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ABSTRACT ARTICLE HISTORY

This paper presents the self-assembly of 1-(3-aminopropyl) imidazole Received 6 November 2017
(API) monolayer on the copper surface to study the inhibition effect Accepted 19 February 2018
of the APl against copper corrosion in 3% NaCl solution. The optimum KEYWORDS
concentratlor.\ and assgmbhng time for.the gssembly of APl on copper Copper: corrosion inhibition;
were ascertained using electrochemical impedance spectroscopy self-assembled monolayer;
(EIS). It was found that the API self-assembled monolayer (SAM) was aminopropyl imidazole; X-ray
formed with the concentration of 1.0 mM of API at 24 h assembling photoelectron spectroscopy
time and the maximum inhibition efficiency that could be achieved

was 93.10%. The APl SAM on copper was characterized by Fourier

transform infrared spectroscopy (FT-IR), energy dispersive X-ray

analysis (EDX), X-ray photoelectron spectroscopy (XPS), atomic force

microscopy (AFM) and water contact angle measurement (WCA).

The presence of N and C signals in the XPS and EDX, show that the

APl molecules successfully anchor on the copper surface which

demonstrates formation of API SAM on the copper surface. Corrosion

protection capability of the copper modified with APl was evaluated

by the electrochemical polarization study (EPS) and scanning electron

microscopy (SEM). The results of electrochemical and SEM analysis

revealed that the APl modified copper showed better corrosion

protection in 3% NaCl solution.

1. Introduction

Surface modification of metal surface with self-assembled monolayer (SAM) is a potent
technique for the tuning and enhancement of surface properties. SAM has attracted great
attention of many researchers owing to their widespread potential applications in diverse
fields including molecular electronics, biosensors, corrosion protection and antimicro-
bial applications [1-4]. Copper (Cu) is a kind of non-ferrous metal extensively used in
a wide array of applications in many fields because it possess good mechanical, thermal
and electrical properties [5]. Nevertheless, one of the main disadvantages of Cu material
is that it easily suffers from severe corrosion in the presence of moisture and chloride ions,
especially in seawater environment. The performance of Cu is greatly affected in most of its
industrial practical applications and reduces the lifespan of metals [6-10]. Alleviating the
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Cu corrosion in harsh corrosive environment has always been a challenging hot research
topic and the study of Cu corrosion phenomena has attracted the attention of numerous
investigators [11-14]. Modifications of the metal surface with self-assembled monolayer
is a promising domain in protecting metals from corrosion because of their formation of
compact and ordered monolayers on the substrate surface [15], which serves as a robust
barrier for isolation from corrosive species and thus, reduce the speed of metal dissolu-
tion. Generally, organic inhibitors including polar functional group, 7 electron systems and
unshared electron pairs on the hetero atom (N, S, and O) have been explored as effective
corrosion inhibitors for metals in corrosive medium owing to their interaction with unoc-
cupied d-orbitals of metals leading to the formation of an adherent protective layer on the
surface which provides barrier properties for the metal substrate [16-18]. Several scientific
studies have been devoted to the topic of corrosion inhibition by different types of azole
inhibitors utilized for many metals and alloys in various aggressive media [13,16,19-23].

Unfortunately, many of the commonly used effective organic inhibitors are toxic for
living beings and harm the environment. Thus, there is a growing concern to find safe,
highly efficient, low-toxic, environment friendly film forming substances replacing harmful
inhibitors for protection of Cu surface from corrosion in harsh environment. Imidazole and
their derivatives have been reported as non-toxic and good corrosion inhibitors for various
metals in acid solution as well as neutral media [12,24-28]. Imidazoles are organic heter-
ocyclic compounds showing three different possible attaching modes suitable for bonding
with substrate surface: pyrrole like nitrogen atom-1 N, pyridine like nitrogen atom-3 N and
aromatic ring itself as well as probably the substituent may behave as an active center [12].

To the best of our knowledge, no reports are available for 1-(3-aminopropyl imidazole)
(API) derivative with respect to the literature on API SAM for the protection of Cu corro-
sion in 3% NaCl solution (Figure 1). The present work was intended to prepare API mon-
olayer on Cu surface via self-assembly and an attempt made to explore the anti-corrosion
performance of SAM for Cu in corrosive environment. The SAM modified Cu surface was
characterized by Fourier transform infrared spectroscopy (FT-IR), energy dispersive X-ray
analysis (EDX), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM)
and water contact angle measurement (WCA). Moreover, electrochemical polarization study
(EPS) and scanning electron microscopy (SEM) measurements were employed to appraise
the corrosion protection abilities of API for Cu in 3% NaCl solution.

2. Experiment details
2.1. Materials and sample preparation

1-(3-aminopropyl) imidazole was supplied by Sigma-Aldrich (API, 97%) while other mate-
rials used in this study, sodium chloride (NaCl) and absolute ethanol (CH,CH,OH) were

”ZNWD

1-(3-aminopropyl)imidazole

Figure 1. Molecular structure of 1-(3-aminopropyl) imidazole.
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of analytical reagent grade (AR). The API inhibitor was dissolved in absolute ethanol to
prepare 0.1-1.5 mM solutions. The Cu samples of different dimensions employed for surface
analytical studies (1.0 x 1.0 x 0.1 cm) and were cut from Cu sheet with 99.9% purity. For
the electrochemical investigation, the working electrode of geometrical square surface of
only 1 cm? area was exposed to the corrosive solution while the rest part was sealed in a
Teflon sheath. The sample surface was ground through a series grade of emery papers of up
to 6/0 grade and polished with alumina slurry (0.3 pm) and sequentially rinsed with double
distilled water, then sonicated in ethanol for 10 min and finally dried with a flow of N, gas.

2.2. Formation of API SAM on Cu

The polished Cu samples were etched in concentrated solution of HNO, (7 M) for 30 s to
provide a fresh and oxide-free active surface to form a high quality SAM [29,30]. The etched
samples were washed with the double distilled water followed by ethanol and then the pre-
treated samples were forthwith immersed in different concentrations of API solution in
ethanol for different assembly times at room temperature. At the end of surface modification,
the samples were taken out from the SAM solution and rinsed with ethanol followed by
double distilled water to eliminate loosely bound API molecules on the electrode surface
and then dried by flowing N, gas prior to further exploration.

2.3. Electrochemical methods

Electrochemical methods provide a powerful tool for measuring the surface characteristics
of metals modified by SAMs in corrosive environment [31]. Electrochemical measurements
were recorded with CHI electrochemical analyzer (CHI 760D) in a conventional three
electrode cell which comprised a saturated calomel electrode (SCE) and platinum electrode
serving as the reference and auxiliary electrodes, respectively. The bare Cu or API SAM
modified Cu sample was adopted as the working electrode. Prior to each electrochemical
test, the Cu sample was immersed in 3% NaCl medium for 1 h to reach an almost steady
condition. The impedance spectroscopy measurements were performed under open circuit
potential (OCP) ranging from 100 kHz to 0.1 Hz with AC signal amplitude of 5 mV. The
resulting impedance results were investigated by ZSimpWin 3.2.1 software and fitted to
the suitable electrical equivalent circuits. The polarization studies were recorded from -0.5
to +0.2 V with a scan rate of 2 mV s7'.

2.4. Surface analytical studies

FT-IR spectra of the pure API and API SAM on Cu samples were measured with JASCO
460 plus model spectrometer. Each spectrum was recorded in a single reflection mode and
its spectral range lies between 400 and 4000 cm™ with 32 scans and 4 cm™! resolution. The
surface morphologies and elemental analysis of the Cu sample surface with and without
API SAM were analyzed by SEM (VEGA3 TESCAN) attached with EDX (Bruker Nano,
Germany). The contact angles of water droplets were tested on a contact angle goniometer
(250-F1, rame-hart instrument Co., USA) by sessile droplet method using 10 pL water.
The contact angle data were collected by measuring five different locations on every Cu
sample and then averaged to obtain reliable values. The XPS studies of Cu samples in the
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absence and presence of SAM were recorded on a Thermo scientific X-ray photoelectron
spectrometer with a monochromated Al Ka X ray source (1486.6 eV). The surface roughness
and topography of the sample surfaces were examined using contact mode atomic force
microscopy (BT 02218, Nanosurf, Switzerland) and scan area of 10 um x 10 pm is evaluated

for a set point of 20 nN and a scan speed of 10 mm s~

3. Results and discussion
3.1. Electrochemical impedance studies

3.1.1. Effect of APl concentration

Figure 2 shows the Nyquist plots for the bare Cu and API covered Cu electrodes after the
24 h of assembly in various concentrations of API solution. For the bare Cu sample (Figure
2(a), inset), Nyquist curve showed a depressed capacitive arc in the high frequency and
followed by Warburg impedance (W) at low frequency in the real axis. The presence of W in
the low frequency region represent the transport of soluble CuCl,” products from electrode
interface to the bulk solution (anodic diffusion) [32], and or the oxygen transport from
the bulk solution to the surface of the Cu substrate (cathodic diffusion) [33]. For the API
modified Cu electrode, the W disappeared at low frequencies, indicating that the SAM is
sufficiently densely packed to prevent the diffusion process of the corrosion reaction and
the Cu corrosion is controlled by the charge transfer process. The Nyquist plots show several
impedance loops in the real axis in which the size of the loops were sharply enlarged by
increasing the concentration of API, implying the formation of more compact and insulating
film on the Cu surface. Figure 2(b) depicts the Bode plots of (phase angle vs. frequency and
impedance vs. frequency) bare and API SAM modified Cu electrodes, respectively. Bode
plots of (phase angle vs. frequency) modified Cu sample displays a broader shape, maxi-
mum shift in the phase angle value at high frequency area which increases with enhancing
the API concentration. The increase of the phase value in the presence of the SAM shows
more API molecules were adsorbed on the Cu surface at the higher concentration of API.
Whereas the Bode plot of (impedance vs. frequency) exhibits that the Bode amplitude val-
ues over the entire frequency range increases with the incremental concentration of API.
This result indicates the formation of denser and highly organized SAM on the electrode
surface. The experimental impedance data were analyzed and best fitted by equivalent
electrical circuits (EECs) (Figure 3) and their corresponding impedance parameters are
summarized in Table 1. In the EECs, R stands for the electrolytic solution resistance, R , is
the charge transfer resistance, R, the resistance of API SAM formed on the Cu surface,
W represents the Warburg impedance, CPE is the constant phase element of electrical
double layer and CPE_  represents the constant phase element of SAM. It can be seen that
Nyquist impedance plots show imperfect capacitive arcs with its center below the real por-
tion which can be accredited to the frequency dispersion arising from the surface roughness
and non-uniformity of the substrate surface. Therefore, a constant phase element (CPE) is
typically utilized in place of double layer capacitance (C,) in the electrochemical equivalent
circuit to fit the depressed curve more correctly [34]. The admittance and impedance of a
CPE are described by the following equation.

1

Yepe = Yy(jw)" and Z,, = W (1)



JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY 1737

(@)
12000
Experimental curve @ 0.1mM
Q@ Fitted curve
10000
on0 ] Q@ 0.5mM
a0 QO 1.0mM
E :
8 1% = . Q@ 1.5mM
= 6000 4 o
N .

0 T T T T T T T T T T T
0 2000 4000 6000 8000 10000 12000
7' (@ cm)
(b)
B — -80
4 Q@ Bare |
Q@ 01mM | .70
@ o5mM [
60 @
- Q@ 1.0mMm e
‘E 34 3 g
3] Q@ 15mM | 5 T
G o
N " )
) 40 &
° o
2 ]
.30 P
B o
033 L 20
14
~-10
")
T T T T T T QA_I_
-1 0 1 2 3 4 5

logf (H2)

Figure 2. (a) Nyquist and (b) Bode plots obtained in 3% NaCl for bare Cu and API modified Cu electrodes
assembled in different concentrations of API solution for 24 h. (inset Figure 2a: Nyquist spectra of bare Cu).

where Y represents the magnitude of the CPE, j stands for the imaginary root, w is the
angular frequency and # is the exponential term of the CPE. The n value indicates the state
of the Cu electrode surface. Smaller n value infers a rougher sample surface and the value
of n for a real electrode often lie between 0 and 1. The inhibition efficiency (IE) is evaluated
using equation [23].

/

_ Rct B Rct
IE(%) = R—/ %X 100 (2)

ct
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Figure 3. Equivalent circuit models of (a) bare Cu and (b) API SAM modified Cu electrodes in 3% NaCl
solution.

Table 1. Nyquist impedance parameters for the bare Cu and APl modified Cu electrodes assembled in
different concentrations of APl solution for 24 h in 3% NaCl solution.

CPEdl CPESam
C(mM) R, (Qcm?) (UF cm™2) n, R, (Qcm?) (MF cm™2) n, x> IE (%)
0 806 97.06 0.68 - - - 1.641%x 1073 -
0.1 8558 50.18 0.50 1549 25.44 0.83 7.972x 1073 90.58
0.5 10,685 48.29 0.52 2564 21.34 0.87 6.699 x 1073 92.45
1.0 11,690 4494 0.54 2841 13.77 0.88 7.245%x 1073 93.10
1.5 11,773 33.00 0.52 2007 22.14 0.86 6.948 x 1073 93.15

where R, and R, are the charge transfer resistance for the API modified Cu and bare Cu,
respectively. It is clear from Table 1 that compared with the bare Cu, R , values of Cu with
API SAM increase greatly and the CPE values decrease. Moreover, the R values increase
and the CPE values decrease by raising the API concentration. The increase in R, value
could be attributed to the formation of a barrier layer on the electrode surface that isolates
the Cu from dissolution. The reduction in CPE values with an increase in the concentration
of the API which is anticipated to cover the charged substrate surface and decrease the
capacitive effect [35]. Additionally, inhibitor molecules provide lower CPE values which
can be due to the gradual replacement of water molecules by API molecule at the sam-
ple surface. The values of n increments with increasing concentration of inhibitor, reveals
that the morphology of electrode surface becoming homogenous and less rough due to
strongly anchored API molecules on the most active site at the Cu surface. The change of
n value may be attributed to the increase of inhibitor concentration resulted in a disparity
in electrode surface roughness. It is found that as the concentration of API increases from
0.1 to 1.0 mM, the R, value increased from 8558 to 11,690 () cm?. In addition, the values
of IE increase with inhibitor concentration getting a maximum value (93.10%) at 1.0 mM.
Further, the increase in concentration of APT up to 1.5 mM, the R , and IE value increased
slightly (11,773 Q cm? and 93.15%). These results demonstrate that API inhibitor has a
good performance of corrosion inhibition by forming densely packed monolayer on the
Cu surface at the 1.0 mM concentration. Therefore, the 1.0 mM concentration of API was
optimized to prepare the SAM on the Cu surface.

3.1.2. Effect of assembly time
Figure 4 presents the Nyquist and Bode plots for bare Cu and API modified Cu electrodes
in 3% NaCl solution after different assembly times in the range of 1 to 30 h with the fixed
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Figure 4. (a) Nyquist and (b) Bode plots obtained in 3% NaCl for bare Cu and API modified Cu electrodes
assembled in 1.0 mM API solution for different times.

concentration of 1.0 mM API. The corresponding impedance parameters are summarized
in Table 2. For the Cu modified by API for 1 and 6 h, the R , values are 3738 and 7081 Q
cm?, respectively and the IE values are 78.43 and 88.61%, respectively. While the assembly
time was further raised to 12 h, the value of R , reached 10,010 Q cm? with an IE of 91.94%.
When the assembly time increased to 24 h, the values of R, and IE reach the maximum
values of 11,690 Q cm?, 93.10%, respectively. However, the increases R, and IE values of
30 h is relatively less R (12,026 Q cm?) and IE (93.29%) values when compared to 24 h
of assembly time on modified electrode. It indicates that the API molecules on Cu surface
have attained a saturated state after the self-assembling time of 24 h. The above results
indicate that the suitable assembly time is 24 h for the successful formation of SAM with
maximum surface coverage.
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Table 2. Nyquist impedance parameters for the bare Cu and APl modified Cu electrodes assembled in
1.0 mM API solution for different times in 3% NaCl solution.

CPE

th  R,(Qcm?) CPE,(WFcm? n, R, (Qcm?) (WF cm-2) n, X2 IE (%)
0 806 97.06 0.68 - - — leaxi0® -

1 3738 96.62 0.48 1055 35.95 083 9103x10° 7843
6 7081 53.11 0.51 1345 2287 086 7.486x10° 8861
12 10,010 39.65 0.53 3781 23.58 085 2617x10° 9194
24 11,690 44.94 0.54 2841 13.77 088 7245%10°  93.10
30 12,026 3257 0.50 2798 1138 089 8318x10% 9329

From the above results it is concluded that the optimum conditions for the formation
of API SAM on Cu surface are 1.0 mM concentration of API in ethanol and an assembly
time of 24 h. These conditions were utilized for the formation of API SAM on Cu surface
throughout the studies.

3.2. Characterization of API SAM on Cu

3.2.1. FT-IR spectroscopy

FT-IR spectroscopy studies were carried out to confirm the surface modification on the Cu
surface. Figure 5 shows the FT-IR spectrum of pure API and API SAM formed on the Cu
substrate, respectively. The bands were assigned to the pure API as follows (Figure 5(a)):
the bands at 1572 cm™ (C=N stretching), 1392 cm™ (C-N stretching) and 3424 cm™! (N-H
stretching) [36]. On the other hand, API modified Cu showed some main bands that are
characteristically different than observed for pure API. The spectrum of API with Cu (Figure

= C-N stretching

N stretching

C=

11392

Transmittance (%)
- Nsttretching

b 1572 .

1546" 1383

4000 3500

T T T T T
3000 2500 2000 1500 1000 500

Wavenumber (cm’)

Figure 5. FT-IR spectra of (a) pure APl and (b) API SAM formed on Cu.
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5(b)) showed the shifting of characteristic C=N stretching band from 1572 to 1546 cm™
and C-N stretching band shifting from 1392 to 1383 cm™. From the above observations,
it can be concluded that there is successful formation of the API SAM on the Cu by the N
atom of imidazole ring.

3.2.2. SEM and EDX analysis

The surface morphology and elemental composition of polished Cu and API SAM modified
Cu surfaces were measured by SEM and EDX techniques (Figure 6). Figure 6(a) illustrates
the SEM image of polished Cu surface which appeared uniform with scratches and some
nicks spread over its surface. This could be due to surface pretreatment with different grades
of emery papers and retains the polished sample surface. The corresponding EDX spectrum
showed the elemental signal for Cu (89.48 at.%) at 0.93 and 8.05 keV, and O (10.52 at.%)
at 0.53 keV, respectively (Figure 6(b)). On the other hand, API modified Cu (Figure 6(c))
seemed a smooth surface with dense organic layer, indicating the successful assembly of
API SAM over Cu surface. This results was further evidenced by EDX which showed four
elemental peaks at C (27.90 at.%) at 0.28 keV, N (4.78 at.%) at 0.39 keV, O (1.76 at.%) at
0.53 keV and Cu (65.76 at.%) at 0.93 and 8.05 keV for API modified Cu (Figure 6(d)). The

Cosfel
1(b)
] Element At.%
Cu 89.48
0] 10.52
10 (!
SEMHV:300kV |  WD:12.44 mm veas TEscan [ I ! J
View field: 17.2 pm | Det: SE 5pm 6 8 10 2
(c) =
1(d)
Element At.%
Cu 65.76
C 27.90
N 4.78
(0] 1.76
0
1N
c G
SEM HV: 20.0 KV WD: 7.75 mm VEGA3 TESCAN g o 8 1'0 ' 2
View field: 29.6 ym Det: SE 5pm e

Figure 6. SEM images and EDX spectra of polished Cu (a, b) and API SAM modified Cu (c, d).
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detection of C and N signals at 0.28 and 0.39 keV on the surface confirmed the API SAM
formation on the Cu surface.

3.2.3. XPS analysis

In order to further corroborate the surface modification and the chemical state on the Cu
surface they were studied by XPS for both polished Cu and API SAM modified samples.
Wide scan and deconvolutated XPS spectra of the polished Cu sample are depicted in
Figure 7. Figure 7(a) shows the wide scan spectrum of polished Cu. The XPS Cu 2p spec-
trum of Figure 7(b), showed two signals at 932.6 and 952.4 eV that are assigned to binding
energy of Cu 2p, , and Cu 2p, ,, respectively, implying the presence of Cu (I) [13]. The O
1s signal (Figure 7(c)) at 531.5 eV is ascribed to the formation of Cu,O on the Cu surface
[37]. Further, the wide scan and deconvolutated XPS spectra of the API SAM modified Cu
sample are shown in Figure 8. Wide scan spectrum of API modified Cu displayed in Figure
8(a). In Figure 8(b), the Cu 2p spectra exhibit two signals at 932.7 and 952.5 eV, respectively.
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Figure 7. XPS of wide scan (a) and deconvoluated spectra of (b) Cu 2p (c) O 1s of polished Cu.
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Figure 8. XPS of wide scan (a) and deconvoluated spectra of (b) Cu 2p (c) O 1s (d) C1sand (e) N 1s of API
SAM modified Cu.

The signal at higher binding energy can be accredited to Cu 2p, , and the signal at lower
binding energy can be ascribed to Cu 2p, , which is due to initial oxidation of Cu to Cu,O
during SAM formation. The signal at 531.7 eV in O 1s spectrum (Figure 8(c)) can be attrib-
uted to the Cu,O. The presence of oxygen in the SAM Cu showed that oxygen dissolved in
the API solution participates in the self-assembly process. The absence of satellite signals
around the binding energy of 943-963 eV suggested that there is no Cu (II) formed on the
surface. The spectrum of C 1s of the API modified Cu surface consist of three signals with
the characteristic binding energy at 284.1, 285.9 and 288.7 eV associated with the C-H,
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C-N and C=N, respectively (Figure 8(d)). The N 1s displayed three signals (Figure 8(e)).
The dominant signal at binding energy of 399.9 eV is ascribed to the terminal -NH,, and
the other signals at binding energy of 398.7 and 401.2 eV were attributed to the C=N and
N-H in the imidazole ring, respectively [38]. The characteristic binding energy of the ele-
mental nitrogen and free amine signals were reported at 398.0 eV [39], and 400.1 eV [40],
respectively. The shift of N 1s binding energy (398.7 eV) from elemental binding energy
(398.0 eV) showed that the API molecule is chemically absorbed on Cu surface via the N
atoms of imidazole ring.

3.2.4. AFM analysis

The surface topography of the Cu samples with and without API SAM were examined by
AFM. The AFM pattern of the 2D, 3D-Topography of the polished Cu and API modified
Cu samples are shown in Figure 9. Average surface roughness (S ) and root mean square
(S ) values for polished Cu and modified Cu were obtained from respective AFM images.
Figure 9(a) showed that the polished surface was flat with some tiny polishing scratches
on the surface with S, and Sq values of 19.766 and 24.965 nm, respectively. Whereas, the
modified surface (Figure 9(b)) was having a comparatively uniform surface morphology
with S, and Sq values of 15.735 and 19.713 nm, respectively. After modification with SAM,
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Figure 9. AFM patterns of (a) polished Cu and (b) API SAM modified Cu.
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significant reduction in §_ and S, values were observed when compared to that of polished
sample which clearly point out the surface modification on the Cu surface.

3.2.5. WCA analysis

WCA measurements were performed to assess the surface wetting behavior of the Cu
surface before and after modification. The photographic images of the sessile water drop
on polished Cu and API modified Cu substrate surfaces are shown in Figure 10. For the
polished Cu (Figure 10(a)), the WCA value is about 77.5° while for the Cu sample covered by
API monolayer, the WCA value increased to 91.8° (Figure 10(b)). The significant increases
of WCA value indicate that the SAM molecules have been successfully self-assembled on
the Cu surface.

3.3. Assessment of corrosion protection of Cu by APl SAM

3.3.1. Electrochemical polarization studies

Figure 11 presents the electrochemical polarization curves of the bare Cu and the API modi-
fied Cu electrodes in 3% NaCl solution. The electrochemical kinetic corrosion parameters of
Cu without and with SAM were derived from the Tafel curves as corrosion potential (E_ ),
corrosion current density (i__), anodic Tafel slope (b ), cathodic Tafel slope (b ) and IE are
given in Table 3. The percentage of IE can be evaluated as follows

(a) (b)

Figure 10. Contact angle images of (a) polished Cu and (b) API SAM modified Cu.
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Figure 11. Electrochemical polarization curves obtained in 3% NaCl solution for bare Cu and API modified
Cu assembled in 1.0 mM API solution for different times.
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Table 3. Electrochemical polarization parameters for the bare Cu and API modified Cu electrodes
assembled in 1.0 mM API solution for different times in 3% NaCl solution.

t(h) E... (mV/SCE) Lore (WA cm™?) b, (mVv dec™) b (mV dec™) IE (%)
0 247 4.524 920 201 -

1 214 0.626 24 173 86.16
6 202 0.527 25 142 88.35
12 206 0.489 23 153 89.19
24 195 0.259 19 104 94.27

=i
IE(%) = ———— X 100 (3)

corr

where i) andi__are the corrosion current densities of the bare and API SAM modified
Cu, respectively. It is clear from Figure 11, as compared with the bare Cu, the anodic and
cathodic polarization curves of the API modified Cu move towards lower current densities
along with the E__ which shifted towards more positive direction. Moreover, E__shift was
only slight with the increment of assembly time, suggesting that the API mainly impedes
the dissolution rate of Cu in NaCl solution. For the bare Cu, - value is 4.524 pA cm™?,
whereas for the Cu modified with API SAM, the value of i decreased from 0.626 to 0.259
HA cm?. The decrease in the i value is mainly due to the lack of interaction of ClI” on
the Cu surface. Therefore, it has improved anticorrosion properties for Cu surface after
the modification by API SAM. It is seen that the IE increased with increasing of assem-
bly time and the corrosion protection efficiency reached a maximal value of 94.27%. In
comparison with the bare Cu, the E__of the SAM Cu moves towards the positive region
and all the displacements were lower than 85 mV/SCE suggesting a mixed type corrosion

inhibitor [41], predominantly inhibiting the anodic reaction. The positive shift of the E_

(a) (b)

SEM HV: 30.0 kV WD: 9.27 mm VEGA3 TESCAN SEM HV: 20.0 kV WD: 7.66 mm VEGA3 TESCAN

View field: 40.2 pm Det SE View field: 38.2 pym Det: SE 10 pm

Figure 12. SEM images of (a) bare Cu and (b) API SAM modified Cu after immersed in 3% NaCl solution
for 72 h.
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and reduction of the I_ _revealed that the presence of API SAM has greatly improved the
corrosion resistance for Cu in NaCl solution.

3.3.2. SEM studies

The surface morphologies of the bare Cu and Cu surface covered by API SAM after 72 h
exposure in aqueous 3% NaCl environment was studied by SEM and are represented in
Figure 12. In Figure 12(a), bare Cu surface in NaCl solution was severely deteriorated and
the rough surface is due to the Cu dissolution in the corrosive environment. Compared
with the bare sample, the morphology of surface was distinctly different for the API SAM
modified Cu after immersion in corrosive environment. As it can be seen from Figure 12(b),
the surface relatively looked to be of much less corroded morphology which reveals that
the formed API SAM effectively protects the Cu in 3% NaCl solution.

4. Conclusion

We have successfully prepared API SAM on a Cu surface by self-assembly technique. API
SAM was characterized by FT-IR, SEM-EDX, WCA, AFM and XPS analysis. EIS results
indicate that the R of the Cu with API increase markedly and its CPE values decrease
significantly. Electrochemical polarization plots show that the API behaves as mixed type
inhibitor, predominantly anodic in nature with IE value of 94.27%. The SEM analysis showed
that the formed API SAM on Cu increased the anticorrosion properties of Cu.
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