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Abstract

The inhibitory action of BTAH on copper was investigated in 1 M sodium acetate solution in the pH range 4±10,
using cyclic voltammetry and impedance spectroscopy. Cyclic voltammetry showed that the rearrangement of the
surface oxide layer in the presence of BTAH is very fast in slightly alkaline solutions, while it is time- and
concentration-dependent in neutral and slightly acidic solutions. The adsorption behaviour of BTAH on the
electrode surface at c(BTAH) � 0.5 mM followed a Flory±Huggins adsorption isotherm with DG� ranging from
ÿ30:0 to ÿ39:0 kJ molÿ1, depending on the pH. Impedance spectra were characterized by two time constants
relating to the charge transfer and transport of copper ions through the oxide layer, the latter being the rate
determining step. These enabled the determination of important properties of the adsorbed layer and the passivated
®lm. The results indicate that the surface layer is of dielectric nature, and its protection increases with increasing
inhibitor concentration and solution pH. The ®nite diffusion impedance was analysed using a diffusion factor B,
and the values of the di�usion coe�cient and concentration of copper species in the ®lm were estimated.

1. Introduction

Although copper is a relatively noble metal, it reacts
easily in ordinary, oxygen-containing electrolytes [1].
For several decades the corrosion behaviour of copper
in acidic, neutral and alkaline solutions has been

explored [2]. In all cases the dissolution of copper
was balanced by oxygen reduction. It was found that
the corrosion rate of copper is in¯uenced by the pH
and has its lowest value in slightly alkaline solutions.
In combination with electrochemical, ellipsometric and
XPS surface analysis Brusic et al. [3] showed that the
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stable oxides of copper can be formed reversibly in the
pH range 8±12. At pH values below 7, the dissolution
of copper becomes signi®cant, especially below pH 5,
where the formation of stable surface oxides is not
possible. In a study of photoelectrochemical properties
of corrosion products on copper, Di Quatro et al. [4]
found that the growth of copper(I) oxide takes place in
a range of pH values above 4. Feng et al. [2] found
that the oxide ®lm tends to dissolve in acidic solution,
while the ®lm thickness decreases rapidly with pH
decreasing below 4. They have also found that copper
dissolution is controlled mainly by diffusion in the
solution phase, in solutions of pH below 4. With
increasing pH, the formation of cubic Cu2O oxide
crystals was favoured; the oxide crystals became
smaller, and the oxide ®lms became thinner and more
compact. This resulted in a change in dissolution
control from mixed diffusion in oxide ®lm, in solutions
at pH 4 and pH 5, to diffusion in oxide ®lm at pH 6
and above. In a pH 10 solution, a very thin, dense, and
smooth Cu2O layer formed on the electrode surface,
resulting in spontaneous passivation [2], while at
pH 12, a monoclinic CuO ®lm formed, and the ®lm
thickness increased quickly with greater alkalinity. In
sodium chloride solutions ®lm stability was lower.
Thus, Chen et al. [5] found that a surface ®lm grew
according to a linear law and had no protection in
0.5 M NaCl solution, even at pH 9.
However, in the presence of benzotriazole (BTAH),

oxidation at the corrosion potential leads to the
formation of a well-behaved ®lm even in moderately
acidic solutions. It is known that copper forms a
cuprous benzotriazole complex, CuBTA, which is re-
sponsible for the corrosion inhibiting properties of
BTAH [3, 6±8]. In sulphate solutions, a 0.01 M BTAH
concentration inhibits corrosion of copper in the pH
range 2 to 12, and is particularly effective in the pH
range 4 to 10 [3]. This is consistent with the stability
ranges for CuBTA in the E±pH diagram constructed by
Tromans [9].
The CuBTA complex forms a chemisorbed layer at

low coverage and a multilayer polymerized structure at
larger ®lm thickness [3, 7±13]. The details of the
mechanism by which the ®lm forms and protects the
metal are the subject of much investigation and debate
[3, 7, 14, 15].
The ®lm growth can best be represented by a

logarithmic law in the slightly alkaline and by a
parabolic law in neutral and slightly acidic solutions
[3]. Chen et al. [5] found that the ®lm growth also
depends on the concentration of BTAH, being parabolic
at c(BTAH) � 0.17 mM, and logarithmic at c(BTAH) �
0.17 mM. The transition to either logarithmic or
parabolic growth behaviour is an indication that ionic
movement through the ®lm has become the rate-
determining step.
When considering the papers devoted to copper

corrosion and inhibition, it can be seen that both the
investigations in acetate solutions and those using low

BTAH concentration, c(BTAH) < 1 mM, are very rare,
especially in neutral or slightly acidic media. The aim of
the present work is to investigate the inhibitory action of
BTAH on copper, over a wide range of concentrations
in acetate solution over the pH range 4 to 10, using
potentiodynamic and impedance spectroscopy.

2. Experimental details

The working electrodes were prepared from pure Cu
(99.999 wt.%). Samples for electrodes (15 mm dia. �
2 mm thick) were abraded with ®ne emery paper and
polished with alumina powder down to 0.05 lm, and
®nally rinsed with distilled water and acetone. Prepared
samples were embedded in a Te¯on holder, so that an
area of 1.00 cm2 was exposed to the solution. A carbon
rod and a saturated calomel electrode (SCE) served as
counter electrode and reference electrode, respectively.
All potentials were referred to the SCE scale. Measure-
ments were performed in 1 M sodium acetate solution at
pH values 4, 6, 8 and 10 with and without the addition
of benzotriazole in the concentration range 0.01 to
5 mM. The pH values were adjusted with concentrated
acetic acid or sodium hydroxide solution. Prior to each
measurement the electrodes were subjected to cathodic
pretreatment by holding them potentiostatically at
ÿ1:3 V for 60 s. The electrode was then subjected to a
positive potential scan.
Impedance measurements were performed at Ecorr

with the a.c. voltage amplitude �5 mV in the frequency
range 30 mHz to 100 kHz. During the measurements,
the solution was not stirred or deaerated. In fact, the
preliminary investigation showed that the stirring did
not in¯uence the results of impedance measurements.
Voltammetry and impedance measurements were car-
ried out by a PAR EG&G potentiostat (model 273) and
a PAR EG&G lock-in ampli®er (model 5301A) with a
personal computer.

3. Results and discussion

3.1. Cyclic voltammetry

Figure 1 represents the peak structure of the potentio-
dynamic polarization curves in the solutions of di�ernt
pH. A broad region of anodic dissolution can be seen,
and the anodic current densities are increased by one
order of magnitude in the solutions at pH 4 and 6
compared to the solutions at pH 8 and 10. Generally,
current peaks are well resolved except the anodic peaks
at pH 6. Since two cathodic current peaks (the peaks C1

and C2) can be observed on cyclic voltammograms over
the whole pH range investigated it can be assumed that
they correspond at least to two anodic processes labelled
by A1 and A2. Thus, the ®rst anodic peak (A1) has been
assigned to the electroformation of a hydrous Cu2O
layer:
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2Cu�H2O � Cu2O� 2H� � 2 eÿ

E� � 0:46V vs SHE; �1�

With increasing anodic potential the initially formed
Cu2O reacts with water yielding an outer layer [16]:

Cu2O��3ÿ 2x�H2O� 2CuOx�OH�2ÿ2x� 2H� � 2eÿ

�2�

responsible for the second anodic current peak (A2), as
well as the duplex structure of the passive layer [16±23].
According to Sato et al. [16] the value of x in Equation 2
is changeable in the range 0 to 1, but with increasing
anodic potential its value also increases. In many cases
the current peak A2 is split into two current peaks that
are usually assigned to the electroformation of CuO and
hydrated Cu(OH)2 as follows from Equation 2.
The third anodic current peak (A3) at pH 10 is

thought to be due to the formation of Cu2O3 [18, 24]
before oxygen evolution. Evidence for the formation of
this oxide species is gained from the corresponding

cathodic sweep, where the ®rst cathodic current maxi-
mum (C3) indicates the reduction of a metastable copper
species from a higher to a lower oxidation state. The
other two cathodic current maxima (C2,C1) observed at
pH 10, as well as both cathodic current peaks observed
at the other pH values, correspond to the reduction of a
duplex oxide ®lm on the electrode surface. The cathodic
reduction of the outer layer to Cu2O proceeds with a
backward reaction of Equation 2, starting from the
outer±inner layer interface towards the outer layer±
solution interface. Finally, the last cathodic current peak
(C1) corresponds to the reduction of the total Cu2O ®lm
to metallic copper involving the inner layer according to
the backward reaction of Equation 1.
In Figure 2, the cyclic voltammograms obtained on

copper in a pure sodium acetate solution and in the
presence of 0.5 M BTAH at pH 10 are presented. It can
be seen that the anodic current density and anodic peak
resolution are signi®cantly decreased in the presence of
BTAH. As far as the cathodic range is concerned, a
decrease in current density can also be observed,
although the main difference is that the peaks' position

Fig. 1. Cyclic voltammograms on Cu in 1 M sodium acetate at speci®ed pH values, (m � 20 mV sÿ1).
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is shifted for about 400 mV towards more negative
potential values. The same behaviour is observed at
pH 8. This could indicate that the interaction of copper
oxide with BTAH and the rearrangement of the ®lm
itself are very fast in slightly alkaline solutions. Very
similar behaviour was also observed by Sutter et al. [25]
in 0.1 M sodium acetate (pH 8.7). In slightly acidic
solutions, the cathodic peaks were shifted towards more
negative potential values only when the electrodes were
immersed in a solution containing BTAH for a longer
period of time [12, 26]. It seems that the same potential
shift observed in slightly alkaline and slightly acidic
acetate solutions indicates almost identical composition
of the surface layers, that is, the formation of a complex
(CuBTA) compound. The reason why the complex
formation and ®lm rearrangement are pH dependent
probably lies in the fact that BTAH acts as a very weak
acid (pKa = 8.2 [27]), and that its extent of ionization
depends on the solution pH (Table 1). In 0.5 M BTAH,
at pH 6, the concentration of free BTAÿ ions amounts
to only 6:31� 10ÿ3 M (BTAH is approximately 1.26%
ionized), while at 10 the ionization is 100%. In slightly
acidic solutions, the initially adsorbed molecules of
BTAH on copper surface have to ionize prior to the
complex formation and their ionization is obviously a
slow process. In slightly alkaline solutions, the concen-
tration of free BTAÿ ions is relatively high. After being
absorbed, they react immediately with copper oxide
yielding a complex (CuBTA) compound that is respon-
sible for a potential shift of the cathodic current peaks.

The values of electrode coverage, h, in dependence of
of the inhibitor concentration were calculated at 0.1 V
using the equation h � 100�1ÿ �ja�i=�ja�o�, where sub-
scripts o and i denote the unhibited and inhibited
electrolyte, respectively. It is found that the data for the
electrode coverage corresponding to the BTAH concen-
tration from 0.01 to 0.1 mM, can be well ®tted to the
Flory±Huggins adsorption isotherm:

h
�1ÿ h�n

�h� n�1ÿ h��nÿ1
nn � ciK � ci

55:5
exp

ÿDG�

RT

� �
�3�

where K is the adsorption equilibrium constant, ci is the
inhibitor concentration, n is the number of water
molecules displaced by a molecule of inhibitor, and
DG� is the Gibbs energy change. The values of Gibbs
energy change are presented in Table 2. In all cases, they
indicate a strong adsorption of BTAH on the electrode
surface, although little stronger in slightly acidic than in
alkaline solutions. Similar results for DG� values were
obtained by Fox and coworkers [28] for Cu in 0.2 M

NH4Cl solution having BTAH concentration less than
10ÿ3 M.

3.2. Impedance measurements

Impedance measurements on the Cu electrode in 1 M

sodium acetate (pH 4, 6, 8 and 10), alone and in the
presence of various concentrations of inhibitor, were
performed at the open-circuit potential. The in¯uence of
BTAH concentration on impedance spectra of copper at
pH 4 is presented in Figure 3 in the form of a Bode plot.
The similar behaviour is observed at the other pH
values. The Figure shows that the logjZj against log f
curves exhibit three distinctive segments. In the higher
frequency region, the logjZj values are low and tend to
become constant, while phase angle values fall rapidly
towards 0�. This response is typical for resistive behav-
iour and corresponds to solution resistance. In the
medium frequency region, a linear relationship can be
observed between logjZj against log f, with the slope
close to ÿ1 and the phase angle approaching ÿ90 �. This
is a characteristic response for capacitive behaviour. In
the low-frequency region, the resistive behaviour of the
electrode increases, but the region where logjZj does not
depend on log f (i.e. the d.c. limit) is not completely
reached. All measurements have shown that both the
capacitive and low frequency resistive regions of the
impedance shift to higher values of impedance with
increasing pH and concentration of BTAH, especially

Fig. 2. Cyclic voltammograms on Cu in 1 M sodium acetate, pH 10,

without (- -- - -) and with the presence of 0.5 M BTAH (Ð±),

(m � 10 mV sÿ1).

Table 1. Percentage of BTAH ionization as a function of pH of 1 M

sodium acetate

pH 4.0 6.0 8.0 10.0

Ionization/% 0.0126 1.26 63.0 100

Table 2. Gibbs energy change of adsorption of BTAH on a copper

electrode and the constant n in the Flory±Huggins isotherm as a

function of pH of 1 M sodium acetate

pH 4.0 6 8 10

DG�/kJ molÿ1 )37.54 )39.00 )31.06 )30.04
n 0.5 1.5 0.8 1.2

620



for concentrations higher than 0.5 mM. A closer inspec-
tion of the medium and low frequency ranges shows that
the mass transport occurring through the phase layer
must be taken into account and that the corresponding
equivalent circuit of the system must contain more than
one time constant. The equivalent circuit proposed to ®t
the experimental data is presented in Figure 4. It
consists of solution resistance RX in a serial connection
with two time constants.
The ®rst time constant, R1C1, in the high frequency

region is proposed to be a result of a fast charge transfer
process of copper dissolution; R1 being the charge
transfer resistance, Rct, and C1 being the double layer
capacitance. Since the electrochemical systems show
various types of inhomogeneities [29], they can be better
described by a transfer function with constant phase
elements (CPE). Its impedance is given by

Z1 � R1

1� R1Q�jx�n �4�

where j is the imaginary number �j2 � ÿ1�, Q is the
frequency-independent real constant, x is the angular
frequency, n is the CPE power, n � a=�p=2�, and a is the
phase angle of the CPE. The factor n is an adjustable
parameter that usually lies between 0.5 and 1 [30]. The
CPE only describes an ideal capacitor when n � 1.
Otherwise, for 0:5 < n < 1 the CPE describes a distri-
bution of dielectric relaxation times in frequency space.
The CPE element was introduced formally only for
®tting impedance data [31].
The second time constant in the low impedance

region, given by

Z2 � R2

1� R2jxC � R2O�jx�0:5coth�B�jx�0:5� �5�

results from mass transport through the oxide ®lm; C is
the capacitance of the surface ®lm, R2 the surface layer
resistance, B the di�usion factor and O is the ®nite
length di�usion element. The total impedance Z of the
electrochemical system was found by adding the resis-
tance of the electrolyte, RX, to the impedance of the
electrochemical interface:

Ztotal � RX � R1

1� R1Q�jx�n

� R2

1� R2jxC � R2O�jx�0:5coth�B�jx�0:5� �6�

The quantitative analysis of the experimental impedance
data was performed by a nonlinear least squares
minimization method developed by Boukamp [31]. This

Fig. 3. Bode plots for Cu in 1 M sodium acetate, pH 4, in the presence of 0.01 mM (() and 0.5 mM (D) of BTAH.

Fig. 4. Equivalent electrical circuit used to ®t the impedance spectra.
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method simultaneously ®ts imaginary and the real part
of the impedance data and provides uncertainty esti-
mates for all estimated parameters, as well as allowing
one to ®t complete transfer function having several
parameters. The quality of the ®t is illustrated in Figure 5,
where impedance data obtained at the inhibitor con-
centration equal to 0.5 mM, and at pH values 4, 6, 8 and
10 are shown in Nyquist plot together with calculated
curves using the ®t parameters extracted.
The ®t parameters obtained at di�erent pH values and

for various concentrations of BTAH were extracted
and analysed. For an illustration, the ®t parameters
obtained for copper inhibition at pH 4 and pH 10 are
presented in Tables 3 and 4.
In real 3D inhomogeneous systems [32], as the

investigated Cu/surface layer/electrolyte solution, be-

cause of the time dependent formation of the porous or
compact barrier layer, the kinetic resistance is a com-
plicated function determined by charge transfer, mass
transport and chemical reaction rate [33].
The total resistance of the copper/electrolyte inter-

phase, R, includes R1 and R2 values and a real value of
the ®nite di�usion at x! 0 (Zw � B=O). In Figure 6,
the total resistance is presented as a function of pH and
concentration of BTAH. In all cases R increases with
increasing inhibitor concentration and pH. The total
resistance of the system can be used to calculate the
inhibiting e�ciency, gac � �Ri ÿ Ro�=Ri, where Ri and Ro

are resistances with and without the inhibitor, respec-
tively. Since the oxide layer on copper has weaker
protecting e�ciency in acidic solutions, the inhibiting
e�ciency of BTAH is very high in those solutions. At
pH 4, almost 90% inhibiting e�ciency of BTAH is
reached at the inhibitor concentration of 0.5 mM.
Tables 3 and 4 show that the capacitance of copper

electrode decreases with increasing BTAH concentra-
tion. The decrease in capacitance with increasing inhib-
itor concentration is attributed to the formation of a
protective ®lm on the electrode surface. At higher
inhibitor concentration, the slope of the logjZj against
logf was close to ÿ1 and the phase shift was close to
ÿ90 �, indicating the behaviour of an ideal capacitor.
Assuming a parallel plate condenser behaviour, a rough
estimate of the thickness values, d, for the ®lms formed
at various conditions could be made by d � e eoA=C,
where e is the dielectric constant of the surface ®lm, eo is
the dielectric constant of free space, A is the exposed
area of the test electrode and d is the thickness of the
coating. For a capacitance of 1.87 lF cmÿ2 (pH 10.0
and c(BTAH) = 5 mM), e � 19:9 [34] and eo � 8:85 �
10ÿ14 F cmÿ1, the value of d is about 9.40 nm. The ob-
tained value seems quite reasonable in comparison with
those obtained in slightly alkaline solutions [5, 7, 10].

Fig. 5. Measured (symbols) and simulated (+) spectra for Cu in

0.5 mM of BTAH at (s) pH 4, (D) pH 6, (() pH 8 and (r) pH 10.

Table 3. Impedance parameters for Cu in 1 M acetate solution, pH 4, in the presence of BTAH at various concentrations

c (BTAH)

/mmol dm3
R1

/kX cm2
106 ´ Q

/Xÿ1 sn cmÿ2
n 106 ´ C

/F cmÿ2
R2

/kX cm2

105 ´ O

/Xÿ1 s0:5 cm)2
B

/s0:5
R

/kX cm2

g
/%

0 0.523 106.50 0.89 11.51 2.40 15.70 3.37 2.68

0.01 1.78 80.60 0.85 29.30 3.80 31.00 6.10 4.96 45.9

0.1 3.30 19.40 0.90 7.65 12.00 8.65 6.55 13.66 80.38

0.5 3.30 12.96 0.94 3.66 25.05 4.73 6.36 24.42 89.0

1 2.68 51.60 1.00 2.64 39.94 7.36 8.82 32.64 91.8

5 1.44 63.46 1.00 1.55 68.59 5.31 17.00 57.93 95.4

Table 4. Impedance parameters for Cu in 1 M acetate solution, pH 10, in the presence of BTAH at various concentrations

c (BTAH)

/mmol dmÿ3
R1

/kX cm2

106 ´ Q

/Xÿ1 sn cmÿ2
n 106 ´ C

/F cmÿ2
R2

/kX cm2

105 ´ O

/Xÿ1 s0:5 cmÿ2
B

/s0:5
R

/kX cm2

g
/%

0 0.79 210.6 0.81 8.18 48.49 7.20 4.04 26.80

0.01 9.74 42.0 0.89 5.58 141.90 4.33 3.24 58.73 54.3

0.05 13.36 23.7 0.89 4.28 99.28 2.65 4.44 75.70 64.6

0.1 6.39 46.4 0.88 4.26 113.60 2.34 4.00 74.64 64.1

0.5 7.41 40.7 0.88 4.45 199.20 1.48 4.00 122.09 78.0

1 43.37 20.8 0.86 4.05 208.00 2.87 4.10 128.06 79.0

5 66.22 8.5 0.89 1.87 340.40 6.10 5.00 132.28 79.7
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Although the calculated thickness value seems quite
reasonable, there is a problem concerning the e value.
The results show that the capacity values at a certain
inhibitor concentration lie in a very narrow range
over the pH range investigated (1.5±1.9 lF cmÿ2 at
c(BTAH) = 5 mM). As the difference in ®lm resistance
is much larger (70±400 kX cm2 in the pH range 4±10),
the ®lm structure is obviously different, and a change in
the dielectric constant could be expected.
Since the Warburg impedance was assessed as a ®lm

di�usion process where the di�usion layer thickness, d,
can replace the thickness of the ®lm [35] through which
the di�usion takes place, it follows that:

B � d
1

Df

� �0:5

�7�

where Df is the ®lm di�usion coe�cient. B data
presented in Tables 3 and 4 make possible the calcula-
tion of the ®lm di�usion coe�cient. Thus, for
d � 9:40 nm (pH 10, c(BTAH) = 5 mM), and for B =
4.56, a value of Df � 4:0� 10ÿ14 cm2 sÿ1 is obtained,
which is in a good agreement with Df usually reported
for di�usion in solid ®lms [36, 37].
The value of Df was used to calculate the concentra-

tion, cf, of the di�using copper species in the ®lm
according to the equation:

r � RT���
2
p � n2F 2

� 1

cf
����
D
p

f

�8�

where Warburg coe�cient, r is equal 1
���
2
p

O.
The value for the concentration of mobile species was

found to be cf � 8:0� 10ÿ6 mol cmÿ3. Since the di�u-
sion appears to operate within the ®lm, Fick's law of
di�usion may be written as

jp � nFcfDf

d
�9�

where jp is the passivating current ¯owing through the
®lm. The value of the di�usion current was calculated to
be jp � 3� 10ÿ2 lA cmÿ2, which seems quite plausible.
Corrosion currents of the same order of magnitude for
copper inhibited by BTAH in slightly alkaline solutions
were reported [3].

4. Conclusion

The inhibitory action of BTAH on copper was investi-
gated in 1 M sodium acetate solution in the pH range
4±10, using cyclic voltammetry and impedance spectros-
copy techniques. Cyclic voltammetry showed that cop-
per passivation corresponds to the electroformation of a
barrier Cu2O layer followed by a hydrous and more
soluble CuO layer. The addition of BTAH decreased the
anodic current density and modi®ed the surface ®lm. In
slightly alkaline solutions, the ®lm rearrangement was
almost instantaneous, due to almost complete dissoci-
ation of BTAH, resulting in the shift of the cathodic
current peak toward more negative potentials. In neutral
and slightly acidic solutions, the ®lm rearrangement was
time dependent. At solution concentrations of BTAH
less than 0.5 mM, the inhibitor adsorption followed a
Flory±Huggins adsorption isotherm with DG� ranging
from ÿ30.0 to ÿ39.0 kJ molÿ1, depending on the pH.
Impedance spectra obtained in a wide range of

inhibitor concentrations and in the pH range 4±10 were
determined by two time constants, the ®rst one relating
to the charge transfer process and the second one
including the mass transport of copper ions through the
oxide ®lm. The analysis of impedance spectra showed
high inhibiting e�ciency of BTAH even at relatively low
concentration (close to 90% at c(BTAH) = 0.5 mM). It
also indicated that ®lm thickness could be monitored
in situ by impedance measurements. At 5 mM BTAH
and pH 10, a 10 nm ®lm thickness was observed, while
the diffusion coef®cient and concentration of metallic
species in the ®lm were of the order of 10ÿ14 cm2 sÿ1

and 10ÿ6 mol cmÿ3, respectively.
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