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In this work, octadecanethiol (ODT) was demonstrated to form ordered monolayers at either electrochemically
reduced or oxidized Zn surfaces, by means of sum frequency generation (SFG) spectroscopy, cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS). The SFG spectra of ODT-modified Zn electrodes
featured three methyl group resonances in the C-H vibrational region (2800-3100 cm-1). A significant
decrease in interfacial capacitance and an increase in charge-transfer resistance were observed in EIS
measurement after ODT modification. The alkane chain tilt angle of ODT within a monolayer at the Zn
surface was estimated as 0° with respect to the surface normal by interfacial capacitance measurement via
EIS. CV and SFG investigation revealed that ODT monolayers undergo reductive desorption from the Zn
electrode in 0.5 M NaOH at-1.66 V (vs SCE) and in 0.5 M NaClO4 at -1.62 V. The integrated charge
consumed to the desorption of ODT is determined as 87 mC/cm2 from the reductive peak on CV curve,
resulting in a coverage of 9.0× 10-10 mol/cm2 (5.4× 1014 molecules/cm2) if assuming the reduction follows
a one-electron process. ODT monolayers show corrosion protection to underlying zinc at the early immersion
stage in base, salt, and acid media. However, the protection efficiency was reduced with immersion time due
to the presence of defects within the monolayers.

Introduction

Zinc is one of the most widely used metals in modern society.
It has been principally used as a coating or sacrificial anode to
protect steels from corrosion and rust. Zinc has also been used
for die casting in the automobile industry and for roofing and
gutters in building construction. Commonly, zinc coatings are
further protected by the chromating process to form an inactive
chromate film at the zinc surface. However, it is known that
chromating formulations are carcinogenic. Enhancing the an-
ticorrosion ability of zinc with nontoxic materials is therefore
highly desired.1

On the other hand, the self-assembled monolayers (SAMs)
technique is already broadly applied in nanoscience and
nanotechnology, including biology, due to its strong abilities
to modify surface properties and to generate novel functions.
Among them, thiolate monolayers at Au, Ag, Pt, and Cu coinage
metals have been intensively investigated in the past two
decades.2

Recently, studies on thiol monolayers at engineering metal3-6

and metal oxide7-12 surfaces have attracted much interest.
Delhalle’s group has most recently reported X-ray photoelectron
spectroscopy studies of the deposition ofn-dodecanethiol and
3-perfluorooctyl-propanethiol at electrochemically reduced Zn
surfaces.1

This work presents the formation of octadecanethiol (ODT)
monolayers at reduced Zn and oxidized Zn surfaces. The ODT
monolayers at both zinc surfaces were characterized by sum
frequency generation (SFG) spectroscopy. The alkane chain cant
angle of ODT at the Zn surface was estimated by electrochemi-
cal impedance spectroscopy (EIS) measurements. Cyclic vol-

tammetry (CV) and SFG were employed to study reductive
desorption of ODT from the Zn electrode. The anticorrosion
effects of these systems were evaluated by means of EIS in
acid, salt, and base solutions, respectively.

Experimental Section

Materials. Commercially available ODT (98%, Aldrich) and
ethanol (absolute-200 proof, Aaper) were used as received. A
zinc rod (99.9999%, 9.45 mm in diameter, 0.70 cm2 in geometric
surface area) was purchased from Alfa Aesar and mounted in a
Teflon sheath, exposing only the circular cross-section.

Electrode and Monolayer Preparation.Zn electrodes were
first polished by 1000 grit emery paper and further polished
with a 6, 3, and 1 mm diamond suspension sequentially. Zn
electrodes used in the EIS measurement for evaluating the
anticorrosion effect were only polished with 1000 grit emery
paper. Before using, the freshly polished electrode was rinsed,
ultrasonicated with acetone for 5 min, and then rinsed with water
from a Millipore A10 system (>18 MΩ cm2).

Figure 1 shows CV curves of the Zn electrodes in different
solutions that determined the reduction and oxidation potentials
in this work to form reduced Zn and oxidized Zn surfaces. While
Zn begins to passivate after potential positve to-1.1 V in NaOH
solution, there is no passivative film forming in acid solution.

In the case of the reduced Zn electrode (labeled as Znre), the
clean Zn electrode was introduced into a three-electrode glass
cell containing electrolyte purged with a pure N2 gas flow. A
Pt wire coil and saturated calomel electrode (SCE) were used
as the counter electrode and reference electrode, respectively.
The electrolytes used to reduce Zn electrodes include 1 M
NaOH, 1 M Na2CO3, 0.5 M NaClO4, or 0.5 M HClO4 aqueous
solutions. A cathodic potential, which was chosen on the basis
of the CV curves in an associated solution shown in Figure 1,
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was applied on the Zn electrode for 30 min to reduce the native
oxide layer at the Zn surface. For example, the applied reduction
potential was-1.3 V in HClO4 and-1.7 V in NaOH solutions,
respectively. The reduced Zn electrode was taken out of the
solution under N2 gas protection and quickly rinsed with ethanol
and immersed into 1 mM ODT deaerated ethanol solution as
quickly as possible. The immersion time was typically more
than 1 h. We note that similar SFG spectra were observed for
the samples with longer immersion times, up to 8 h. After ODT
deposition, the electrode was rinsed, ultrasonicated, rinsed with
ethanol, and dried with N2 gas flow. SFG and electrochemical
measurements were performed within 5 min after ODT mono-
layers were prepared.

The oxidized Zn electrodes (labeled as Znox) for the formation
of ODT monolayers were prepared by electrochemical (EC) and
thermal (TH) methods. Znox film was obtained by anodizing a
Zn electrode in 1 M NaOH solution at-1.0 V where Zn was
passivated according to the CV curve shown in Figure 1. The
typical oxidation charge was 300 mC/cm2. A thin white
transparent oxide layer was then obtained at the Zn electrode
surface. This passive film was comprised of ZnO and/or
Zn(OH)2.13-16 Assuming that the passivating film consisted of
ZnO and taking the density (F) of this porous film as 4.0
g/cm,3,17 the thickness (d) of the passivating film can be
estimated by Faraday’s law:

whereM is the molar mass of ZnO (81.4 g/mol),Q is the charge
consumed on formation of the passivating layer,n is the number
of electrons involved in film formation (here,n ) 2), F is
Faraday’s constant (96500 C/mol), andA is the surface area of
the Zn electrode (0.7 cm2). Hence, the average thickness of the
passivating layer at Zn surface was approximately 450 nm. The
thermally oxidized Zn film was formed by heating a clean Zn
electrode to 110°C in air for 0.5-1 h. Prior to the start of ODT
deposition, the fresh Znox film electrode was rinsed with ethanol
and dried with N2 gas flow. The Znox film electrode was
immersed in a 1 mMODT/EtOH solution overnight in order to
obtain high quality SFG spectra.

SFG Experiment. SFG spectra were collected in air on a
homemade setup with copropagating optical configuration as
described previously,5 in which the incidence angles of the
visible and IR beams are 45 and 60°, respectively. The scan

rate was 1 cm-1/s, and the repetition rate was 20 Hz. The visible
beam was produced via the 1064 nm beam being frequency
doubled to 532 nm. Two polarization combinations (ppp and
ssp) spectra were acquired in the C-H stretching region from
2800 to 3100 cm-1. Each presented spectrum was an average
of five scans. The SFG spectra were curve fit by Origin 6.0
using the following equation

where øNR
(2) and øR

(2) are the nonresonant susceptibility at-
tributed to the metal substrate and the resonant susceptibility
due to adsorbed monolayer, respectively.Aq, ωIR, ωq, andΓq

are the amplitude, the scanning IR frequency, theq-th resonant
vibrational frequency of the adsorbates, and the line width,
respectively.

Electrochemistry. An EG&G PAR M263A potentiostat was
used to reduce and to oxidize the Zn electrodes. CV and EIS
measurements were performed with the M263A potentiostat in
combination with a PAR M5210 lock-in amplifier controlled
by PowerSuite software. EIS measurement was performed at
open circuit potential (OCP) with an amplitude of the applied
sinusoidal signal of 10 mV. The scan range of frequency was

Figure 1. Cyclic voltammograms of a Zn electrode in various
electrolytes with a scan rate of 100 mV/s.

Figure 2. SFG spectra of Zn electrodes: (A) ODT modified Znre, the
solid line is curve of fit to eq 2; (B) ODT-uncoated Znre after immersion
in pure ethanol for 1 h.
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from 100 kHz to 10 or 0.1 Hz. The inhibition efficiencies of
the ODT monolayers were evaluated in aerated 0.1 M HCl, 0.5
M NaCl, and 1 M NaOH aqueous solutions, respectively. The
impedance data were fit to a suitable equivalent circuit (EC)
by ZSimpWin software. All potentials were reported vs the SCE.
All experiments were performed at room temperature.

Results and Discussion

SFG of ODT/Znre. Figure 2A shows the ppp and ssp SFG
spectra obtained from an ODT-modified Znre electrode in air.
The SFG spectra of the bare Znre electrode are also shown for
the purpose of comparison (Figure 2B) and clearly demonstrate
that neither solvent (ethanol) nor hydrocarbon contamination
in air introduced a comparable contribution to the observed SFG
of the ODT/Znre electrode. In the previous observation of the
SFG spectra of the ODT/Au system in our lab, three resonances
appeared as “dips” in the ppp spectrum at 2879, 2938, and 2967
cm-1 and two resonances appeared as dips in the ssp spectrum
with the absence of the antisymmetric mode.5 However, the ppp
spectrum of the ODT-modified Znre electrode shown in Figure
2A exhibits three strong resonant peaks in the region of C-H
stretching at 2878, 2938, and 2967 cm-1 that are in the opposite
direction to the case of the ODT/Au system. These three peaks
can be respectively attributed to the symmetric, Fermi resonance,
and antisymmetric modes of the terminational methyl group of
ODT.18 The ssp spectrum in Figure 2A shows two profound
peaks at 2881 and 2945 cm-1 that are assigned to the symmetric
vibration and Fermi resonance of the methyl groups pointing
away from the surface. Therefore, SFG results demonstrated
the adsorption of the ODT at the electrochemically reduced Zn
surface and the formation of the ordered monolayers. This was
further verified by the decrease in the interfacial capacitance
and the increase in the charge-transfer resistance as discussed
later (see Tables 2 and 3). However, there are two weak peaks
in the ppp spectrum appearing at 2850 and 2916 cm-1 that

belong to the methylene groups. Their appearance is usually
considered as the indicator gauche defects on the chains in the
monolayers,18-20 possibly originating from collapsed sites and
pinhole defects within the ODT monolayer structure.21 ODT
molecules may not densely pack and order at collapsed sites
and around pinholes leading to the observation of methylene
group’s vibration modes in the SFG spectra.

From the fitting parameters of the SFG spectra, the nonreso-
nant phases (jNR) of reduced Zn substrates are determined,
respectively, as-50 and-76° for ppp and ssp spectra; these
values are different from that of ODT/Au in our previous work
(the values ofjNR for Au are 90 and 60° for ppp and ssp spectra,
respectively). As it is known, the nonresonant phase of the metal
is one of the factors that determines the resonant line shape in
a SFG spectrum.5,18

It is noteworthy that the electrolytes used to reduce Zn
surfaces have no obvious effect on the SFG spectra obtained
form the ODT/Znre electrodes where Zn electrodes were reduced
in HClO4, NaClO4, Na2CO3, and NaOH solutions, respectively.

SFG of ODT/Znox. In the present work, electrochemical and
thermal methods were used to prepare Znox thin film substrates
for ODT deposition. In Figure 3, spectrum a was obtained from
a freshly polished Zn electrode that was modified with ODT.
Curves b and c are SFG spectra of the ODT/Znox electrodes
where Znox films were formed at-1.0 V with different oxidation
charges (30 and 300 mC/cm2

, respectively). As for spectrum d,
the Znox film was obtained by heating a clean Zn electrode at
110 °C in air for 1 h. Similar to the case of ODT/Znre, all of
these spectra show three strong-CH3 group resonances and
two -CH2 group resonances in the C-H vibrational region.
However, these spectra display various nonresonant phases (jNR)
and amplitudes that clearly distinguish them from the ODT/
Znre electrode. The fitting results estimated that the values of
jNR are -34, 0, 11, and 21° for spectra a, b, c, and d,
respectively. The observation of strong methyl group resonances
in SFG spectrum indicated that ODT can bond to Znox thin film
surfaces and form ordered monolayers with polar orientation,
which is detected by SFG spectroscopy. EIS experiments
provide further evidence to support this conclusion. As shown
in Table 2, after the modification of ODT, the double layer
capacitances (Cdl) of the Znox film electrodes dramatically
decreased to 1.24 from 27.9 mF/cm2 in 0.1 M HCl solution
and to 0.75 from 15.0 mF/cm2 in 0.5 M NaCl solution.
Moreover, the charge-transfer resistances (Rct) increased more
than 15 times as compared to the ODT-uncoated Znox film

TABLE 1: Fitting Results of the SFG Spectra Obtained in Air from ODT-Modified Zinc Electrodes

electrode ODT/Znre ODT/Znre

ODT/Znox

fresh polished Zn
ODT/Znox anodized Zn
with Qox ) 30 mC/cm2

ODT/Znox anodized Zn
with Qox ) 300 mC/cm2

ODT/Znox

thermal Zn

spectrum
Figure
2A ppp

Figure
2A ssp

Figure 3
spectrum a

Figure 3
spectrum b

Figure 3
spectrum c

Figure 3
spectrum d

CH3,s A 9.7 1.5 4.9 6.1 6.0 5.5
Γ 8.3 8.0 8.3 8.8 8.8 8.8

(A/Γ)2 1.4 0.035 0.35 0.48 0.46 0.39
CH3,Fermi A 9.2 3.5 6.1 8.8 7.5 6.9

Γ 11 18 11 13 13 13
(A/Γ)2 0.70 0.038 0.31 0.46 0.33 0.28

CH3,as A 9.0 5.2 6.3 6.8 6.2
Γ 7.7 7.7 8.0 8.0 8.0

(A/Γ)2 1.4 0.46 0.62 0.72 0.60
CH2,s A 1.5 0 1.7 1.8 0.42

Γ 15 15 13 20 5.0
(A/Γ)2 0.01 0 0.02 0.008 0.007

CH2,as A 3.8 2.3 3.0 3.8 3.6
Γ 11 15 10 15 15

(A/Γ)2 0.12 0.02 0.09 0.064 0.058
|øNR| 1.6 0.75 1.2 1.3 1.4 2.0
jNR -50° -76° -34° 0° 11° 21°

TABLE 2: Averaged Fitting, Simulation, and Calculation
Results of the EIS Data Obtained at an ODT Modified Zn
(Reduced) and Au Electrodes in Deaerated 0.5 M NaClO4
Solution

Qdl

electrode
Q0

(W-1 cm-2 sn) n
fmax

(Hz)
calculated

Cdl (mF cm-2)
Rct

(W cm2)

ODT/Znre 2.06× 10-6 0.93 7.28 1.58 15 k
ODT/Au 1.87× 10-6 0.95 0.16 1.87 480 k
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electrode in 0.1 M HCl and 0.5 M NaCl solutions. It is known
that the significant changes inCdl andRct are characteristic of
the formation of long chain organic monolayers at elec-
trodes.5,21-23

However, it was found that a longer immersion time was
required to form a well-defined ODT monolayer at Znox films
in order to generate a high quality SFG spectrum, which is
probably due to longer times being preferable to ODT to reduce
Zn oxide to form an ordered thiolate monolayer at the Znox thin
film surface.

Chain Tilt Angle of ODT Molecules in Monolayer at the
Zinc Surface. Chain tilt angle or cant angle (R), namely, the
angle between the axis of the hydrocarbon backbone and the
surface normal, is one of the important parameters describing
the orientation of the organic molecules in SAMs. Thiolate
SAMs display different cant angles at different substrates. For
example, it has been found that the cant angle of alkanethiol at
Au is ∼30°, while this value for Ag, Cu, and Pt is between 10
and 15°.2 It has also been reported that alkanethiols orient
perpendicularly at the mercury surface (R . 0°).24 In this work,
the cant angle of ODT at the Zn surface was estimated by
interfacial capacitance obtained from EIS measurements. Figure
4 shows Nyquist plots of an ODT/Znre electrode and an ODT/
Au electrode in a deaerated 0.5 M NaClO4 solution, respectively.
The associated ECs used to fit the EIS data are shown in the
inset. In this work, Mensfield’s equation25

was employed to convert the value of the constant phase element
to a capacitor as in our previous work.5 Here, fmax is the
frequency at which the imaginary part of the Nyquist plot
reaches a maximum. The fitting and calculation results are listed
in Table 2.

The average capacitance values of the ODT monolayer at
the reduced Zn electrode are 1.58 ((5.3%) and 1.87 mF/cm2

((2.4%) at the Au electrode. Therefore, the cant angle of ODT
at the Zn surface can be estimated by the following equation:

TakingRODT/Au ) 30°, then cosRODT/Zn ) 1.02. Within the errors
of experiment and of the theoretical treatment, it can be taken
that cosRODT/Zn . 1, therebyRODT/Zn ) 0°.

Reductive Desorption of ODT Monolayer from Zinc
Surface. Thiolates at gold surfaces have been reported to
undergo reductive desorption through a one-electron process at
very negative potentials in neutral or basic solution.26-35 For
example, it has been reported that the reductive desorption peak
of thiolate monolayers at Au electrode is at ca.-1.1 V in base
solution.28,30,32

The reductive desorption behavior of ODT monolayers at the
reduced Zn electrode was investigated in this work by means
of CV and SFG. As shown in Figure 5A (dotted line), the bare
Znre electrode gave only one reduction peak at ca.-1.44 V in
0.5 M NaOH solution when the electrode potential is scanned
negatively from-1.4 to-1.8 V. This peak corresponds to the

Figure 3. ppp-SFG spectra of ODT modified Znox thin film electrodes
that formed under various conditions. (a) Freshly polished Zn electrode
without reduction. (b) Anodized at-1.0 V in 1 M NaOH with oxidation
charge of 30 mC/cm2. (c) Anodized at-1.0 V in 1 M NaOH with
oxidation charge of 300 mC/cm2. (d) Zn electrode was heated at 110
°C in air for 1 h. All Znox electrodes were immersed in 1 mM ODT/
EtOH solution for 24 h before the SFG measurement. Spectra b, c,
and d have been offset vertically by+1.5,+3.5, and+3.5 for clarity.
The solid lines are curves of fit from eq 2.

Figure 4. Nyquist plots of the ODT/Znre electrode (top, 100 k to 1
Hz) and an ODT/Au electrode (bottom, 100 k to 0.1 Hz) in deaerated
0.5 M NaClO4 solutions. The surface areas of the Zn and Au electrodes
are 0.70 and 1.25 cm2, respectively.

cosRODT/Zn )
CSAM,ODT/Au

CSAM,ODT/Zn
cosRODT/Au (4)

C ) Q0(2πfmax)
n-1 (3)
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reduction of the electrochemically oxidized zinc species. The
current of the peak increased with the positive starting potential
(not shown). On the contrary, upon the first negative scan
(Figure 5A, solid line) of an ODT/Znre electrode in 0.5 M NaOH
solution, a new irreversible peak appeared on the CV curve at
ca.-1.66 V that disappeared on the second scan. This reduction

peak, starting from-1.49 V and ending at-1.76 V, was
attributed in the present work to the reductive desorption of
the ODT monolayer from the Zn electrode. This conclusion was
supported by SFG measurements in the present work. The ODT/
Znre electrode, after undergoing three CV scans between-1.4
and -1.8 V in 0.5 M NaOH, gave a SFG spectrum (Figure

Figure 5. Cyclic voltammograms (left column) of the ODT modified reduced Zn electrodes (solid lines) and the reduced Zn electrodes (dotted
lines) in deaerated 0.5 M NaOH (A), 0.5 M NaClO4 (B), and 0.5 M HClO4 (C) solutions with a scan rate of 100 mV/s. The arrows indicate the
direction of the potential sweeping. The dashed lines show the baselines for current integration. The right column gives the ppp SFG spectra of the
ODT-modified reduced Zn electrodes before (spectra a) and after (spectra b) potential cycle sweeping in the corresponding solutions.

24066 J. Phys. Chem. B, Vol. 110, No. 47, 2006 Zhang and Baldelli



5A′, spectrum b) with poorly detectable signals as compared to
those from a fresh ODT/Znre electrode (Figure 5A′, spectrum
a), verifying the desorption of ODT monolayers from the Zn
surface. In a 0.5 M NaClO4 solution, a similar behavior was
also observed in the CV curve and in the SFG spectra for the
ODT/Znre electrodes (Figures 5B and 6B′), indicating that
reductive desorption of ODT monolayer from the Zn electrode
is able to take place in neutral solution. In Figure 5B, the
reduction peak centered at ca.-1.62 V, starting from-1.48 V

and ending at-1.69 V. The total charges (Qt) under the
reduction peaks were determined by integration of the peak area.
The dashed lines in Figures 5A and 6B show the baselines for
integration. The values ofQt are 95.6 mC/cm2 in 0.5 M NaOH
and 93.4 mC/cm2 in 0.5 M NaClO4, respectively. These values
are consistent with the results in the case of thiol-modified Au
electrodes reported in the literature.26,27,29,31-33 Considering that
the double-layer charging (Qdl) also contributed to the total
charge, it is necessary to subtract the value ofQdl from Qt to

Figure 6. Nyquist plots of Zn (left column) and ODT-coated Zn (right column) electrodes recorded at OCP within 10 min after immersion in 1
M NaOH, 0.5 M NaCl, and 0.1 M HCl solutions. The solid lines are fit curves.
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obtain the Faradaic charge. In this work, the value ofQdl was
estimated by the method described in the literature30,32 as
follows:

whereQdl,M and Qdl,SAM/M are the double-layer charges con-
sumed by uncoated and thiol-coated metal electrodes; PZCM

and PZCSAM/M, CM, andCSAM/M are the potentials of zero charge
and double-layer capacitances for the bare metal and the thiol-
covered metal electrodes, respectively;Estr is the potential just
after the thiol stripping peak; andEini is the initial potential of
the CV. For example, in the case of 0.5 M NaClO4 solution,
Estr is -1.69 V as determined from CV (Figure 5B), PZCZn is
-1.16 V (-0.92 V vs NHE) from literature,36 and the average
CZn is 12.0 mF/cm2 obtained from our EIS measurements. As
an approximation, the contribution ofQdl,SAM/M was ignored in
this work due to the fact that the values of theCODT/Zn (1.58
mF/cm2 in 0.5 M NaClO4; see Table 2) are almost 1 order of
magnitude smaller than those of the bare Znre electrode (12.0
mF/cm2). Therefore,Qdl . Qdl,M ) 6.4 mC/cm2. Finally, the
charge consumed in stripping ODT from the Zn electrode is
approximately 87 mC/cm2, which results in a coverage of 9.0
× 10-10 mol/cm2 (5.4 × 1014 cm-2 in molecular density)
assuming that the reduction follows one-electron process.
However, there is no visible reductive desorption peak appearing
on the first negative scan in 0.5 M HClO4 solution for the ODT/
Znre electrode (Figure 5C). After undergoing six potential cyclic
scans between-1.0 and-1.8 V at 100 mV/s, the SFG spectrum
of the ODT-modified Zn electrode (Figure 5C′) did not show
an obvious difference from the same ODT/Znre electrode before
the CV treatment. These results probably indicate no reductive
desorption taking place in acidic solution even in the vigorous
hydrogen evolution region (see the noised CV curve), which is
consistent with the observation of thiol SAMs at Au electrodes
that thiol monolayer reductive desorption does not take place
in acid.35

Anticorrosion Effect of the ODT Monolayers at Zinc
Surfaces. It has been reported that alkanethiol SAMs at
copper,37-39 iron,40 mild steel,5 and gold41 can protect underlying
metals against corrosion. The anticorrosion effects of the ODT
monolayers on the underlying zinc in different media were
evaluated in this work by means of EIS.

Figure 6 presents a set of complex-plane plots of the
impedance of bare zinc (Znre and Znox, left column) and ODT-
modified zinc (ODT/Znre and ODT/Znox, right column) elec-
trodes obtained at corrosion potential in 0.1 M HCl, 0.5 M NaCl,
and 1 M NaOH solutions, respectively. EIS data were acquired
within 10 min after the immersion of the electrodes in the
solutions. The impedance data were fitted to an appropriate EC
such asR(QR), R[Q(RW)], or R[QR(RW)] (see the insets in
Figure 6), whereRs is the solution resistance between the
working and the reference electrodes.Rct represents the charge-
transfer resistance whose amplitude reflects the ability of the
Zn electrode against corrosion reaction.Qdl is the constant phase
element used to modify the double-layer capacitance (Cdl) of
the zinc electrode in the EC for the purpose of obtaining more
accurate fitting results. W is the Warburg impedance induced
by the diffusion of corrosive reactants or corrosion product
species.RSAM reflects the resistance of the ODT monolayers to
the transformation of the electrons.

All of the Nyquist plots of bare zinc and ODT monolayer-
modified zinc electrodes measured in 0.1 M HCl display simple

capacitive loops with only one time constant in Bode diagrams
(not shown), indicating a fast and simple dissolution process.
The impedance data in 0.1 M HCl were well-fit toR(QR). The
impedance data of bare zinc electrodes in 0.5 M NaCl were
fitted to R[Q(RW)] due to the appearance of the straight line
(Warburg impedance) at low-frequency range. The same EC
was employed to fit all of the impedance data in 1 M NaOH
solution. To improve the fit and minimize the error, the
impedance data of ODT-coated zinc electrodes were fitted to
R[QR(RW)] that was proposed by Fawcett21 to simulate thiol/
Au systems in the presence of a redox couple in solution. The
fitting and calculation results are listed in Table 3.

As presented in Table 3, the ODT monolayer-modified zinc
electrodes displayed higherRct values than that of bare zinc
electrodes. For instance, the values ofRct of ODT/Znre electrodes
are, respectively, 833, 4028, and 34.2 W in 0.1 M HCl, 0.5 M
NaCl, and 1 M NaOH solutions, yielding a corresponding
protection efficiencies of 95.4, 90.8, and 84.1%. In the case of
ODT/Znox, the protection efficiencies are 93.4, 99.0, and 70.5%
in 0.1 M HCl, 0.5 M NaCl, and 1 M NaOH solutions,
respectively. These results indicate that thiol monolayers provide
effective corrosion protection to underlying zinc at the early
immersion stage in different media. However, we have to note
that RSAM and Rct reduced quickly with immersion time in
solution, indicating the failure of protection probably due to
the presence of the defects within the ODT monolayers. For
example, in the case of the ODT/Znre electrode immersion in
0.5 M NaCl solution, the EIS measurements (not shown)
revealed thatRSAM andRct reduced within 1 h from 32 and 4.0
kWcm-2 to 1.1 and 1.5 kWcm-2, respectively.

Assuming that alkanethiol monolayers at the metal surface
are defect-free films and ignoring the electron tunneling effect,
the films should behave just like a pure capacitor. The Nyquist
plot of a defect-free film would appear as a straight line, other
than a (RctQdl) loop, which is perpendicular to (ideal capacitor,
C) or tilted (constant phase element,Q) to the Zre-axis in a
complex plane. However, if the thiol monolayers contains some
defects (e.g., pinholes and collapsed sites), corrosive ions in
the solution may access the metal substrate through those
defects, which can lead to pitting corrosion and to an obvious
decrease in charge-transfer resistance. The initial pitting cor-
rosion may expand and spread, resulting in further destruction

TABLE 3: Fitting and Calculation Results of the EIS
Obtained at Zn and ODT-Modified Zn Electrodes in 0.1 M
HCl, 0.5 M NaCl, and 1 M NaOH Solutions

solution/
electrode

ø2

(%)
Qdl

(W-1 cm-2 sn) n
fmax

a

(Hz)
Cdl

b

(mF cm-2)
Rct

(W cm2)
IEc

(%)

1 M NaOH
Zn 4.3 829 0.76 193 151 5.44 /
ODT/Zn 8.5 256 0.72 106 41.4 34.2 84.1
ZnO 18 1653 0.66 54.4 227 11.6 /
ODT/ZnO 14 376 0.69 208 40.6 39.3 70.5

0.5 M NaCl
Zn 3.9 70.1 0.93 8.5 53.0 371 /
ODT/Zn 6.8 0.83 0.96 7.3 0.71 4028 90.8
ZnO 4.4 29.4 0.84 99 15.0 109 /
ODT/ZnO 9.1 0.95 0.94 7.3 0.75 10580 99.0

0.1 M HCl
Zn 4.1 35.7 0.93 174.3 21.9 38.7
ODT/Zn 7.5 1.03 0.96 239.5 0.77 833 95.4
ZnO 2.1 65.56 0.92 174.3 23.9 27.9
ODT/ZnO 5.9 1.81 0.95 329.0 1.24 420 93.4

a Note: If Q was used for fitting, thenC was estimated by Mansfeld’s
equation.b fmax was deduced from simulation of the (QR) part included
in the EC.c IE (Inhibition efficiency) was calculated with the equation:
IE (%) ) Rct,ODT - Rct,blk/Rct,ODT × 100 (6).

Qdl ) Qdl,M - Qdl,SAM/M

) (Estr - PZCM)CM - (Eini - PZCSAM/M)CSAM/M (5)
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of the monolayer41 and a continuous decrease in charge-transfer
resistance. In this work, there is some evidence indicating the
presence of pinholes and/or collapsed sites within the ODT
monolayer, despite the coverage of ODT at the Zn surface (5.4
× 1014 molecules/cm2), which is slightly higher than that of at
the Au surface (7.6× 10-10 mol/cm2 ) 4.6× 1014 molecules/
cm2).42 First, (RQ) loops instead of straight lines were observed
in the Nyquist plots for all of the ODT-modified zinc electrodes
(see Figure 6). Second, the values ofRct for ODT-modified Zn
electrodes decreased with the immersion time and the increase
of the corrosive nature of electrolyte. These results indicate the
presence of defects within ODT monolayers. When aggressive
ions reach the Zn substrate through those defects, protection
fails and corrosion takes place. Moreover, the observation of
methylene group resonances in SFG spectra (see Figure 2) also
demonstrates the presence of defects within ODT monolayers
at the zinc electrodes.

Conclusion

ODT was modified to electrochemically reduce Zn and
thermally and electrochemically oxidized Zn surfaces. On the
basis of SFG and EIS measurements, ODT could adsorb at either
reduced Zn or oxidized Zn surfaces to form ordered monolayers.
In ppp-SFG spectra, three strong methyl group resonances and
two weak methylene group resonances appearing as peaks were
observed. After modification of the ODT monolayers, the
interfacial capacitances decreased dramatically and the charge-
transfer resistances increased significantly for the zinc electrodes.
All of the evidence obtained in this work demonstrates the
formation of the ordered ODT monolayers at the Zn surfaces.
A 0° cant angle for the alkane chain of ODT at the Zn surface
was deduced from EIS measurements. Moreover, CV and SFG
investigations revealed that the ODT monolayer at the Zn
surface undergoes reductive desorption at-1.66 V in 0.5 M
NaOH and at-1.62 V in 0.5 M NaClO4 solutions. The charge
consumed to desorption ODT from the Zn electrode was
determined as 87 mC/cm2 from the CV curve that corresponds
to a coverage of 9.0× 10-10 mol/cm2 (5.4 × 1014 molecules/
cm2) if assuming that the reduction follows a one-electron
process. There is no obvious CV and SFG evidence showing
that reductive desorption of the ODT monolayer takes place in
0.5 M HClO4 solution. Finally, EIS data analysis indicated that
the ODT monolayers at the Zn surface effectively inhibit the
corrosion of the zinc in base, salt, and acid media at the early
immersion stage. However, the protection efficiency reduced
with immersion time due to the presence of the defects within
the monolayers.
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