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1. Introduction

Copper and its alloys are present in almost every aspect of modern life; they are employed
extensively in industry ranging from building components to microelectronic applications [1].
Copper is a relatively resilient metal to corrosion in neutral environments and in the absence
of chlorides and SO,, protected by the formation of a corrosion product (Cu,0), known as
patina. However, it is susceptible to corrosion in aggressive media, when the patina is

converted to other corrosion products [2].

There are several methods to prevent the metallic corrosion and one of them is the use of
inhibitors (either organic or inorganic). Organic inhibitors are compounds that applied in
very small concentrations are capable of effectively reduce the corrosion rate [3]. Among
these compounds those belonging to the group of azoles, which contain nitrogen and/or
sulphur, are considered to be effective corrosion inhibitors for copper in a wide range of

aggressive environments [4-8].

Inhibitor selection is often based on the gravimetric determination of metal dissolution rate
(i.e., mass loss). However, this method provides very little information about the complex
interactions between the metal, the inhibitor and the corrosive media. So, in order to
optimize inhibition, the involved mechanism in such interactions must be known. This
demands the use of electrochemical techniques and surface analysis in the corrosion
laboratory. Most of the actual knowledge of the inhibition process of corrosion has been
obtained through the use of conventional electrochemical methods such as cyclic

voltammetry, chronoamperometry, and electrochemical impedance spectroscopy (EIS) [9].

The development of in-situ scanning probe techniques has allowed the surface

characterization with micrometric scale resolution or even smaller. The combination of



spatial resolution and chemical sensibility is of great use in this field to determine the
operation variables and the reaction mechanisms. The systems that can be studied with
these scanning microelectrochemical techniques (namely, the scanning vibrating electrode-
technique (SVET) [10], scanning electrochemical microscopy (SECM), scanning
electrochemical impedance microscopy (SEIM), scanning ion-conductance microscopy
(SICM), and localized electrochemical impedance spectroscopy (LEIS) include the protection
characteristics of polymeric films applied on metals and their underfilm degradation [10-12],
the preferential dissolution of one metal in alloys and galvanic pairs [13], the formation thin
protective films by adsorption of organic inhibitory molecules over passive metal films [14,
15], tip modification for reactive metal sensing [16, 17] and fabrication of robust ion

selective micro-electrodes for potentiometric analysis [18].

The high local resolution of such techniques (SVET, SECM, LEIS and AC-SECM) combined with
the possibility of probe operation in an electrochemical cell, allows direct characterization of
the involved electrochemical processes of the corrosion phenomena. An electrochemical
activity mapping (current density, pH, etc...) of the surface of interest in contact with the
electrolyte can be performed in-situ and in real time, as well as surface modification (mainly,
pitting initiation at specific places, localized surface scaling, adsorbed film degradation,

etc...).

The electrochemical quartz crystal microbalance (EQCM) is another valuable electrochemical
technique that allows the acquisition of relevant data about the adsorption of molecules on
metallic surfaces within the micro-scale resolution enabling the characterization of their
adsorption kinetics. [3, 19-23]. The technique works by applying an oscillatory electrical field
to a quartz resonator placed between two electrodes made of the metal of interest, this
makes the resonator to vibrate at its fundamental frequency. The frequency is sensible to
the mass of the resonator and when adsorption or desorption occurs on the metallic

surfaces it is detected as a frequency shift.

In this work, the scanning vibrating electrode technique (SVET) and the quartz crystal

microbalance technique (EQCM) were used to characterize the electrochemical interaction



of two corrosion inhibitors, 2-Mercaptobenzothiazole and 3-Amino-1,2,4-triazole (ATA), in
Au and Cu samples individually and with both metals connected in order to form a galvanic

pair Au-Cu.

2. Experimental Part

2.1. Materials

Reactive grade inhibitors were employed, acquired from Aldrich, with a purity of 97% for
2MBT and of 95% for ATA. Aqueous solutions were prepared using bi-distilled water (18.2
MQ cm) with concentrations ranging from 100 to ImMwith a step of 1 order of magnitude.
For EQCM measurements the whole range of concentrations was used and for SVET all

experiments were performed at 1 mM concentration.

In the case of the EQCM experiments the working electrodes are made of AT-cut quartz
crystals with a fundamental frequency of 10 MHz where the metal of interest is
electrodeposited in both faces of the crystal. The electrodes have an electroactive area of
0.205 cm? and are manufactured by GAMRY Instruments. The essays were carried out in a

GAMRY Teflon cell, specifically designed to be used with the EQCM electrodes unique shape.

For SVET measurements Pt/Ir (80%/20%) probes of 2-3 cm in length were used, coated by
parelene C except at the tip, so that only this end works as sensor, were used. Additionally,
two reference Pt electrodes are used; these Pt electrodes must be coated by black platinum.
The probes must be platinized with the purpose of creating a spherical black platinum
deposit of 10-20 um of diameter. All experiments were carried out in constant height mode,

with the tip initially at 100 um from the surface and a peak to peak amplitude of 100 pum.

Mapped samples in SVET were manufactured employing Au and Cu wires of electrolytic
grade (99.999%) with diameters of 500 and 125um respectively, and embedding them in
Epofix resin (Struers, Ballerup, Denmark) in this way samples of Au, Cu and the galvanic

couple Au-Cu were prepared.



2.2. OCP measurements

The open circuit potential (Free Corrosion Potential, OCP) measurements were carried out
on the manufactured samples by creating a small container using adhesive tape and the

treatment solution 1ImM 2MBT, ATA or NaCl was added to the container.

The OCP of Au, Cu and the galvanic pair Au-Cu were recorded during 60 minutes on an
AUTOLAB (Metrohm, Herisau, Switzerland) bipotentiostat, controlled by a personal
computer. The reported values correspond to the mean value and it was corrected taking

into account the potential of the Ag/AgCl/KCl (3M) reference electrode.
2.3. EQCM measurements

The observed frequency shifts due to inhibitor adsorption were measured in-situ, adding the
inhibitor solution directly to the Teflon cell. Once the frequency shifts are recorded, they are
fitted to the Langmuir kinetic model (Eq. 1 and 2) [3, 21] to obtain the adsorption
parameters such as the adsorption constant (ks), the desorption constant (k;), the

equilibrium constant (Kes=(ks)(kq)?) and finally the adsorption free energy (AGads) (Eq. 3).

O(t-to) =K’ [1-ekm®-10] | 1)
K’=C[C+(kd)(ka1)]* 2)
AGads=-RTInKeq (3)

In equation 1(0) represents the coated area; (t)is time; (to) is the diffusion time and (kn) is
the obstruction constant, which is related to the adsorption and desorption constants by

equation 4.
Km=kaC+Kkd (4)
In equation 3(R) is the universal gas constant and (7) is temperature.

2.4. SVET scans



The samples studied in SVET were submerged for 60 minutes in the inhibitor solution, then
rinsed, using ethanol and finally taken to the SVET where the essay solution 1mM NaCl is
added. The scanned area is defined by hand, so it’s almost impossible to obtain the same
area for each scan. However, the scanned area for each sample is always very similar and the
area difference between scans can be neglected. The mapping lasts one hour, for a total of
10 scans, one each 6 minutes. In this way the spatial distribution of the current density is
obtained and is possible to distinguish between anodic or cathodic behavior in the sample.
The results are graphically presented using an algorithm programmed in MATLAB that allows

the acquisition of isometric and/or XY plane graphics.

3. Results and Discussion

3.1. OCP analysis

The mean OCP values recorded for each system are shown in Table 1.
Tablel

OCP Average [mV]

Sample 1mM NaCl 1ImM ATA 1mM 2MBT

Au-Cu -437.2 -428.2 -459.6
Au -149.5 -115.8 -207.2
Cu -286.4 -296.9 -417.4

From the values reported in Table 1, we can see that ATA has a slight inhibitive effect on Au
and the Au-Cu pair, AOCP=33.7 mV and AOCP=9 mV respectively. However, in the case of Cu
there is no protection effect at all on the contrary it makes the OCP slightly more negative
AOCP =-10.5 mV and thus facilitates the corrosion process, an interesting fact having in to

account that ATA is considered to be a good Cu corrosion inhibitor [22-25].

On the other hand, 2MBT makes the OCP of all samples (Au, Cu and Au-Cu) more negative
reducing the Au-Cu pair OCP by AOCP=-22.4 mV, the Au OCP by AOCP=-57.7 mV and the Cu



OCP by AOCP=-131 mV. It’s quite interesting to see that the bigger change in OCP has taken
place in copper, given that 2MBT is considered to be a good corrosion inhibitor for copper

[2, 3, 5-7], we should expect to see a shift toward more positive OCP values in Cu exposed to

2MBT.

3.2. EQCM measurements of inhibitor adsorption: change of frequency

vs time

3.2.1. Auin ATA aqueous solutions

The frequency shift for the adsorption of ATA on Au is presented in figs. 1 (the fitted curve is
in red). The curves are obtained inverting the Y axis (-4f vs t). The observed frequency shifts
follow a well-defined exponential behavior, ruled by the Langmuir kinetic model of an
adsorption process. The fit parameters for the Langmuir kinetic model are shown in table 2
as a function of ATA concentration. It can be seen that the experimental data are in very

good agreement (R?) with the fitted model.
Table 2

Langmuir fit parameters as a function of ATA concentration for the system ATA-Au

ATA [mM] R2 K’ km[s]
to[s]
100 0.98 0.98 1.93x10° 26.95
10 0.99 7.82 1.15x10 18.46
1 0.99 28.75 1.61x10° -29.77

The adsorption (ka=5.4x103 M s1) and desorption (ki=1.4x103 s!) constants were obtained

from equation 3, and using these values the equilibrium constant (Keg=3.85) was got. The



free energy of adsorption (4Gads) was calculated (-3.29 kJ mol?), using equation 2; this value

corresponds to a physisorption process [3, 26, 27].

It is reported that in aqueous solution, ATA stablishes a tautomeric equilibrium, which gives
place to an anionic form of ATA [28]. This anionic form is able to react/adsorb through its
terminal nitrogen [28, 29]. In this way, it will create a physical barrier between the

environment and Au surface.

On the other hand, the presence of the ATA molecules on gold probably reduces the amount
of adsorbed water molecules on Au, maintaining the energy excess on gold surface. This
suggestion could explain the measured more noble OCP value on Au in ATA solutions (table

1).
3.2.2. Cuin ATA aqueous solutions

The frequency shifts for the adsorption of ATA on Cu are presented in figs. 2(the fitted curve
is in red) and they present an exponential behavior, according to the Langmuir kinetic
model. The correlation coefficients and the adsorption fit parameters are shown in table 3.

Following the same procedure employed in the ATA-Au system, were obtain the adsorption
Table 3

Langmuir fit parameters as a function of ATA concentration for the system ATA-Cu

ATA [mM] R2 K’ Km[s2]
to[s]
100 0.99 459.82 1.28x10°3 29.58
10 0.99 478.75 2.12x103 50.15

1 0.99 138.87 1.31x10°3 -10.84




(ka=-4x103 M s1) and desorption (ke=1.7x103 s?) constants, the equilibrium constant
(Keqg=2.35) and the calculated adsorption free energy (4Gads=-2.12 kJ mol?), corresponding

to a spontaneous physisorption process.

By comparing the calculated adsorption free energy (AGads) values obtained for each system,
ATA-Au (Table 2) and ATA-Cu (Table 3), it could be considered that ATA is physisorbed in
both metals, with energy values that lie beneath the theoretical chemisorption threshold [3].
In this case of ATA the involved heteroatom is nitrogen, which acts as an anchorage point
between both metals (Cu and Au) and the anionic form of ATA. However, it is not capable of

forming a strong bond with the metal surface.

On the other hand, the frequency shift difference between both metals (figs.1 and 2) is very
high, having a maximum Af of 22.5 Hz for ImM ATA on gold, while the same concentration
for Cu yields a Af of 330 Hz. The higher frequency shift observed on copper (one order of
magnitude) could be attributed to the initial stages of corrosion on copper surface given that
the OCP value (Table 1) turns to a more negative value (AOCP=181.1 mV) compared to Au. It
could be concluded that ATA has a negative effect on Cu, instead of protecting it. We assume
that the ATA film acts as some kind of electron transfer mediator between Cu and the

solution.

Azoles have been studied employing several techniques, which confirm that these
compounds have a high affinity for noble metals, because of the highly electronegative

heteroatoms (S, N, O, etc...) present in their structure [6, 30, 31]
3.2.3. Auand Cu in 2MBT aqueous solutions

The results concerning the adsorption of 2MBT on Au and Cu had been published elsewhere
[3, 27]. The obtained adsorption energies correspond to spontaneous physisorption
processes with reported values of -8.11 kJ mol? and -5.59 kJ mol?, respectively. In those
works, was proposed that the adsorption of 2MBToccurs through the terminal exo-sulphur
of the anionic form of 2MBT, which is exposed once the tautomeric equilibrium is

established. It is well known that sulphur presents a high affinity for gold [32-34] and this is



why the energy adsorption of 2MBT on gold (-8.11 kJ mol?) is higher than on copper (-5.59

k) mol?).

The measured OCP of Au, Cu and Au-Cu (table 1), revealed that in the presence of the
inhibitor 2MBT there is a shift to more negative values than those recorded in NaCl solution.

The most significant change is observed on copper having his average OCP displaced by 131

mV.
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Figure 1. Frequency shift for the adsorption Figure 2. Frequency shift for the adsorption

of ATA on Au from 1mM, 10mM and 100mM  of ATA on Cu from 1mM, 10mM and 100mM

aqueous solution aqueous solution



3.3. SVET surface analysis

All SVET maps are carried out using the manufactured Au and Cu electrodes, described in the
experimental part, with 500 um and 125 um of diameter respectively, in the case of the pair

the separation between both metals is approximately 1.8 mm.
3.3.1. Current density maps in absence of corrosion inhibitors
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Figure 3. Current density maps for Au in 1mM NacCl at 6 min (a), 30 min (b) and 60 min (c).

Figure 3, presents the current density maps for naked Au in 1 mM NaCl, we can see that gold
surface can’t be resolved which can be explained by low reactivity of gold in NaCl solution.
The current density range remains very stable during the scan of the sample, oscillating

between -0.5 and 0.5 pA cm™.



3.3.1.2. Cusample
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Figure 4. Current density maps for Cu in 1mM NacCl at 6 min (a), 30 min (b) and 60 min (c).

The current density maps of naked copper are presented in figure 4, the scan shows very low
electrochemical activity in 1 mM NaCl with his current density range oscillating between -0.5
and 0.3 pA cm™. The low activity could be due to the passivation of copper, leaving ionic flux

in solution as the only source of electrochemical activity.



3.3.1.3. Au-Cusample
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Figure 5. Current density maps for Au-Cu pair in 1mM NacCl at 6 min (a), 30 min (b) and 60 min (c).

Figure 5 presents the scans of the Au-Cu pair in ImM NadCl, in this case it is possible to
resolve both metals, which is to be expected since the electrical coupling between both
metals forces the anodic behavior on copper and the cathodic behavior on gold. Current
density range remains fairly stable with a maximum range oscillating between -2 and 2 pA

cm2.



3.3.2. Current density maps in presence of corrosion inhibitors

3.3.2.1. Ausample treated with ATA
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Figure 6. Current density maps for Au treated with 1 mM ATA in 1 mM NacCl at 6 min (a), 30 min (b)

and 60 min (c).

Figure 6 presents the current density maps of Au treated with ATA 1mM for 60 minutes, if
we compare these results to the current density maps of Figure 7, we can see that the
behavior of both systems is very similar, gold surface can’t be resolved in presence or
absence of ATA and the current density range is practically the same. The detected

electrochemical activity is almost certainly due to ionic flux in the bulk of the solution.

If we look at the OCP values for each system in table 1, we can see that the difference
between them is only 33.7 mV and therefore we can expect a very similar electrochemical

behavior. The fact that the presence of ATA on gold turns the OCP to more positive values,



will lead us to believe that he electrochemical activity on treated Au will be lower than the
one found in non-treated gold, if we put our attention towards the current density range, on
each system, we can see that it there is practically no difference between treated and non-

treated gold.

Furthermore, the EQCM measurements show that the frequency variation of ATA adsorbing
on Au is very low, 22.5 Hz (Fig. 1), implying that only a small number of ATA molecules are
present during the SVET scan, since this kind of inhibitor operates forming a physical barrier
between the electrolyte and the aggressive environment any possible contribution by ATA to

the protection of gold will be very small.

3.3.2.2. Ausample treated with 2MBT
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Figure 7. Current density maps for Au treated with 1 mM 2MBT in 1 mM NacCl at 6 min (a), 30 min
(b) and 60 min (c).



The current density maps of the Au-2MBT system are presented in Figure 7. Contrary to
what was observed in previous cases (Figs. 4 and 6), it is possible to resolve gold’s surface in
the first 6 minutes of the scan, Fig. 7a shows clearly a high anodic activity localized on Au
surface. Also, the current density range is considerably higher when compared to all
previous cases (Figs. 4, 5 and 6) going from -1.75 to 20 uA cm™. From the current density
range we can see that, at the beginning of the scan (6 minutes, fig. 7a), the main
contribution is of anodic nature could be attributed to the tautomeric equilibrium of 2MBT,
which implies the deprotonation of the molecule [35], this stage of the tautomeric

equilibrium is what SVET is detecting as anodic activity.

Given that ATA is also a tautomer, we might wonder why we don’t see the same effect on
gold (Fig. 6). And the answer could be that when ATA adsorbs on Au surface it forms a
monolayer film, while 2MBT forms a multilayer film which will be less stable and more prone
to molecular detachment. Since the calculated free adsorption energy of ATA on Au (-3.29 kJ
mol?) is lower than the adsorption energy of 2MBT on Au (-8.11 kJ mol?) we can expect to
have more 2MBT molecules than ATA molecules, a fact that is supported by the EQCM
frequency variation measurements which show that the frequency variation of ATA
adsorbing on gold is much lower than the one observed in 2MBT adsorption on gold
[27].These additional 2MBT molecules could detach from the multilayer film and, once in
aqueous solution, resume their tautomeric equilibrium deprotonating and appearing in the
SVET scan as anodic activity. So, as these detached molecules spread in the bulk of the
solution we lose the initial surface resolution, because there is no more localized-
deprotonation on top of Au surface. As a result of this homogenization of electrochemical
activity, the current density range decreases although it maintains a wider range than the

ohe observed in naked and ATA treated Au.

The OCP values for this system (Table 1) also indicate that 2MBT has a negative effect,
pushing the OCP to more negative values. However, this result could not be due to an
accelerated corrosion process, but the tautomeric equilibrium described above. In this way,

2MBT will act as a multi-mechanism inhibitor, forming a multilayer physical barrier and also



interacting with the electrolyte by detaching the outermost molecules and probably forming

compounds with the electroactive species present in solution.

3.3.2.3. Cusample treated with ATA
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Figure 8. Current density maps for Cu treated with 1 mM ATA in 1 mM NacCl at 6 min (a), 30 min (b)
and 60 min (c).

Figure 8, presents the current density distribution on the copper sample treated with 1ImM
ATA. It can be seen that there are very well defined anodic and cathodic areas on Cu surface
and the current density range is one order of magnitude higher than the one found on naked
Cu (Fig. 4). The presence of ATA increases considerably the electrochemical activity, enabling
the resolution of copper surface and increasing the current density range to a maximum of

-20to 7 uAcm,

From the OCP measurements (Table 1), we can see that the ATA treatment makes the OCP

more negative by 10.5 mV, as discussed before, this effect could be due to ATA working as



an electron transfer mediator between the metallic surface and the solution or because of
chemical interaction between ATA and Cu, given that ATA adsorption energy on copper falls
beneath the chemisorption threshold, and thus is unable to chemically interact with Cu, we

suppose that ATA works as an electron transfer facilitator once adsorbed on Cu.

Also, the EQCM measurements show a higher frequency shift for ATA on Cu (Fig. 2) than for
ATA on Au (Fig. 1), the adsorption of ATA on gold has a maximum frequency variation of 22.5
Hz for ImM ATA while the same concentration on Cu has a Af of 330 Hz. This implies that the
amount of adsorbed mass on Cu is also one order of magnitude higher than the mass
adsorbed on Au, under this scenario it is very possible that ATA is able to form a monolayer
over Cu that will facilitate electron migration from the metal to the solution. Given that the
monolayer, ideally, covers the entire copper surface the presence of ATA will enable SVET to

resolve Cu surface with high detail.

3.3.2.4. Cusample treated with 2MBT
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Figure 9. Current density maps for Cu treated with 1 mM 2MBT in 1 mM NaCl at 6 min (a), 30 min
(b) and 60 min (c).

The Cu-2MBT system is presented in figure 9, as we can see the Cu surface treated with
2MBT is visible in the first 6 minutes of the scan but eventually disappears, considering that
the electrode diameter is of 125 um and that the electrochemical activity observed after 6
minutes is outside the area of the electrode, at 30 minutes. The ability to resolve Cu surface
could be due to the presence of adsorbed 2MBT on Cu that is electrochemically interacting

with the electrolyte.

It is worth noticing, that the current density range for the treated sample is considerably
lower than the one found in the non-treated sample since after 30 minutes falls within the
base cero color used in the color map. At this point, the current density range is one order of

magnitude lower and remains, basically, the same for the rest of the scan.

This result supports the idea that the OCP displacement to more negative values only
corresponds to the protonation/deprotonation process that takes place in the tautomeric

equilibrium of 2MBT in aqueous solution and not the metal being attacked by the inhibitor.

The adsorption energy and frequency variation of 2MBT on Cu [3] is lower than 2MBT on Au
[27], this differs significantly from what was observed with ATA on Cu and Au but is expected
since thiazole compounds have higher affinity for gold than azole compounds. Therefore,
2MBT molecules will find more suitable active sites on gold than on copper giving place to a
thicker film. The higher adsorption energy also adds stability to the film, favoring the
formation of a multilayer structure on gold that can survive the ethanol rinsing previous to
SVET measurement, while copper may not be capable to provide a god substrate for the

formation of a multilayer 2MBT film.

In this way there will be less 2MBT molecules capable of resuming their tautomeric
equilibrium once in aqueous NaCl solution and therefore we can’t see the anodic activity
present in 2MBT treated Au. Also, the OCP value of the 2MBT-Cu system is considerably
more negative than the NaCl-Cu and 2MBT-Au systems, this could be due to the presence of
a higher number of 2MBT molecules present in the bulk of the solution, given that Cu is not

capable of adsorb as many molecules as gold can, in this way the amount of molecules



protonating and deprotonating in the 2MBT-Cu system is considerably higher and gets

translated as a more negative OCP value.

3.3.2.5. Au-Cu sample treated with ATA
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Figure 10. Current density maps for Au-Cu pair treated with 1 mM ATA in 1 mM NaCl at 6 min (a),
30 min (b) and 60 min (c).
The current density maps of Au-Cu ATA treated pair are presented in Figure 10, in a similar
fashion to what was observed in the naked Au-Cu pair it is possible to resolve both metallic
surfaces, with the all of the anodic activity concentrating in Cu surface and gold behaving

exclusively as a cathode.

What's interesting to notice is the fact that the current density range increases when the
sample has been treated with ATA. The naked sample has a maximum anodic current of 2.2
HA cm and a maximum cathodic current of -2 pA cm™ while the treated sample presents a

maximum anodic current of 6.3 pA cm™ and a maximum cathodic current of -2.3 pA cm™.



Since the greater change occurs in the anodic current, it is reasonable to say that ATA is

facilitating the electron transfer between the metal, in this case copper, and the solution.

There is also a large non-zero region between both metals which electrochemical activity lies
between 0 and 1 pA cm?, given that this zone is composed by resin, which is non-

conductive, we can attribute this electrochemical activity to ionic flux in the solution.

The presence of ATA turns the OCP of the Au-Cu pair to more positive values (Table 1)
compared to the one registered in 1mM NaCl, this will lead us to believe that Ata is
protecting the pair. However, as we can see from the current density maps, this is not the
case; on the contrary ATA increases the current density range accelerating both the anodic

and cathodic processes.

3.3.2.6.  Au-Cu sample treated with 2MBT
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Figure 11. Current density maps for Au-Cu pair treated with 1 mM 2MBT in 1 mM NacCl at 6 min (a),
30 min (b) and 60 min (c).



Figure 11 presents the current density maps of the Au-Cu galvanic pair treated with 2MBT,
as we can see the behavior of the galvanic pair is very different when is treated with 2MBT,
in fact the presence of 2MBT lowers the current density range, setting the anodic maximum
at 0.55 pA cm and the cathodic maximum at -0.53 pA cm and also makes impossible to

resolve the metallic surfaces.

Initially it is possible to partially resolve Cu surface however, after 30 minutes, all
electrochemical activity corresponds to ionic flux in solution, which renders the resolution of

both metallic surfaces impossible.

The electrochemical activity observed in the treated Au-Cu pair is very similar to the one
observed in naked Cu and Au samples, as discussed before, in the case of gold is due to the
low reactivity in NaCl solution and in the case of Cu is because of the formation of a

protective corrosion product layer.

However, in this case neither of both explanations is applicable, because of the electric
coupling both metals are forced to act as cathode, in the case of gold, and as anode, in the
case of copper. Therefore, the only possible explanation is the presence of an insulating
element that is preventing the electrolyte form interacting with the metal surface, that

insulating element will be the film of adsorbed 2MBT present in both metals.

It’s worth noticing that Cu initially behaves like an anode but reduces is electrochemical
activity to almost cero, this could be due to 2MBT molecules being desorbed and resuming
their tautomeric equilibrium in a very similar fashion to what’s observed in the case of 2MBT

treated Au.

The presence of 2MBT makes the OCP of the Au-Cu pair more negative (Table 1) but, as has
been suggested previously, this could be due to the adsorption process itself and the

tautomeric equilibrium established by 2MBT in aqueous solution.
4. Conclusions

The presence of ATA and 2MBT on copper and gold samples modifies the OCP of both
metals. In the case of ATA the OCP for gold is turned to a more positive value (AOCP=33.7

mV) than the one registered in NaCl, while copper becomes slightly more negative



(AOCP=-10.5 mV), 2MBT makes the OCP of gold more negative (AOCP=-57.7 mV), while
copper becomes considerably more negative (AOCP=-131 mV). At the light of OCP
measurements it could seem that these compounds are not good copper corrosion inhibitors
since both of them turn the OCP, of the metal they are intended to protect, to more

negative values.

Furthermore, the energy calculations obtained with the EQCM show that both inhibitors are
physisorbed on both metals, given that the main protection mechanism attributed to organic
inhibitors is the formation of physical barrier between the aggressive media and the metal,
the fact that they are not chemisorbed means that their adhesion to the surface is not very
strong and therefore the efficiency of the adsorbed film as a physical barrier is

compromised.

However, the current density maps obtained by SVET show that, at least in the case of
2MBT, there is a significant reduction in the current density range for the Cu treated sample,
for Au there is an increase in current density on the treated sample nonetheless this can be
attributed to the tautomeric equilibrium of 2MBT, the galvanic pair has a similar behavior to

the one observed in copper reducing considerably the current density range.

On the contrary, ATA has no effect on the gold sample presenting no variations in the
current density of the system, in the case of copper it increases the current density range
and facilitates the resolution of the metallic surface showing anodic and cathodic areas on
the sample, a clear indication of an accelerated corrosion process, a similar behavior can be
observed in the ATA treated galvanic pair, with an increased current density range and

better sample resolution.

Considering the obtained results, we can conclude that although the OCP and EQCM
measurements do not point to these compounds (ATA and 2MBT) as good corrosion
inhibitors the SVET scans tell a different history in the case of 2MBT, showing that this
compound is capable of reducing significantly the current density range of Cu and Au-Cu

treated samples. However, ATA acts as an electron transfer mediator for Cu and Au-Cu



samples, increasing the current density range and facilitating the resolution of the sample’s

surface and acting, in this way, as corrosion catalyst rather than a corrosion inhibitor.
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