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Electrochemical behavior of AgCu50 alloy (50 mass.% Ag + 50 mass.% Cu) was investigated by 

cyclic voltammetry and potentiostatic methods in 0.1 mol/dm
3
 NaOH solution containing BTA in 

different concentrations (0.00005 – 0.01 mol dm
-3

). Potentiostatic oxidation was followed by SEM and 

EDS analysis of electrode surface. The presence of benzotriazole influenced the potential and the hight 

of current peaks. Increasing of BTA concentration leads to the decreasing of current in investigated 

potential range. Heights of current peaks point at electrode surface coverage with adsorbed BTA 

molecules. Based on the assumption that the adsorption was governed by Langmuir isotherm and using 

the dependence C/θ = f(CBTA), the calculated Gibbs energy of adsorption of BTA on investigated 

AgCu50 alloy was -27 kJ mol
-1

. 
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1. INTRODUCTION 

Organic inhibitors are extensively used in protection of metals and alloys from corrosion in 

different environments.  The azoles, due to their high efficiency for protection of copper based 

materials [1], have been widely investigated, among which benzotriazole (1-H-benzotriazole, 

C6H4N3H) has been proven as the most accepted.  For convenience, this neutral molecule has been 

commonly denoted by BTAH or BTA acronym, where 1-H signifies H atom attached to the N1 atom 

in the triazole group. BTA is an anodic copper corrosion inhibitor, whose protective mechanism 

involves the chemisorption on copper surface, governed by the Langmuir isotherm [2-6], followed by 

formation of Cu(I)BTA complex [7-15]. 

Adsorption of BTA on copper surface can be described with the following reactions [16, 17]:  

 

Cu+ BTA → (Cu-BTA)ads                        (1) 

http://www.electrochemsci.org/
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BTAaq + xH2Oads → BTAads + x H2Oaq                                      (2) 

 

Abdulah et al. [7] suggest that the mechanism of formation of Cu(I)BTA complex on copper 

surface consists of the following reactions: 

 

Cu(s) + BTAH(aq) = Cu:BTAH(ads)                                                                                           (3) 

 

where Cu:BTAH(ads) represents BTAH adsorbed on copper surface. Cu:BTAH can be oxidized 

by anodic polarization to the complex which has protective characteristics, by the following reaction: 

 

Cu:BTAH(ads) = Cu(I)BTA(s) + H
+

(aq) + e
-
                                                                              (4) 

 

Modestov et al. [3] suggest that in parallel with the formation of CuBTA film, beneath, the 

formation of copper(I) oxide [Cu2O] and copper(II) oxide [CuO] films is also occurring.   

Tromans [15] has constructed an Eh-pH diagram for Cu-BTA systems, which enables to predict 

the protective influence of BTA as a function of its concentration, pH and redox potential. 

The inhibition of silver has rarely been discussed in available literature [18, 19]. Hope et al. 

[18] investigated the behavior of silver in cyanide solution in the presence of 2-mercaptobenzothiasole 

and confirmed the formation of AgMBT complex. Rajeswaran et al. [19] has studied the crystalline 

structure of silver-benzotriazole nanoprecipitates. It was found that each nitrogen atom in triazole 

participates in bonding to a separate silver atom, creating a polymeric, highly insoluble, AgBTA 

complex. Based on literature data, it can be assumed that in alkaline solutions, the presence of 

benzotriazole leads to the formation of AgBTA complex as well as the oxides of silver, silver(I) oxide 

[Ag2O] and silver(II) oxide [AgO].   

The aim of the present work is to study behavior of AgCu50 alloy in 0.1 mol dm
-3

 NaOH in the 

presence of benzotriazole by using different electrochemical methods. The electrode microstructure 

was characterized by scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy 

(EDS) analysis. 

 

 

 

2. EXPERIMENTAL  

The experiments were carried out in a system consisting of an electrochemical cell and 

hardware interface for computerized control and data acquisition.  In a standard three-electrode 

electrochemical cell, the working electrode was AgCu50 alloy, whose potential was controlled against 

saturated calomel reference electrode (SCE).  Platinum foil served as a counter electrode. The 

computerized control (National Instruments card, NI-6251) and data acquisition software (LabVIEW 

8.2 platform), fully developed by Technical Faculty in Bor [20], was used to run the electrochemical 

experiments.  

The investigations were performed at 25°C in 0.1M NaOH in the absence and the presence 

(5x10
-5

 mol dm
-3

 – 1x10
-2

 mol dm
-3

) of BTA (reagent grade- “Kraemer and Martin GMBH", Duisburg, 
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Germany), using cyclic voltammetry, open circuit potential measurement and potentiostatic methods.  

Cyclic voltammograms were recorded in a potential range from -1.6 V to +1 V (SCE) with a scan rate 

of 20 mV/s. Potentiostatic experiments were performed at anodic peaks potentials.  After potentiostatic 

oxidation, the electrode surface was characterized by SEM (Tescan, Vega II) equipped with SDD 

(Silicon Drift Detector), which requires no liquid nitrogen for cooling and can accept large amounts of 

x-rays to create very fast x-ray maps. Digital Imaging, X-ray Elemental Mapping, and X-ray Spectra, 

are all computer controlled through the IXRF software (Iridium Ultra
TM

) and hardware. 

The alloy AgCu50 (50mass.% Ag + 50mass.% Cu), for the working electrode, was obtained by 

melting aliquots of pure Ag and Cu powder in a quartz furnace at 1250 °C, subsequent casting and 

cooling in air. Cast alloy was treated with aqueous solution of HNO3 (1:1) in a goal to remove oxides 

formed during cooling.   Upon rolling, the 1-milimeter diameter wire was obtained by drawing.  After 

annealing at 600°C for 30 min, the wire was cut into 15 cm long pieces, and used individually for 

working electrode preparation, which included the following steps, bending 1-cm long end at 90
o
 (L-

shaped wire), casting in an epoxy resin, and polishing.  By polishing on a metallographic paper, the 

opened L-section of copper wire was rectangular in shape, with the dimension of 1cm long and 0.1cm 

in diameter, giving 0.1 cm
2
 for an active surface area of working electrode. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Cyclic voltammetry 

The effect of BTA concentration on cyclic voltammetry of AgCu50 was studied in the 

concentration range 0-0.01 mol dm
-3

 BTA.  To enable a more effective overview, the results are 

presented in two figures, according to the concentration range of BTA.  The lower concentration range, 

5.0x10
-4

- 5.0x10
-3

 mol dm
-3

 BTA, is represented by Figure 1, while the higher concentration range 

data, 1.0x10
-3 

- 1.0x10
-2

 mol dm
-3

, are given in Figure 2. Each of these two figures also contain the 

control cyclic voltammograms, i.e. the conditions without BTA addition. All experiments were 

performed in 0.1 mol dm
-3

 NaOH, at the scannig rate of 20 mV s
-1

.  

In the control voltammograms, no addition of benzotriazole,  the anodic branch has six current 

waves, all matched by six corresponding cathodic current waves, plus one additional anodic current 

wave in the cathodic half of the voltammogram. The adsorption of hydroxyl ions is considered as the 

first reaction step that can take place during the anodic polarization of AgCu50 alloy and it is attributed 

to current wave A1 [21-27]. Current peaks A2 and A3 correspond to the formation of copper oxides 

Cu2O and CuO, respectively [22, 25, 28-32]. Current peaks A4 and  A5  are assigned to the formation 

of silver (I) oxide, first of Ag2O type-I, and then Ag2O type-II [33-40]. The formation of silver (II) 

oxide, AgO, is represented by peak A6.  In the cathodic direction, the anodic reaction products are 

sequentially reduced in the corresponing reverse order, C6,  C5, C4, C3, C2, and C1.  Anodic current 

wave A7, on the cathodic part of voltammograms, is associated with the oxidation of elemental silver 

to Ag2O [41]. 
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Figure 1.  Cyclic voltammetry of AgCu50 in the lower concentration range of BTA, 5.0x10
-4

- 5.0x10
-3

 

mol dm
-3

. The solid line voltammogram represents the control conditions, the absence of BTA.  

All voltammograms are produced in 0.1M NaOH at 20 mV s
-1

 scan rate. 

 

 
 

Figure 2. Cyclic voltammetry of AgCu50 in the higher concentration range of BTA, 1.0x10
-3 

- 1.0x10
-

2
 mol dm

-3
.  The solid line voltammogram represents the control conditions, the absence of 

BTA.  All voltammograms are produced in 0.1M NaOH at 20 mV s
-1

 scan rate. 
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For BTA concentrations at 5.0x10
-4

 mol dm
-3

 and below, all current peaks appear at nearly the 

same potentials as those obtained in the absence of BTA.  In the higher concentration range of BTA, 

Figure 2, all anodic current peaks flattened out to significantly lower levels. The cathodic currents, 

although also reduced, are distinct and somewhat shifted in negative direction.   

Taking into account that no new current peak appears in presence of BTA, it can be assumed 

that there are no new electrochemical reactions either. In other words, the BTA influences the 

oxidation processes by blocking the active sites on electrode surface. 

The pH of 0.1 mol dm
-3

 NaOH is about 12, and after Tromans [15] diagram, BTA
-
 species is to 

be considered as a stable form in the investigated system. Therefore, it can be presumed that with the 

addition of BTA a CuBTA film is formed on copper and on Ag-Cu alloy by the following reactions: 

 

 

Cu(Ag-Cu)+BTA
-
 aq→(Cu(Ag-Cu)-BTA)ads + e

-
                                                                      (5)  

 

or 

 

(Cu(Ag-Cu)-H2O)ads + BTA
-
 → (Cu(Ag-Cu)-BTA)ads + H2Oaq + e

-
                                   (6)  

 

Copper and silver oxides form at the same time on unoccupied sites.  

On silver rich sites of the alloy, it could be expected that AgBTA is formed by similar 

reactions: 

 

Ag(Ag-Cu)+BTA
-
 aq→(Ag(Ag-Cu)-BTA)ads + e

-
                                                                        (7)  

 

or 

 

(Ag(Ag-Cu)-H2O)ads + BTA
-
 → (Ag(Ag-Cu)-BTA)ads + H2Oaq + e

-
                                (8)  

 

Simultaneously with reactions (5), (6), (7) and (8),  silver oxides Ag2O i AgO are formed, but 

the mechanism of formation of Ag2O has changed in comparison with the one taking place in the 

absence of BTA. The oxides of copper and silver form on unoccupied sites until the whole surface is 

covered with CuBTA and AgBTA complexes.  

Surface coverage, θ, is calculated from the equation: 

 

θ = 1-jinh/j                                                                                                                   (9) 

 

where j and  jinh are current densities in the absence and in the presence of the inhibitor, 

respectively. 

Surface coverage values for the voltage at -0.2 V are given in Table 1. 
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Table 1. Electrode surface coverage as a function of concentration of BTA 

 

cBTA  [M] 0.00005 0.0001 0.0005 0.001 0.005 0.01 

θ 0 0.1176 0.16176 0.6176 0.735 0.7647 

 

The surface coverage increases with the increase of BTA concentration, leading to the 

oxidation protection improvement via formation of CuBTA and AgBTA complexes. 

The adsorption of BTA is modelled by using Langmuir isotherm equation [42,43]: 

 

θ/(1- θ) = Kc                                               (10)  

 

where: - θ is the surface coverage calculated from equation (9) 

K is the equilibrium adsorption constant, 

c is concentration of the inhibitor. 

Langmuir isotherm can be presented also in the following form: 

 

c/θ = 1/K + c                                                                             (11) 

 

The equilibrium adsorption constant depends on Gibbs free energy of adsorption [41,42]: 

 

K = (1/55.5) exp(-∆G
o
ads/RT)                                                                      (12) 

 

where 55.5 is the concentration of water in solution in mol dm
-3

, R is the universal gas constant 

in J mol
-1

K
-1

, T is thermodynamic temperature in K and ∆G
o
ads- Gibbs energy of adsorption.  

The plot c/θ versus the concentration of BTA yields straight line, as presented in Figure 3. 

 

-0.2 V
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0.006
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0.014
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Figure 3. Dependence of c/θ on concentration of benzotriazole. 
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The linear dependence between c/θ and concentration of benzotriazole confirms that the 

adsorption of BTA on surface of Ag-Cu alloy is governed by Langmuir adsorption mechanisms.  The 

intercept on c/θ axes corresponds to the value of 1/K, which when inserted in the equation (12) gives 

∆G
o
ads = -27 kJ mol

-1
. This value points out that the adsorption of BTA on investigated alloy is a 

spontaneous process involving chemisorption mechanisms.  

 

3.2. Potentiostatic measurements 

Potentiostatic measurements were conducted at potentials corresponding to the anodic current 

peaks A3, A5 and A6 during 100 seconds.   

Potentiostatic curves obtained for AgCu50 alloy in 0.1 mol dm
-3

 NaOH with different 

concentrations of BTA are presented in Figure 4. The potential fixed at -100 mV (SCE) corresponds to 

the peak A3.  The current obtained in pure sodium hydroxide solution increases in the initial stage, i.e. 

during the surface formation of copper oxides. These oxides protect alloy from further oxidation and 

current density remains constant after reaching some maximum value. That steady state value is very 

low (in the order of magnitude of 100 mA cm
-2

) With the addition of BTA the current densities 

become lower because Cu(I)BTA film forms and protects the alloy from oxidation [7]. At low 

concentrations of benzotriazole, from 5x10
-5

 mol dm
-3

 to 1x10
-4

 mol dm
-3

, the anodic current flow is 

very similar to the one obtained in pure sodium hydroxide.  This current slowly increases in the first 60 

s, reaches a maximum and this maximum becomes a steady state current value. At BTA concentrations 

higher than 10
-4

 mol dm
-3

, no anodic current appears during the entire time of reaction. Therefore, in 

the higher concentration range of BTA, the alloy is fully protected from corrosion. 

 
Figure 4.  Potentiostatic curves of AgCu50 as a function of benzotriazole concentration in 0.1 mol dm

-

3
  NaOH.  Potential held constant at -100 mV vs. SCE. 
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Figure 5 shows the SEM photomicrograph, with EDS spectrum, of AgCu50 alloy after 

potentiostatic oxidation at -100 mV (SCE) for 100 seconds in solution of 0.1 mol dm
-3

 NaOH + 0.001 

mol dm
-3

 BTA.  Two different phases are clearly visible. During cooling of liquid Ag-Cu alloy, α-Cu is 

the first phase to solidify (primary α-Cu) , leaving most of Ag in the liquid phase.  Just below the 

eutectic temperature, the remaining liquid phase, which is now of eutectic composition, redistrubutes 

itself into eutectic microstructure made of alterating  eutectic α-Cu and β-Ag lamellae. (There is a 

compositional difference between primary-α and eutectic-α phases).  In Fig. 5, the dark lamellae 

represent copper rich α-phase.    

 

 A 
 

 B 

 

Figure 5.  SEM photomicrograph (a) with EDS spectrum (b) of AgCu50 alloy after potentiostatic 

oxidation at -100 mV (SCE) for 100 seconds in 0.1 mol dm
-3

  NaOH + 0.001 mol dm
-3

  BTA.  
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Energy dispersive X-ray spectroscopy pointed out that concentration of oxygen on electrode 

surface was about 0.15 % (Table 2). This value is small enough to be ingnored, so it may be concluded 

that BTAH in concentration of 0.001 M fully protects AgCu50 alloy from corrosion in 0.1 mol dm
-3

 

NaOH. Data derived from the EDS spectrum presented in Figure 5b are sumarized in Table 2. 

 

Table 2. Results derived from EDS spectrum given in Fig. 5b. 

 

Elt. Decon Atomic 

Ratio 

Conc Units Bkg Error 

2-sig 

O Gauss 1.0000 0.152 wt. % 0.206 

Cl Gauss 0.0000 0.000 wt. % 0.298 

Cu Gauss 63.8866 38.477 wt. % 0.197 

Ag Gauss 60.0311 61.372 wt. % 0.365 

   100.000 wt. %  

 

Figure 6 shows potentiostatic curves obtained for AgCu50 alloy at 300 mV vs. SCE, which 

corresponds to potential of peak A5, for 100 seconds in solution of 0.1 mol dm
-3

 NaOH with different 

concentrations of BTA. The current peak A5 is related to oxidation of silver to silver(I) oxide. 

However, it must be taken into account that in the potentiostatic measurements, becuase the alloy is 

immediately imposed to the set potential, there was no time for prior formation of copper oxides.  It 

means that at this potential the conditions exist for copper to be oxidized sumultaneously with silver.   

 

 

 

Figure 6. Potentiostatic curves of AgCu50 as a function of benzotriazole  concentration in 0.1 mol dm
-

3
  NaOH.  Potential held constant at 300 mV vs. SCE. 
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The shape of potentiostatic curves in Figure 6, consisting of electrode discharge and overlap of 

diffusional zones, strongly indicate the typical nucleation and 3D growth mechanisms [36]. In the 

absence of BTA, the nucleation stage (first few seconds) and the diffusional zone overlap stage (at 

about 10 seconds) are sharply defined for the process of oxidation in 0.1M NaOH (BTA is absent).  In 

the presence of benoztriazole, the characteristic stages for nucleationa and 3D growth are broad, 

nevertheless distinguishable, except for very high concentration of BTA, 5x10
-3

 mol dm
-3

 and 1x10
-2

 

mol dm
-3

.  The low and constant transient current for the high concentrations of BTA demostrate the 

efficacy of corrosion protection by Cu(I)BTA and AgBTA films. 

Using the data obtained from Figure 6, Figure 7 represents the current density reached after 

100s in dependence on BTA concentration in log j = f (log CBTA) coordinate system. A third degree 

polynomial approximately fits the data. 

 
Figure 7. Reaction order plot: log(stationary current density reached after 100s at  300 mV) vs. 

log(BTA concentration). 

 

The dependence log j = f (log CBTA) shows that the protection mechanisms are dependent on 

the initial concentration of BTA.  Current density sharply decreases with the increase of BTA 

concentration from 5x10
-5

 mol dm
-3

 to 1x10
-4

 mol dm
-3

.  In the concentration range of BTA between 

1x10
-4

 mol dm
-3

 and 1x10
-3

 mol dm
-3

, the current density remains almost constant, while for 

concentrations higher than 1x10
-3

 mol dm
-3

, the decrease in the log j = f(log CBTA) coordinate system is 

linear. 
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 A 

 

 B 

 

Figure 8. SEM image (a) with EDS spectrum (b) of AgCu50 alloy after potentiostatic oxidation at 300 

mV vs. SCE for 100 s in 0.1 mol dm
-3

  NaOH + 0.001 mol dm
-3

  BTA. 

 

Table 3. Results derived from EDS spectrum given in Fig. 8b. 

 

Elt. Decon Atomic 

Ratio 

Conc Units Bkg Error 

2-sig 

O Gauss 1.0000 0.159 wt. % 0.314 

Cl Gauss 0.0000 0.000 wt. % 0.464 

Cu Gauss 56.1395 35.472 wt. % 0.298 

Ag Gauss 60.0140 64.369 wt. % 0.570 

   100.000 wt. %  
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Figure 8 shows the SEM photomicrograph with the EDS spectrum of surface of Cu50Ag50 alloy 

after potentiostatic oxidation at 300 mV (SCE) for 100 seconds in the solution of 0.1 mol dm
-3

 NaOH 

+ 0.001 mol dm
-3

 BTA.  According to the energy dispersive X-ray spectroscopy, the concentration of 

oxygen on electrode surface (Table 3) is about the same as after oxidation  at -100 mV (Table 2). The 

low oxygen concentration value confirms that CuBTA and AgBTA films do not allow copper and 

silver oxides to be formed.  

Potentiostatic curves recorded for AgCu50 alloy in 0.1 mol dm
-3

 NaOH with different 

concentrations of BTA at 580 mV (SCE), which corresponds to the current peak A6, are presented in 

Figure 9.  For these conditions, the current density decreases monotonously until it reaches stationary 

state [34, 40]. By using the data in Fig. 9, the current densities reached after 100 seconds for each BTA 

concentration studied.  Fig. 10 is constructed in the log j = f (log CBTAH) coordinate system. As 

previously, the data can be approximately fitted by a third degree polynomial. There are three clearly 

distinctive regions, as in Figure 7.  In the first region, up to 1x10
-4

 mol dm
-3

 BTA, the presence of 

benzotriazole leads to a sharp decrease of current density. In the second region, where the 

concentration is from 1x10
-4

 mol dm
-3

 to 5x10
-3

 mol dm
-3

, the presence of benzotriazole has no 

significant influence on the current density.  Finally, for higher than 5x10
-3

 mol dm
-3

 BTAH 

concentrations, the linear relationship in the log j = f (log CBTA) plot indicates a more intensive 

formation of protective complexes.    

 

 
  

Figure 9. Potentiostatic curves of AgCu50 a function of benzotriazole  concentration in 0.1 mol dm
-3

  

NaOH.  Potential held constant at 580 mV vs. SCE 
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Figure 10. Reaction order plot: log(stationary current density reached after 100s at 580 mV) vs. 

log(BTA concentration). 

 

 

 

4. CONCLUSIONS  

The electrochemical investigation of AgCu50 alloy in 0.1 mol dm
-3

 NaOH showed that six 

anodic and six corresponding cathodic current peaks appear at the same potentials regardless if the 

inhibitor BTA is present, or absent. Although the presence of BTA has no effect on development of 

new reactions, its presence, however, is effective with regard to the intensity of anodic current peaks, 

which decrease with the increase of BTA concentration, demonstrating corrosion inhibition properties. 

The inhibition is achieved via filming of Ag-Cu alloy surface by the species of CuBTA and AgBTA.   

The surface coverage increases with the increase of benzotriazole concentration, leading to the 

increased corrosion protection.   The found value for Gibbs free energy of adsorption, -27 kJ mol
-1

, 

indicates that the interaction between Ag-Cu alloy and benzotriazole is governed by chemisorption.  

According to potentiostatic measurements, and functional relationship logj = f(logCBTA), it 

can be concluded that the inhibitory effects of BTA are dependent upon its concentration in the 

electrolyte.  In the low concentration range of BTA, 5.0x10
-5

 mol dm
-3

 – 1.0x10
-4

 mol dm
-3

  BTA, 

there is a rapid decrease of current density. No further decrease of current density is achieved until 

5x10
-5

 mol dm
-3

, after which the log of current density decreases linearly with the logarithm of BTA 

concentration.  

SEM photomicrographs and EDS analysis have confirmed that the formation of copper and 

silver oxides in the presence of BTA is negligible.  
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