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Abstract: Self-assembled monolayers (SAMs) of (3-mercaptopropy) trimethoxysilane (3-MPT) chemisorbed

on silver surfaces were chemically modified by 1-octadecanethiol to form self-assembled mixed-monolayers

(SAMM) and the co-polymer of N-vinylcarbazole and methyl methacrylate ester (to form complex self-

assembled film ( CSAF)). The oxidation resistance of these barriers on silver surfaces and some influential

factors concerned processes were analyzed by electrochemical impedance spectroscopy (EIS) in a 10% NaOH

aqueous solution at oxidation potential. X-ray diffraction ( XRD) spectroscopy shows that the oxidation

occurring on the silver surface may be restrained effectively due to the coating barrier, and CSAF(II) is the best

one. Studies also reveal that oxide processes of bare silver and a series of modified silver electrodes in a 10%

NaOH aqueous solution are of more than two relaxation time constants.
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Various of self-assembled monolayers

types
(SAMs) have been developed and many improvements
and productions have been made since Sagiv reported
the first real SAMs in 1980'"". SAMs can build up a
variety of surfaces with fine chemical control by selec-
ting different groups both in the alkyl chain and at the
chain tail. But some drawbacks of SAMs are their rela-
tively low thermal and mechanical stability, and their
propensity for containing molecule-sized defects.

In order to overcome some drawbacks of SAMs as
barriers, it is important that a polymer is modified on
the SAMs surface. A thicker and more densely packed
barrier layer to diffusion of corrosive species like O,,
OH ™ than the SAMs is formed on the surface of the
metal substrate. Accordingly, it is important that the
chemical modification of monolayers is effective in
protecting the noble metal surface against corrosion and
oxidation, since the structure of the complex films
chemisorbed on noble metal can be controlled by a
functional group reaction between the SAMs and the
adlayer. It is expected to reduce the drawbacks of
SAMs mentioned above, and to improve the ability of
anti-corrosion and anti-oxidation significantly.

In our previous work'”', we reported the prepara-
tion method and analyzed the thickness and binding
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state of complex self-assembled film (CSAF) on Ag.
The CSAF was a 3-MPT SAM on the silver surface af-
ter hydrolysis chemically modified by 1-octadecanethi-
ol (C,3H,,SH) and co-polymer composed of N-vinyl-
carbazole and methyl methacrylate ester. In this study,
the reaction process occurring on Ag electrodes modi-
fied by CSAF was analyzed with electrochemical im-
pedance spectroscopy (EIS) in a 10% NaOH aqueous
solution, and the oxidation status on the corresponding
surface was described by X-ray diffraction (XRD). No
related study has been reported so far.

1 Materials and Methods

1.1 Instruments and materials

Potentiostat (CHI660, USA) with disk electrodes.
X-ray diffractometer ( Shimadzu, Japan) with CuKa ra-
diation (A =0. 154 2 nm). C,H,;SH (98% ), 3-MPT
(99% ) and silver foil were purchased from Aldrich. A
co-polymer of N-vinylcarbazole and methyl methacry-
late ester was co-polymerized by 9-vinylcarbazole and
methyl methacrylate in benzene at 60 C for 4 h under a
polymerization initiator. Then it was cooled to room
temperature and subsequent re-precipitation from the
benzene solution into petroleum ether. This procedure
was repeated three times. The resultant co-polymer was
dried in vacuum at ambient temperature and character-
ized with IR, and average molecular weight was deter-
mined to 1 000 by vapour osmotic pressure ( VPO).
Preparation of CSAF was the same as in our previous
work"™ .
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1.2 Measurement
1.2.1 EIS measurement

A silver disk electrode (CHI Company) was used
as the working electrode with a diameter of 2 mm. The
electrodes were polished with emery paper down to ze-
ro grade. After ultrasonic treatment for 15 min in mini-
Q and acetone in turn, the electrodes were rinsed with
100% ethanol and dried in a nitrogen stream. EIS
measurements were carried out with three electrode
systems in a 10% potassium hydroxide solution on ex-
posure to air at room temperature. The working elec-
trodes were the bare silver disk electrodes and the sil-
ver disk electrodes covered by 3-MPT, C,; H,, SH
SAMs, 3-MPT/C H,, SH self-assembled mixed-mono-
layers (SAMM) CSAF (1) and CSAF (II), respective-
ly. A platinum sheet and a saturated calomel electrode
were used as a counter electrode and a reference elec-
trode (SCE), respectively. All three electrodes were
connected to a potentiostat with CHI660 and EIS were
measured at a series of fixed potential in the frequency
range from 5 x 10" to 10" Hz for all measurements
(sine signal). A small perturbing voltage to an electro-
chemical system was 5 x 10> V. All aqueous solutions
were prepared from doubly distilled water and analyti-
cal grade chemicals and deaerated by bubbling N, for
20 min.
1.2.2 XRD analysis of silver oxide on bare and

modified silver

XRD was carried out on an X’Pert diffractometer
(Philips) equipped with a Gobel mirror under CuKa
radiation (A =0.154 2 nm) and parallel light. All bare
Ag foil and the silver foils modified by 3-MPT SAMs
hydrolyzed, SAMM, CSAF (1) and CSAF (II), respec-
tively, were used as the X-ray diffusion identification
after EIS measurement.

2 Result and Discussion

2.1 EIS analysis of adlayers on silver
There is an anodic oxidation current peak
appearing over a potential range from 0.2 to 0. 8 V for
bare and modified silver electrodes in a sodium hy-
droxide aqueous solution, and the following reaction
takes place at oxidation peak potentials ( The saturated
calomel electrode is used as the reference -elec-

trode) '+

2Ag +20H™ =Ag,0 +H,0 +2e¢ (1)
Those peak potentials are taken as the fixed po-
tentials for the EIS measurement of bare silver and
modified silver electrodes. We can see dark brown

Ag,0 spread over the electrode surface except the
electrodes modified by CSAF(I) and CSAF(I) after
EIS measurement under oxidation peak. Considering
the following reaction course occurring at oxidation
peak potential:

Ag — Ag® +e I, (2)
Ag+OH — Ag (OH) +e — Ag,0 L, (3)
Fig. 1 and Fig. 2 show the Nyquist plots of the

bare silver and modified silver electrodes at oxidation
peak potentials, respectively. And there are more than
two relaxation times from the Nyquist plots. It indicates
that there are still other state functions affecting the ox-
idation process besides electrode potential E.
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1—Bare Ag; 2—Hydrolyzed 3-MPT SAMs/Ag; 3—SAMM/Ag;
4—CSAF (I )/Ag electrode at oxidation peak potential
Fig.1 Nyquist plots
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Fig.2 Nyquist plot of CSAF(Il) /Ag electrode at oxidation
peak potential

There is a straight line larger than 45° on the ends
of two semicircles on the Nyquist plots for bare silver
(see Fig. 1). It is easy to make a conclusion that the
oxidation process occurring on the bare Ag surface is
of two time constants. The presence of a straight line at
low frequency in the plot indicates the presence of a
Warburg composition'®” . That is to say, the speed of
oxidation reaction is controlled by the diffusion.

The impedance response of the silver electrode
modified with 3-MPT (see Fig. 1) in the lower fre-
quency region is a semicircle instead of that of the bare
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Ag electrode, similar to a response of parallel equiva-
lent-circuit consisted of resistance and capacitance'®'.
The process of oxidation reaction is converted into the
reaction process control from the diffusion process con-
trol of the bare silver electrode, which means that the
resistance of oxidation reaction is increasing because
there is a 3-MPT SAM barrier on the Ag surface. It can
be considered that the impedance response in the lower
frequency region should be affected by the modified
film on reaction.

The impedance response of the silver electrode
modified with SAMM (see Fig. 1) in the lower fre-
quency region is a plot extended from the first quadrant
to the second quadrant—the polarization resistance R,
is less than zero. It is indicated that the SAMM on the
surface is a large resistance barrier against the oxida-
tion reaction.

The impedance response radius for the silver elec-
trode modified with CSAF (I) (see Fig. 1) is larger
than that of the above three. Vertically upward plots,
that is, the imaginary part of the impedance tending to
approach infinity in the lower frequency region, indi-
cate that the resistance of barrier against oxidation re-
action is very great. The process is similar to a re-
sponse of pure capacitance in an equivalent circuit'” .
Therefore, it is concluded that there is a huge hindrance
against the production of Ag,O on the surface.

Compared to impedance responses of silver elec-
trode modified with SAMM and CSAF () at oxidation
peak potentials and that at their corrosion potential, it is
confirmed that another time constant should be the
thickness but not the coverage ratio of adlayers on the
Ag surface.

The radius of the impedance plot for the silver
electrode modified with CSAF (1) (see Fig.2) aggran-
dizes more than ten times compared with the other four
and represents the capacitance response in the lower
frequency region.

It can be concluded from the above analysis that:

1) For the bare silver electrode and the silver
electrode modified with 3-MPT, SAMM and CSAF(]),
the reactants in the aqueous solution can pass through
the flaws of adlayers or electrons can travel in tunnel
motion through the films to reach the interface between
the metal and the modified film and then produce
Ag,0. The reaction resistances increase according to
this sequence: bare Ag < Ag/3-MPT SAM < Ag/
SAMM < Ag/CSAF (I). CSAF (])’s is the biggest
among three modified electrodes because its greater
thickness results in higher resistance.

2) For the silver electrode modified with CSAF
(I), the impedance response radius is one order magni-
tude greater than that of the others. It is very difficult
for the oxidation reaction to take place on the surface
modified by this film, because of its higher density and
relatively greater thickness.

3) Another major factor affecting the process at a
lower frequency should be the thickness of modified
film.

2.2 XRD analysis of bare silver and modified silver
foils oxidized at two oxidation peak potentials

We applied XRD to characterize the chemical
composition of a series of substrates after oxidizing at
oxidation peak potentials. Some support can be ob-
tained from the results of XRD for the EIS discussion
of electrode processes occurring on bare silver and the
surface of modified electrodes as regards the above
oxidation peak potentials. It is shown in Fig. 3 that for
XRD patterns of bare silver, modified silver surfaces
oxidized at the oxidation peak potential. The 26 angles
of typical silver oxide (Ag,0O) are 26.7,32.8, 38.2
and 32.3,34.2,37.9, respectively''™"". It is shown
from Fig. 3 that silver oxide is formed on the substrate
surfaces and the relative intensity of silver oxide is de-
creased in turn as follows: bare Ag > 3-MPT SAMs/
Ag > SAMM/Ag.
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(8]
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1—Bare Ag; 2—Ag/3MPT SAMs; 3—Ag/SAMM;
4—Ag/CSAF (I ); 5—Ag/CSAF (1) at silver oxide peak potential

Fig.3 XRD spectroscopy

There is no characteristic peak of silver oxide re-
presented on XRD patterns for the surface modified
with CSAF ( ) and CSAF ( II) adlayers.

3 Conclusion

According to the EIS and XRD measurements, it
is concluded that the electrode processes are character-
ized by two time constants at the peaks of oxidation
peak potentials. One in the higher frequency range is
attributed to E and the other one in the lower frequen-
cy range accounts for the presence of barriers. Closely
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packed and thicker Ag,O film can be formed on the
bare silver surface at the potential. All modified elec-
trode surfaces can form Ag,O films in different thick-
nesses and to various extents. The quantities of Ag,O
formed on the Ag electrode surface are decreased by
the order 3-MPT SAM > SAMM CSAF (1) >
CSAF ( II). The thickness of the barriers seems to be
the primary influencing factor in affecting this oxida-
tion process.
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