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Abstract

The objective of this investigation was to gain information concerning the processes involved
in the corrosion of copper and its inhibition in acidic 0.1 mol. dm® Na&SO, solutions.
Thiazole derivatives containing functional groups were chosen for this investigation. The
electrochemical behavior of copper and the inhibitor efficiency of the thiazole derivatives
against copper corroson were followed by electrochemical impedance spectroscopy (EIS)
and the electrochemical quartz microbalance (EQCM). It was found that the anticorrosion
protection provided by these thiazoles followed the sequence: 5-1PBDT > 5-BDT > 5-TDT >
5-MBDT. The thickness of the adsorbed layers did not grow as time elapsed, and amounted
to a mono or partial monolayer. Scanning electrochemical microscopy (SECM) was
employed to investigate the occurrence of conductivity changes at the surface of the copper
specimens when exposed to an inhibitor containing solution. The results showed that
adsorption of the inhibitors did not produce any changes in the conductivity of the surface
films. Nanoscopic changes on the metal surface were monitored in situ with atomic force
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(AFM) and scamning tunneling (STM) microscopes. AFM  images showed that surface
smoothing occurred in the presence of the inhibitors. Surface reorganization at the atomic

level was evidenced by EC-STM.
Keywords: thiazole derivatives, EIS; polarization measurements, AFM; QCM;
1. Introduction

Most metallic materials are used in a State of passvity in which the corrosion rate is very low
due to an intervening oxide film caused by reaction of the metal with the ervironment. The
passive film provides a powerful barrier towards ionic migration, thus retarding the rate at
which metal ions enter the solution phase. However, localised de-passivation can take place
when this passive state is broken down under the influence of aggressive ions from the
environment. During localised corrosion, most of the metal surface remains inactive, while in
isolated areas, the development of corrosion pits leads to failures by perforation of the
meterial.

Copper is a metad with a low redox potential in aqueous solutions [1], and it constitutes a
representative exanmple for the study of the electrochemical behaviour of passive materials.
Copper is extensvely used in various industrial applications due to its interesting properties,
namely high electricdl and thermal conductivities. Moreover, it exhibits a high corrosion
resstance due to the formation at its surface of a uniform and adherent oxide film by the
corrosion process itself. This passive film protects copper from the aggressive medium.

The electrochemistry of copper in akaline agueous solutions has been extensively studied in
relation to the protective characteristics of passive films [2-19]. The onset of passivity has
been related to the formation of copper oxide layers with a duplex structure, consisting in
genera terms of an inner CUW/Cw,O porous and an outer CuO hydrated layers [7, 8]. The
properties of the passve layer such as thickness, structure and protection effectiveness
depend on the solution composition, the copper surface treatment, the temperature and the
potertial routine employed in the experiments [5-8, 11-19].

However, in spite of this self-protecting property, copper is susceptible to corrosion by acids
and strong akaline solutions, especialy in the presence of oxygen or oxidants. In the pH
range between 2 and 5, the dissolution of Cu is very rapid, and the formation of a stable
Int J Nano Corr Sci and Engg 4(1)(2017)11-30
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surface oxide layer, which would passvate the metal surface, is hindered. An oxide surface
layer can only be formed in weak acid or alkaline solutions. Several reaction schemes have
been proposed in the scientific literature in an attempt to explain the dissolution processes of

copper in acidic media [20-24].

One of the most important methods for the protection of metals is the use of organic
inhibitors to protect the metal surface from the corrosive ervironment. The effectiveness of
organic inhibitors is related to the extent to which they adsorb and cover the metal oxide
suface. In the case of adsorption-type inhibitors, the anticorrosive protection can be
explained by the Lewis acid-base interaction on metal surfaces. The mgor factors that
influence this interaction are the nolecuar structure of the compounds [20], the surface
charge on the metal, and the type of the electrolyte [25]. Heterocyclic organic compounds
containing nitrogen, sulphur or oxygen atons are often used to protect metals from corrosion
due to the ability of the heterocyclic atoms to easily form bonds with transition metals such as
copper [20, 21, 26-34]. Thus, several inhibitors like azoles, triazoles, and suifoxide
derivatives have been known and successfully been applied for the protection of copper [35-
40], and some investigators have proposed that the inhibition effectiveness might be due to
the formation of thin layers of copper-inhibitor complexes [41, 42]. Azoles suich as 2-
mercaptobenzimidazole, benzotriazole, and tolyltriazole are extensvely used for such
applications [7, 43-46]. These inhibitors are very effective in akaline and neutral
environments, but less effective in acidic solutions [47-49]. So far, benzotriazole is probably
the most efficient substance for the inhibition of copper corrosion in those ervironmental
conditions, and it has become the most commonly used in practice.

However, owing to dtricter environmental regulations, low inhibitor toxicity is an important
requirement in the choice of inhibitors to be employed. Thus, the latest trend in industry is to
replace toxic inhibitors, such as triazoles, with nontoxic organic chemicals that cause no harm
to the environment. In closed systens, thiazole derivatives have been found to be an excellent
replacement for the toxic triazoles, and some thiazoles derivatives have aready presented
excellent inhibition properties.

In the past few decades the study of the action mechanism of inhibitors was performed using
conventional  electrochemical methods [50-52], but in recent times a growing number of
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research groups have started to employ in situ surface sensitive techniques in order to better
understand the processes that take place on the metal surfaces. Two groups of techniques
have become increasingly used in this area, namely scanning probe microscopies (SPM), and
the electrochemical quartz crystal microbalance (EQCM). SPM methods have been employed
to investigate the electrodissolution of copper in  acidic environments containing
benzotriazole, and the occurring surface morphological changes were imaged in micro-meter
and nano-meter scales [53-58]. On the other hand, the EQCM has been successfully
employed to determine the efficiencies of several corrosion inhibitors due to its ability to
measure mass differences in the order of nanograms per surface area [30-34, 59, 60]. Even
more recently, a new approach to these studies has been opened by Kontturi and co-workers
by using the scanning electrochemical microscope (SECM) to investigate the mechanism of

copper corrosion inhibition by benzotriazole in moderately akaline electrolytes [61, 62].

In this study of the effectiveness of several potential copper corrosion inhibitors in acidic
media was examined. The purpose was to gain in situ informetion about of the corrosion and
inhibition processes of copper in acidic environment by thiazole derivative functional groups
containing heterocyclic atoms such as nitrogen, sulphur, and oxygen. Severa techniques have
been enployed to get complementary information on the electrochemical and the surface
reactions, namely EIS, QCM, SECM, STM, and AFM.

notations. The violin is called blind instrument, because there is no fixed notes (notation).

The description of violin is shown in figure 2.

2. M ethodology

Copper nmaterids used in this study were available in three different forms, namely:
polycrystalline Cu was used for the electrochemica, SECM and AFM studies, Cu (111)
sngle-crystal was enployed for EC-STM experiments; and electrochemically deposited
copper layers were used for QCM measurements.

Polycrystalline copper was supplied as a sheet of thickness 1 mm (99.99%) which was cut
into square specimens of area ca. 1 cn?. The surface of the copper specimen was polished
both mechanically and electrically. Mechanical polishing was done first with slicon carbide
papers of 800 and 4000 grit and with auminium micro-polish (0.3 mm particle size). Then
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the sanmple was rinsed with water and ethanol and electropolished at 3 V for ca. 2 min in a
solution of concentrated phosphoric and sulphuric acids (77% HsPO4, 11.5% H»SO,4, and
11.5% H»O by volume). The copper substrate was used as the anode and a copper sheet was
used as the cathode. After electropolishing the copper substrate was cleaned in an ultrasonic

bath in mlli-Q water for 10-15 min and twice in ethanol for 20 min.
Cu(111) single crystals were first polished mechanically (down to 0.25 pum diamond paste)
and then electrochemically polished, in 66% ortho-phosphoric acid, for 10 min, at an anodic
potertial value of 1.8 V vs. a Cu counter electrode. After etching, the crystals were
thoroughly rinsed with Milli-Q water. Copper layers were galvanostatically electrodeposited
on one face of the gold-covered quartz crystal. Copper was deposited from an acidic copper
bath consisting of 0.5 M CuSQOg4, 0.5 M H,SO,4, and 1 M C,HsOH solution.
The following thiazole-derivative inhibitors were considered in this work: 5-benzylidene-2,4-
dioxotetrahydro-1,3-thiazole  (5-BDT), 5-(4-isopropylbenzylidene)-2,4-dioxotetrahydro-1,3-
thiazole (5-1PBDT), 5-(3-thenylidene)-2,4-dioxotetrahydro-1,3-thiazole (5-TDT), 5-(3',4-
dimetoxybenzylidene)- 2,4-dioxotetrahydro-1,3-thiazole (5-MBDT). The concentration of the
inhibitors in the base solution was in the order of 10° M. The electrolyte solution was 0.1 M
NaSO, a pH of 2.94. All experiments were performed at open atmosphere and room
temperature.
2.1 QCM measurements
The quartz crystal used was an AT-cut disk of 12 mm diameter and of 10-MHz nominal
oscillation frequency. Frequency changes, which were converted to mass changes, of the
quartz electrode, were regstered in time at the open circuit potential. A calibration plot of
frequency change versus time was constructed during copper electrodeposition as can be seen
in fig. 1. Using Sauerbrey’s equation [63], frequency change is related to mass change which
is calculated from Faraday’s law, thus producing the quartz crystal sensitivity constant (Cr).
Since nearly no current loss occurs under the deposition conditions, the amount of deposited
metal (4m) is.

M,, i nAt
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where i is the current density applied; MW, is the copper atomic weight; n, is the number of

electrons mvolved, and F is Faraday’s constant.
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Figure 1. Calibration curve of frequency change, due to copper electrodeposition, and

potential change versus time, to determine quartz crystal sensitivity coefficient

During acidic media experiments, the mass change due to dissolution could be expressed as
thickness reduction rate, which is more practical for estimating the corrosion damage:

Am
:Tpt 2
where 3, is the thickness reduction rate; p, is the copper density; A, is the electrode active
area, and Am, is the mass loss.

2.2 EIS measurements

ElS experiments were carried out in athree-electrode cell constituted of the polycrystalline

copper-working electrode, saturated calomel as reference electrode and a Pt wire as counter
electrode. Data were collected at the corrosion potential in afrequency range between 0.01
and 10,000 Hz.

2.3 SECM measurements

The measurements were carried out in athree-electrode cell with an AQ/AgCI/KCI saturated
reference electrode and a Pt counter electrode. The reference electrode was connected to the

cell using asdlt bridge to avoid chloride ion contamination. The SECM tip (working
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electrode) used in the measurements consisted of a Pt wire with a diameter of 10 pm sealed in

aglass capillary. The experiments were carried out under normal atmosphere using a CHI -
900 scamning €electrochemical microscope. The tip was characterized using ferrocene-
methanol solution as electrochemical mediator. The measurements were performed both in
the absence and in the presence of the inhibitors. The measurement sequence consisted of the
following steps:
1. the copper substrate, immersed in asolution of 1 mM ferrocene-methanol + 0.1 M
Na2S04, was held at - 0.40 V during 10 minutes,
2. then the substrate was held at -1.05V during 6 minutes to reduce any residual copper
oxide left on the surface, and,
3. immediately after the reduction step, the solution was changed to a clean solution,
whereas the substrate was left unpolarised.
2.4 SPM experimental details
In situ STM was used to study processes at solid/liquid interface at nanoscale. Local
investigations of copper singe-crystal electrode surfaces have been studied in
electrochemical ervironment using a PicoStat instrument. The tunnelling tips were made of
Pt and covered with an epoxy layer up to the operational tip, to decrease the faradaic current
[64].
Morphological changes on the electrode surface were also monitored by atomic force
microscopy (AFM) with a Nanoscope |1 apparatus.

3. Resultsand Discusion

3.1 Gravimetrictests

The influence of the selected thiazoles on copper corrosion was investigated by monitoring
the mess changes of the copper electrode usng QCM. The experiments consisted in a
sequence of three steps proposed by KAman and co-workers [23, 31]. In the firgt interval a
blank solution was introduced in the measurement cell, namely acidic 0.1 M NaSO, test
solution. In the second interval the electrolyte was exchanged with an inhibitor-containing
electrolyte for a longer exposure period, while in the third interval the blank solution was
applied again. The experiments were conducted untii most of the deposited copper was
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removed or there was no dgnificant change of the electrode frequency. The gravimetric plots

measured with this experimental procedure are given in fig. 2.

The electrode mass decreased with time for copper specimens immersed in acidic 0.1 M
NaSO, solution at all times, which indicated that the copper dissolution proceeded due to
corroson process. During the first interval, al experiments showed practicaly the same
behavior, and minor differences can be related to differences in surface roughness of the
copper electrodes originated during the electrodeposition process.

The addition of 5-IPDBT and 5-BDT inhibitors showed significant decreases in the electrode
mass change during the second interval. The presence of these thiazole derivatives dowed the
Cu dissolution, and the electrode mass change almost stabilized during this period. However,
5-TDT and 5-MBDT inhibitors did not produce as much protection, and in spite of ther
presence in the electrolyte, the copper sample continued to dissolve at rather high rates.

In the third interval, the absence of the inhibitor resulted in a increase of the corrosion rate,
though not as high as it was in the first step. This fact is an indication that some adsorbed
inhibitor nolecues or conmplexes remained on the electrode surface after electrolyte
exchange.

The behavior of the inhibitors showed no increase of the electrode mass due to the adsorption
of the inhibitor, which is indicative that those inhibitors adsorbed as a two dimensional type.
The thickness of these layers did not grow in size and were in the order of a mono or even
partial monolayer.

By using Faraday’s law, the Cu thickness reduction rate was calculated and results are listed
in Table 1. Table 1 shows that the highest inhibitor efficiency (90%) was provided by the
applications of 5-IPBDT. These resuits coud be predicted because 5-1PBDT is a larger

molecule due to its longer chain.
3.2EISreaults

The EIS measurements provided information about of the electrochemical behavior of the
copper during the exposure at 0.1 M Na2S0O4 acidified solution and the effect of the thiazole
derivatives inhibitors addition. The effectiveness differences between the tested inhibitors in
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this work were obtained in terms of polarization resistances which were determined from the

impedance spectra, given in figs. 3 and 4.
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Figure 2: Time dependence of mass changes of Cu in acidic 0.1 M Na2S04 solution
without and with the thiazole derivatives:
(—) 5-1PBDT, (—) 5-BDT, (—) 5-TDT, and (—) 5-MBDT.

) Thickness reduction rate, um n
Solutions 1
year %
Blank 126 -
5IPBDT 15 89
5BDT 18 86
5TDT a4 65
5MBDT 47 73

Table 1. Thickness reduction rate of copper in Na;SO4 (pH 2.9) with the addition of
thiazole derivatives

Figure 3 shows the comparison of the Nyquist plots obtained for the copper immersed in
electrolyte solution without and with the studied inhibitors. From the observation of the plots
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was clearly deduced that the 5-IPBDT inhibitor presented the highest impedance values. This
behavior was an indication of the formetion of an effective protective film that hindered

corrosion of the metal after the 5-IPBDT addition.
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Figure 3. Nyquist plots of copper electrode immersed in 0.1 M Na»SO, solution (—) in
the absence of inhibitor, and in the presence of (—) 5-M BDT, (—) 5-TDT, (—) 5-BDT
or (—) 5-1PBDT inhibitors. The concentration of the inhibitor solutions was 10 > M.

This fact was confirmed from the values of the polarization resistance, Rp showed in the
Table 2. The Rp values were determinate by calculating the semicircle intersection with the
real part of the impedance amplitude. The inhibition efficiency (%) was determined using:
77(%)=(1_ Rir?h/ Rg)lOO (3)
where  and represent the electrode polarization resistance in the absence and presence of
the inhibitor in the electrolyte, respectively.
Figure 4 shows the Bode plots for the tested thiazole derivatives. Phase shift vs. the logarithm
of the frequency gave an indication of the behavior of the protective film formed on the
electrode surface due to the inhibitor adsorption. It can be seen from this figure that the
process taking place at the electrode surface has one relaxation time constant. The location of
the relaxation time constant did not change much from one inhibitor, but the phase shift value
Int J Nano Corr Sci and Engg 4(1)(2017)11-30
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increased with 5-1PBDT having the highest value at the peak location. This is an indication
that the adsorption of al inhibitors on the electrode surface follows the same pattern but with

different intensities.

Inhibitor 5IPBDT 5BDT 5TDT 5-MBDT
R, kQ 115 15 9.3 7.3
Inhibitor %3 86 80 n

efficiency, %

Table 3: EIS results for the tested thiazole derivatives.
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Figure 4. Bode plots of copper electrode immersed in 0.1 M Na,SO, solution (—) in the
absence of inhibitor, and in the presence of (—) 5-MBDT, (—) 5-TDT, (—) 5-BDT
or (—) 5-1PBDT inhibitors. The concentration of the inhibitor solutions was 10 > M .
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In summary, EIS measurements have shown that the order of protection efficiency provided
by the thiazole inhibitors was as follows. 5-IPBDT > 5-BDT > 5-TDT > 5-MBDT. This
could be explained by the presence of N and S in the molecule structure, and the longer chain

served as aprotecting shield on the copper electrode surface.

3.3 SECM results

SECM was employed to monitor whether the activity of the inhibitors present in the solution
phase might induce variations in the conductivity of the copper surface. Imeging of the
suface was aso accomplished with the SECM at selected time intervals. The duration of the
experiments was 3 hours for each system

The study was carried out by measuring the approach curves of the SECM tip towards the
sample surface, for what ferrocene-methanol was used as the electrochemical mediator, and
the tip potential was set at + 0.5V vs. Ag/AQCI/KCI saturated reference electrode.

The experimental procedure consisted in a series of steps as described next. The approach
curve was measured first in the test solution in the absence of the inhibitor. Then, without
shifting the postion of the tip in the horizontal plane, the solution was changed to the
inhibitor-containing solution, and approach curves were measured at different exposure
times. With this procedure the approach curves were measured on the same spot of the
suface, both in presence and absence of the protective species, and therefore, effects of
surface roughness of the substrate could be minimi zed.

Figure 5 shows the sequence of approach curves obtained on copper samples exposed to the
various thiazole derivatives under investigation. The typical response of a conducting
substrate was found in all cases, that is, the current measured at the SECM-tip increased as
the substrate was approached (i.e., postive feedback regime). For a given inhibitor, the
curves measured at different exposure times could be superimposed, thus confirming that the
conductivity of the surfaces did not vary during the corrosion process. Indeed, the topography
of the samples did not significantly changed during the experiments, and the images showed
a rather featureless surface in all cases (fig. 6). Therefore, the scanning electrochemical
microscope corfirms that no localized effects were observed at a micrometer scale during
copper electrodissolution in the acidic 0.1 M Na,SO, solution. That is, metal corrosion takes
place homogeneoudy in this environment both in the absence and in the presence of the
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inhibitors.  These resuts are in agreement with the electrochemical evidences that the

inhibitors do not form 3D layers on the surface of the metal in these conditions.

3.4 AFM and STM imaging

The application of SPM techniques was used to follow the nanoscopic changes of the copper
sufaces during their exposure to acidic sulphate solutions containing the inhibitors under
investigation.  Figure 7 presented the AFM image of a freshly electropolished Cu(111)
suface immersed in the inhibitor-free base solution. As a result of the metal pretreatment
procedures employed, the surface of the metal presented a high surface roughness, which was
expressed in terms of the RMS parameter.
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Figure 5: SECM Approach plots after: (—) 3 min, (—) 1 hr, (—) 2 hrs, and (—) 3 hrs of
exposureto 0.1M Na,SO,solution with (-o—) and without inhibitors: (a) 5-BDT, (b) 5-IPBDT,

(c) 5-MBDT, and (d) 5-TDT. Inh. Conc.: 5x10° M., Tip potential: +0.5V vs SCE
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Figure 6: SECM images of copper surfacesin acidic 0.1 M Na,SO4 + 1mM ferrocene-

methanol solution after (up) 3 min, (down) 3 hrs exposure; then in 5x10° M of the

inhibitors: (a) 5-BDT, (b) 5-1PBDT, (c) 5-MBDT, and (d) 5-TDT. Tip potential: +0.5 V
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vs. Ag/AgQCI/KCI (saturated) reference electrode. The images represent an area of 200

pm x 200 pm in X and Y directions.

Changes induced in the surface of the copper samples by the presence of the thiazoles in the
electrolyte can be observed from the AFM images gven in fig. 8. The addition of the
inhibitors produced a significant smoothing of the surface of the samples compared to thet in
the blank solution (fig. 7). This observation is evidence that the copper substrate was covered
by an inhibitor layer in this case. Among the tested inhibitors, 5-IPBDT produced the
smoothest surface and therefore the most effective protection of the copper.

Spectrum

pc Hin

Figure 7. AFM image of freshly electropolished Cu(111) single crystal immersed in
0.1 M NaySO, solution acidified at pH = 2.94.

The protective effect of 5-IPBDT was investigated with more detall by usng STM imaging.
Figure 9 shows the surface morphologies of the electropolished Cu (111) surface exposed to
the acidic sulphate containing solution and of the same surface shortly after changing the
electrolyte to 5-1PBDT-containing solution. The STM image provided some evidence that the
addition of 5-1PBDT to the electrolyte promoted some reorganization of the copper surface.
In fact, the presence of the inhibitor masked the atomic terraces and smoothed the surface,
while the local imperfections were till visible.
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The atomic terraces were ill visible on some sites, which indicated that the surface was only

partialy covered with 5-IPBDT. However,

the surface morphology did not change

significantly during the measurement; only the stepped structure became less visble which

could be explained by the 5-IPBDT molecule reordering on the copper surface.
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Figure 8. AFM images of electropolished Cu(111) single crystal immersed
in 0.1 M NaySO;, solution with the addition of:
(@) 5-1PBDT, (b) 5-BDT, (c) 5-TDT, or (d) 5>-MBDT.
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Figure 9: STM images of Cu (111) surface in solution: (left) in acidic solution containing
0.1 M Na2S04, and (right) shortly after the addition
of the test solution containing 5-1PBDT.

4. Conclusion

A micro- and nano- electrochemical approach is necessary for the investigation of the
role of adsorption-type inhibitors for metal corrosion.

Thiazole derivatives are promising compounds for the inhibition of copper corrosion
in acidic environments due to their capacity to adsorb on the metal surface through
the nitrogen and sulphur atoms present in the structure of the molecules, whereas the
longer chain may serve asaprotecting shield on the copper electrode surface.

The QCm resuits indicated that addition of thiazole derivatives to the electrolyte
significantly decreased the dissolution rate of copper. The protection efficiency
provided by these inhibitors followed the sequence: 5-IPBDT > 5-BDT > 5-TDT >
5-MBDT.

The combined observations of only one relaxation time constant in the
electrochemical impedance spectra, and the absence of changes in the conductivity of
the surface with time as seen from the approach curves taken with the scanning
electrochemical microscope, are evidences that these inhibitors adsorbed as a 2D
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type. The thickness of these layers did not grow in size and were in the order of a
mono or even partial monolayer.

Surface imaeging at the nanoscopic level led to the finding that the addition of the
inhibitors produced a significant smoothing of the surface of the samples, which was
evidence that the copper substrate could be covered by inhibitor layers in the acidic

sulphate environmert.
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