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Abstract 

Scanning electrochemical microscopy was employed to characterize the local surface activity of an 

AA2024-T3 coated with sol-gel. Corrosion inhibitors were added to the sol-gel either as soluble 

chemical species, namely 1,2,3-benzotriazole, Na-(diethyl(dithiocarbamate)), and piperazine, or 

using Ce(III)-montmorillonite containers. The Scanning electrochemical microscopy was operated in 

the feedback mode by using ferrocene-methanol as redox mediator. This experimental procedure 

allowed evaluation of the coating behaviour in damaged and non-damaged areas from the analysis of 

Z-approach curves and 2D maps. The results evidence differences in the local electrochemical 

activity of the modified coatings that correlate well with averaging electrochemical measurements 

using electrochemical impedance spectroscopy. 

 

Keywords: Aluminium Alloy; Interfaces; Polymer coatings; Scanning electrochemical microscopy; 

EIS. 
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1. Introduction 

Aluminium alloys from the 2xxx series, which contains copper and magnesium as main 

alloying elements, are widely used in the aerospace industry due to their low density and good 

mechanical properties [1]. However, these materials lack sufficient corrosion resistance in aggressive 

saline environments because of the inherent inhomogeneous distribution of the intermetallic particles 

across the surface [2,3]. In order to protect these alloys against corrosion, the sol-gel technology has 

been investigated as a potential alternative to chromium-based protection methods, due to low 

temperature processing, tailored design, and formation of dense and homogenous Cr(VI)-free-

coatings [4-6].  

There are several organo-inorganic hybrid materials, such as 

γ-methacryloxypropyltrimethoxysilane (MAPTMS) and tetramethylorthosilicate (TMOS), which 

have been employed as precursors for sol-gel coatings applied on aluminium alloys [7]. The sol-gel 

technology creates a network that can accommodate different substances that may effectively 

improve the corrosion protection performance of materials. On the basis of the corrosion protection 

effect exerted by these substances added to the sol-gel coating, we can distinguish between inhibitors 

and cross-linking agents. A range of compounds has been proved to inhibit corrosion on aluminium 

alloys in chloride containing electrolytes, including benzotriazole (BTZ) and 

Na-(diethyl(dithiocarbamate)) (DDCT), but they have not yet been characterized when added into a 

sol-gel matrix [8]. On the other hand, piperazine (PIP) has been regarded to be an effective cross-

linking promoter for sol-gel treatments when added to the aqueous solution. This effect is due to the 

creation of a 3D network that acts as a physical barrier, thus hindering corrosion reactions [9]. 

Furthermore, several cerium-based compounds have also been reported to exhibit inhibitor properties 

against electrochemical corrosion [10-12]. 

Sol-gel coatings on metallic substrates are often characterized by Electrochemical Impedance 

Spectroscopy (EIS) in order to quantify their barrier properties in an aggressive electrolyte.  [13,14]. 

Yet, aluminium alloys are well-known to suffer from localized corrosion in aggressive saline 

environment [2,3], whereas EIS provides only general information because it averages the current 

response originated from the complete exposed surface. Therefore, this technique does not 

adequately resolve local effects contributing to the mechanism of the corrosion process. For that 

purpose, the Scanning Electrochemical Microscopy (SECM) technique, which makes use of an 

ultramicroelectrode (UME) to raster the substrate in a given electrolyte [15], is regarded suitable 

because it allows acquisition of spatially-resolved electrochemical information in close vicinity of a 

heterogeneous electroactive surface. The characterization of corroding surfaces with the 
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conventional amperometric operation modes of the SECM involves the analysis and evaluation of 

the redox reactions that an electrochemically active species, present in the diffusion layer of the 

liquid-solid interface in the substrate surface, may undergo either at the UME or at the 

(in)homogeneous substrate. These species may (heterogeneously) originate from the substrate, or be 

(un)intentionally added to the test solution, and their concentration can experience changes due to 

either diffusion in the electrolyte or electrochemical interaction with the UME and the substrate. 

SECM has been successfully employed to monitor the formation of inhibitor films on reactive metals 

[16-22], the degradation mechanisms of organic films [23-29] and surface coatings applied on 

different metals [30-34], and the detection of the electrochemical reactions occurring at defects of 

coated metals [35-38]. 

The strategy investigated here is to encapsulate different substances with potential activity to 

enhance the corrosion protection of sol-gel coatings applied on 2024-T3 aluminium alloy. The 

investigated additives are: (1) an inhibitor substance (BTZ and DDTC), (2) a cross-linking agent 

(PIP), and (3) a substance that is expected to operate with both corrosion protection mechanisms, 

namely a Ce(III)-montmorillonite (CeMMT). The differences between the four coatings and the 

influence of the various substances encapsulated into the sol-gel coatings was studied by SECM, and 

results were compared with the spatially-resolved results obtained using EIS. In this paper we 

demonstrate that this multiscale electrochemical characterization procedure assists to screen 

differences in the corrosion resistance of the different sol-gel coatings, and can be employed to 

determine the most efficient treatment to enhance the corrosion protection of the 2024-T3 aluminium 

alloy. 

 

2. Experimental 

2.1 Materials and sample preparation 

The metallic substrates were panels of 2024-T3 aluminium alloy of thickness 3 mm. The 

panels were ground with silicon carbide paper of 1000 grit, and then polished using an alumina 

suspension in ultrapure deionised water and finished with a 3 µm alumina paste. Finally, the panels 

were cleaned with acetone in an ultrasonic bath. 

Sols were prepared starting from a mixture of 4 mol of 

γ-methacryloxypropyltrimethoxysilane (MAPTMS, 98% from Aldrich) and 1 mol of 

tetramethylorthosilicate (TMOS, 98% from Fluka). Ethanol and water were added with the molar 

ratio silane/ethanol/water 1/3/3 [39]. A solution without phase separation and completely hydrolysed 

was obtained after 4 hours as described elsewhere [39]. After the hydrolysis, the sol solution was 
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placed in an oven at 60 ºC for 2 h until the viscosity of the solution was such that it was adequate to 

coat the aluminium panels by dip-coating. A viscosity of 10-2 Pa s is required to properly cover the 

aluminium parts with the sol-gel product.  

Thirteen different sol-gel coatings were produced as listed in Table 1. All the species were 

mixed after the hydrolysis step and stirred for 5 min. Benzotriazole (BTZ), Na-

(diethyl(ditiocarbamate)) (DDTC), and piperazine (PIP) were used as received from Aldrich 

Chemical. Ce(III)–montmorillonite (Ce-MMT) was prepared through an ion-exchange reaction, as it 

is described elsewhere [40]. Depending on the amount of inhibitor employed in the additions, the 

treated samples were classified as Low (LQ), Medium (MQ) and High (HQ) inhibitor content, 

respectively. Immediately after stirring the sol-gel mixed with the corresponding compound, the 

protective layer was applied to the samples simply by dipping them into the solutions for 100 s, 

followed with a withdrawal stage with a speed of 100 mm min-1. After coating application, the 

samples were dried at room temperature for 30 min, followed by thermal treatment at 120 °C for 2 h 

inside an oven. 

 

2.2 Instruments 

Electrochemical impedance spectroscopy (EIS) measurements were performed in the 

conventional three-electrode cell arrangement, using an Ag/AgCl/KCl (3M) electrode as reference 

(E0 = +0. 210 V vs. NHE), and a platinum wire as counter electrode. A surface area of 0.63 cm2 of 

the working electrode was exposed to the test electrolyte. Impedance spectra were recorded using an 

Autolab PGSTAT302N potentiostat/galvanostat (Ecochemie, Utrecht, The Netherlands). The cell 

was placed in a Faraday cage to avoid external interferences from electromagnetic fields and 

wandering currents. Upon immersion in naturally-aerated 0.05 M NaCl solution at ambient 

temperature (20.5 ºC ± 2 ºC), the samples were left unpolarized for 1 h to spontaneously attain a 

stable Open Circuit Potential (OCP) in the test solution. Impedance measurements were subsequently 

performed at regular intervals for 72 h using an AC amplitude of 10 mV with respect to OCP, and a 

frequency scan ranging from 10 kHz to 10 mHz, the values spaced logarithmically with 10 points per 

decade. OCP was recorded for 10 minutes before and after each impedance measurement in order to 

monitor the stability of the coatings. EIS data were fitted and analyzed in terms of equivalent circuits 

(EC) using ZView software (Scribner Associates, Charlottesville, VA, USA) to obtain the relevant 

impedance parameters.  

SECM experiments were carried out using a scanning electrochemical microscope built by 

Sensolytics (Bochum, Germany). Platinum ultramicroelectrodes (UME) were fabricated by sealing a 
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12.5 µm Pt wire in a glass capillary (inner diameter 1.125 mm, outer diameter 1.5 mm) pulled at the 

end [41]. This resulted in electrodes with a 12.5 µm diameter Pt microdisc insulated in glass. 

Electrodes were polished with 0.3 µm alumina water suspension prior to measurements in order to 

remove any fouling. SECM experiments were conducted in the three-electrode configuration with 

the Pt UME connected as working electrode, an Ag/AgCl/KCl (3M) as reference electrode, and a 

platinum ring as counter-electrode. The applied tip potential (+0.5 V vs. Ag/AgCl/KCl (3M)) 

corresponds to the oxidation of this complex to its ferrocenium form under diffusion-controlled 

conditions. 

The as-prepared aluminium samples were mounted facing up in the SECM setup by using a 

sandwich-type cell, with a 2 cm diameter o-ring limiting the total exposed area. As an experimental 

procedure, the surface of the sample was first externally polarized at -1.4 V vs. Ag/AgCl/KCl (3M) 

in a 5 mM NaCl solution for 30 min inside the cell. After this polarization step, the electrolyte was 

removed and the sample was repositioned in the electrochemical cell in a way that both a portion of 

the pre-polarized surface region and a portion of the unmodified surface could be simultaneously 

exposed to 5 mM NaCl + 0.5 mM ferrocenemethanol, the latter employed as redox mediator. In this 

way, differences in the electrochemical reactivity of the surface between prior polarized and non-

polarized surface regions could be detected by SECM operated in the feedback-mode. By recording 

the current measured at the Pt probe as it approached the surface (i.e., Z-approach curves, PAC), two 

over each of the regions defined on the surface of the material, the substrate-coating systems could 

be tested by comparing the behaviours obtained over non- and previously-polarized areas. The 

curves were recorded at constant approximation rate of 1 µm s-1, starting from the bulk of the 

solution. Tip-current values in this work have been normalized by dividing them by the measured 

limiting current, It,∞. The tip was approached towards the surface until the negative feedback effect 

was affected by the unavoidable imperfect planar geometry of the insulating glass surrounding the 

microdisc, which contacts the surface and therefore prevents the metallic microdisc might reach 

smaller tip-substrate distances. This situation was evidenced by a change in the slope (turning point) 

after which the tip current barely decreases while the SECM motor is still moving and pushing the 

probe down towards the sample. This point was taken as Z = 0, and distances relative to this point 

were used for plotting.  

 

3 Results and discussion 

The barrier properties provided to 2024-T3 aluminium alloy by applying sol-gel protective 

coatings with different loads of inhibitors was investigated using both conventional averaging 
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electrochemical techniques, namely electrochemical impedance spectroscopy (EIS), and the scanning 

electrochemical microscope (SECM). Characterization was performed by immersing the samples in 

naturally-aerated aqueous solution containing NaCl, without the application of any external 

polarization to them, thus effectively at their corresponding open circuit potential (OCP). Whereas 

EIS data provide an averaging description of the exposed surface, SECM provides spatially-resolved 

information on any eventual chemical heterogeneity present on the surface while operated in the 

feedback mode using ferrocene-methanol as redox mediator. The latter could originate from the 

actual sol-gel coating process and it was imaged as 2D maps, or by originating two different regions 

on a given sample by the operator, that could be distinguished from recording Z-approach curves. 

 

3.1 Electrochemical characterization: barrier properties 

Information on the barrier properties of sol-gel coated 2024-T3 aluminium alloy was derived 

from electrochemical impedance spectra recorded at their corresponding open circuit potential (OCP) 

after 72 hour immersion in 0.05 M NaCl solution. Both non-doped (taken as control), and the doped 

coatings of various compositions listed in Table 1, were characterized in this way. The stability of 

the OCP during the measurements was established by monitoring their time evolution up to 72 hours 

exposure, and they are given in Table 2. Differences between the starting and final OCP values 

remained smaller than 50 mV in all cases. 

The control coating was first considered in order to take it as reference. The EIS data of the 

control coating are depicted in Figure 1 in the form of Nyquist (complex versus real components of 

the impedance) and Bode (impedance modulus and phase angle versus frequency) plots. Two time 

constants are observed in the spectrum, and they could be satisfactorily fitted using the equivalent 

circuit shown in Figure 2A, which describes the barrier characteristics of an unsealed 

inhomogeneous film [42]. It assumes that the corrosion resistance of the material is provided by a 

bilayer barrier film composed by a thin internal layer of native oxide, and an unsealed outer layer due 

to the silane contribution, in agreement with previous reports [43-46]. The following elements are 

considered: Rs represents the uncompensated resistance of the test electrolyte; the high frequency 

time constant, Rf Cf is associated to the barrier characteristics of the silane film, whereas the time 

constant at lower frequencies, Ro Co corresponds to the pore resistance and the capacitance of the 

oxide/hydroxide alumina film. A finite element Warburg (W) was added in order to account for a 

diffusional process. The good agreement between fitted and measured data is shown in Figure 1, 

with a chi-square value smaller than 10-3.  
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A constant phase element (CPE) was employed to take into account the intrinsic 

inhomogeneities of the oxidized metal surface, and they are described by: 

nCPE jY
Z

)(
1

0
)( ω
=                                   (1) 

where ω is the angular frequency and Y0 is a constant, and the value of the exponent n indicates the 

deviation from ideal capacitive behaviour (e.g., when n = 1). From the CPE parameters, capacitance 

values were derived using [47]:  

( ) nnQRC
11−=                                             (2) 

Accordingly, the calculated value of the capacitance of the silane film is Cf = 1.62 µF cm-2. This 

value allows the film thickness to be estimated assuming the parallel plate capacitance 

approximation: 

d
C f

0εε
=        (3) 

where ε0 = 8.85×10-10 F cm-1; ε is the permittivity of the coating, which is assumed to be 2 [48]; and 

d is the thickness of the coating. This calculation gave 10.9 µm for the coating thickness, which is 

bigger than the values previously determined from cross-section SEM images when this sol-gel 

coating system was applied on Mg-Al alloys instead [7]. However, this value is in good agreement 

with the thickness determined with a cross section of each material by Scanning Electrochemical 

Microscopy (SEM). The thickness ranged from 7 to 15 µm. Figure 3 shows the cross section of the 

control coating as representative for all the coatings prepared. On the other hand, it must also be 

noticed that the film resistance of the inhibitor-free coating is rather poor (cf. Table 2), which is 

critical regarding the anticorrosive properties of the coated 2024-T3 aluminium alloy. 

Modification of corrosion protective characteristics of sol-gel coated 2024-T3 alloy with 

additions of benzotriazole (BTZ), Na-(diethyl(dithiocarbamate)) (DDTC), piperazine (PIP) and 

Ce(III)-montmorillonite (CeMMT) was investigated by EIS, and the obtained impedance spectra are 

given in Figure 4. Therefore, it can be regarded that the electrochemical behaviour of the modified 

sol-gel coatings is mainly determined by the silane layer itself. Yet, some distinctive features must be 

taken into account, namely (1) the occurrence of higher resistance values in high and low frequency 

limits of the Bode-magnitude diagrams, which are greatly affected by the nature and concentration of 

the additions to the sol-gel; and (2) the shift of the frequency at which the maximum phase angle is 

observed at intermediate frequencies, in most cases towards smaller frequency values except for 

benzotriazole. Therefore, the various additions to the sol-gel provide some increased corrosion 

resistance to the coated 2024-T3 aluminium alloy, though to a different extent. From a cursory 
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inspection of both Nyquist and Bode diagrams it can be observed three different behaviours. (1) 

Coatings modified with BTZ, DDTC, CeMMT-LQ and CeMMT-MQ presented a very similar shape 

to the one obtained with the control (inhibitor-free coating). Two time constants are found again for 

all these systems, and therefore impedance analysis can be performed using the equivalent circuit 

displayed in Figure 2A to obtain the parameters listed in Table 2. (2) Coatings modified with 

CeMMT-HQ, PIP-LQ and PIP-MQ presented also two time constants but their maximum angle and 

their impedance modulus in Bode plots shifted to lower frequencies and higher values, respectively. 

Hence, these coating showed better barrier properties in comparison with the first set of coatings. For 

the second set of coatings a similar equivalent circuit was used but a CPE was used at medium-high 

frequencies instead of a capacitor (Figure 2B). And, (3) the coating modified with high quantities of 

PIP is less satisfactorily described by the equivalent circuits previously proposed because an 

additional third time constant would be expected from the inspection of the corresponding Bode plot 

(Figure 4L). That is, additional impedance parameters R3 and C3 would be required to improve the 

fit quality. Though the introduction of a third constant to model the impedance spectra for sol-gel 

coatings applied on aluminium can be already found in the literature, this new time constant has been 

exclusively attributed to two alternate sources, namely (1) the development of large pores through 

the coating, resulting in more porous and less protective films [49-51], and (2) the effect of 

immersion time in the test environment, leading to coating degradation and the onset of the corrosion 

process at the buried metal, sometimes accompanied by eventual precipitation of corrosion products 

[52-54]. In both situations, less resistant coatings were thus found. But the opposite situation is 

observed in our case, because the PIP-HQ system exhibits the highest corrosion resistance among the 

tested doped and undoped silane coated aluminium alloys as it is readily observable from the 

inspection of the corresponding Nyquist and Bode plots given in Figures 1 and 4. Therefore, an 

alternate interpretation must be provided to justify the occurrence of a third time constant in the 

impedance spectra for this system, but it would require to consider this silane coating to be actually 

constituted by a bilayer, analogously to the behaviour of TiO2 coatings prepared by sol-gel method 

[55]. Accordingly, the pair of Rf and Cf denote exclusively the resistance and capacitance of the inner 

silane coating, whereas R3 and C3 are the resistance and the capacitance of the outer porous silane 

coating. Unfortunately, though the bilayer structure of TiO2 layers has been convincingly 

demonstrated using a combination of electrochemical and surface characterization techniques 

[56,57], no similar evidences are currently available in the case of a silane layer, and therefore a 

three-time constants model should not be adopted at this stage exclusively on the basis of a smaller 

chi-square value. From the foregoing, differences in the corrosion resistance of the modified coatings 
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from electrochemical impedance data has been preformed in terms of the equivalent circuit depicted 

in Figure 2B, as to determine the relative efficiencies of each treatment. 

Addition of benzotriazole to the silane layer produces a weak effect on the corrosion 

protection characteristics of the coated aluminium alloy. In fact, the characteristics of the oxide/metal 

interface remain almost invariant compared to those determined for the undoped coating, as 

evidenced by the similar values of the pore resistance Ro and the capacitance Co of the 

oxide/hydroxide alumina film, and the finite element Warburg (W). Therefore, the enhanced 

corrosion protection due to benzotriazole additions originates (almost) exclusively from the 

modification of the electrochemical response of the silane layer. The weak inhibitive effect shown by 

the small increase of the film resistance, Rf, evidences the formation of a more dielectric barrier film, 

that is evidenced by a decrease of one order of magnitude of the film capacitance. In this case, the 

reported corrosion protection characteristics induced by the addition of benzotriazole are found to be 

practically independent of the amount of compound added into the sol-gel procedure.  

A greater enhancement of the corrosion protection skills of the silane layer was observed 

when Na-(diethyl(dithiocarbamate)) was added as inhibitor. In this case, the impedance parameters 

are found to depend strongly on the concentration of the inhibitor, the effect being especially 

noticeable on the film resistance, whereas the capacitance values remain in the same order of those 

produced in the presence of BTZ. By adding high quantities of DDTC to the sol-gel, the impedance 

response obtained was one order of magnitude higher than those obtained with MQ and LQ samples. 

Yet, high DDTC additions are needed to produce sufficient protection enhancement to AA2024-T3 

alloy coated by the sol-gel procedure. 

The highest inhibition efficiency was provided by adding Ce(III)-montmorillonite to the sol-

gel coatings. A two-orders increase of the impedance modulus compared to BTZ- and DDTC-doped 

samples was obtained by adding 5 wt.% CeMMT, whereas rather moderate improvements, similar to 

those previously described for the other two inhibitors, occurred for MQ and LQ. It must be noticed 

that the 2-orders increased in the impedance values of CeMMT-HQ occurs also for both  Rf and Cf. 

Therefore, it may be considered that the dielectric characteristics of the sol-gel coatings are mostly 

determined by the silane layer, and no major changes in the coating thickness are envisaged. 

Conversely, the changes operated by the inhibitor additions mostly influence the conductivity of the 

silane layer, probably by contributing to block the pores present in it, whereas the addition of 

CeMMT additionally modifies the reactivity at the metal/oxide interface, effectively reducing the 

oxidation rate of the alloy. 
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A remarkable corrosion protection was achieved when piperazine was added to the sol-gel 

coating. The addition of this compound to the silane layer originates a 3 orders of magnitude increase 

in the resistance values Rf compared to the control coating. From qualitative inspection of the 

impedance spectra, it was clear that the addition of the PIP resulted in the most protective ability of 

the sol-gel network. But this strong enhancement stems not only from the cross-linking abilities of 

the PIP, evidenced by the increase in the resistance of the system, but also contributes to the 

inhibition of the charge transfer process at the metal/oxide interface, especially at high contents of 

this compound.  

Comparing the silane capacitance Cf and resistance Rf values listed on Table 2 it can be 

observed that the second set of coatings (CeMMT-HQ, PIP-LQ and PIP-MQ) showed a Cf value one 

order of magnitude higher than the first set of coatings. This increase on the Cf value is due to an 

uptake of water, which is closely related to the first stage of a coating degradation. However, their Rf 

values are remarkably high. PIP-MQ reached a value of 2.2×106 Ω cm2, while the value obtained for 

the control coating was of 19 Ω cm2. The authors believe that there exists a degradation of the 

second set of coatings supported by the fact that a CPE was used instead of a capacitor for the silane 

film during the fit. The high Rf values obtained suggest that the inhibitors are being released and their 

activity is making the impedance modulus to increase. Similar behaviour was observed for PIP-HQ 

that presented the highest impedance and film resistance values.  

 

3.2 Scanning electrochemical microscopy characterization: surface reactivity 

The characterization of electrochemically active surfaces by SECM involves monitoring an 

electrochemical current with the UME tip. This faradaic response is originated by the 

electrochemical reaction of an electroactive species either placed in solution or evolving from the 

substrate. In this work, ferrocenemethanol was added to the chloride-containing test solution as 

redox mediator. Ferrocenemethanol, and its corresponding oxidized species, ferrocinium ion, are 

both soluble in the solution. The electrochemical reaction is highly reversible and involves the 

exchange of one electron. By setting the tip potential at +0.50 V vs. Ag/AgCl/KCl (3M), diffusion 

limiting conditions are ensured at the UME during the measurements. In these conditions, the current 

response of the tip when the UME is placed in the bulk solution is described by: 

aCnFDI AAt
*

, 4=∞       (4) 

where DA and CA* are the diffusion coefficient and the bulk concentration of the redox mediator A in 

the bulk electrolyte solution, respectively; n is the number of electrons exchanged in the redox 

reaction, and a is the tip radius. This limiting current value, It,∞, is taken for dividing and normalizing 
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the tip current response when the mediator interacts with the surface. That is, when the 

microelectrode tip is placed near a surface, the hemispherical condition for the diffusion-controlled 

transport of ferrocene-methanol is affected by the latter. That is, hindrance to diffusion should result 

in the presence of an electrochemically-inactive surface that effectively acts as an insulator, and the 

current measured at the tip must decrease with smaller tip-surface distances. This feature is usually 

named negative-feedback. A completely different condition occurs if the geometrically-blocking 

surface can provide the electrons required to regenerate ferrocene. In this case, though hindered 

diffusion still applies, the fast regeneration of the redox mediator at the electron-donor surface 

effectively acts as if an infinite source of electroactive species were placed near the microelectrode 

tip. As result, the faradaic current flowing through the tip increases with respect to the diffusion-

limited value measured in the bulk of the electrolyte. Since electrons must be made available at the 

substrate/electrolyte interface for ferrocinium ions to be electroreduced back to ferrocene, this 

method allows to monitor, with high spatial resolution, either differences in surface conductivity of 

the layers formed on the substrate, that would correlate to chemical heterogeneities in the film, or to 

the presence of pores in which the electrolyte may get in contact with the buried metal surface. In the 

latter case, the metal/electrolyte interfaces originated inside the pores are the locations at which 

electrons would be supplied by the metal to the ferrocinium ion.  

In a first set of experiments, two different regions were produced on the sol-gel coated 

samples by prior modification of a controlled portion of the coated metal surface by electrochemical 

processing. Namely, a cathodic polarization at -1.4 V vs. Ag/AgCl/KCl (3M) in 5 mM NaCl solution 

for 30 min was applied in order to test the adhesion characteristics and stability of the synthesized 

silane films, because at this negative potential the intermediate oxide layer formed on the metal will 

be reduced. As result, the dielectric characteristics of the intermediate alumina layer will disappear as 

electrically-conducting aluminium is obtained. After the cathodic polarization was applied to a 

portion of the surface, Z-approach curves were recorded at various locations arbitrarily chosen from 

each of the two regions developed on the coated metal surface. That is, the tip was approached 

towards sites taken in both the electrochemically-modified and the non-modified regions of the 

sample. Typical Z-approach curves measured at two locations from both regions on the non-doped 

(control) coating are depicted in Figure 5. It is observed that the curves measured over the non-

modified region match the typical negative feedback behaviour expected for an insulating surface 

towards electron transfer. However, surface modification by cathodic polarization in the chloride 

solution resulted in a distinctive behaviour for the normalized current as the tip approaches the 

coated metal. Indeed, though hindered diffusion by an insulating surface dominates the current 
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response at the smallest tip-substrate distances, either the decrease from the bulk value It,∞ is less 

abrupt than over the intact coating, or it even displays an intermediate region where normalized 

currents are somewhat bigger than unity (i.e, tip current values greater than the diffusion-limited 

value described by equation (4). This feature demonstrates the occurrence of a mixed positive-

negative feedback response on the electrochemically-modified material. It arises from the 

electrochemical activation of the surface allowing regeneration of ferrocene-methanol to some 

extent. Thus, the electrochemical treatment produced on the portion of the coated substrate subjected 

to cathodic polarization at -1.4 V vs. Ag/AgCl/AgCl (3M) significantly enhanced the electrical 

conductivity of the material. The effect is more clearly evidenced by comparing the values of the 

normalized currents measured at the distance of closest approach that is taken as Z = 0. Accordingly, 

the values listed in Table 3 allow a semi-quantitative estimation of the conductivity enhancement 

effect produced on the coated sample. The extent of this effect differs between the two sites 

arbitrarily chosen over the modified (pre-activated) region, thus evidencing heterogeneous activation 

of the sample during the electrochemical cathodic treatment. Though galvanic coupling between the 

two metallic areas with distinctive electrochemical behaviour cannot be completely discarded at this 

stage, yet the evidence of a very reproducible behaviour for the non-modified region, whereas there 

are differences between sites on the modified area, leads to the conclusion that electrochemical 

activity must occur at microgalvanic cells distributed along the pre-activated area, clearly more 

conductive in the whole than the unmodified silane coating. 

The same procedure has been employed to characterize the silane coatings modified using 

corrosion inhibitors as shown in Figure 6. They depict the Z-approach curves measured for BTZ- 

and DDTC-containing layers, respectively. In each case, three different inhibitor concentrations were 

added to the sol-gel network, labelled LQ, MQ and HQ. From the inspection of Figures 6A-C, it is 

noted that the addition of BTZ produces the following effects: (1) an increase of the current values 

registered above the locations selected on the unmodified region of the BTZ-doped silane coating, 

resulting in similar responses to those obtained for the pre-activated region of the control sample (see 

Figure 5 for comparison); (2) the Z-approach curves cannot be superimposed in this case, evidencing 

heterogeneous behaviour of the BTZ-modified substrate even prior to the polarization procedure. It 

can thus be envisaged that the addition of BTZ to the sol-gel network may increase the substrate 

conductivity and/or its electron donation ability. This may stem from a less protective film, less 

compact as demonstrated with the EIS averaging measurements. Only the BTZ-HQ specimen seems 

to preserve the insulating characteristics of the silane film prior to the electrochemical modification 

procedure, most probably due to the larger resistance of the oxide layer formed on the metal, Ro, 
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which may be enough to hinder electron exchange with the ferrocenium species when it eventually 

reaches the metal/oxide interface through pores in the silane film. When approaching the SECM tip 

towards the electrochemically-modified region of the BTZ-modified substrates, the current values 

determined at a common relative distance from the substrate taken to be Z = 0 (cf. Table 4), are 

bigger than those measured above the unaltered region of the same sample. With the increase of BTZ 

content in the coating, this conductivity increase is still observed between polarized and non-

polarized regions on the sample, though a direct dependence with BTZ content was not found, 

likewise it happened with EIS data analysis. 

The Z-approach curves recorded on DDTC-modified systems, shown in Figures 6D-F, depict 

Z-approach curves that can be superimposed when registered over the non-polarized region of the 

sample, supporting the expectation of a more homogeneously-distributed surface activity before 

polarization. From the EIS analysis, the most relevant contribution in these systems compared to the 

other inhibitor (BTZ), was the bigger oxide resistance values obtained in the case of DDTC (cf. 

Table 2). Therefore, it can be deduced that, in the case of the addition of purely inhibitive 

compounds to the sol-gel matrix, the corrosion protection characteristics conferred to the coating by 

decreasing its pore distribution seem to be more determinant than the stress caused by the additions 

to the silane network and its adherence to the metal/oxide layer. Besides, polarized and non-polarized 

areas exhibit similar variations of the tip current with normalized distance for LQ and MQ systems, 

thus the polarization was not enough to decrease the sol-gel coating protection and to enhance its 

surface conductivity. Hence, DDTC seemed to play a key role towards corrosion protection when the 

sample experiences potentiostatic attack at low and medium additive ratios. This is in contrast with 

the situation encountered for the HQ system, where the sol-gel barrier apparently becomes partially 

degraded upon polarization with the result that the surface becomes more conductive, resulting in a 

greater contribution of the positive feedback. Indeed, from the minimum current data given in Table 

4, the most insulating response was not obtained with the HQ system, as it might be expected, but for 

the MQ system. Not to avail, the MQ system presented bigger film and oxide capacitances at these 

apparently optimum conditions, while the oxide layer of the HQ system barely presents capacitive 

properties (cf. Table 2). This suggests again that species behaving as pure inhibitors mostly influence 

the surface conductivity and resistivity towards corrosive attack by altering the physicochemical 

characteristics of the silane film.  

The SECM results obtained with the sol-gel coatings modified with Ce(III)-montmorillonite 

are shown in Figure 7A-C. Surprisingly, the most insulating and homogeneous behaviour was 

obtained with the LQ system, which also showed to be the less reactive after cathodic polarization. 
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However, the CeMMT-LQ system exhibited a behaviour very similar to that previously reported for 

BTZ-LQ when performing the EIS measurements, and poorly insulating properties were expected 

instead from SECM experiments. At present we cannot provide a satisfactory explanation for such 

contradictory result, though a chemical interaction between the CeMMT and the redox mediator 

cannot be discarded at this stage. Indeed, Ce(III) is a redox active species that may experience a 

direct charge transfer reaction with the ferrocene/ferrocenium system. In this case, MQ and HQ 

showed slightly higher tip-currents at the distance of closest approach in the Z-approach curves as 

observed in Table 4, and the stability of the sol-gel network was better and more homogeneous in the 

MQ case, as evidenced by the significant current increase seen for the HQ system. Thus, in spite of 

the greater resistance values obtained with the EIS measurements for the highest CeMMT content, 

the coatings does not remain stable after cathodic polarization. 

Finally, the Z-approach curves measured in the case the cross-linking agent piperazine was 

added into the silane layer that are shown in Figure 7D-F, assisted to identify the potential action 

towards corrosion protection of this compound for the protection of AA2024-T3 aluminium alloy. 

Namely, no differences between polarized and non-polarized areas were appreciated for all the tested 

addition ratios, and a high insulating behaviour, which reached the expected values of the non-

polarized area of the control coating, was obtained. This is in agreement with the very high Ro values 

determined from the analysis of the EIS data (cf. Table 2). 

Immediately after completing the described SECM experiments, the coated aluminium alloy 

samples were removed from the solution, and their surface was imaged using an optical microscope 

leading. This led to the observation that all the substrates were clearly damaged other than the PIP-

containing coated samples. In Figure 8 the control sample, and the coatings with the lowest and 

highest insulating characteristics after polarization, respectively BTZ-HQ and PIP-HQ, are 

presented. This visual inspection was in good agreement with the conclusions derived from the 

SECM results; i.e., PIP showed the highest potential activity for corrosion protection of AA2024-T3 

alloy. 

It must be noticed that the Z-approach curves discussed above are the result of the 

electrochemical interaction of the sample with the redox mediator system added to the test 

electrolyte. That is, these plots specifically show the kinetic ability of the material towards the 

electron donation to that species. This effect has already been modelled for Z-approach curves 

measured over conductive substrates in SECM potentiometric operation, and the kinetic rate constant 

of the process can be calculated from comparison of an experimental curve with a set of theoretical 

plots [58]. As a prerequisite, the tip-substrate distance must be precisely known, that is, a Z-approach 
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curve over a surface presenting either null (i.e., insulating surface) or infinite kinetic constant must 

be observed in order to discern the intermediate cases. Unfortunately, this was not the case for all the 

recorded Z-approach curves presented in this work, since even the non-polarized areas showed, in 

most cases, certain degree of heterogeneity which gave rise to the occurrence of a partial positive 

feedback effect. For such estimation, we could only consider the control sample and the three less 

protective systems at the HQ situation, namely BTZ-HQ, DDTC-HQ and CeMMT-HQ. They all 

provide an apparently homogeneous insulating behaviour prior to cathodic polarization, which could 

be considered to be solely dependent on the negative feedback effect (i.e., kinetic constant tends to 

zero). Then, the subsequent cathodic polarization induced the activation of the coated surface 

(producing a finite kinetic constant). Table 5 lists the calculated kinetic constant for these cases as 

determined using the mathematical procedure described in ref. [58], from which similar conclusions 

as those given in the semi-quantitative discussion can be extracted. The BTZ-doped system is again 

regarded to be the less stable system, while the addition of CeMMT provides the higher stability for 

the silane layer, even though lower quantities of CeMMT are apparently sufficient to maintain the 

surface insulating behaviour exclusively on the basis of the SECM Z-approach curves. However, 

care must be taken when considering these estimated values, as there is no guarantee that the non-

polarized surfaces are actually electrically insulating, or rather they may present some degree of 

partial conductivity though homogeneously distributed over the surface.  

In order to gain further insights on the surface activation process produced by applying a 

cathodic polarization to the coated aluminium alloy samples, the HQ systems were subjected to 

SECM area scans. In this way, eventual heterogeneities between the pre-activated and non-modified 

regions produced on the coated samples could be imaged in one experiment, thus aiming to confirm 

the heterogeneous response envisaged by the different trends found in the Z-approach curves. Results 

are given in Figure 9 for the doped silane layers with the highest compound contents (i.e., the HQ 

systems), and with the control sample for comparison purposes. The pre-activated area was always 

located at the left side, although the presence of the boundary between polarized and non-polarized 

regions was not always easily distinguishable from the tip current maps. The control sample delivers 

the lowest tip-current response over the non-modified region and the greatest heterogeneity and 

activity over the polarized area (cf. Figure 9A). This is in accordance with the results given by the Z-

approach curves given in Figure 5, where negative feedback resulted in rather small currents when 

approaching towards the non-polarized areas, and diverse activation rates over the previously 

polarized region.  
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Regarding the pure inhibitor systems, the BTZ-HQ system provides a heterogeneous response 

while scanning both areas, with smaller tip currents than those delivered by DDTC-HQ, that seems 

rather smooth in comparison (cf. Figures 9B and C). This agrees with the previous observation that 

the greater differences between the Z-approach curves registered over polarized and non-polarized 

regions occurred in the case of BTZ-HQ (see Figure 6C), while the polarization in the DDTC-HQ 

system did not induce significant surface activation. Regarding the other two compounds, the 

boundary between pre-activated and non-modified regions is better resolved in the case of the 

CeMMT-HQ system, reflecting a significant electrochemical activation of the surface in the two 

regions, in agreements with the observations derived from the analysis of the Z-approach curves 

(compare Figure 7C with Figure 9D). A more progressive variation between the two regions was 

observed in the SECM scan recorded for the PIP-HQ system (cf. Figure 9E), though smaller tip 

currents were recorded this time, mostly corresponding to a negative feedback effect. This, in 

conjunction with the impedance results, reflects the more insulating characteristics and greater 

stability of the piperazine-containing silane layer compared to the other systems thus resulting in a 

more protective sol-gel modified network. The more insulating characteristics of the PIP layers 

might account for the observation of a third time constant in the impedance spectra recorded at 

earlier exposures for the non-degraded film on AA2024-T3, for which the non-sealed surface layer 

model would not satisfactorily describe the system. Yet, at this stage it is still temptative to identify 

whether the enhanced corrosion protection effect produced by the addition of piperazine to the sol-

gel treatment arises from blocking the pores typically formed in the silane layer, or by forming a 

more compact inner film directly in contact with the metal oxide layer spontaneously developed on 

the aluminium alloy. To our knowledge, the effect of piperazine to enhance the corrosion resistance 

of sol-gel films has not been reported until now, and a  more detailed investigation of this system 

involving both electrochemical and surface analytical techniques would be required to unveil the 

source of this effect. 

 

4. Conclusions 

(1) The encapsulation of benzotriazole (BTZ) and Na-(diethyl(dithiocarbamate)) (DDTC) in 

the silane layer produces a weak enhancement of the corrosion protection of the aluminium alloy. 

The poorest performance is provided by BTZ. 

(2) EIS data reveal that BTZ is unable to produce the blockage of the pores formed in the 

deposited layer. There is a high distribution of pores penetrating through the silane layer that may 

eventually expose the metal to the electrolyte. 
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(3) The inhibitive effect of DDTC was found to depend on the amount of compound 

employed. The corrosion protection operates on the resistance of the coating almost exclusively, thus 

indicating that the inhibitor must be effectively acting on the corrosion reaction inside the pores 

present in the silane layer.  

(4) It was found by SECM that DDTC might operate with a passivating anodic mechanism, 

which is supported by the increase of electrochemical reactivity in the silane-coated substrate after 

applying a cathodic polarization step to the system. 

(5) Further improvement of the corrosion resistance is obtained by using nanocontainers 

filled with Ce(III). An enhancement is observed in both the barrier characteristics of the silane layer 

and the insulating properties towards electron transfer in SECM. A mixed mechanism is observed, in 

which the dielectric characteristics of the silane layer are modified at the same time Ce(III) species 

can be released to heal the corroding sites developed inside the pores. 

(6) Piperazine is regarded to be a very promising compound as it promotes both a less porous 

silane layer and an efficient inhibition of charge transfer reactions at the metal/oxide interface. This 

surface layer maintains its protective characteristics even when the intermediate metal oxide layer is 

electrochemically reduced. 

(7) BTZ, DDTC and CeMMT are shown to provide inhibitor activity to sol-gel coatings, but 

the amounts required to provide sufficient inhibition efficiency for AA2024-T3 aluminium alloy in 

real applications have not yet been optimized. 
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Figure 1. Measured (discrete points) and fitted (solid lines) impedance spectrum of AA2024-T3 
aluminium alloy coated with the control (undoped) silane layer after 72 h exposure to aerated 0.05 M 
NaCl solution.  
 

 

 
Figure 2. Equivalent circuits (EC) used to model the impedance data.  
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2024-T3 alloy substrate

Sol-gel coating 12.5 µm

 
Figure 3. Micrograph obtained with a scanning electron microscope on the cross section of the 
control sol-gel coating applied on AA2024-T3 aluminium alloy. 
 

 

 

Figure 4. Measured (discrete points) and fitted (solid lines) impedance spectra of AA2024-T3 
aluminium alloy substrates coated with doped silane layers after 72 h exposure to aerated 0.05 M 
NaCl solution. The additives and their concentration ratios are indicated in the graphs. 
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Figure 5. SECM normalized Z-approach curves towards a control (non-doped) silane-coated 
AA2024-T3 aluminium surface measured in 5 mM NaCl + 0.5 mM ferrocenemethanol solution. A 
portion of the exposed silane-coated surface was electrochemically modified by applying a cathodic 
polarization at -1.4 V vs. Ag/AgCl/KCl (3M) for 30 min during exposure to 5 mM NaCl solution. 
This electrochemical modification procedure was performed prior to solution replacement by the 
ferrocenemethanol-containing solution required to record the Z-approach curves. Two approach 
curves were measured over locations arbitrarily chosen on the electrochemically-modified surface, 
and the other two were taken over locations on the unmodified silane layer. Tip potential: +0.50 V 
vs. Ag/AgCl/KCl (3M). 
 

 
Figure 6. SECM normalized Z-approach curves towards AA2024-T3 aluminium alloys coated with 
inhibitor-doped silane layers measured in 5 mM NaCl + 0.5 mM ferrocenemethanol solution. Added 
inhibitors: (A-C) benzotriazole (BTZ), and (D-F) Na-(diethyl(dithiocarbamate)) (DDCT); three 
different inhibitor concentration ratios were employed in each case as listed in Table 1, namely: 
(A,D) Low, (B,E) Medium, and (C,F) High. A portion of the exposed silane-coated surface was 
electrochemically modified by applying cathodic polarization at -1.4 V vs. Ag/AgCl/KCl (3M) for 
30 min while exposed to 5 mM NaCl solution. This electrochemical modification procedure was 
performed prior to solution replacement by the ferrocenemethanol-containing solution required to 
record the Z-approach curves. Two approach curves were measured over locations arbitrarily chosen 
on the electrochemically-modified surface, and the other two were taken over locations on the 
unmodified silane layer. Tip potential: +0.50 V vs. Ag/AgCl/KCl (3M). 



26 
 
 

 
Figure 7. SECM normalized Z-approach curves towards AA2024-T3 aluminium alloys coated with 
silane layers containing either (A-C) piperazine as cross-linking agent, or (D-F) Ce(III)-
montmorillonite as mixed barrier and inhibitor system; three different concentration ratios of the 
additives were employed in each case as listed in Table 1, namely: (A,D) Low, (B,E) Medium, and 
(C,F) High. They were measured in 5 mM NaCl + 0.5 mM ferrocenemethanol solution. A portion of 
the exposed silane-coated surface was electrochemically modified by applying cathodic polarization 
at -1.4 V vs. Ag/AgCl/KCl (3M) for 30 min while exposed to 5 mM NaCl solution. This 
electrochemical modification procedure was performed prior to solution replacement by the 
ferrocenemethanol-containing solution required to record the Z-approach curves. Two approach 
curves were measured over locations arbitrarily chosen on the electrochemically-modified surface, 
and the other two were taken over locations on the unmodified silane layer. Tip potential: +0.50 V 
vs. Ag/AgCl/KCl (3M). 
 

 
Figure 8. Optical photographs of sol-gel coated AA2024-T3 substrates after SECM characterization 
in 5 mM NaCl + 0.5 M ferrocene-methanol. Composition of the silane layers: (A) control (undoped), 
(B) BTZ HQ, and (C) PIP HQ. They images exhibit the two regions produced on the samples 
resulting from applying cathodic polarization at -1.4 V vs. Ag/AgCl/KCl (3M) to the lower half of 
the sample. They also exhibit a circular area at the center that was limited by the o-ring employed to 
confine the test electrolyte in the SECM cell arrangement.   
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Figure 9. Images generated by SECM of silane-coated AA2024-T3 surfaces with different zones, 
corresponding to prior electrochemical modification at -1.4 V vs. Ag/AgCl/KCl (3M) for 30 min 
(left) and non-modified (right). The approximate boundary between the two zones is indicated by a 
vertical line in each image. (A) Control (undoped) silane layer, (B) BTZ HQ, (C) DDTC HQ, (D) 
Ce-MMT HQ, and (E) PIP HQ. The samples were immersed in 5 mM NaCl + 0.5 ferrocenemethanol 
solution. Tip-substrate distance: 15 µm. Tip potential: +0.50 V vs. Ag/AgCl/KCl (3M). The Z scale 
is the normalized tip current (I/It,∞). The sample was left at its spontaneous open circuit potential in 
the electrolyte.  
 

Table 1. Composition of the silane layers used in this study. Compositions are given in 
water:component molar ratio for the inhibitors, and in wt.% for Ce(III)-montmorillonite. 

Sample Component Water:component / 
Molar ratio 

Wt.% of component 

Control - - - 

BTZ LQ  

BTZ 

1/1000  

- 
BTZ MQ 1/500 
BTZ HQ 1/100 

DDTC LQ  

DDTC 

1/1000  

- 
DDTC MQ 1/500 
DDTC HQ 1/100 

CeMMT LQ  

Ce(III)-MMT 

 

 
- 

1 

CeMMT MQ 3 

CeMMT HQ 5 

PIP LQ  

Piperazine 

1/1000  

- 
PIP MQ 1/500 
PIP HQ 1/100 
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Table 2. Parameters of the equivalent circuit for silane-coated AA2024-T3 alloys immersed in 0.05 
M NaCl for 72 h. AC polarization was applied around their corresponding open circuit potential 
values in the electrolyte. 

 
 

Table 3. Normalized current values measured when the SECM tip was placed at the point of closest 
approach to the surface (taken as Z = 0) determined from the Z-approach curves measured for a 
control (non-doped) silane coating applied on AA2024-T3 alloy sample during immersion in 5 mM 
NaCl + 0.5 mM ferrocenemethanol solution that are shown in Figure 4. A portion of the exposed 
silane-coated surface was electrochemically modified by applying a cathodic polarization at -1.4 V 
vs. Ag/AgCl/KCl (3M) for 30 min during exposure to 5 mM NaCl solution. This electrochemical 
modification procedure was performed prior to solution replacement by the ferrocenemethanol-
containing solution required to record the Z-approach curves. Two approach curves were measured 
over locations arbitrarily chosen on the electrochemically-modified surface, and the other two were 
taken over locations on the unmodified silane layer. 

Sample Region (I / It,∞) 

 

 

Control 

Non-polarized 0.281 

0.264 

Polarized 0.604 

0.777 
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Table 4. Normalized current values measured when the SECM tip was placed at the point of closest 
approach to the surface (taken as Z = 0) determined from the Z-approach curves measured for doped 
silane layers applied on AA2024-T3 alloys samples during immersion in 5 mM NaCl + 0.5 mM 
ferrocenemethanol solution that are shown in Figures 5 and 6. A portion of the exposed silane-coated 
surface was electrochemically modified by applying a cathodic polarization at -1.4 V vs. 
Ag/AgCl/KCl (3M) for 30 min during exposure to 5 mM NaCl solution. This electrochemical 
modification procedure was performed prior to solution replacement by the ferrocenemethanol-
containing solution required to record the Z-approach curves. Two approach curves were measured 
over locations arbitrarily chosen on the electrochemically-modified surface, and the other two were 
taken over locations on the unmodified silane layer. 

 (I / It,∞) 

Sample Region Component 
BTZ DDTC Ce-MMT PIP 

LQ Non-polarized 0.764 0.617 0.469 0.375 
0.593 0.617 0.435 0.302 

Polarized 0.766 0.670 0.479 0.391 
0.767 0.685 0.484 0.415 

MQ Non-polarized 0.759 0.463 0.497 0.418 
0.915 0.410 0.593 0.354 

Polarized 0.814 0.415 0.791 0.365 
0.939 0.466 0.792 0.389 

HQ Non-polarized 0.598 0.761 0.686 0.291 
0.663 0.706 0.688 0.282 

Polarized 0.908 0.874 0.683 0.341 
0.900 0.802 0.708 0.383 

 
 
Table 5. Kinetic constant rate values, k, for electron transfer from/to the substrate for undoped and 
HQ-doped silane layers applied on AA2024-T3 aluminium alloy by a sol-gel technique. They have 
been determined by fitting measured SECM Z-approach curves measured above the region subjected 
to cathodic polarization (2 curves in each case) to a set of theoretical curves [38].  

 Sample 

Control BTZ-HQ DDTC-HQ CeMMT-HQ 

 

k / cm s-1 

# 1 5.77×10-4 1.54×10-3 1.020-3 3.64×10-4 

# 2 1.86×10-3 1.18×10-3 4.11×10-4 4.57×10-4 
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