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ABSTRACT:

Cyclic voltammetry, chronoamperometry and FTIR-ATR techniques were used to investigate the phe-

nol electropolymerization on carbon steel and stainless steel electrodes in carbonate aqueous medium. Phenol electro-
polymerization occurs on a passivated surface and the polymer grows to thickness of 0.1 to 0.2 ym. Polymeric films are
adherent and stables under ambient conditions. The polymeric film maintains aromatic character and contains ether-

linked rings.
KEY WORDS

The preparation of organic polymer coatings on differ-

ent metallic substrates is of great interest in the field of |

material protection. For this reason, the study of the for-
mation of polymeric films on oxidizable metals by elec-
tropolymerization in aqueous media has been widely
studied in recent years, with attention mainly to
electron-conducting polymers obtained by electroxida-
tion of aniline, pyrrole, pyridine, thiophene, etc., and
substituted derivatives. The properties of these poly-
meric coatings depend largely on the electropolymeriza-
tion conditions: solvent, electrolyte, pH, monomer con-
centration, metallic substrate nature, electrochemical
treatment, etc.

Phenol and its substituted derivatives can be electro-
polymerized by oxidation in aqueous and non-aqueous
solutions giving phenol polymeric films." 2! In general,
these films are very thin, adherent and present low
water mobility and low permeability to different ionic
and molecular species. pH influences the electropolym-
erization mechanism of phenol on Pt electrodes. C-C
bonds are mainly formed in acid medium® whereas C-O
bonds are mainly formed in alkaline medium.!% 13

The electrodeposition of conducting polymers on oxi-
dizable metals is not easy, because the metal dissolves
before the electropolymerization potential of the mono-
mer is reached. Thus, it is necessary to find electro-
chemical conditions, to produce partial passivation and
decrease in the metal dissolution rate without prevent-
ing electropolymerization. In 11, 14, 21 the authors used
different amines in the formation of polyoxyphenylene
coatings on Fe electrodes in aqueous-alcoholic and alco-
holic alkaline solutions. The amines are adsorbed on Fe
electrodes inhibiting the metal oxidation. However,
other electrode reactions such as monomer oxidation are
not avoided. When applied potential is high the amine is
desorbed and the inhibition of metal oxidation is not pro-
duced.! The amines were used in alkaline methanol me-
dium to get passivating films onto mild steel from mono-
mers that are oxidized at higher potentials than Fe. Poor
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coating is obtained in amine free methanol solutions.? 2!

Therefore, it is assumed that the role of amines is pre-
venting the formation of metal oxide on the electrode
surface.

The presence of inorganic layers on Fe surface elec-
trode does not necessarily prevent the electropolymeri-
zation of phenol. Even at potentials where the Fe elec-
trode dissolves strongly, it is still possible to obtain a
polymer coating if the medium allows the formation of a
passivating layer on the Fe surface.!! 18

The use of alkaline solutions in the electropolymeriza-
tion of phenol on carbon steel and stainless steel elec-
trodes helps to obtain stable passive layers that signifi-
cantly allow the formation of polymeric films on the elec-
trode surface. Film thickness and permeability of poly-
meric films obtained on platinum electrodes in carbon-
ate medium or NaOH medium are different. Polymeric
film thickness is smaller and more permeable in relation
with oxide surface formation, Oz evolution, hydrogen
adsorption-desorption process, etc., when is created in
NaOH medium.?

This work demonstrates the formation of effective
phenol polymeric films on carbon steel and stainless
steel by electropolymerization of phenol monomer in
aqueous carbonate solutions. The characteristics of the
polymeric films formed were studied by cyclic voltamme-
try, Potentiostatic Current Transients and FTIR-ATR
techniques. Scanning Electron Microscopy (SEM) was
used to study film morphology.

EXPERIMENTAL

The test solution was 0.1 M Nay CO3; from Merck p.a.
Phenol solution was prepared from Merck p.a. reagents.
Water was obtained from a Millipore-Milli-Q System
with a resistivity near to 18.2 MQ cm. All potentials re-
fer to the reversible hydrogen electrode (RHE) immersed
in the same test solution.

The electrode materials used in this work were: car-
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Figure 1. Cyclic voltammograms for CS electrode immersed in:

(a) 0.1 M Na, COj; solution. (——) first, (- - -) second and (
—) fifth cycle up to 1.7 V. (b) 0.1 M Na,; CO3 + 6 X 10~2 M phenol so-
lution. (——) first, (- - - ) second and ( ) fifth cycle up to

2.05 V.(c) 0.1 M Na,CO;. ( - - - ) covered of polymeric film and(—
——) clean of polymeric film. Tenth cycle up to 1.4 V.v = 50 mV s7h

bon steel (CS) (chemical composition in wt%: C 0.160,
M, 0.600, Si 0.160, S 0.031, P 0.023, Cr 0.130, Ni 0.180,
Mo 0.050, N 0.009, Cu 0.471) and stainless steel (SS)
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(chemical composition in wt%: C< 0.050, Si <0.750, M,,
<2.000, P 0.040, S 0.015, Cr 18—19, Ni 8.5—9). In both
cases cylindrical electrodes with 6 and 8 mm diameter,
respectively, were employed.

CS and SS electrodes were degreased with acetone.
Before each electrochemical experiment, they were pol-
ished with alumina of 0.05 gm grade (Buehler) and after
that, cleaned with ultrapure water in an ultrasonic bath.
To remove surface oxides, the electrodes were cathodi-
cally polarized in the test solution at a potential of —0.5
V for 5 min. For electropolymerization, the electrode
treated as above was immersed in carbonate +phenol so-
lution and polarization was started.

Fourier Transform Infrared Attenuated Total Reflec-
tion (FTIR-ATR) experiments were performed with a Ni-
colet Magna 550 Spectrometer equipped with a DTGS
detector and a 45° KRS-5 ATR crystal. Spectra were col-
lected with a resolution of 8 cm ™.

A Jeol JSM-840 SEM was used to observe surface
morphology.

RESULTS AND DISCUSSION

Electrochemical Results

Figure 1a shows voltammetric response obtained with
a carbon steel electrode in 0.1 M Nay COj3 solution. Dur-
ing the first positive scan up to 0.6V, the electrode
shows an active state in which its surface is oxidized. At
potentials higher than 0.6 V, passivation of the electrode
surface occurs and at about 1.6V oxygen evolution
starts. The voltammetric profile changes with the num-
ber of sweeps in this range of potential and well-defined
anodic and cathodic peaks appear.

Figure 1b shows voltammetric response of carbon steel
electrode in presence of 6 X 1072 M phenol in the 0.1 M
Nay COj solution. During the first positive scan up to 1.5
V the voltammetric profile is roughly the same as in Fig-
ure 1la (phenol free solution). From this potential, a
sharp oxidation peak is obtained with a maximum ap-
proximately at 1.9 V, associated with the oxidation of
phenol. In following sweeps, the peak disappears and
phenol oxidation is practically inhibited. Evolution of
the voltammetric profile with the number of sweeps is
different from that observed in Figure 1a, as may be con-
cluded from the following:

i) Anodic and cathodic peaks that appear between
—0.2 and 0.6 V in Figure la associated with the oxi-
dation of the CS and reduction of Fe(III) species are
not observed in presence of phenol in the solution.

i) The current density in the overall potential range di-
minishes.

iii) Oxygen evolution shifts to more positive potentials
(about 400 mV).

The oxidation of phenol on platinum electrodes in car-
bonate medium is inhibited by the formation of a passi-
vating film. This film also avoids the formation of sur-
face oxides on platinum electrodes.'® Therefore, the volt-
ammetric behavior in Figure 1b in the presence of phe-
nol in solution could be associated with the formation of
a low permeable polymeric film on the carbon steel sur-
face. .

To confirm the existence of a polymeric film on the
electrode surface, the covered electrode, thoroughly
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Figure 2. Current transients obtained with CS electrode in 0.1
M Na, CO; + 0.1 M phenol solution at different potential limits: 1.6
V(—X—), 1.9V( ), 1.95V(— -+ —), 20V(— —), and 2.1V
).
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Figure 3. Current transients obtained with CS electrode in 0.1
M Na,CO; with different phenol concentrations. Potential limit
constant of 2.0 V: ( 6X1072 M, (———)0.1 M, and( )
0.2M.

Table I. Passivation time and charge for different potential limits and different
phenol concentrations for CS electrodes

[Phenol] /M Passivation time /s * Passivation charge / mC cm “2°
0.06 195V 20V 2.1V 1.95V 20V 2.1V
1.8 1.2 1.2 19.3 16.3 15.9
0.1 2.7 1.8 1.5 34.6 23.8 22.7
0.2 6.8 24 2.0 57.6 40.5 37.1

time.

? Passivation time corresponds to time where stationary current value starts. ® Obtained by integration between £=0 and passivation

Table II. Passivation time and charge for different potential limits and different phenol
concentrations for SS electrodes
[Phenol] / M Passivation time /s * Passivation charge /mC em ~ 2°
0.06 1.90V 1.95V 20V 1.90V 1.95V 20V
1.4 1.2 1.2 12.7 14.6 13.9
0.1 2.8 1.8 1.3 28.4 20.8 19.3
0.2 6.8 2.8 1.6 63.1 34.0 24.6

time.

washed with ultrapure water, was immersed in a 0.1 M
Na, COj; solution free of phenol and cycled between —0.5
and 1.4 V. Figure 1c shows the tenth cycle for bare and
coated electrodes. Evolution of the voltammetric profile
with the number of sweeps is slower when the polymeric
film exists on the electrode surface. Thus, the peak cur-
rent associated with dissolution of CS electrode is
smaller (about 40% less) for the covered electrode than
for clean CS electrode. The polymer film obtained from
phenol oxidation thus seems to have a protective effect
against the oxidation of the electrode surface.

The formation of polymer film due to phenol oxidation
is observed when SS electrode is used. The voltammo-
gram obtained with SS electrode in presence of phenol in
the solution is very similar to the one obtained on CS.
The oxidation of phenol gives one peak at approximately
1.85 V and is inhibited in the second cycle with the for-
mation of a polymeric film on the electrode surface. The
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? Passivation time corresponds to time where stationary current value starts. ® Obtained by integration between ¢=0 and passivation

peak current associated with SS oxidation in a 0.1 M Nay
COj; solution also decreases about 40% when the elec-
trode surface is covered by the polymeric film.

The electrochemical behavior of the coated electrodes
in carbonate solution free of phenol is not affected by the
method of coating synthesis, applying a constant poten-
tial (1.9 V) or sweeping between —0.5 and 2.0 V.

The different polymeric films created on both steel

electrodes are adherent and stable under ambient condi-
tions.

Potentiostatic Current Transient

The polymer formation was studied by potential steps.
Carbon and SS electrodes were subjected to potential
steps from open circuit potential to different potential
values around the oxidation peak attributed to phenol
oxidation (peak at 1.9 V).

Figure 2 shows chronoamperometric curves for poly-
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Figure 4. FTIR-ATR spectrum of polymer film created on both electrodes by electrooxidation of 6 X 10 * M phenol in 0.1 M
Na, CO, solution during 7 min at fixed potential of 1.9 V. (a) on CS electrode. (b) on SS electrode.

mer formation obtained in 0.1 M phenol+0.1 M Na; COg3
solutions for different potentials, for CS electrode. In
this figure, chronoamperometric curves for a potential of
1.6 V are presented because at this potential phenol oxi-
dation starts. At all potentials, fast decrease in the cur-
rent with the time (at very short time) was observed,
probably because of the double layer charging. However,
subsequent decay of the current with time depends on
the applied potential. At potentials of 1.9 V or higher,
fast decrease is followed by a hump and the electrode
passivation is largely completed after a short period of
time (1 to 2 s). At potentials lower than 1.9 V the hump
does not exist or is less evident, and passivation appears
after a longer period of time. Integration of these current
transients shows that the charge required for CS elec-
trode passivation increases from 22.7 to 34.6 mC cm ™2
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for potentials of 2.1 and 1.95 V, respectively (Table I).
For SS electrode the chronoamperometric curves are
very similar and charges required for electrode passiva-
tion increase also from 19.3 to 28.4 mC ecm 2 for poten-
tials of 2.0 and 1.9 V, respectively (Table II).

The small and steady current obtained at longer time
(more than 13 s), increases with positive potential, asso-
ciated with the beginning of a slow oxidation of the poly-
meric film.

Figure 3 shows chroamperometric curves for CS elec-
trodes and different phenol concentrations at a constant
potential of 2.0 V. As can be observed, the current decay
profiles depend on phenol concentration. For smaller
concentrations, the hump in the current and the elec-
trode passivation appear at shorter time. Charge re-
quired to passivation decreases with phenol concentra-

Polym. J., Vol. 32, No. &, 2000
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tion, as shown in Table L.

Similar behavior was observed with SS electrodes. Ta-
ble II shows charges required for electrode passivation.

Film thickness was calculated from chronoam-
perometric curves and values between 0.10 and 0.20 ym
were obtained, close to those found by other authors. In
ref 8 and 9 the films formed on Pt electrodes are smaller:
0.025 ym for Pt in NaOH + 2,6-dimethylphenol aqueous
solutions ® or approximately 0.01 um for tetramethylam-
monium phenoxide acetonitrile solutions.® In ref 11 to 13
and 18, in phenol+KOH solutions, coating film thick-
ness lower than 1 ym were obtained on mild steel elec-
trodes. However, by adding ammonium compounds or
suitable aliphatic amines, films of thickness higher than
10 ym were formed.

Decrease of passivation rate when the phenol concen-
tration increases (Figure 3) has been observed by other
authors (i.e., Gattrell et al. working with phenol mono-
mer in sulphuric acid medium ® and Glarum et al. which
phenol derivatives in alkaline medium ?). Gattrel et al.
proposed a model in which the main products of the phe-
nol oxidation are oligomers/polymers with high molecu-
lar weight that remain near the electrode surface. This
product appears to be the initial material and that after
its oxidation forms the immobilized and unreactive layer
on the electrode surface that inhibits further reactions.
Increase of phenol concentration in solution produces a
higher phenol oxidation instead of oxidation of oli-
gomers/polymers with high molecular weight material.
Therefore, increase in phenol concentration increases
the charge required for electrode passivation.

IR Spectroscopy

Figure 4 shows the FTIR-ATR spectra of the film pro-
duced by electrooxidation of 6 X102 M phenol in car-
bonate medium for carbon and SS electrodes. For poly-
meric film formation, the electrode was subjected to one
potential sweep from —0.5 to 1.9 V in this solution, and
maintained at this final potential for 7 min.

To assign the IR bands obtained for the polymeric film
of Figure 4, the spectra of phenol monomer 2* and poly-
meric film obtained on Pt electrodes in carbonate me-
dium !° are used. The characteristic bands observed in
Figure 4 are:

i) Two bands (weak) associated with the in-plane and
out-of-plane aromatic ring deformation vibrations
are observed in the 475—550 cm ™ ! region.?*

i1) Several bands appear associated with aromatic out-
of-plane C-H deformation vibration in the 700-—850
cm ! region. %*

iii) In the 900 to 1150 cm ! spectral region, a broad and
unresolved band associated with ether C-O symmet-
ric and asymmetric stretching vibration (=C-O-C=
ring) 2 is observed in both spectra.

iv) Two bands associated with the interaction of O-H
deformation and C-O stretching vibrations are ob-
served in the 1260—1350 cm ! region.?*

v) At 1400 to 1650 cm ! several bands appear associ-
ated with the aromatic carbon—carbon stretching vi-
bration.?

vi) In the spectral region between 2800 to 3000 cm ™!,
several bands appear associated with aromatic C-H
stretching vibration. In the monomer spectrum,

Polym. J., Vol. 32, No. 8, 2000
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Figure 5. Scanning electron micrographs of: (a) bare CS elec-
trode. (b) polymeric film formed on CS 0.1 M Na,CO; + 6 X10" M
phenol solution.

these bands are very small and they are not charac-
teristics. Three well defined peaks are observed, as
might be expected for multisubstituted benzenes
(monosubstituted benzenes usually exhibit more
peaks).?*

vii) A broad band at 3300 cm ! is also observed in both
spectra attributed to the O-H stretching vibration.2*
A large decrease in the intensity of this band is ob-
served compare to phenol monomer spectrum,? as-
sociated with ether bond formation in the polymeric
chain.

Other authors have obtained polymeric films by elec-
tropolymerization of phenol and its derivatives. Refer-
ence ° shows a transmission IR spectrum onto KBr disks
of polyphenol obtained on platinum by anodic polarisa-
tion during the second time in sulphuric acid medium.
Some remarkable differences appear between this and
our spectra.

i) In ref 5, the band at 3374 cm ! associated to O-H

stretching vibration is very strong.

ii) The strong band does not appear in 900—1150 cm ™
region, associated with ether C-O symmetric and
asymmetric stretching vibrations (= C-O-C=ring).

Conversely, reference '° shows a transmission spectra
of the polymeric films obtained on Pt electrode, in KOH
solutions, by anodic polarization, dissolved in chloroform

1
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and evaporated on a NaCl window. A broad and unre-
solved absorption band between 900—1050 cm ™! ap-
pears, ascribed to ether vibration.

On iron electrodes in oxalic acid solution with phenol
derivatives,'® a coating consist of an inner Fe-oxalate
and an outer polymer layer is obtained. The IR reflec-
tance spectrum does not show bands associated with
ether linked in the polymeric film.

Thus, pH effect exists in the electropolymerization
mechanism of phenol. C—C bonds are mainly formed in
acid medium and C~O bonds in alkaline medium.

From the ATR-IR spectrum, it may be concluded that
the polymeric film formed on both steel electrodes ob-
tained by us, maintains aromatic character and contains
ether-linked rings.

SEM Results

To obtain information on the surface morphology of
the polymeric films obtained on CS and SS electrodes,
SEM was used. Figure 5a shows the SEM microphoto-
graph of bare CS electrode. Figure 5b shows the SEM
microphotograph of CS electrode coated with the poly-
meric film. CS surface is covered by the polymer in spite
roughness of the bare surface. In Figure 5b the poly-
meric film surface shows a scaly aspect. A polymer with
similar surface morphology is obtained on SS electrodes.
This morphology is different from that obtained on plati-
num electrode in which different regions of homogene-
ous films separated by small wrinkles are obtained.'®

CONCLUSIONS

From voltammetric and potentiostatic current tran-
sients results, it may be concluded:

i) The electrooxidation of phenol in carbonate medium
on CS and SS electrodes causes the formation of a
passivating film. This passivating film avoids fur-
ther phenol oxidation and partially inhibits the elec-
trode metal oxidation.

ii) The passivation rate of the electrodes decreases
when phenol concentration increases or when the
upper potential limit of the potential step decreases.

From the spectroscopic results it may be concluded:

i) The IR spectra of the polymeric films show charac-
teristic bands of aromatic C-H stretching vibration
and aromatic C=C stretching vibration. These
bands permit a proposal that polymeric films created
in carbonate medium maintain aromatic character.

ii) The intensity of the band associated to O-H stretch-
ing vibration decreases in the IR spectrum. A band of
ether=C-O-C=stretching vibration appears. The
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polymeric film thus contains ether-linked rings.
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