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In-situ scanning vibrating electrode technique (SVET) combined with other techniques (such as 

electrochemical impedance spectroscopy (EIS), atomic force microscopy (AFM) and X-ray 

photoelectron spectroscopy (XPS)) was used to investigate the efficiency of the mixed compound of 3-

amino-1, 2, 4-triazole (ATA) and sodium molybdate (SM) as a corrosion inhibitor for copper in 3.5% 

NaCl solution in comparison with benzotriazole (BTA). The results indicate that copper shows 

extremely higher corrosion resistance in 3.5% NaCl solution with the presence of ATA-SM inhibitor 

than BTA. This is due to the reaction of ATA with copper allowing the formation of a thin film 

incorporated with MoO4
2-

 ion precipitates on the surface of copper, which provides strong cathodic 

efficiency and thus is considerably protective. 
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1. INTRODUCTION 

Copper, one of the most widely applied materials around the world, is suffering from the 

corrosion of various environments. Therefore, corrosion prevention on copper is a key point if we want 

to expand its applications. Generally, the corrosion can hardly prevented completely due to the 

complex working environments so that we need to minimize the corrosion rate. Inhibitors can play the 

role of making the corrosion slower with only a small amount. 

During the past decades, variety of methods have been developed and engaged in the study of 

corrosion and prevention performance. Recently, local electrochemical techniques are becoming more 

popular and effective investigating the mechanisms of corrosion behavior in aqueous environments, as 

well as in in-situ characterizing surface reactivity[1, 2]. For example, BTA, a commonly used 
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inhibitor, is able to reduce the corrosion of copper in aqueous solutions with chloride ions. However, 

the interactions between inhibitors interact and materials are still unclear [3-8]. Scanning vibrating 

electrode technique (SVET) is a powerful electrochemical instrument that allows the direct observation 

of the evolution of sample surfaces when in contact with environment [9-14].   

It is known that BTA provides the better inhibiting efficiency of corrosion for copper in 

aqueous chloride environments than the individual ATA and sodium molybdate inhibitors [15-18]. 

However, its protective mechanism of Cu (I)- BTA film formed on the surface of copper has not been 

completely understood so far. In addition, the toxicity of BTA restricts its application currently. 

Therefore, searching high-efficiency and nontoxic inhibitors to replace BTA has been a tendency in 

this field. 3-amino-1, 2, 4-triazole (ATA) is considered as a replacement of BTA as an effective 

inhibitor on copper [19-25]. Given the existence of synergistic effect between BTA and molybdate, 

there should be similar effect between ATA and molybdate due to the analogous structure of ATA 

AND BTA [26, 27]. The aim of the present work is to investigate the inhibiting properties of the 

mixture of ATA and sodium molybdate (ATA- SM) and evaluate the performance by comparing with 

that of BTA. 

 

 

 

2. EXPERIMENTAL 

2.1. Materials 

In the present work, pure copper sheets (99.99% purity, 10mm× 10mm× 3mm) were used for 

the electrochemical, AFM and XPS experiments. The specimens were polished with emery paper up to 

2000 grade, and then degreased in ethanol followed by rinsing using deionized water and finally dried 

in vacuum oven. Additional polishing of the samples for AFM test was carried out in electrolytic 

polishing solution. The investigated inhibitors were all supplied by Sigma-Aldrich, Singapore. The 

aggressive electrolyte was 3.5wt% NaCl solution. 

 

2.2. Methods 

2.2.1. Scanning Vibrating Electrode Technology (SVET) 

 
Figure 1. Distribution of different film-forming areas 
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Fig. 1 shows the schematic diagram of the specimen which is divided into 3 sections —BTA 

film section (A), ATA-SM film section (B) and untreated section (C). Section B and C were sealed by 

sealing film when the specimen was immersed into 10 mmol/L BTA solution for 24 hours so that the 

section A was covered by BTA film. The same procedure was conducted to form ATA-SM film on the 

section B. After the completion of film formation, SVET experiments were subsequently conducted in 

3.5wt% NaCl solution respectively at 0 hour, 24hours, 48hours and 72 hours later and the specimen 

was immersed in 3.5% NaCl solution during the testing intervals. An Ec-lab workstation was used for 

SVET analysis. SVET test was conducted in the similar three-electrode system to EIS test where the 

counter electrode was built-in the workstation. Testing area is 300mm× 300mm and moving step of the 

probe is 100µm. 

 

2.2.2. Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy is widely used to characterize the anti-corrosive 

properties and clarify the protective mechanism of inhibitors [15]. This technology allows not only the 

comparison between different systems but also can provide important information on kinetics of 

evolution of the film degradation and corrosive activities during immersion in corrosive media [16].  

EIS test was conducted in three-electrode system after one hour immersion in the solutions 

using an Ec- lab workstation produced by Princeton Instruments. A Pt foil was used as the counter 

electrode and a saturated calomel electrode (SCE) with a Luggin capillary as the reference. All 

potentials are reported versus SCE. Working electrode was mounted by epoxyresinwith the exposed 

area of 1 cm
2
 (10 mm× 10 mm). EIS experiments were performed at the open circuit potential over a 

frequency range from100 kHz to 10 mHz and amplitude of the sinusoidal signal was set to be ±10 mV. 

 

2.2.3. Atomic Force Microscopy (AFM) 

Two specimens were placed into 3.5% NaCl solutions with and without 10 mmol L
-1 

inhibitors 

for 72 hours, respectively before the characterization in AFM. The morphology of the specimens was 

observed by a contacted AFM (Vecco Nanoscope5) with a silicon nitride (Si3N4) probe. Testing area is 

80µm× 80µm. 

 

2.2.4. X-ray photoelectron spectroscopy (XPS) 

The specimen was immersed into the ATA-SM solution for 24 hours before XPS analysis was 

carried out using an Al Kα X-ray source at 10kv, 150W with a pressure below 1.33× 10
-6

 Pa. XPS data 

was interpreted using XPS peaks software. Charge referencing was determined by setting the main C 

1s component at 285.0 eV. The surface composition (in atomic%) of the specimen was identified by 

considering the integrated peak areas of N 1s, Mo 3d5/2, Cu 2p3/2 and their respective sensitivity factors 

provided by the analyzing software. 
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3. RESULTS AND DISCUSSION 

3.1. Scanning Vibrating Electrode Technology (SVET) 

 
Figure 2. Distribution of current density on the copper surface immersed in 3.5% NaCl solution coated 

with and without different inhibitors after 0h, 24hours, 48hours and 72hours 

 

Fig. 2 shows the evolution of current density distribution on the sample surface over 72 hours’ 

immersion in the solution obtained in situ by using Scanning Vibrating Electrode Technology (SVET). 

Slight and homogeneous increase of the surface current density is seen across the untreated area (i.e. 

surface C) after 24 hours, indicating the onset of corrosion (Fig. 2a). The surface current density rises 

up much higher with further immersion of 24 hours suggesting more serious occurrence of corrosion 

(Fig. 2b), which becomes considerably worse after another 24 hours (Fig. 2c). In contrast, very low 

current density was detected at very few regions on the surface ‘A’ until it was immersed in the 

solution with BTA inhibitor for 48 hours. However, the surface ‘B’ sustains even more intact than the 

surface ‘A’ immersed in the solution with ATA- SM, where almost no corrosion occurs throughout 72 

hours. Only a little amount of current was detected in a couple of regions, much smaller than the 

current generated from the surface ‘A’. Therefore, we can conclude that ATA- SM is more protective 

to the copper surface than BTA, as proven by EIS measurement below. 
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3.2. Electrochemical Impedance Spectroscopy (EIS) 

 
Figure 3. Nyquist plots for the Cu electrode after one hour immersion in a 3.5% NaCl solution without 

inhibitor and with different 10 mmol L
-1

 inhibitor for each group 

 

Nyquist diagrams of copper in 3.5% NaCl solution with and without 10 mmol L
-1 

inhibitors are 

shown in Fig.3. The specimens with inhibitors present higher impedance values compared to the blank 

specimen. In addition, all the impedance spectra above do not show any new capacitive or inductive 

loops at low frequency, which implies that all the inhibitors are mixed-type at copper-solution 

interface. Their inhibition behavior is considered as physical or chemical coverage on the surface of 

copper electrode [28]. It is well known that the diameter of the capacitive loop in Nyquist diagram 

represents the charge transfer resistance (Rt) of the working electrode [16]. Larger the diameter 

suggests higher charge transfer resistance (Rt), which means the charge transfer reaction (copper 

dissolution reaction) has a relative lower speed. Of all the inhibitors tested, ATA-SM adsorbed on 

copper has largest diameter and therefore it provides the best corrosion resistance to copper. 

 

 
 

Figure 4. Equivalent circuit of copper in 3.5 NaCl solutions with and without different inhibitors 
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Table 1. Electrochemical impedance parameters of copper 3.5 NaCl solutions with and without 

different inhibitors 

 
 Rt/（kΩcm

-2） Q/（Fcm
-2） N 

Blank 7.4 8.472E-4 0.63 

Sodium molybdate 40.26 9.16E-5 0.68 

ATA 106.2 2.54E-5 0.73 

BTA 168.5 4.83E-6 0.91 

ATA-SM 183.2 2.35E-6 0.95 

 

A simulated equivalent circuit is used to interpret the EIS experimental data through. In this 

stimulation, the theoretical film and double layer capacitances were replaced with the constant phase 

element (Q) which can denote every standard electrical element through the variation of the Q factor n 

between -1 and 1 [18]. Q performs a pure resistance behavior when n is 0 and a capacitance behavior 

when n> 0.6. The equivalent circuit used for simulating the experimental data is shown in Fig. 4. The 

impedance parameters calculated with ZSimpWin are given in Table 1. 

The capacitance values decrease for each inhibitor group compared to the blank one. The 

decrease in Q resulting from an increase in the thickness of double-layer or a decrease in local 

dielectric constant indicates that inhibitors perform by adhering tightly to the copper surface. The Rt 

value in ATA- SM system turns out to be excellent since it is comparable to the reported high-

efficiency inhibitors at the same magnitude. Consequently, the lowest capacitance value of ATA-SM 

as well as its highest Rt value demonstrates that it offer the most excellent corrosion protection to the 

copper specimen. 

The deviation parameter n depends on the surface morphology of the electrode. The n values in 

the range of 0.6-0.76 for Blank, Na2MoO4, ATA groups are due to the rough surface of the electrodes. 

The corresponding n values for ATA-SM is 0.95, which is slightly higher than that of BTA with 0.91 

and some reported results [28-30], suggesting the films have formed on the copper surface so that high 

inhibition efficiencies are achieved. Take the values of Rt and Q into consideration, the conclusion that 

ATA-SM performs the most effectively and protectively on copper is convincing. 

 

3.3. Atomic Force Microscopy (AFM) 

 
Figure 5. AFM images of the copper surface: (a) after 24 hours’ immersion in 3.5% NaCl solution 

without inhibitor; (b) after 24 hours’ immersion in 3.5% NaCl solution with ATA-SM 
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The effective protection of inhibitors to the copper surface was also demonstrated by AFM 

observation. As an example, Fig. 5 shows two AFM images of two identical samples after 24 hours’ 

immersion in 3.5% NaCl solution without (Fig. 5a) and with (Fig. 5b) inhibitors. The image of 

untreated sample in Fig. 5a appears a very rough surface consisting of plenty of etching pits with the 

roughness measured to be approximately 336nm (Fig. 5a). In contrast, Fig. 5b shows a fairly smooth 

surface with the roughness of around 92nm. This result indicates that protective film composed of 

inhibitors has covered the surface of the sample to inhibit the corrosive reactions. In addition, those 

etching pits observed in Fig. 5a are possibly due to the pitting corrosion caused by the precipitation of 

impurities or the defects on the surface. 

 

3.4. X-ray photoelectron spectroscopy (XPS) 

 
Figure 6. XPS spectrum of main elements in inhibition film on the copper surface after 48 hours 

 

Table 2. Binding energies (eV) of main elements in inhibition film on the copper surface 

 

 1 2 3 

N 1s（eV） 398.9 399.5 400.1 

Cu 2p3/2（eV） 932.2 933.0  

Mo 3d5/2（eV） 232.2   
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Table 3. Area of peak of main elements and their relative sensitivity factors 

 

 N Cu Mo 

Ii 5963 67331 6043 

Si 0.477 5.321 3.321 

Ii/Si 12505 12654 1819 

 

Except for the evaluation of the performance for each inhibitor, X-ray spectroscopy was 

employed to investigate the protection mechanism of ATA- SM system. Fig. 6 shows the N 1s, Mo 

3d5/2 and Cu 2p3/2 XPS peaks measured on the surface of copper sample after a 48-hour film-forming 

period. The values of bonding energy are summarized in Table 2. The peak areas of main elements in 

the film and their relative sensitivity factors are presented in Table 3. 

A Mo 3d5/2 peak and three N 1s peaks are identified in XPS spectra, which indicate that ATA-

SM film has formed on the surface of copper. The binding energy of Mo 3d5/2 peak is measured to be 

232.2 eV, which is attributed to the element of Mo in Na2MoO4 mixed compound [19]. The only peak 

of Mo indicates that there should be no chemical interaction between Na2MoO4 and Cu, suggesting the 

physical absorption of Na2MoO4. In contrast, there are three peaks of N: The N 1s peaks at 398.9 eV 

and 399.5 eV correspond to the amino and cyan in the molecule of ATA, respectively and the peak at 

400.1 eV to the N atom bonded with Cu atoms [31]. The Cu 2p3/2 peak at 932.2 eV corresponds to 

metallic Cu atoms while the Cu 2p3/2 peak at 933.6 eV is associated with the oxide state. However, the 

Cu 2p3/2 peak energy is identified to be 933.0 eV, which is due to the attribution from the Cu atoms 

which are bonded to the ATA molecules [32]. The relative element ratio can be derived from the 

following equation: 

ni:nj= (Ii/Si): (Ij/Sj)                                                   (1) 

where ni/nj is the ratio of elements i and j. Ii and Ij represent the XPS signal intensity for 

element i and j while Si and Sj represent the sensitivity factor of element i and j,respectively. 

The ratio of N, Cu and Mo atoms (nN: nCu: nMo) is 0.99: 1: 0.144 calculated from Table 3, 

which is an approximate value of 7: 7: 1. This result demonstrates that the main composition of the 

film is ATA while MoO4
2-

 is much less than ATA. Therefore, ATA molecules adsorb onto the copper 

surface where they react with copper forming a thin layer of film incorporated with MoO4
2-

 ion 

precipitates. It is these MoO4
2-

 ions that are responsible for the corrosion reduction of copper due to 

their strong oxidation/cathodic efficiency. 

 

 

 

4. CONCLUSIONS 

The corrosion protection efficiency and the stability of the films formed by the reaction of 

ATA-SM and BTA with copper in 3.5% NaCl solutions for 72 hours were studied using scanning 

vibrating electrode technology (SVET) in combination with other techniques. The mixed compound of 

ATA and sodium molybdate is proved to be an excellent corrosion inhibitor for copper in chloride 
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solutions, with a better protection than BTA. ATA-SM suppresses the anodic reaction of copper owing 

to the protective film formed on the surface of copper. The results demonstrate that ATA molecules 

adsorb onto the copper surface to form a protective film layer enriched with MoO4
2-

 ions, which is 

responsible for the corrosion reduction of copper. 
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