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In this paper, a borax media was introduced to improve inhibition effect of 3-amino-1, 2, 4-triazole
(ATA) towards the corrosion of copper in basic solution. Results showed that the inhibition efficiency
is enhanced to 97.65% significantly at an ATA concentration of 30 mg-L™. The correlation analysis of
electrochemical and photoelectrochemical properties indicated that the ATA is a great corrosion
inhibitor for copper in the borax buffer solution. Surface enhanced Raman scattering (SERS)
spectroscopy revealed that the inhibition of copper corrosion is mainly due to enhancing adsorption of
ATA molecules on the surface of copper. The typical of chemisorptions was found to obey Langmuir’s
adsorption isotherm, which is consistent with the quantum calculation.
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1. INTRODUCTION

Copper is widely used in industrial applications because of its high electrical and thermal
conductivities, good mechanical workability and relatively noble properties. However, copper may
easily suffer from corrosion in sea water, acid media or alkaline solutions. Thus much attention has
been paid to improve the effect of copper against corrosion in aggressive media [1-3]. Employment of
organic inhibitors is one of promising strategies to control the corrosion of copper. Meanwhile,
benzotriazole (BTA) and its derivatives are the traditional inhibitors for copper in recent 50 years [4-
7]. However, the high toxicity leads to seriously environmental destruction, limiting their practical
application. Therefore, extensive studies have been performed to develop environmentally friendly
alternatives [8-10]. Triazole-type compounds are environmentally acceptable and good corrosion
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inhibitors in HCI solutions [11-13]. Among the triazole derivatives, 3-amino-1, 2, 4-triazole (ATA,
Fig. 1) is one of attractive candidates due to high efficiency for against corrosion of copper in aerated
synthetic sea water [14] or acid media [15-17]. However, the maximum of inhibition efficiency only
reached to 96% as far as we known. And to the best of our knowledge, less attention has been paid so
far towards investigating ATA as the inhibitor for copper in alkaline solutions.
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Figure 1. The structure of 3-Amino-1, 2, 4-triazole (ATA)

Generally, the effectiveness of the inhibitor to provide corrosion protection relies upon the
interaction between the inhibitor and the metal surface. The properties of the surface of the metal, the
adsorption mode, the chemical structure of the inhibitor and the type of the electrolyte solution may
play crucial effects on the interaction between inhibitor and the metal surface [18]. Electrochemical
and photoelectrochemical methods have been employed to elucidate the inhibition efficiency and
mechanism; the latter especially since it is regarded as an in-situ technique and can supply some
important information, which cannot be obtained by conventional electrochemical methods and surface
analysis techniques [19-26].

Herein, we reported on high inhibition effect for copper corrosion by ATA inhibitor in a borax
media (pH=9.2), which was demonstrated by using a series of joint techniques, including cyclic
voltammetry, photoelectrochemical and electrochemical impedance analysis. Additionally, surface
enhanced Raman scattering spectroscopy (SERS) is also employed to confirm the nature and
orientation of the species adsorbed on the copper surface.

2. EXPERIMENTAL

2.1 Chemicals and electrode treatment

ATA and other regents were used as received. The copper electrode was polished successively
with different grades (3"-6") of emery papers, washed with deionized water, degreased with acetone,
and finally rinsed with deionized water. The electrolyte was a borax buffer solution, which consisted of
0.075mol/L Na;B407 and 0.150mol/L H3BOj3 and its pH maintained at pH=9.2. Then, ATA was added
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to the borax buffer solution to prepare a mixed solution in which the concentrations of ATA were 0
mg-L?, 20 mg-L™*, 30 mg-L™* and 40 mg-L™, respectively.

2.2 Electrochemical and photoelectrochemical measurements

Photoelectrochemical measurements were provided by a PARC M273 potentiostat (EG&G), a
PARC 5208EC lock-in analyzer, a 1000 W Xe lamp, a WDG-1A monochromator (Siping Optical
Instruments), an ND-4chopper (Nanjing University of China), and a LM20A-200 X-Y recorder. For
spectral measurements, the light intensity was measured by a calibrated silicon photodiode, and the
light flux never exceeded 20 mW-cm™. The wavelength of mono-chromate light was 420 nm. The
modulation frequency of chopper was 39 Hz. A homemade three-electrode cell with an end of quartz
window was used. The reference electrode was a saturated calomel electrode (SCE), whereas the
counter electrode was a Pt electrode. The surface area of the working electrode was 0.24 cm?.

Electrochemical measurements were performed in a PARC M273 potentiostat (EG&G) with a
PARC1025 frequency analyzer. The electrochemical impedance spectroscopy (EIS) experiments were
performed at open circuit potential over a frequency range of 100 kHz to 50 mHz. The sinusoidal
potential perturbation was 5 mV in amplitude. The potentiodynamic scan rate was 2mV/s.

2.3 Raman spectroscopy experiments

The Raman spectra were measured with LabRam I type (Dilor, France) Raman spectrometer
using the 632.8 nm line as the excitation beam. Copper electrodes were immersed in borax buffer
solution (concentration of ATA is 30 mg-L™) solution at different voltages for 30 min. Then, surface
enhanced Raman spectroscopy (SERS) tests were performed on the ATA adsorbed on copper.

3. RESULTS AND DISCUSSION

3.1 Photoelectrochemical measurements

Fig. 2 shows the current density vs. potential (i-¢) and photocurrent density vs. potential (iph-¢)
characteristics observed on a Cu electrode in a borax buffer solution(pH=9.2) at various concentrations
of ATA, respectively. The anodic peak Al corresponds to the oxidation of Cu (0) to Cu (I) on the
electrode surface, indicating the formation of Cu,O film and the anodic dissolution of Cu through
Cu,0 film [26]. The anodic peak Al corresponds to the further oxidation of Cu (I) to Cu (II). The
cathodic peaks C1 and C2 correspond to the reduction of Cu (II) to Cu (I) and Cu (I) to Cu (0),
respectively [27]. CuO is a narrow bandgap semiconductor with Eg= 0.60 eV. A photocurrent has not
been observed from CuO on the Cu electrode because of its low resistivity and high recombination
rate. On the negative potential scan, iy gradually increases as CuO is reduced to Cu,0O, the value of ip,
reaches the maximum at -0.55 V(SCE) and decreases after -0.55 V(SCE) as Cu,0 is gradually reduced
to Cu. When potentials are lower than -0.58 V(SCE), iph is found close to zero as the reduction of
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Cu,0O is almost complete, and the electrode surface is nearly reduced to the metallic state. The
potential corresponding to the cathodic photocurrent ip, = 0 is defined as ¢y. The @y of curve 1 in Fig.
2b is -0.92 V(SCE). Curve 2 in Fig. 2a and 2b shows that the cathodic iy Vvs. potential containing
5mg-L™* ATA is different from that absence of ATA; cathodic Iph, max 1S larger than that without the
inhibitor. It is generally considered that ipn max IS caused by the reduction of CuO to Cu,O on the
reverse potential scan, and cathodic iy, increases with the amount of the surface of Cu,O. Curve 3 in
Fig. 2a and 2b shows that on the positive scan anodic peak Al and AII are further reduced at an ATA
concentration of 10 mg-L™?, but the Iph, max 18 increased. Anodic peak Al and AIl decrease with
increasing ATA concentration and close to zero at 20 mg-L™*, 30 mg-L™, 40 mg-L™, respectively.
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Figure 2. i-¢ (a) and iph-@(b) curves for copper electrode in borax buffer solution with different
concentrations of ATA. Scan rate: 1mv/s; modulation frequency: 39 Hz; inadiation wavelength:
420 nm; Cara/ (Mmg-L™h): (1) 0, (2) 5, (3) 10, (4) 20, (5)30, (6)40

When the concentration of ATA is 5 mg-L™ on the negative potential scan to -0.92 V/(SCE), the
cathodic photocurrent still does not reach to zero (iph:-2.4nA-cm'2) , which suggests that the Cu,O
on the electrode surface does not reduce to Cu. The cathodic photocurrents | iy, | for a Cu electrode
at 5, 10, 20 and 30 mg-L™ ATA are 30.5, 48.5, 71.5, and 82nA-cm™, respectively, indicating that the
larger the ATA concentration, the higher the value of the cathodic photocurrent. ATA has corrosion
inhibition for copper due to the formation of Cu/Cu,O/Cu ( I ) ATA film on the copper surface. Cu (1)
ATA film combine strongly with the Cu,O layer, which stabilizes the Cu,O film on the surface. The @y
is more negative, and the | ip, | will be larger, and therefore the ATA inhibition cloud be shown
better effects. Consequently, the effectiveness of the copper corrosion inhibitors could be evaluated by
the @, and the | ign | . It is shown from Fig. 2 that the value of the cathodic photocurrent at ATA 40
mg-L* is smaller than that at ATA 30 mg-L™, but larger than the absence of ATA, indicating that ATA
at this concentration still exhibits the corrosion inhibition. The results show that the best concentration
of ATA is 30 mg-L™ in this study.

3.2 Electrochemical measurements

The EIS data are presented in Nyquist plots. Fig. 3 gives the typical Nyquist plots for copper
electrode in the borax buffer solution after 30 min immersion with different concentrations of ATA.
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The Nyquist plots are all semicircular and the chord is the symbol of the corrosion resistance (Ry), the
larger the Ry, the better the inhibition effect [28-32]. Compared with the electrode without ATA, the
electrodes at various concentrations of ATA have longer chords, the higher Ry, indicating that ATA at
various concentration has obvious corrosion inhibition for copper. When increasing the concentration
of ATA from 0 to 30 mg-L™, the Ry keeps increasing and reaches the maximum at 30 mg-L™ of ATA.
However, when the concentration of ATA exceeds 30 mg-L™, the corresponding chord decreases. So
the optimum concentration of ATA is 30 mg-L™, which reinforces the result from the
photoelectrochemical measurements.
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Figure 3. Nyquist plots for copper in borax buffer solution (pH=9.2) with different concentrations of
ATA. Caral (mg-L™): (1) 0, (2) 5, (3) 10, (4) 20, (5)30, (6)40

Fig.4 shows the potentiodynamic polarization curve plots for copper in the borax buffer
solution (pH=9.2) with different concentrations of ATA. The parameters, such as corrosion potential
(Ecorr), corrosion current (icorr) and the inhibition efficiency (7), are listed in Tablel.The » applied to
evaluate the inhibition effects of ATA for copper corrosion was calculated according to Eq. (1):

77 = (I (E)OI’I‘ - ICOI’I’ )/ I(?OI’I’ (1)

1% and leor are the corrosion current densities in the absence and presence of ATA,
respectively. It is clear that the corrosion potential shifts to the noble direction in the presence of
different concentrations of ATA, indicating that ATA may inhibit the anodic reaction and keeps metal
in a more stable state. Meanwhile, the i, decreases with the increasing of ATA concentrations.
Compared to the bare copper electrode, the icorr reaches the minimum value when adding to 30 mg-L™
of ATA and its # is the maximum value of 97.65%, with is far greater than the maximum of 96% of the
other as far as we known. This further confirms the conclusion obtained by the photoelectrochemical
measurements and EIS that ATA can act as a powerful inhibitor against corrosion of copper in alkaline
solutions.
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Figure 4. Potentiodynamic polarization curve plots for copper in borax buffer solution (pH=9.2) with
different concentrations of ATA. Cara/ (mg-L™): (1) 0, (2) 5, (3) 10, (4) 20, (5)30, (6)40

Table 1. Electrochemical parameters of the copper electrodes in borax buffer solution without and
with difference concentrations of ATA.

C(mg- L-l) Ecorr (V) leorr (HA'Cm-Z) 1 (%)
0 -0.1736 8.075 /
5 -0.05736 1.215 84.96
10 -0.104 1.208 85.04
20 -0.04769 1.008 87.52
30 -0.06782 0.7502 97.65
40 -0.05954 0.9546 88.18

3.3 Adsorption behavior

To study the adsorption behavior of ATA on copper surface, the inhibition efficiency (1)
obtained from the polarization curves at 25°C were represented as the surface coverage degree (0) to
fit the Temkin, Langmuir, and Frumkin adsorption isotherm [33-35]. The results show that Langmuir
adsorption isotherm is closest to the description of the adsorption behavior of the studied inhibitor. The
Langmuir adsorption isotherm is given by Equation (2):

-2 +c o)

(4 A

Where C is the inhibitor concentration in the electrolyte (mol-L™), K is the adsorption
equilibrium constant, @ is the surface coverage degree. The plot of C/6 against C gives a straight line as
shown in Fig. 5. It is found that the linear correlation coefficient R is 0.99952 and the slope is 1.1126.
This isotherm is found to fit well with the Langmuir type, suggesting that each ATA molecule
occupies about 1.1 adsorption sites on the copper surface and it is mono-molecule layer adsorption.
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The adsorption equilibrium constant K is 1.9920x10°> L-mol ™. K is related to the free energy of
adsorption, AG®, with Equation [36] (3):

1 —AG®°
K= ex 3
55.5 p( RT J @)

The value of 55.5 mol-L™ in the above equation is the concentration of 1 mol-L™ H,0 in
solution. The free energy of adsorption (AG®), can be calculated to be -40.19 kJ-mol* in the case of
ATA. The negative values of AGCensure the spontaneity of the adsorption process. Generally, values
of AG? around -20 kJ-mol* or lower are consistent with the electrostatic interaction (physisorption):;
those about -40 kJ-mol*or higher involve charge sharing or a transfer from the inhibitor molecules to
the metal surface to form a co-ordinate type of bond (chemisorption) [37, 38]. For the adsorption of
ATA on Cu, the calculated value of slightly under -40 kJ-mol* shows that the adsorption is of a typical
chemical adsorption.
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Figure 5. Curve fitting of the corrosion data for copper electrode according to Langmuir
thermodynamic kinetic

3.4 Raman spectroscopy investigations

Surface enhanced Raman spectroscopy (SERS) is a powerful tool in analyzing metal adsorbate
bonding and in elucidating of the surface orientation of adsorbed molecules [39, 40]. SERS is used in
order to gain more information about the inhibition mechanism of ATA for copper corrosion. Fig. 6
and 7 show the Raman spectrum of solid ATA and SERS spectrum of ATA adsorbed onto copper at
open circuit potential (-0.21 V), respectively. The SERS spectra of 0.24 mg-L™ of ATA on copper at
the potential range of -1.0 to 1.0 are displayed in Fig. 8. The assignment of the peaks is listed in Table
2. As shown in Fig. 6, the peaks at 741, 1053, 1216 and 1287 cm™ at open circuit potential are
assigned to the ring breathing mode, in-plane ring stretching vibration mode, -N-H deformation
vibration mode and —C-H in-plane stretching vibration mode, respectively. Compared with the Raman
spectra of solid ATA, all the peaks mentioned above have shifted at varying degrees. The peaks at 748,
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1048, 1074, 1218 and 1291 cm™ in the Raman spectra of solid ATA are assigned to the ring breathing
mode, in-plane ring stretching vibration mode, -N-N vibration mode, -N-H deformation vibration
mode and —C-H in-plane stretching vibration mode, respectively. It is clear from Fig. 8 that the peaks
and the intensity of Raman signals are different with the adsorption of ATA at different potentials. The
intensities of Raman signals reach the maximum when the potential is -0.6V and some corresponding
Raman parameters are listed in Table 2. SERS reveals that the inhibition of ATA for copper corrosion
caused the adsorption of ATA molecules on the surface, the formation of a complex with Cu* and
prevention of the occurrence of copper chloride complexes, CuCl,. The present findings are
compatible with the results in the case of ATA as the inhibitor in sea water solutions [14], or acid
media [16].
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Figure 6. Raman spectrum of solid ATA
1287 14711516
/

. | i 1 M L i | L | i L R |
400 600 800 1000 1200 1400 1600 1800 2000

. 1 i ]

vicem

Figure 7. SERS spectrum of ATA adsorbed onto copper at open circuit potential (-0.21 V)
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Table 2. Assignment of Raman spectrum of solid ATA and SERS of ATA on Cu in borax buffer

solution
Solid ATA Assi t BV

oli ssignmen L0.21* 06
748(s) triazole ring breathing 741 (w) 752 (w)

1048(vs) in plane triazole ring stretching 1053 (w) -

1074(m) -N-N- stretching - 1080(m)

1218(w) -NH- deformation 1216 (w) 1209(w)
1291(s) -CH in plane bending 1287(vs) 1286 (s)

* Open circuit potential
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Figure 8. SERS spectra of 0.24 mmol-L™ ATA on copper at different potentials

3.5 Quantum calculations of ATA molecule

Figure 9. the structure of the ATA molecule
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The structure of the ATA molecule is given in Fig. 9. According to the hybrid orbital theory,
the N3 and N5 atoms have sp2 hybridization and could provide lone-pair electrons to the empty d-
orbital of Cu atom, respectively.

To investigate the reactive sites of the ATA molecule, all total energy density functional theory
calculations were carried out using Dmol3 module on the fine level. The exchange correlation
functional utilized was GGA-PBE [41]. The Fukui indices were listed in table 3. The higher value of
f+ means greater nucleophilic ability while higher value of f- represents greater elecotrophilic ability
[42]. The calculation results show that the N3 atom has a higher value of f+, which means a greater
nucleophilic ability. Meanwhile, it might be the suitable adsorption site.

Table 3. the Fukui indices of the ATA molecule

Atom f+ f-
C1 0.225 0.077
N2 0.079 0.058
N3 0.164 0.175
C4 0.056 0.054
N5 0.120 0.101
N6 0.041 0.202
H7 0.125 0.097
H8 0.057 0.082
H9 0.047 0.083
H10 0.087 0.070

Based on the above calculation, the adsorption model of the vacuum slab on the Cu (100)
surface was showed in Fig. 10. The lowest layer of the Cu atoms were fixed. The height of the vacuum
slab is 20A. The calculation results were listed in table 4. The adsorption energies were calculated
using the equation (1) [43]:

Eadsorption:Etotal'Emolecule'Esurface (l)

Where Eagsorption 1S the adsorption energy, Emoiecule IS the total energy of the ATA molecule.
Esurface 1S the total energy of the clean Cu (100) slab, and Etotal is the total energy of the ATA on Cu
(100).

Table 4. the adsorption energy of the ATA

E E E ,
Emolecular (Ha) surface(Ha) total (Ha) adsorption(Ha)

-297.3958 -10681.3268 -10978.7536 -0.0310

Eadsorption is calculated to be -0.0310 Ha, i.e. -81.39KJ/mol. Furthermore, the ATA molecule
was adsorbed vertically on the top site of the Cu atom via N3 atom, which could agree to the previous
works [44, 45]. For example, Sh.Q. Sun [44] reported that imidazole (IMD) and benzimidazole



Int. J. Electrochem. Sci., Vol. 12, 2017 10711

(BIMD) molecules were adsorbed perpendicularly on the top site of the Cu atom through a single
nitrogen atom. A. Kosari [45] anticipated that ATA would be adsorbed vertically through N3 atoms to
the surface by the analysis of electrostatic potential and molecular orbital. Moreover, the simulation
result is consistent with the experimental result.
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Figure 10. The adsorption model of ATA-Cu

4. CONCLUSIONS

(1) The iph, max for the Cu electrode in borax buffer solution increased evidently on the negative
potential scan, the larger the ATA concentration, the higher the cathodic photocurrent value and the
better the inhibition effect. The photocurrent attains the maximum value when the concentration of
ATA is 30 mg-L™, indicating the best inhibition effect.

(2) ATA has good corrosion inhibition for copper in borax buffer solution. The inhibition
efficiency attains the maximum value of 97.65% when the concentration of ATA is 30 mg-L™.

(3) ATA can be spontaneously absorbed on the surface of copper. Adsorption of the ATA is
found to follow the Langmuir’s adsorption isotherm, and the adsorption mechanism is typical of
chemisorption.

(4) SERS confirmed that the adsorbed ATA molecules formed a complex with Cu® which
prevented the formation of copper chloride complexes, CuCl;'".

(5) ATA would be adsorbed vertically through N3 atoms to the surface by the analysis of
electrostatic potential and molecular orbital.
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