99.85% and for peak A2, θ= 98.61%). The sponta-
neous film formation potential (peak A1, En = –0.224 V
and peak A2, En = –0.026 V) was determined from the
linear relation between Ep and ν1/2 0.291 (V s)1/2 and
–0.149 (V s)1/2 (Figure 2) according to Equation (2).

3.1.2 | Tin

The electrochemical behavior of tin in simulated acid
rain is illustrated by the cyclic voltammograms depicted
in Figure 3.

In the region of active metal dissolution, the cyclic
voltammogram shows two anodic peaks, first peak,
A1, at –0.9 V and second broad peak, A2, at –0.55 V.
Anodic peaks correspond to stepwise oxidation of tin:
Sn/SnO→ SnO/SnO2.

[24–26] At more positive poten-
tials (>–0.3 V), a current plateau is formed, which
attributes to the passive region.

In the reverse scan, a broad cathodic peak, C, can be
observed. According to its shape, it seems that the cur-
rent peak C represents two overlapping current peaks,

FIGURE 2 Dependence of the peak current and peak potential
on the square root of scan rate for (a) peak A1 and (b) peak A2 of
the copper electrode

FIGURE 3 Cyclic voltammograms of tin in simulated acid rain
with increasing scan rate (shown in Figure, in mV s−1)

MARTINOVIĆ AND PILIĆ | 1637



which correspond to the reduction of tin(IV) to tin(II)
and tin(II) to tin(0), respectively.

As can be seen from Figure 3, the current densities of
anodic and cathodic peaks increase linearly with the scan
rate and the peak potentials shift to more positive and
negative values, respectively. For anodic peak, A1 linear
dependence of log jp on the log ν with slope ≈1 was
obtained (Figure 4), which indicates kinetic control of
the oxidation process of Sn in SnO, with charge transfer
being the slow step of the reaction.

Linear dependence of peak current density, jp, and po-
tential, Ep, on the square root of the scan rate, ν1/2, is ob-
tained for peak A2 and shown in Figure 5. This
result suggests that the formation of tin(IV) oxide takes
place through the dissolution–precipitation mechanism
under ohmic resistance control.[7,22,23] Using Equations (1)
and (2) and the slopes of linear dependences (Figure 5),

surface coverage (θ= 99.695%) and nucleation potential
(En = –0.698 V) of tin(IV) oxide were calculated.

3.1.3 | Formation and growth of the anodic
film on copper and tin

The growth kinetics and the properties of the po-
tentiodynamically formed films on copper and tin are
studied from cyclic voltammograms where the current
steady values are established.

The current density profile of copper reaches a
steady‐state value (jpl) at 0.10 V and for tin at –0.30 V.
These current plateaus correspond to the growth of
the barrier type oxide film with a constant electric
field (ε) during potentiodynamic polarization.

Obtained linear dependences between logjpl and values
of (ν/jpl) (Figure 6) indicate that growth of the oxide film on
copper and tin takes place due to the ionic conductivity
under the high electric field within the oxide film described
by[7,27]:

j A Bε= exp( ),pl (3)

where jpl is the ionic current density for oxide growth, ε is
the electric field within the oxide, and A and B are
temperature‐dependent parameters of the oxide.

The dependence between the electric field strength, the
scan rate, ν, and current density of oxide film growth is given
by the following equation.

ε
zF

V

ν

j
= ,

m pl

(4)

where z is the number of electrons, F is the Faraday
constant, and Vm is the molar volume of the oxide film.

Combining of Equations (3) and (4) gives a straight‐line
equation as follows:

FIGURE 4 (a) Values of the peak current densities (jp) as a
function of scan rate, and (b) values of the logarithm of peak
current densities (log jp) as a function of the logarithm of scan rate
for peak A1 of the tin electrode

FIGURE 5 Dependence of the peak current and peak potential
on the square root of scan rate for peak A2 of the tin electrode
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j A zFB V ν jlog = log + ( /2.3 )( / ).pl m pl (5)

Under the assumption that the oxide layer on copper is
mostly composed of copper(II) oxide (M= 79.54 gmol–1

and ρ= 6.41 g cm–3; Vm= 12.4 cm3mol–1) and on tin of tin
(IV) oxide[7] (M= 150.71 gmol–1 and ρ= 6.95 g cm–3;
Vm= 22.0 cm3mol–1), the kinetic parameters A and B are
determined from intercept and slope of the linear depen-
dence log jpl versus (ν/jpl) and shown in Table 2. The
product of A and B represents the ionic conductivity of the
oxide layer during growth. Values are also shown in
Table 2. The half jump distance for copper and tin ions

can be calculated according to the theory of high field ion
transport.[28,29]

B a zF RT= * / , (6)

where z is the valency of the moving ion, F is the Faraday
constant, R is the gas constant, and T is the temperature.
Calculated values are given in Table 2. The values of
electric field strength are calculated according to
Equation (1) using values of jpl (Figures 1 and 2, Table 2)
and presented in Table 2. The obtained values of the
electric field strength and kinetic parameters confirm
that the growth of oxide films on copper and tin elec-
trodes in a simulated acid rain solution takes place due to
the ionic conductivity under the influence of the high
electric field.

The total charges used for oxidation processes, QA,
are determined by integration of the anodic part of cyclic
voltammograms from Figures 1 and 2. From the de-
termined anodic charges, QA, thicknesses, d, of the sur-
face layers (copper(II) oxide and tin(IV) oxide) were
calculated (Table 3) as follows:

d M ρzF Q σ= ( / ) / ,A (7)

where σ is the roughness factor of the surface (σ= 2), and
other parameters are already explained.

3.1.4 | Bronze CuSn14

Cyclic voltammograms in Figure 7 show potentiody-
namic formation and reduction of bronze surface layer
and comparison with formation and reduction of copper
and tin surface layers, under same experimental condi-
tion. According to the shapes of cyclic voltammograms, it
can be assumed that in the bronze surface layer, both tin
and copper species are present. Cyclic voltammogram of
bronze shows two anodic peaks. The first peak, A1, is
appearing in the same potential domain (–0.30 V) as the
anodic peaks of pure copper and tin, and it could cor-
respond to the simultaneous oxidation of tin and copper.
The second anodic peak, A2, at –0.10 V is a more devel-
oped formation of copper(II) oxide than for pure copper.
In the reverse scan, cathodic peak, C2, at –0.70 V corre-
sponds to the reduction of copper(II) oxide and a broad
cathodic peak, C1, corresponds to the reduction of tin

FIGURE 6 Dependence of log jpl versus ν/jpl for the anodic
growth of (a) CuO on the copper electrode and (b) SnO2 on the tin
electrode in simulated acid rain

TABLE 2 Kinetic parameters for the oxide film growth on copper and tin electrodes in simulated acid rain solution

Electrode jpl/mA cm−2 A/A cm−2 B/cm V−1 AB/S cm−1 ε/V cm−1 a*/nm

Cu 0.054 1.26 × 10−6 2.14 × 10−6 2.70 × 10−12 2.88 × 106 0.275

Sn 0.091 2.14 × 10−10 3.34 × 10−6 7.15 × 10−16 3.90 × 106 0.216
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(IV), tin(II), and copper(I) oxides. It is reported that the
reduction of tin(IV) oxide takes place below –1.0 V.[30–32]

As the magnitude of the current density represents the
reaction speed,[32] it is clear that the formation rate of the
corrosion products on copper is lower than on bronze.
According to the cyclic voltammograms (Figure 7), copper
has a greater capacity to resist a corrosion attack than
bronze under the same conditions. From the similarity of
copper and bronze voltammograms (Figure 7), it can be
assumed that the mechanism of bronze layer formation is
similar to that of pure copper.

3.1.5 | Electrochemical impedance
spectroscopy

The protective properties of the surface layers on the
copper, tin, and bronze in a simulated acid rain at the
open circuit potential, EOCP, are investigated using EIS.

Figure 8 shows impedance spectra of copper, tin, and
bronze (detail in Figure 8) recorded after 30‐min stabi-
lization on the open circuit potential (–0.016, –0.605, and
–0.012 V, respectively) in acid rain solution. The criteria
for the selection of the electric equivalent circuits (EECs)
are the minimum number of circuit elements employed,
the χ2 error suitably low ( χ2≤ 104), and the errors asso-
ciated with each element up to 5%.

Selected EECs (detail in Figure 8) consist of ohmic re-
sistance, RΩ (∼50Ω·cm2), in a serial connection with two‐
time constants. For all electrodes, the first time constant, at
medium frequencies, corresponds to the capacitive loop,
which is a combination of a double‐layer capacitance and
the charge transfer process at the electrolyte/metal interface
(R1 is the charge transfer resistance).[14,15] For the copper
electrode, the second time constant, in the low‐frequency
range, consists of surface layer resistance, R2, and Warburg
element,W.[15] To evaluate the overall corrosion resistance,
the polarization resistance Rp (R1 +R2) is used. For tin and
bronze electrodes at EOCP, the second time constant is
represented only by Warburg impedance that describes the
diffusion process of oxygen from the solution to the elec-
trode surface[33] or the mass transport contribution due to
the process of metal dissolution.[32]

The constant phase element (CPE) was introduced in-
stead of an ideal capacitance element to compensate surface
roughness and heterogeneities. Its impedance may be
defined as follows: ω Q jωZ ( ) = [ ( ) ]CPE

n −1, where Q is a
constant, ω is the angular frequency, and n is the CPE power
with values between 0.5 and 1. When n=1, the CPE
describes an ideal capacitor with Q equal to the capacitance
(C). For 0.5<n<1, the CPE describes a distribution of
dielectric relaxation times in frequency space, and when
n=0.5, the CPE represents a Warburg impedance.
Impedance parameters obtained from EIS measurements are
given in Table 4.

As can be seen from Table 4, copper and tin show better
corrosion resistance than bronze alloy, as evidenced by
values of obtained impedance parameters. Poor protective
properties of bronze CuSn14 surface layer are revealed by a
high Q1 value (∼970 × 10−6Ω−1sn cm−2; n≈ 0.6) and a low
value of charge transfer resistance (R1 = 1.4 kΩ·cm2).

TABLE 3 Anodic charges and thickness of the oxide film on
copper and tin in acid rain solution

Electrode QA/mC cm−2 d/nm

Cu 15.424 4.96

Sn 15.175 4.26

FIGURE 7 Cyclic voltammograms of the copper, tin, and
bronze CuSn14 electrodes recorded in simulated acid rain solution,
ν= 30mV s–1

FIGURE 8 Nyquist plots of copper, tin, and bronze CuSn14
recorded at EOCP (–0.016, –0.605, and –0.012 V, respectively) in
simulated acid rain solution, pH 4.5
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The charge transfer resistance of the copper surface layer, at
the same potential, is 35 kΩ·cm2. Also, Warburg impedance
for bronze CuSn14 is higher than for pure metals, indicat-
ing an enhanced diffusion process through the surface
layer. This kind of behavior corresponds to the type II
structure of the surface bronze film ascribed by Robbiola
et al.[34,35] Type II structure is observed in highly corrosive
environments, often in the presence of chloride. It is
characterized in a distinctive three‐layer thick structure,
composed of a tin‐rich internal region, a cuprous oxide
layer, and an external porous region.

For bronze CuSn14, EIS spectra are recorded on dif-
ferent potentials to find a potential where a surface film
has good resistance properties. Figure 9 shows the com-
parison of the impedance spectra recorded on the
CuSn14 electrode in acid rain solution at E= –0.30 V and
EOCP. The impedance data are analyzed in terms of EEC
shown in the detail of Figure 8 and the numerical values
of EIS data are presented in Table 4. The diameter of the
capacitive loop at –0.30 V is broader than at EOCP, which
indicates an increasing corrosion resistance (Rp = R1 +
R2 = 24.5 kΩ·cm2). Also, according to the value of Q2

(~311 × 10−6 Ω−1sn cm−2; n≈ 0.73), the diffusion of
species is reduced by a more compact surface layer.

Obtained difference between polarization resistance
at EOCP and –0.30 V reflects the variation in the compo-
sition of bronze surface film. It can be seen from
Figures 3 and 5 that at –0.30 V, tin(IV) oxide is formed
and the current density profile reaches a steady‐state
value, which corresponds to the passive region. At this
potential, bronze surface layer is richer on tin compo-
nent, so the copper oxidation is partially blocked.[36]

4 | CONCLUSIONS

The corrosion behavior of copper, tin, and bronze
CuSn14 is investigated by electrochemical techniques,
CV, and EIS. Potentiodynamic analysis reveals that
growth of the oxide film on copper and tin occurs under
the high electric field within the oxide film. This is jus-
tified by obtained values of electric field strength
(ε≈ 106 V cm−1), ionic conductivity through the film
(AB≈ 10−12 and 10−16 S cm−1), and half jump distance
(a*≈ 0.2 nm). CV reveals that bronze CuSn14 shows
pronounced metal dissolution as compared with pure
copper.

At the open circuit potential, oxide films formed on
copper and tin have a higher resistance (35 and
70 kΩ·cm2, respectively) and suppressed diffusion pro-
cess through the surface layer than the oxide film formed
on CuSn14 bronze (R= 1.4 kΩ·cm2). The impedance
spectra for CuSn14 are recorded at –0.300 V. Impedance
spectra of CuSn14 at –0.300 V show that the surface layer
of CuSn14 has a higher resistance value (R= 24.5
kΩ·cm2) than at open circuit potential, but it is still lower
than the resistance of pure copper and tin. CV and EIS
data indicate that the formed surface layer on CuSn14
has a thick three‐layer structure with low protective
properties in acid rain solution.
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TABLE 4 Impedance parameters for Cu, Sn, and CuSn14 electrodes in simulated acid rain solution, pH 4.5

Electrode E (V) Q1·10
6 (Ω−1sn cm−2) n1 R1 (kΩ·cm2) R2 (kΩ·cm2) W·10−6/(Ω−1s0.5 cm−2) Q2·10

6 (Ω−1sn cm−2) n2

Cu EOCP 18.3 0.87 1.98 34.73 60.89 – –

Sn EOCP 68.45 0.79 70.61 – 83.99 – –

CuSn14 EOCP 966.8 0.63 1.40 – – 4077.5 0.58

CuSn14 –0.30 126.1 0.80 5.31 19.16 – 311.4 0.73

FIGURE 9 Nyquist plots of bronze CuSn14 electrode recorded
at EOCP = –0.012 V and E= –0.300 V in simulated acid rain
solution, pH 4.5
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