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Abstract:

A new method for the investigation of the inhibition efficiency against corrosion by organic films
adsorbed on metals based on the measurement of Z-approach curves by AC-SECM is proposed.
Preliminary measurements conducted on four copper-inhibitor systems exposed to aqueous
solutions support that a characteristic frequency can be defined, which corresponds to the
frequency of the AC potential signal applied to the SECM tip for which a transition between
negative- and positive-feedback behaviours is observed in the approach curves. From the shift of
this characteristic frequency towards higher values, the enhancement of the corrosion protection
efficiency of the inhibitor system can be established. Furthermore, the effects of inhibitor nature,
concentration, and pre-treatment duration for the formation of the surface films, can be readily
investigated.
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1. Introduction

The alternating current mode of AC-SECM was first employed to achieve a more sensitive
determination of the tip-substrate distance in SECM aiming measurements to have greater
resolution especially in the case of potentiometric operation [1,2]. In this way, application of a high
frequency AC voltage signal to the tip, would facilitate more precise positioning since the resulting
current signal flowing through the microelectrochemical cell greatly depends on the height of the
electrolyte volume comprised between the tip and the substrate in electrolytes of sufficiently low
conductivity [1,3]. Later studies demonstrated that the current response of the system is also
affected by the conductive/insulating nature of the substrate, thus opening a wide range of
applications for surface activity screening using more extended frequency ranges for the potential
perturbation [4-6]. Applications of this technique to the study of corrosion processes have been
demonstrated subsequently, namely for the detection of pinholes in coated metals [7], the
monitoring of corrosion pits in otherwise passive metals [8], the visualization of selective dissolution
reactions of alloys [9], and the characterization of thin inhibitor films on metals [10,11]. In the later
case, this technique has been successfully employed to follow the kinetics of film formation [10], to
characterize the corrosion resistance of the resulting metal-inhibitor films [11], and to visualize the
degradation of these films under the corrosive attack of the environment [11].

Because the effectiveness of organic inhibitors is related to the extent to which they adsorb
and cover the metal oxide surface, and AC-SECM is highly sensitive to the conductive/insulating
characteristics of the resulting inhibitor films formed on the metals, it has been considered that the
following step of this kind of studies would be the establishment of a platform for inhibitor screening
using this technique based on determinations of inhibitor efficiencies for different inhibitor-metal
systems. Usually, the efficiency of inhibitor systems is determined from gravimetric and
electrochemical methods, with the highest resolution being provided by electrochemical impedance
spectroscopy (EIS) [12-18], and the electrochemical quartz crystal microbalance (EQMB) [19-24].
Nevertheless, these techniques average the behaviour of all the surface exposed to the
environment and do not provide direct information on the structure and composition of the surface
films. This is the rationale for the use of ex situ surface analytical techniques in these investigations
too, namely X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES),
secondary ion mass spectrometry (SIMS), and laser micro mass analysis (LAMMA) [25-30]. Again
these techniques exclusively provide global information as they lack enough spatial resolution,
which is demanded to better understand the nature of the interactions and processes responsible
for the inhibiting effect. Such knowledge is highly needed to elucidate the mechanisms involved,
and it would facilitate inhibition to be optimized. This is the justification for the application of
scanning probe microscopies (SPM) in this research area. Yet, their application has been
exclusively directed to monitor how metal dissolution in acids is affected by the presence of inhibitor

films previously formed on the metal samples. Such effect is then evaluated by imaging the surface
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morphological changes occurring in micrometer and nanometer scales after various degrees of
corrosive attack [31-35].

In this work, we have considered four well-known corrosion inhibitor molecules against
copper corrosion as model systems for the investigation. The organic molecules are benzotriazole
(BTAH), 5-methyl-benzotriazole (MBTAH), 2-mercaptobenzimidazole (MBI), and ethyl xanthate
(EX). This choice of inhibitors allows us to take advantage of the well established relative inhibition
efficiencies of these compounds, as to check information rendered by the new methodology based
in the use of AC-SECM.

2. Experimental
2.1. Materials

The metallic substrates were 99.99% purity copper plates, supplied by Goodfellow
(Cambridge, United Kingdom), which were cut to 2.4 cm x 2.4 cm and 1 mm thickness. The surface
of the samples was ground mechanically using metallographic emery paper to a 1500 grit finish,
degreased with acetone, rinsed with MilliQ grade water and dried to air. For the preparation of the
inhibitive films on the copper samples, the metal plates were immersed in 0.1 M KCI solutions
containing 0.1 mM concentration of the chosen inhibitor for different immersion times. Benzotriazole
(Avocado Research Chemicals Ltd.,, UK), 5-methyl-1H-benzotriazole (Aldrich, USA), 2-
mercaptobenzimidazole (Aldrich, UK), and potassium ethyl xanthate (Fluka Chemica, Switzerland)
were used as received. All aqueous solutions were prepared using ultra-pure water purified with a

Milli-Q system from Millipore.

2.2. Experimental procedure

The SECM experiments were carried out using an AC-SECM built by Sensolitycs (Bochum,
Germany), controlled with a personal computer. The electrochemical interface was an Autolab
(Ecochemie, Utrecht, The Netherlands) electrochemical interface consisting of a bipotentiostat and
a frequency response analyzer, though the system was operated in a three-electrode configuration
since the coated sample was left unbiased for the duration of the experiments. Platinum
microelectrodes (dia. 25um) were employed as AC-SECM tips. An Ag/AgCl/saturated KCI reference
electrode and a platinum wire used as counter electrode were also introduced in the small
electrochemical cell, which was placed inside a Faraday cage. AC voltage signals of 100 mVpp
amplitude were applied in the 351 to 55493 Hz frequency range. A total of 26 frequency values
were used, and the values spaced logarithmically. Testing was performed in naturally aerated 1 mM

Na,SO. aqueous solution at ambient temperature.

3. Results and discussion



AC-SECM probes surface reactivity by recording Z-approach curves as the
ultramicroelectrode approaches the sample. They are plotted as the magnitude of the
dimensionless tip current (i.e. the ratio between the current value at each location to the stationary
value measured in the bulk of the electrolyte), and z/r is the dimensionless distance between the
sample and the tip. The samples were left at their spontaneous open circuit potentials in the test
electrolyte.

In the case of an insulating surface such as that of glass at the bottom of the electrochemical
cell exposed to 1 mM KCI, the approach curves show smaller currents than in the bulk of the
electrolyte when the microelectrode moves closer to the glass surface (see Figure 1). Though the
extent of such decrease varies with the applied AC frequency for a given tip-substrate distance,
such a “negative feedback” behaviour occurs at all frequencies. The term “negative feedback” has
been taken from the conventional amperometric SECM operation that uses a reversible diffusing
redox mediator [36] for imaging. In that situation, an insulating substrate hinders diffusion of this
species to the reactive surface of the tip thus leading to the measurement of smaller faradaic
currents.

In the case of untreated copper, which is a conductive substrate, when it is immersed in 1
mM Na;SO4, two trends are observed for the variation of the current magnitude with the tip-
substrate distance within the frequency range as shown in Figure 2. First, negative-feedback type Z-
approach curves are measured in the low AC frequency range applied, whereas the opposite
occurs at higher frequencies. In the later, the current magnitude progressively increases from its
value in the bulk electrolyte as the tip moves towards the sample, and thus it exhibits “positive-
feedback” behaviour. The magnitude of this positive feedback type effect is observed to be
dependent on the frequency of the AC signal, and it is highest at the high frequency limit. The Z-
approach curve determined at the frequency of 8966 Hz only exhibits a weak positive feedback
effect. Obviously, this frequency value is only slightly higher than the frequency at which the
transition from negative to positive feedback type behaviour occurs.

The protection characteristics conferred to copper surfaces by the organic molecules should
result in a modification of the conductive properties of the surface, progressively adopting a more
insulating behaviour as the adsorbed film becomes an effective barrier to electron transfer [37,38],
was investigated by recording Z-approach curves as the ultramicroelectrode approaches the
sample. The inhibitor molecules considered in this work were benzotriazole (BTAH), 5-methyl-1H-
benzotriazole (MBTAH), 2-mercaptobenzimidazole (MBI), and potassium ethyl xanthate (EX).
Inhibitor films were produced on the copper electrode ex-situ by dipping the freshly polished metal
samples in a 100 mM KCI + 0.1 mM inhibitor solution for controlled immersion times. Figure 3
shows some Z-approach curves measured for inhibitor-treated copper samples during immersion in
1 mM Na;SO4. They correspond to the four inhibitor molecules after two different pre-treatment

durations (namely 5 and 45 min, respectively).



Both positive- and negative-feedback trends are observed in all the cases, though the
frequency range for either behaviour is observed to vary with both the nature of the inhibitor and the
duration of the pre-treatment. In general, longer treatments lead to a narrower frequency range in
which the positive-feedback is observed, a feature that is more pronounced in the case of the
samples treated with EX, and the smallest changes are presented by MBI and MBTAH. This
observation indicates that the blocking characteristics towards electron transfer can be followed
from the shift of the frequency ranges for positive- and negative-feedback behaviours as determined
from AC-SECM approach curves. Therefore, the frequency distribution of the normalized current
values at the distance of closest approach can be used to follow the formation of insulating films of
inhibitors on active metals, and to characterize the inhibiting frequency of metal-inhibitor systems.
Figure 4 shows the resulting magnitude-frequency plots for the four model inhibitor systems, in
which the behaviour for untreated copper has also been included. It can be readily observed that
there is a shift in the characteristic frequency for the transition between negative- and positive-
feedback behaviours to higher values with thicker inhibitor films. These graphs also allow to observe
that the inhibitor films formed with BTAH and MBTAH after 5 minutes immersion exhibit similar
characteristics to those obtained at longer exposures, whereas longer exposures are necessary to
form the thicker films with EX. Additionally, aging of inhibitor films leading to a more compact layer is
suggested to be responsible for the shift of the current magnitude values measured at the lowest
AC frequencies with the elapse of time for the Cu-BTAH system, though this explanation is only

temptative at this stage and requires further investigation.

4. Conclusions

Though the work is still in a rather preliminary stage, we think a novel experimental
methodology to investigate the protection skills and the kinetics of film formation for metal-inhibitor
systems by AC-SECM has been developed. The inhibitor films can be described on the basis of the
transition frequency values between negative- and positive-feedback behaviours determined from
Z-approach curves. This method is highly sensitive, and may offer new insights in the study of

corrosion inhibition by organic films applied on metals.
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Figure 1: AC-SECM normalized Z-approach curves towards the glass bottom of the cell immersed

in

a 1 mM NazSOs solution with a 25 um electrode. The excitation signal amplitude was 100 mVyp

and frequencies in Hz are indicated in the figure legend.
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Figure 2: AC-SECM normalized Z-approach curves towards a freshly-polished Cu sample
immersed in a 1 mM Na;SOq solution with a 25 um electrode. The excitation signal amplitude was
was left at its

100 mVpp and frequencies in Hz are indicated in the figure legend. The sample

spontaneous open circuit potentials in the test electrolyte.
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Figure 3: AC-SECM normalized Z-approach curves towards inhibitor-treated Cu samples immersed
in a 1 mM NazSO;, solution with a 25 um electrode. The inhibitors used and the duration of pre-
treatments in the inhibitor-containing solutions are indicated in the figure. The excitation signal
amplitude was 100 mVp, and frequencies in Hz are indicated in the figure legend. The samples were
left at their spontaneous open circuit potentials in the test electrolyte.
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