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Abstract. N-Vinylcarbazole (NVC) monolayers were self-assembled on copper surfaces.
The electrochemical properties of the copper surfaces modified by NVC self-assembled
monolayers (SAMs) were investigated using polarization and electrochemical impedance
spectroscopic (EIS) methods. The polarization measurements indicated that the NVC SAMs
could reduce the rates of the anodic and cathodic reaction on the surface of copper electrodes
in 0.5 mol dm™ NaCl solution. The EIS results showed the NVC formed a closely packed
film that was able to inhibit copper corrosion. X-Ray photoelectron spectroscopy (XPS)
analysis of the copper samples and atomic adsorption analysis of the solution showed that
the copper surfaces were covered by NVC SAMs, and the adsorption of NVC on the copper
surfaces was accompanied with dissolution of Cu into the solution.
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INTRODUCTION

Copper is an important metal in industrial applications, particularly, in microelectron-
ics, but it can be easily oxidized in air, and chloride ions significantly promote the corrosion
process in aqueous solution, such as seawater. Self-assembled monolayers are dense and
ordered monolayers.!3 In recent years, the technique has offered a convenient method to
protect the metal from corrosion. There have been some reports on the application of
self-assembled films to the protection of metals against corrosion.*8 Laibinis and White-
sides reported that alkanethiols adsorbed from solution onto copper surfaces formed
densely packed self-assembled monolayers (SAMs),4 which were found to be effective in-
hibitors of copper corrosion in air. Because of a high blocking effect, densely packed
monolayers could be used as protective films for copper surfaces against corrosion. Feng et
al. reported the corrosion protection of self-assembled alkanethiol monolayer on copper in
a 0.51 mol dm3 NaCl solution.> Aramaki reported that the maximum protection effi-
ciency to copper corrosion in 0.5 mol dm— NaS0Q,4.6 was 80.3 % for octadecanethiol
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SAMs. In addition, Quan et al. studied the self-assembled monolayers of Schiff Bases on
copper surfaces, which were formed through the combination of copper and N atoms in the
Schiff Bases molekules.”-3 Castro et al. reported the growth of 2-mercaptobenzoxazole on
Cu (100) surfaces.?

In this paper, N-vinylcarbazole (NVC) SAMs were prepared on copper surfaces, and
their protective effect on copper corrosion was studied in NaCl solution using polarization
and electrochemistry impedance spectroscopic (EIS) techniques. In order to understand the
process of self-assembly and chemical interaction between the NVC and the substrate,
X-ray photoelectron spectroscopy (XPS) and atomic absorption analysis were carried out.

EXPERIMENTAL

N-Vinylcarbazole (purity > 99 % from Fluka) was dissolved in absolute ethanol to a concentration of 1
mmol dm™. Copper substrates (17x8 mm) were used for the X-ray photoelectron spectroscopy (XPS) mea-
surements. The copper electrodes were made from, 99.9 % copper rods of 5.8 mm diameter. The electrodes
were embedded in epoxy resin and the exposed surface was polished with 4007 and 2000 emery paper prior
to each experiment.

The self-assembled monolayers were formed as follows: The electrode was polished, washed with
tri-distilled water, and then was etched in a 6 mol dm HNOj solution for 15 s, rinsed with triply-distilled wa-
ter and absolute ethanol as quickly as possible; and then immediately immersed in adsorbate solutions for var-
ious immersion times whereby self-assembled monolayers formed. After the formation of the SAMs, the
electrode was rinsed with absolute ethanol, and triply-distilled water.

The electrochemical measurements were performed in a three-electrode cell. The reference electrode
was a saturated calomel electrode (SCE) and the counter electrodes was a platinum sheet. All potentials in this
paper are referred to the SCE.

Potentiostatic polarization and EIS measurements were performed with an IM6 electrochemical work-
station (ZAHNER, Germany). The polarization curves were recorded within the potentiaal region from — 0.4
t0 0.1V ata scan rate of 1 mV/s. For the EIS measurements, a sinusoidal potential perturbation of 5 mV in am-
plitude was used with frequencies ranging from 60 kHz to 0.02 Hz. The EIS measurements of the SAMs cov-
ered copper electrodes were carried out in 0.5 mol dm= NaCl aqueous solutions at the corrosion potential after
30 min immersion at 20+2 °C.

The XPS spectra of the NVC SAMs were taken using a PHI 5300 ESCA System (Perkin-Elmer, USA).
The excitation source was MgKoa. radiation (photoelectron energy = 1253.6 eV). Take-off angles of 20°, 45°,
70° from the surface were employed. All the XPS analyses were performed at a pressure below 1 x 10 Pa.
Atomic absorption analysis was perfomed using an atomic absorption spectrophotometer 3510 (Agilent
Technologies). The solutions were introduced into the flame by conventional aspiration and the absorbance
was measured using an analytical wavelength of 324.9 nm. The lamp current and slit width were set at 2.0 mA
and 0.5 nm, respectively.

RESULTS AND DISCUSSION
Polarization measurements

To investigate the influence of the immersion time on corrosion protecion ability,
self-assembled NVC monolayers were prepared on copper electrodes for different immer-
sion times in NVC solutions. Their polarization curves were then measured after 30 min
immersion in 0.5 mol dm3 NaCl solutions. The polarization experiment for bare copper
was performed under the same condition. Figure 1 shows the polarization curve for the
bare copper electrode measured in a 0.5 mol dm3 NaCl solution, together with the polar-
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Fig. 1. Polarization curves for copper electrodes
-8 with and without NVC SAMs measured in a 0.5
P T T T T T T 1 mol dm NaCl solutions at a sweep rate of 1

04 -03 02 01 00 01 02 mV/s: (a) bare cooper, (b) covered NVC SAMs
EN with immersion time 40 s, (c) 30 min, (d) 24 h.

ization curves for copper electrodes covered with SAMs of NVC formed for different im-
mersion times, 40 s, 30 min, 24 h. Compared with the polarization result of the bare elec-
trode, as shown in Fig. 1a, lower anodic and cathodic current densities were observed in
Fig. 1b, ¢ and d. These results indicated that NVC SAMs could inhibit anodic and cathodic
reactions. In general, the inhibition effect of the SAMs on copper corrosion increased grad-
ually with increasing time of immersion. The polarization curve d, for 24 h immersion,
showed the lowest anodic and cathodic current densities at the same potential.

The corrosion current densities (i) Were determined from the polarization curves
by the Tafel extrapolation method. The inhibition efficiency (P %) was calculated using
the following formula:

0_;

-0
l

P%=""""%100%

where ¥ and i are the corrosion current densities of bare copper electrode and SAMs cov-
ered electrode, respectively. The calculated results derived from Fig. 1 are listed in Table 1.
It was found that the inhibition efficiency was 70.2 %, when the immersion time was 40 s.
After 24 h immersion, the P % value rose to 93.8 %.

It is known that the corrosion processes of copper in aerated NaCl solution comprise
the anodic dissolution of copper and cathodic reduction of oxygen.1%:!1 The anodic disso-
lution of copper are shown in the following equations:

Cu+Cl— CuCl+e- 1)

CuCl + Cl-— CuCly~ 2
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And the cathodic reduction of oxygen is as follows:
0y +4e~+ 2HyO — 40H~ 3)

The NVC SAMs increased the charge-transfer resistance of the anodic dissolution of
copper. Also, the NVC SAMs formed on the copper surface acted as a barrier the diffusion
of oxygen molecules from the solution to the copper electrode. In addition, the corrosion
potential of the copper electrode shifted positively after coverage by a NVC film during 24
h immersison, indicating that the NVC SAMs have a greater inhibition action on the an-
odic reaction than on the cathodic reaction.

TABLE L. The corrosion current densities obtained from Fig .1 and the corresponding inhibition efficiencies

Immersion time Corrosion current density/(pA cm2) Pl%
0 (Bare copper) 7.65

40s 228 70.2

30 min 0.85 88.9

24h 0.47 93.8

Electrochemistry impedance spectroscopy (ELS)

EIS has been used to characterize self-assembled monolayers by some authors.#-¢ Some
valuable electrochemical parameters, such as the coverage of the substrate by SAMs and the
capacitance of the SAMs, could be obtained by means of EIS measurements. The Nyquist
plots for a bare copper electrode in 0.5 mol dm3 NaCl solution is presented in Fig. 2. It is
known that the high-frequency capacitive loop can be attributed to the time constant of the char-
ge-transfer resistance (Rf) and the double-layer capacitance (Cy).12!3 The low-frequency linear
portion is believed to be diffusion of soluble copper species (CuCly~) from the electrode surface
into the bulk solution.!%13 In addition to the experiment with a bare copper, a series of EIS ex-
periments for copper electrodes covered with NVC SAMs formed after different immersion
times in NVC ethanol solutions from 2 s to 26 h were performed.

In the high frequency region, the electrode reaction was controlled by a charge transfer
process, and the diameter of the semicircle represents the charge transfer resistance (RY).
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) for a copper electrode measured in a
Z'/k Qcm 0.5 mol dm NaCl solution.
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Compared with the bare electrode, the NVC SAMs covered electrodes displayed a large capac-
itive loop in the high frequency region. Moreover, with increasing immersion time, Rf in-
creased gradually (a, b, ¢ in Fig. 3), showing that the coverage of the copper surface by SAMs
increased stteadily with immersion time in the NVC solutions. Besides, another capacitive loop
was observed in curve c after 24 h immersion, which may be due to the different effect of the
NVC SAMs on the anodic and cathodic reactions. The different effect of the NVC SAMs on
the anodic and cathodic reactions was observed in the polarization curve shown in Fig. 1d.

8
5 ] o 24h
o~ 4 30 min
E4 _ = 40s
é’ R Fig. 3. Nyquist impedance diagrams
~ e * ® o6 o o C | ofcopper electrodes covered with
EZ - ..A.A Aa, ® ]| NVC SAMs in 0.5 mol dm™ NaCl
D a ‘a,b solutions. The NVC SAMs were
0 é"' formed after the electrodes were
———T7 17—

14

immersed for: (a) 40 s, (b) 30 min,

16 (c) 24 h in an ethanolic NVC solu-

Z'/k Qcm 2 tion.

If the electrochemical reaction is under diffusion control, the diffusion effect can be
reflected in the low frequency region of the corresponding impedance diagram. For the
bare copper electrode, as shown in Fig. 2, the Nyquist plot exhibits a Warburg impedance,
indicating that mass transfer greatly affects the corrosion reactions. For the SAMs-covered
copper electrodes (a, b, ¢ in Fig. 3), the Warburg impedance disappeared at low frequen-
cies, indicating the SAMs were sufficiently densely packed to prevent the copper sub-
strates from corrosion in NaCl solution. 14

CPE 4 CPEq
- 1
RS ) 1__:II Rs | I |
L CFEa
Rt W =
Ea

Fig. 4. Equivalent circuits used for fitting the impedance data in Figs. 2 and 3.

The eauivalent circuits shown in Fig. 4 (a) and (b) were proposed to analyze the im-
pedance plots for the bare and SAMs covered copper electrodes. Because the impedance
plotin Fig. 2 reveals the effect of diffusion of soluble species, an equivalent circuit contain-
ing a Warburg impedance element was used (see Fig. 4a). In the equivalent circuits, W
stands for the Warburg impedance, Rf the charge-transfer resistance, Rs the solution resis-
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tance, Ra the pseudo-resistance. To obtain a good fit of the impedance data, the capacitors
were substituted by constant phase elements (CPE). The impedance of a CPE is given by

1 . -
Zcpe=— (jo) "
Yy

where Y is the magnitude of CPE and # an empirical exponent (#: 0 <z < 1). The values of
this empirical exponent indicate the distribution of time constants caused by inho-
mogeneities in the film.!6 If n = 1, the impedance of a CPE is identical to the impedance of
an ideal pure capacitor, and the impedance plot exhibits a perfect regular semicircle. The
impedance plots in these experiments were represented by somewhat depressed semicir-
cles due to the dispersing effect.!” It can be seen from Fig. 2 that the measured and fitted
Nyquist plots of the bare copper correspond with each other. The measured and fitted Bode
plots of the NVC SAM s covered electrodes, as in Fig. 3, are shown in Fig. 5, from which it
can be seen that the fitted results coincide well with the measured results.

54

—O0—24h
—0— 30 min
—A—40s

¢ /degree
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Fig. 5. Bode impedance diagrams of the measured and fitted impedance data in Fig. 2 and Fig. 3. The solid
lines are fitted results.

The electrode coverage (0) is the key factor that can be used to estimate the surface
state of an electrode, and the charge transfer resistance is also related to it. Assuming that
the corrosion reaction occurs at defect sites within the SAMs, the coverage of an electrode
by SAMs can be calculated by!#15
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Re°
(1-06) 2
where R refers to the charge transfer resistance at bare copper and Rt the charge transfer
resistance at the SAMs covered electrode measured under the same conditions. The main
parameters of the fits of the impedance plots in shown in Figs. 2 and 3, and the values of
coverage are listed in Table II. It can be seen that the values of the coverage given in Table
IT are slightly larger than the values of the inhibition efficiencies calculated from the polar-
ization curves and shown in Table 1. In general, the coverage increases eith increasing im-
mersion time. After 24 h immersion, the coverage reached a value of 94.8 %. The depend-
ence of the surface coverage by NVC SAMs on the immersion time from 2 s to 26 h is
shown in Fig. 6. At the beginning of self-assembly, the coverage increases markedly with
increasing immersion time, then tends to a constant value of about 0.94. This result indi-
cates that the formation process of the self-assembled SAMs can be classified by two typi-
cal steps, a fast adsorption in the early stages of the self-assembly, followed by rearrange-
ment at a relatively slow rate.!8 With increasing immersion time, the film becomes more
compact and ordered. Therefore, to obtain a stable and densely self-assembled SAMs, the
best immersion time is greater than 20 h. We consider that the saturated adsorption time is
about 24 h, which is identical with the experimental result of Quan et al.”
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@ B
0.6
05 ] Fig. 6. Time dependence of the sur-
15 face coverage for NVC SAMs on
04 +—T— 7T+ T copper by immersing copper elec-
0 200 400 600 800 1000120014001600  trode in 1 mmol dm> NVC solu-

. tions.
t/ min

The capacitance values of SAMs are usually used to characterize the quality of a
self-assembled film. For a bare metallic electrode, the kinetic process is related to the
charging-discharging process of the double layer capacitance. The capacitance charge
across the film can be approximated from EIS, !5 j.e., assuming a parallel combination of a
two parallel-plate capacitor, the first is assigned to the double-layer capacitance at the de-
fects, and the second is assigned to the build up of charge across the film. The EIS can be
used to evaluate the total capacitance (Cyy)!>

Cotal= Cai + Citm =CJ (1-0) + C iy 6

where Cy is the capacitance at the defects, Cryy, 1s the capacitance across the film itself,
C4 is the capacitance of pure copper and Cg,,0 is the capacitance of a complete NVC
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SAMs with 100 % coverage of the electrode surface. The values of Cy” can be evaluated
from the EIS spectrum of bare copper, and Cit,) can be evaluated from the EIS spectrum
of the NVC SAMs covered copper. With 8 measured independently, the defect-free film
capacitance (Cf,%) can be calculated. Table I1I lists the calculated results derived from the
coverage and capacitance values in Table I1.

TABLE II. Element values of the equivalent circuits in Fig. 4, required for fitting the impedance spectra in
Figs. 2 and 3

CPEy

Immersion time Rt(kQ cm? 0/%
C/uF cm™2 n
0 (Bare copper) 0.549 23.8 0.548
40s 2.67 20.1 0.751 79.4
30 min 6.98 15.8 0.797 92.1
24 h 10.6 2.61 0.871 94.8

It was found that both Cyy and Cg,? of each film covered copper electrode were
smaller in comparison to the bare copper, since the dielectric constant of the adsorbed NVC
is lower than water. For 24 h immersion in an ethanolic NVC solution, the values of Cyy,
and Cg,¥ were reduced to 2.61 pF em2 and 1.33 uF cm 2, respectively. So it can be in-
ferred that the packing density of a film increases with increasing immersion time.

TABLE III. Capacitance of the NVC SAMs on copper derived from the EIS results of Table 11

Immersion time 0/% Ciotal/WF cm™ Cpijpn/uF cm™
0 (Bare copper) 23.8
40s 79.4 20.1 19.1
30 min 92.1 15.8 15.0
24 h 94.8 2.61 1.33
XPS Analysis

XPS Spectra of the NVC SAMs covered copper were performed to obtain composi-
tion information of the adsorption. Using a 45° take-off angle, the elements Cu, C, N, O
were detected. After a copper substrate had been immersed in a 1 mmol dm—= NVC solu-
tion for 24 h the surface atomic composition was Cu 3.30, C 65.62, N 2.57 and O 28.51.
The XPS spectra of Cu2p and N1s for NVC SAMs-covered copper and the CuLMM Au-
ger spectra of copper covered with NVC SAMs, after the copper substrate had been in a 1
mmol dm3 NVC solution for 24 h. The Cu2p3/; peaks at a binding energy (BE) of 932.4
eV and the Cu2p;, peaks at 952.4 eV can be attributed to either Cu(0) or Cu(I), which is
hardly distinguishable in the Cu2p spectra by the 0.1 eV BE shift. Cu(II) which is located at
a BE of 933.5 eV, was not found in the spectra. The Cu LMM Auger spectra of copper
covered with NVC SAMs shows the existence of both Cu(0) and Cu(I), which are located
at 335.0 and 337.0 eV, respectively. The relatively high peak of Cu(0) may be caused by
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T T T T T T Fig. 7. XPS spectra of Cu2p and N1s for NVC
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the copper substrate, while Cu(l) existed in the NVC self-assembled SAMs. The N1s peak
at 399.8 eV indicated the adsorption of the NVC. Also, the existence of oxygen in the
SAMs showed that the oxygen dissolved in the solution had taken part in the self-assembly
process, either oxidizing some of the Cu atoms on the substrate surface or promoting the
NVC adsorption on the copper surface, which is similar to the adsorption of thiols on an
Au surface. !

TABLE IV. Atomic percentage for NVC SAMs covered copper obtained by XPS analysis with different
take-off angles

Take off angles Cu C O N
20° 4.70 67.56 25.92 1.81
45° 3.30 65.62 28.51 2.57

70° 2.96 64.33 30.05 2.67
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To determine the interaction between the copper surface and NVC molecules, the
atomic percentage of the NVC SAMs covered copper was measured using different
take-off angles, 20, 45, and 70°. The results are listed in Table IV. It can be seen that the
atomic percentage of N increases with increasing take off angle, which suggests that the
NVC molecules are adsorbed to the copper surface through the N atoms. The self-assem-
bled process occurs via a complexing reaction of Cu(I) and NVC molecules.

Atomic absorption analysis

After the adsorption process, the residual solution was subjected to atomic absorption
analysis. A stock sandard Cu solution (1 mg ml~!) was prepared. Working standard solu-
tions were obtained by diluting the stock standard solution to 0.400, 0.800, 1.200, 1.600 mg
1-1. Then the absorbance of the solutions was measured to obtain a calibration graph. The
obtained calibration graph shown in Fig. 8 is linear over the range of 0.30 — 1.70 mg 1!
when the Beer law is obeyed. The linear-regression equation is as follows:

A =0.004000 + 0.164000/c “)

where A4 is the absorbance and ¢ the concentratoin of the solutions. The linear correlation
coefficient R was 0.9966. From the calibration graph, the residual solution was found to
contain 2.5 pg ml! copper. This result suggests that during the self-assembly process, dis-
solution of copper into the solution occurs.

0.30

0.25
0.20

0.15

absorbance

0.10 1

0.05 T Fig. 8 Calibration graph for stock stan-
04 06 08 10 12 14 16 dard Cu solutions obtained by atomic

concentration (mg/ ) absorption analysis.

The existence of oxygen in the adsorbate solution may be the key reason for the cop-
per dissolution. As the adsorption of NVC on the copper surface progresses, as the oxygen
in the adsorbate solution acts as an oxidant and then the dissolution of the copper occurs. In
the early stages of the self-assembly progress, the adsorption of NVC and the dissolution of
Cu occur simultaneously. As the number of NVC molecules adosrbed on the copper sur-
face increases, the subsequent dissolution of Cu can be inhibited.

CONCLUSIONS

NVC can be rapidly self-assembled onto a copper surface. The maximum attainable
coverage is 94.8 %. The NVC self-assembled SAMs efficiently inhibit corrosion of the
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copper in NaCl solution by inhibiting the dissolution of copper and retarding the reduction
of dissolved oxygen. The inhibition efficiency can reach 93.8 %. The formation process of
the self-assembled SAMs can be classified by two typical steps, fast adsorption in the ini-
tial state, followed by rearrangement at a relatively slow rate. The longer the time the cop-
per is immersed in the NVC solution, the higher is the quality of the film formed on the
copper surface. XPS demonstrated that the NVC molecules are linked to the copper sur-
face by N atom and that complexation of Cu(I) and NVC may occur. During the

self-assembly process, copper dissolution into the solution occurred simultaneously.
Acknowledgements: This work was subsidized with Special Funds for the Major State Basic Research
Projects G1990650 and the Chinese National Science Fund No. 20173033.

n3BOJN
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OG6pa3oBaHu cy MOHOCIOjeBr N-BUHMIKap6a30ia Ha MOBPIIMHY Oakpa IpouecoM camogo-
pmupama. Enextpoxemujcke ocobnHe nospiimne 6akpa MopudgukoBane MoHocnojeM NV C npoy-
YyaBaHE Cy MeTofjaMa €JIEKTPOAHE INOoJapu3auyje U eJEKTPOXEMUjCKOM UMIIEJAHCHOM CIIEKTPO-
ckormjoM (EIS). Tlonmapu3samuona Mepema cy mokasana ja npucyctso MoHocrnoja NVC yrude Ha
CMamembe aHOJHE M KaTO[HE peakijije Ha OakapHUM eleKTpopama y pactsopy 0,5 mol dm3
pactBopnMa. Pesynrati nobujenn metomom EIS mokasyjy aa ce ¢popmmpa rycto nmakoBaHu (puim
KOjH je y CTamby ja ”HXUONpa KOpo3uoHe nporece. Pengrencka hoToeneKTpoHeKa CIIeKTPOCKONyja
(XPS) y3opaka 6akpa # aTOMCKa alCOPIIFOHA aHAIN3a PAcTBOpA MOKa3ale Cy Aa je MOBPIINHA
Gakpa mpeByueHe camocopmupannm MoHocrnojeM NVC, kao u nma je apcoprmmja NVC Ha 6akpy
npahena pacrtBapameM CUy pacTBOp.

(ITpumsbero 17. janyapa, pesuupato 28. jyna 2002)
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