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Polyphenazine films as inhibitors of copper corrosion
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The polyphenazines poly(brilliant cresyl blue) (PBCB), poly(Nile blue A) (PNB) and poly(safranine T) (PST)
have been investigated as corrosion protection films on copper electrodes by open circuit measurements,
Tafel plots and electrochemical impedance spectroscopy, complemented by scanning electron micros-
copy. Pure copper electrodes were initially passivated in sodium oxalate or hydrogen carbonate solutions,
to inhibit copper dissolution at potentials where phenazine monomer oxidation occurs, before electro-
polymerisation by potential cycling. The corrosion inhibition of these films was tested in 0.10 M KCI solu-
tion. It was found that, after long immersion times, the best protection efficiency was with PNB films
formed on copper passivated in sodium hydrogen carbonate solution.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Inhibition of corrosion phenomena is an important subject of
intense investigation due to the large economic losses it causes
worldwide [1]. The use of organic inhibitors is one of the most
practical approaches for the corrosion protection of copper, involv-
ing the use of amines and azole derivatives containing nitrogen [2-
10].

The remarkable physical and chemical properties of conducting
polymers [11-16] have led to much research in different areas
such as rechargeable batteries [11,12], sensors [13,14], molecular
devices [17], energy storage systems [18] and membrane gas sep-
aration [19]. For corrosion protectors of oxidizable metals, con-
ducting polymers have become of much interest. Deberry [20]
first demonstrated that electrochemically synthesized polyaniline
can act as a corrosion-protective layer on stainless steel in
1 M H,SO0,. Since then many reports, e.g. [21-25] have investigated
the performance of conducting polymer films as corrosion
protectors.

During the last decade phenazine redox dyes have been used for
the modification of electrode surfaces by electropolymerisation
with a view to their possible use as redox polymers or redox medi-
ators, many of the applications being related to the development of
sensors and biosensors [26]. The electroactive properties of the
monomers are usually retained upon polymerisation.

Brilliant cresyl blue (BCB) is a cationic quinine-imide dye with a
planar and rigid structure as shown in Fig. 1a has been shown to
possess promising properties as a redox catalyst. BCB can adsorb
strongly on electrode surfaces and these chemically modified elec-
trodes have been used for the determination of NADH [27] and to
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study the redox behaviour of haemoglobin [28], among other
determinations, e.g. oxalate [29] and cyclodextrin [30] using spec-
trophotometric detection. Another application is as a mediator in
electrochemical biosensors [31,32].

Nile blue (NB), a phenoxazine dye, Fig. 1b, is a well-known elec-
troactive molecule. It has been use as a mediator of electron trans-
fer with a two-electron redox conversion to modify solid
electrodes for electrocatalytic oxidation of the reduced form of nic-
otinamide coenzymes NADH and NADPH [27,33,34].

Safranine T (ST), 3,7-diamino-2,8-dimethyl-5-phenylphenazini-
um chloride (Fig. 1c), is a water-soluble red-coloured phenazine-
type dye used in the textile, pharmaceutical, paper and cosmetic
industries [35] and as a marker in biological processes [36]. This
dye, like many phenazine dyes, is difficult to degrade due to its
complex structure and one of the ways to achieve this is electro-
chemical degradation [35]. The application of the dye monomer
as a mediator in a biosensing system with nitrite and nitrate reduc-
tase has been reported [37].

In previous work [38], films of the phenazine polymer poly(neu-
tral red) have been demonstrated to inhibit copper corrosion in
0.1 M KCL. In this work, the polyazines PBCB, PNB and PST will be
investigated for possible corrosion protection of copper using open
circuit potential measurements, Tafel plots and electrochemical
impedance spectroscopy in 0.1 M KCI.

2. Experimental
2.1. Reagents and solutions
Electrolytes used for passivation of copper were 0.125M so-

dium oxalate pH 6.85 (C;Na,04, Merck) and 0.10 M sodium hydro-
gen carbonate pH 8.35 (NaHCOs3, Riedel-de Haén, Germany).
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Fig. 1. Chemical structure of: (a) brilliant cresyl blue, (b) Nile blue and (c)
safranine T.

Brilliant cresyl blue (BCB) was from Fluka, USA and Nile blue A
(NB) was from Fluka, France. The correct amount of each monomer
to prepare a solution of 0.5 mM was dissolved in 0.10 M sodium
phosphate buffer (NaPB) pH 8.2 prepared from di-sodium hydro-
gen phosphate dihydrate (Na,HPO4-2H,0, Fluka, Germany) and so-
dium dihydrogen phosphate hydrate (NaH,PO4-H,0, Riedel-de
Haén, Germany).

Safranine T (ST) was obtained from La Chema, Czech Republic. A
0.5 mM ST solution was prepared in 0.025 M potassium phosphate
buffer (KPB) pH 5.54 prepared from di-potassium hydrogen phos-
phate trihydrate (K;HPO4-3H,0, Panreac, Spain) and potassium
dihydrogen phosphate (KH,PO,, Riedel-de Haén, Germany).

Corrosion tests were carried out in 0.10 M potassium chloride
(KCI, Fluka). Millipore Milli-Q nanopure water (resistivity
>18 MQ cm) was used for preparation of all solutions. All experi-
ments were performed at 24 + 1 °C.

2.2. Electrode preparation

The electrodes used were made from copper cylinders (99.99%
purity Goodfellow Metals, Cambridge, UK) by sheathing in glass
and epoxy resin. The exposed disc electrode surface area was
0.20 cm?. Before experiments, the electrodes were mechanically
abraded with 400, 600, 800 and 1500 grade silicon carbide papers.
After this polishing procedure, the electrodes were cleaned with
water.

2.3. Instrumentation

Experiments were conducted in a three electrode cell using a
modified or unmodified copper working electrode, a saturated cal-
omel electrode (SCE) as reference and platinum foil as counter
electrode.

Cyclic voltammetry was carried out using a potentiostat/galva-
nostat (Autolab PGSTAT30) connected to a computer with general
purpose electrochemical system software (GPES V4.9) from Metr-
ohm-Autolab (Utrecht, Netherlands).

Electrochemical impedance spectroscopy was carried out on a
PC-controlled Solartron 1250 frequency response analyzer, cou-
pled to a Solartron 1286 electrochemical interface using ZPlot 2.4
software (Solartron Analytical, UK), with a rms perturbation of
10 mV applied over the frequency range 65.5 kHz-0.01 Hz, with
10 frequency values per decade.

Microscope images of polymer coated passivated copper elec-
trodes were acquired using a scanning electron microscope
(SEM) Jeol JSM-5310 (Jeol, Tokyo, Japan), equipped with a therm-
ionic field emission SEM and an electronically controlled automatic
gun. The images were captured at 10 kV.

2.4. Cu electrode passivation and modification with PBCB, PNB and PS

Copper electrodes were first passivated by potential cycling
from —0.5V to +1.0V vs SCE and —1.0V to + 0.75 V vs SCE in so-
dium oxalate and sodium hydrogen carbonate solutions, respec-
tively, during five cycles at a scan rate of 20 mV s~!, potential
limits optimised in previous work in order to avoid hydrogen evo-
lution and limit oxygen evolution [38].

The polymer films were prepared by electropolymerisation of
their monomers from an aqueous solution of 0.5 mM BCB or NB
in 0.1 M NaPB pH 8.2, cycling the potential from -1.0V to +0.5V
vs SCE for electrodes passivated in sodium oxalate, —1.0V to
+0.75 V vs SCE for electrodes passivated in sodium hydrogen car-
bonate, during 20 cycles at a potential sweep rate of 20 mV s~
The PST film was prepared by electropolymerisation from an aque-
ous solution of 0.5 mM safranine T in 0.025 M KPB pH 5.54 by cy-
cling the potential from —0.8V to +0.5V vs SCE for electrodes
passivated in sodium oxalate and —0.6 V to +0.3 V vs SCE for elec-
trodes passivated in sodium hydrogen carbonate, during 20 cycles
at a scan rate of 20 mV s,

3. Results and discussion
3.1. Electropolymerisation

Before electropolymerisation of BCB, NB and ST, the Cu elec-
trodes were passivated by potential cycling in sodium oxalate and
sodium hydrogen carbonate solutions. The passivation of copper
was necessary because oxidation of the phenazine monomers oc-
curs at potentials where dissolution of copper takes place, this thus
being prevented, and also to ensure surface roughening to promote
better adhesion of the polymer film to the copper substrate.

The passivation of copper in oxalate and hydrogen carbonate
solutions has already been studied [39-45] and a summary can
be found in [38]; the passivated electrode will be referred to as
Cu/oxalate or Cu/Na,C,04 and as Cu/hydrogen carbonate or Cu/
NaHCO; below. The formation of the polymer films on passivated
copper electrodes was carried out by electropolymerisation of
the monomer using potential cycling, as described in the experi-
mental section. The mechanism of polymerisation involves initia-
tion by formation of a cation-radical upon electrooxidation [46].

Fig. 2 shows cyclic voltammograms obtained during the forma-
tion of PBCB, PNB and PST films on the passivated Cu electrodes in
sodium oxalate (Fig. 2a) and sodium hydrogen carbonate (Fig. 2b)
solutions. In the case of the formation of PBCB, it can be observed
that the irreversible oxidation of monomer occurs at ~+0.5 V and
~+0.75 V vs SCE on Cu/oxalate and Cu/hydrogen carbonate, respec-
tively. A redox couple appears at ~—0.3V in Cu/oxalate and
~—0.4V vs SCE in Cu/hydrogen carbonate (calculated as the
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Fig. 2. Cyclic voltammograms of the electropolymerisation of BCB,
solutions.

midpoint between the oxidation and reduction peak potentials)
corresponding to oxidation/reduction of the monomer. For Cu/
Na,C,0,4, the increase in peak Il and in peak III height, with a small
shift to more negative potentials confirms the deposition of the
PBCB film. For Cu/hydrogen carbonate, the increase in peak I and
Il up until cycle number 5, reveals film formation.

During electropolymerisation of NB, the redox peaks corre-
sponding to redox reaction of NB monomer, ~+0.5V and
~+0.75V vs SCE on Cu/oxalate and Cu/hydrogen carbonate elec-
trodes, decrease quickly with the increase of the number of cycles.
A new redox couple appears around 0.0 V vs SCE in the cyclic vol-
tammogram. According to Cai et al. [47] the redox couple I/IV in
Cu/oxalate can be attributed to the redox reaction of the conju-
gated structure of the NB monomer on the surface of the polymer
structure, and the redox couple II/IIl to the oxidation/reduction
reaction of the polymer (and in Cu/hydrogen carbonate redox cou-
ple I/III). Since PNB films act as a semi-conductor [48], thicker and
more compact films may make the electron transfer more difficult,
leading to the observed decrease of the peak currents.

In the case of the electropolymerisation of ST in Cu/oxalate, two
redox couples and one irreversible oxidation are observed. The first
redox couple at ~—0.5V vs SCE, peaks I/1V, is attributed to the re-
dox process for STyx/STreq, as found for ST and neutral red electro-
polymerisation on carbon film electrodes [49]. The other redox
couple, peaks II/11I, is due to doping and dedoping of the film. These
peaks increased in height with increase in the number of cycles
which confirms film formation. On Cu/hydrogen carbonate the in-
crease in peak Il is more visible, with a small shift to more negative
potentials due to the PST conformation and/or counterion diffusion
limitations, like that observed for PNR formation on passivated
copper [38].

3.2. Electrochemical studies of polymer-coated passivated copper
corrosion

3.2.1. Open circuit potential (OCP)
Open circuit potential measurements were made on modified
passivated copper electrodes with PBCB, PNB and PST films in
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Fig. 3. Open circuit potential vs time plots in 0.1 M KCl of bare copper, copper
passivated in (a) sodium oxalate and (b) sodium hydrogen carbonate solutions and
after posterior modification with PBCB, PNB or PST.

0.10 M KCl electrolyte solution during 4 h of immersion. The re-
sults are shown in Fig. 3a and b for electrodes passivated in sodium
oxalate and sodium hydrogen carbonate solutions, respectively.
For comparison the OCP for bare copper electrodes and after pas-
sivation is also plotted.
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It can be seen that the OCP values after 4 h immersion in
0.10 M KCl solution are more positive for the polymers electrode-
posited on oxalate-passivated copper electrodes, They are more
positive than the OCP for bare copper electrodes, and also more po-
sitive than for oxalate passivated or hydrogen carbonate passivated
Cu electrodes, showing that these polymers can be used as protec-
tive corrosion layers on copper.

During the first seconds of immersion of the PBCB and PNB
modified electrodes the OCP decreases after which it increases rap-
idly, continuing to increase until ~4000 s, where it tends to stabi-
lise. The initial decrease in the potential can be ascribed to
diffusion of chloride ions through the pores of the polymer films.

In the case of PST modified passivated copper electrodes, the
OCP initially decreases and then tends to stabilize, although with
small fluctuations, and the potential was not yet completely stable
after 4 h.

The OCP is more positive for the electrodes previously passiv-
ated in oxalate and then modified with PBCB. Considering the elec-
trodes passivated in hydrogen carbonate the OCP profile is similar
for Cu/NaHCO3/PBCB and Cu/ NaHCOs/PNB, overlapping after
~8000 s.

All three polymers presented more positive OCP values than
those obtained with PNR modified passivated copper electrodes
[38], with more rapid stabilisation of the OCP curves.

3.2.2. Tafel polarization plots

Tafel plots, Fig. 4, were obtained after immersion of the copper
electrodes modified with PBCB, PNB and PST for 4 h in 0.10 M KCl.
The parameters obtained from analysis of these plots are presented
in Table 1. Values for bare copper and copper passivated in oxalate
and hydrogen carbonate are also shown, taken from [38].

Taking into consideration that the passive film and the polymer
films are electrochemically inert at low anodic overpotential, the
porosities of the films were calculated using the expression used
by Shinde [41]:

pP— (%) « 10~ (Acor/Fa) 1)

pc

where P is the total coating porosity, Rps and Ry are the polarization
resistances, Ry, of the bare copper and the modified copper elec-
trode, AE..; is the difference potential between the corrosion poten-
tial of modified copper and bare copper electrode, and B, is the
anodic Tafel coefficient for bare copper.

The porosities decrease after modification of passivated copper
with polymer coatings except in the case of Cu/NaHCO3/PST, where
the porosity is higher than Cu/NaHCOs. In increasing order, the val-
ues of porosity were:

Oxalate passivated Cu:
PST < Cu/Na,C,0.4/PNB.
Hydrogen carbonate passivated Cu: Cu/NaHCOs/PBCB < Cu/
NaHCO3/PNB < Cu/NaHCO5/PST.

CU/N32C204/PBCB < CU/N32C204/

The film with lowest porosity was PBCB electrodeposited in Cu/
Na,C,04 with 0.01% of total porosity, and that with highest poros-
ity was PST electrodeposited in Cu/NaHCO; with 11.7%.

The protection efficiency (PE%) values were estimated using the
following equation, as in [41]

PEY — <@> « 100 2)

pc

where R,s and Ry have the same meaning as in Eq. (1). The values
obtained are given in Table 1.

The best efficiency was obtained with PNB deposited on the
passivated copper electrode in sodium hydrogen carbonate solu-
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Fig. 4. Tafel plots after 4 h immersion in 0.10 M KCl of PBCB, PNB and PST on (a)
sodium oxalate and (b) sodium hydrogen carbonate passivated copper electrodes.

tion (~82.7%); no inhibition was obtained with PBCB films either
deposited on top of Cu/Na,C,04 or on Cu/NaHCOs;.

Comparing the polarization resistance for electrodes modified
with PBCB either in Cu/Na,C,04 or in Cu/NaHCO5; with unmodified
copper, the R, values are lower than for the unmodified copper
(2.8 kQ cm?). Although the OCP is more negative with the PBCB
coating, the current corrosion density is higher, leading to faster
corrosion for Cu/Na,C,04/PBCB and Cu/NaHCOs5/PBCB than in the
case of the unmodified electrode. This may also be due to poor
adhesion of PBCB films on the passivated electrodes, and also to
leaching of the film during recording of polarization curves. The
polarization resistance is higher for Cu/NaHCO3/PNB, which also
means higher protection efficiency, 82.7%. This protection effi-
ciency is also higher than that with PNR in the system Cu/NaH-
CO5/PNR, ~68% [38].

The results obtained from open circuit measurements and Tafel
plots are in agreement, some difference between E., and OCP
being due to polarisation effects.

Table 1
Data from Tafel plots for different modified copper electrodes after4 h immersion in
0.10 M KCl.

Electrode Rp Ecorr Ba |Bel P (%) PE
assembly (kQ  (V(SCE)) (Vdec!) (Vdec) (%)
cm?)

Bare Cu? 277 -0.221 0.023 0.018

Cu/NayC,04* 3.99 -0.167 0.048 0.034 0.31 30.6
Cu/Na,C,0,4/PBCB 085 -0.118 0.053 0.032 0.01 -
Cu/Na,C,0,4/PNB 410 -0.149 0.060 0.033 0.05 324
Cu/NayC,04/PST 3.90 -0.147 0.068 0.036 0.04 28.9
Cu/NaHCO3* 457 -0.190 0.021 0.024 2.7 394
Cu/NaHCO3/PBCB 1.80 -0.156 0.036 0.026 0.23 -
Cu/NaHCO3/PNB 16.0 —0.180 0.042 0.039 0.29 827
Cu/NaHCO5/PST 430 -0.204 0.038 0.046 11.7 35.6

2 Values from [38].
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Fig. 5. Scanning electron micrographs of PST and PNB electrodeposited on Cu/oxalate and Cu/hydrogen carbonate.
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Fig. 6. Complex plane impedance plots of Cu modified electrodes after immersion in 0.10 M KCl. Lines denote the data fitting to the equivalent electrical circuit.
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Fig. 7. Equivalent electrical circuit used for modelling the impedance spectra in
Fig. 6.

3.3. Scanning electron microscopy (SEM)

The surface morphologies of the films were studied by SEM. In
general terms, the porosity data obtained from Tafel plots are in
agreement with what is observed from SEM images.

Representative images of PST and PNB films on Cu/oxalate and
Cu/hydrogen carbonate are presented in Fig. 5. These images were
chosen due to the higher porosity obtained from Tafel plots data
for Cu/hydrogen carbonate/PST (11.7%), and the best anti-corrosive
performance of Cu/hydrogen carbonate/PNB. It can be seen that in
the case of passivated copper in sodium hydrogen carbonate the
PST film has some non-conductive particles of ~100 nm diameter
distributed all over the passivated copper surface. The image with
PNB on Cu/hydrogen carbonate also has these non-conductive par-
ticles, but in lower number, so they are probably oxide formed dur-
ing passivation, In the case of PST and PNB on Cu/oxalate, the
surface is completely covered by the film, which is more visible
on Cu/oxalate/PNB. It also has non-conductive particles in clusters,
as well as holes distributed all over the surface. The differences be-
tween the morphologies of films can also be attributed to the dif-
ferent morphologies of the copper oxide layers obtained in oxalate
and hydrogen carbonate passivation solutions.

3.4. Electrochemical impedance spectroscopy

Polarization curve analyses revealed that only the PNB coating
gave a significant protection against the corrosion of copper. Elec-
trochemical impedance spectroscopy was employed to test the sta-
bility behaviour of the PNB films on passivated copper electrodes.
Fig. 6 shows complex plane impedance spectra in 0.10 M KCl at the
open circuit potential after 4 and 72 h immersion for the PNB-
coated passivated copper electrode. For Cu/NaHCOs, the spectra
after 4 and 72 h immersion are almost the same, which can be
attributed to a stable film.

For comparison, spectra obtained for PBCB and PST-coated Cu
passivated electrode after 4 h immersion in 0.10 M KCl are also
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presented, although with these two polymers the protection effi-
ciency calculated from Tafel plots was much less good. This is re-
flected in the lower magnitude of the impedance values. by
almost a factor of ten.

The spectra were fitted to the equivalent electrical circuit in
Fig. 7. This circuit comprises the cell resistance Rq in series with
a constant phase element CPE. representing the coating capaci-
tance, C. connected in parallel with the coating pore resistance
Rpo. This resistance is also in series with another RCPE combination
with R the charge transfer resistance describing the corrosion
processes in the bottom of the pores of the passivated copper
and CPE, the capacitance of the passivated copper surface inside
the pores, C,. This equivalent electrical circuit is the same used
for analysed the impedance data obtained with poly(neutral red)
coatings electrochemically deposited in passivated copper elec-
trodes [38] and already used in studies with other polymers coated
metals in corrosive electrolytes [22-25]. As in [38], the character-
istics of the polymer films are given at high frequencies by the
resistance Ry, related to the pore resistance of the coating from
penetration of the electrolyte under the coating, the polymer coat-
ing, and the coating capacitance C.. The other combination R..CPE;
is associated with the characteristics of the electrolyte/copper
interface on the bottom of the pores, appearing at low frequencies.
The CPE, used due to the heterogeneity of the polymer coatings,
models a non-ideal capacitor of capacitance C with a roughness
factor o and is given by the expression CPE = {(C iw)*}~.

Table 2 summarizes the values of the parameters obtained from
the fitting after different immersion times for PNB coated Cu pas-
sivated electrodes. For comparison, Table 2 also summarizes the
parameters from spectra obtained after 4 h immersion for PBCB
and PST coated passivated Cu. The errors in the fitting of the exper-
imental values to the equivalent circuit varied between 2% and 13%
for resistances Rp, and R, 1-6% for capacitances C. and C,, and
~1% for oy and oy. It is suggested in [41] that the sum Ry, + Ret
can be correlated with Ry, from polarization experiments. Exami-
nation of Table 1 and 2 suggests that the trends are the same but
numerical values are rather different, reflecting the different
experimental conditions under which measurements are made.

The cell resistance was almost invariant with time of immersion
of the electrodes in 0.10 M KCl and with the passivation solution or
PNB coated electrode with a value of 14.4 + 0.7 Q cm?.

The pore resistance is higher for the Cu/Na,C,04/PNB with the
highest Ry, obtained for 24 h immersion (4073 Q cm?), decreasing
after this. In contrast, for Cu/NaHCO5/PNB Ry, increases during the
whole 72 h of the experiment, which can be attributed to the cov-
ering of the pores by corrosion products. Such an increase of Ry,
with time was already observed with poly(neutral red) coated pas-
sivated copper electrodes in sodium oxalate and sodium hydrogen
carbonate solutions [38]. There is also an increase in the coating
capacitance C. on the Cu/ NaHCO3/PNB electrode with time which

Table 2
Data obtained from analysis of the impedance spectra of Fig. 6.
Electrode assembly Immersion time (h) Rpo (Q cm?) Cc (UF cm™2) o4 Ret (KQ cm?) C, (UF cm™2) o
Cu/Na,C,04/PBCB 4 46.0 16.1 0.90 2.90 223 0.60
Cu/NaHCO3/PBCB 4 3100 214 0.68 - - -
Cu/ NayC,04/PST 4 67.0 23.7 0.87 2.10 373 0.62
Cu/NaHCO3/PST 4 97.3 423 0.86 8.90 503 0.61
Cu/ Na,C,04/PNB 4 1439 5.74 0.94 305 522 059
24 4073 6.57 0.93 16.9 9.52 0.67
48 2202 9.70 0.89 8.36 233 0.65
72 924 10.4 0.88 4.67 48.4 0.65
Cu/NaHCO3/PNB 4 240 12.3 0.84 18.5 80.5 0.62
24 469 15.6 0.82 25.6 275 0.61
48 595 17.4 0.80 274 222 0.59
72 841 204 0.78 271 19.2 0.58
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can be attributed to water uptake by the polymer. The charge
transfer resistance for Cu/NaHCO3/PNB increases with immersion
time, leading to the conclusion that PNB coatings on a passivated
copper electrode in sodium hydrogen carbonate solution have a
better performance as anti corrosive agent on passivated copper
surfaces. It is also seen that PNB deposited on Cu/NaHCO3 has a
very good anti-corrosion efficiency, with a charge transfer resis-
tance of 27.1 kQ cm? after 72 h immersion in 0.10 M KCl, whereas
PNR deposited on Cu/Na,C;04, has an R of only 3.8 kQ cm? [38]
after 72 h immersion (PNR deposited on Cu/Na,C,04 was found
to be the best coating for corrosion protection of Cu in [38]). The
higher efficiency of the PNB coatings is probably linked to the dif-
ferent monomer structure which leads to a more compact mor-
phology, as discussed above.

In the case of the other two polymers, PBCB and PST, after 4 h
immersion in 0.10 M KCI the R, and R values are very low com-
pared with those obtained with PNB coatings, in agreement with
the data obtained from Tafel plots and to the lower efficiency of
these coatings in the corrosion protection of copper.

4. Conclusions

Brilliant cresyl blue, Nile blue and safranine T have been elec-
tropolymerised on copper electrodes by potential cycling. The elec-
trodes were first passivated in sodium oxalate and sodium
hydrogen carbonate solutions, due to Cu dissolution at potentials
where the monomers BCB, NB and ST are oxidised to start their
polymerisation at the electrode.

The anti-corrosion behaviour of the films was investigated in
0.10 M KCI using open circuit potential measurements, Tafel plots
and electrochemical impedance spectroscopy complemented by
scanning electron microscopy. The protection efficiency calculated
from Tafel plots after 4 h of immersion in 0.10 M KCl was higher for
the PNB coating deposited on Cu passivated in sodium hydrogen
carbonate solution (Cu/hydrogen carbonate/PNB) with 82.7%, and
a polarization resistance of 16.0 kQ cm?. EIS confirms the best
anti-corrosive behaviour of PNB films in Cu/NaHCOs electrodes,
leading to the conclusion that PNB improves the corrosion behav-
iour of copper electrodes, more than the other polyphenazines.
Further research on reducing film porosity to improve the protec-
tion efficiency will be carried out in the future.
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