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The morphology of films of the phenazine polymers poly(neutral red) (PNR), poly(brilliant cresyl blue)
(PBCB), poly(Nile blue A) (PNB) and poly(safranine T) (PST), formed by potential cycling electropoly-
merisation on copper electrodes, in order to reduce the corrosion rate of copper, has been examined
by scanning electron microscopy (SEM). The copper surface was initially partially passivated in sodium
oxalate, hydrogen carbonate or salicylate solution, in order to inhibit copper dissolution at potentials
where phenazine monomer oxidation occurs, and to induce better polymer film adhesion. SEM images

Ilfg{;;%rgs;zme films were also taken of partially passivated copper in order to throw light on the different morphology and
Morphology anti-corrosive behaviour of the polyphenazine films. Analysis of the morphology of the polymer-coated

copper with best anti-corrosive behaviour after 72 himmersion in 0.1 M KCl, Cu/hydrogen carbonate/PNB,
showed that the surface is completely covered by closely packed crystals. By contrast, images of PST films
on copper partially passivated in oxalate solution, that had the least protective behaviour, showed large

Partially passivated copper
Corrosion inhibition

amounts of insoluble corrosion products after only 4 h immersion in 0.1 M KCl.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Electrochemical synthesis of conducting polymers on active
metal electrodes has become a subject of multidisciplinary inter-
est in the last few years, with increased significance for corrosion
protection. The electrodeposition of conducting polymers on oxi-
disable metals is not easy, since thermodynamic data predict
that the metal will dissolve before the oxidation potential of the
monomer to initiate electropolymerisation is reached. Oxidation
of the metal appears as a simultaneous and competitive process
to formation of the polymer. Thus, it is necessary to find electro-
chemical conditions which lead to partial passivation of the metal
surface and decrease its dissolution rate without preventing elec-
tropolymerisation, e.g. [1].

The most investigated conducting polymers for corrosion pro-
tection of metals are polyaniline (PANI), polypyrrole (PPy) and their
derivatives, e.g. [2-11]. In most of these studies PANI and PPy are
electrodeposited on top of the metallic electrodes in an electrolyte
solution containing the monomer, which is first used to promote
formation of a passive layer and afterwards for electrodeposition
of the polymer film.

Polyphenazines are very attractive redox polymers, acting
both as conducting polymers and redox mediators, most of their
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applications being related to their use in sensors and biosensors
[12]. In previous work [13,14] the phenazine monomers neutral
red (NR), brilliant cresyl blue (BCB), Nile blue A (NB) and safranine
T (ST) were electropolymerised on the top of copper electrodes
previously passivated in oxalate, hydrogen carbonate and salicy-
late containing solutions. The success of the electropolymerisation
depends not only on the monomer but also on the pre-passivation
step, that influences the composition of the passive layer [15,16].
The anti-corrosion behaviour of the films was investigated in
0.10 M KClI using open circuit potential measurements, Tafel plots
and electrochemical impedance spectroscopy. It was deduced that
PNB improves the corrosion behaviour of copper electrodes, more
than the other polyphenazines. PNB films on the top of copper
pre-passivated in hydrogen carbonate solution had the highest
protection efficiency, ~83%, calculated from Tafel plots after 4h
of immersion in 0.1 M KCI and the highest charge transfer resis-
tance after 72 h of immersion, 27.1 k2 cm? from electrochemical
impedance measurements.

Since the properties of conducting polymers are strongly
dependent on their morphology and structure [17], in this work
scanning electron microscopy was used to examine the morphol-
ogy of the polyphenazine films formed on copper electrodes. The
morphology of the films with the best anti-corrosion behaviour as
well as the films with the worst anti-corrosion behaviour were also
analysed after 4h and 72 h immersion in 0.1 M KCl. The mecha-
nism of inhibition obtained from the PNB and PNR films is also
discussed.
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Fig. 1. Chemical structures of phenazine monomers.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals were of analytical reagent grade. The electrolyte
solutions used for passivation of copper were 0.125M sodium
oxalate pH 6.85 (NayC;04, Merck), 0.10 M sodium hydrogen car-
bonate pH 8.35 (NaHCOs, Riedel-de Haén, Germany), and 0.10 M
sodium salicylate pH 6.50 (NaC;H504, Sigma-Aldrich), concentra-
tions optimised in previous studies. The corrosion behaviour of the
modified electrodes was carried out in 0.1 M potassium chloride
(KCl, Fluka).

The phenazine monomers, chemical structures shown in Fig. 1,
were neutral red (NR) from Aldrich, Germany; brilliant cresyl blue
(BCB) from Fluka, USA; Nile blue A (NB) from Fluka, France and
Safranine T (ST) was obtained from La Chema, Czech Republic.

The correct amounts of the monomers were dissolved in the
supporting electrolytes to give solutions as follows:

e 10mM NR or 0.5mM ST in 0.025 M potassium phosphate buffer
(KPB) pH 5.54 prepared from di-potassium hydrogen phosphate
trihydrate (K;HPO4-3H,0, Panreac, Spain) and potassium dihy-
drogen phosphate (KH, POy, Riedel-de Haén, Germany);

e 0.5mM BCB or 0.5mM NB in 0.10M sodium phosphate buffer
(NaPB) pH 8.2 prepared from di-sodium hydrogen phosphate
dihydrate (NayHPO4-2H,0, Fluka, Germany) and sodium dihy-
drogen phosphate hydrate (NaH,PO4-H,O, Riedel-de Haén,
Germany).

Millipore Milli-Q nanopure water (resistivity > 18 M2 cm) was
used for the preparation of all solutions. All experiments were per-
formed at24 +1°C.

2.2. Instrumentation

Working electrodes 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 procedure, the electrodes were rinsed with water. A plat-
inum foil was used as counter electrode and a saturated calomel
electrode (SCE) as reference in a three-electrode cell.

Cyclic voltammetry was performed using a potentio-
stat/galvanostat Autolab PGSTAT30 connected to a computer
with general purpose electrochemical system software (GPES
V4.9) from Metrohm-Autolab (Utrecht, Netherlands).

Electrochemical impedance measurements were done with a
PC-controlled Solartron 1250 frequency response analyzer, cou-
pled to a Solartron 1286 electrochemical interface using ZPlot 2.4
software (Solartron Analytical, UK). A sinusoidal voltage perturba-
tion of amplitude 10 mV rms was applied in the frequency range
between 65 kHz and 0.1 Hz with 10 frequency steps per decade.

Microscope images were acquired using a scanning electron
microscope (SEM) JEOL JSM-5310 (JEOL, Tokyo, Japan), equipped
with a thermionic field emission SEM and an electronically con-
trolled automatic gun. The images were captured at 10kV and
20kV.

2.3. Electrode modification

Copper electrodes were partially passivated by potential cycling
in sodium oxalate, salicylate or hydrogen carbonate solutions by
potential cycling for 5 cycles ata scan rate of 20mV s~ ! in the ranges
—0.5V to +1.0V with 0.125M sodium oxalate, —1.0V to +0.75V
with 0.10 M sodium hydrogen carbonate and —1.2V to +1.5V vs
SCE with 0.10 M sodium salicylate. The passivated electrodes will
be referred to as Cu/oxalate or Cu/Na;C; 04, Cu/hydrogen carbonate
or Cu/NaHCO3, and Cu/salicylate.

After passivation of the copper electrodes, the phenazine films
were prepared by potential scanning from solutions containing
the respective monomer. The potential range depends on the elec-
trolyte as well as on the monomer and was:

e PNR film: from —1.5V to +1.0V for electrodes passivated in
sodium oxalate, —1.0V to +0.25V for electrodes passivated in
sodium hydrogen carbonate and —1.2V to +1.5V for electrodes
passivated in sodium salicylate, during 15 cycles at a scan rate of
20mVs.
PBCB and PNB films: from —1.0V to +0.5V for electrodes pas-
sivated in sodium oxalate and —1.0V to +0.75V for electrodes
passivated in sodium hydrogen carbonate, during 20 cycles at a
scan rate of 20mVs~1.
e PST film: from —0.8 Vto +0.5 V for electrodes passivated in sodium
oxalate and —0.6V to +0.3V vs SCE for electrodes passivated in
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sodium hydrogen carbonate, during 20 cycles at a scan rate of
20mVs1.

3. Results and discussion
3.1. Effect of the electrolyte on copper passivation

Passivation of copper electrodes was done by potential cycling
in sodium oxalate, hydrogen carbonate and salicylate solutions as
explained in the materials and methods section. SEM images of the
copper surfaces after passivation are presented in Fig. 2, as well
as the first cyclic voltammograms of the copper electrode in each
solution.

The passivation processes of copper in these solutions as a result
of potential cycling were already discussed in detail in [12]. Briefly,
in oxalate solution peak I in the cyclic voltammogram corresponds
to the dissolution of copper producing Cu2* ions in the vicinity
of the electrode, which can interact with oxalate ions in solution,
forming an insoluble copper oxalate layer on the top of the copper
electrode. The electrochemical behaviour of copper in this oxalate
medium is highly complex [18] with the formation of Cu-Ox com-
plexes (where Ox denotes oxalate), such as Cu(0Ox) and (Cu(0x); )>~,
and copper oxides formed from Cu(I) and Cu(Il). The peaks in cyclic
voltammogram of Fig. 2 are attributed to the successive formation
of copper products (hydroxides, oxides or complexes), that stabilise
the copper surface [19]. It is stated in [20] that the copper oxalate
layer is probably produced according to:

Cu — Cu®t+2e”

Cu2* +C,04% +Hy0 — CuCy04 +H,0

This rough layer is observed over the entire surface of the elec-
trode with uniformly distributed pores (Fig. 2(a)).

In hydrogen carbonate solution the three anodic peaks in the
voltammogram are related to the dissolution of copper which gen-
erates Cu(l) species in the vicinity of the electrode, until peak I is
reached, leading to the formation of a film containing only Cu,O.
At higher potentials a copper (II) region is encountered, leading to
growth of the passive film probably through formation of a CuO-Cu
carbonate complex outer layer, within the potential range of peak
Il and the passive region III. Partial electroreduction of the pas-
sive film occurs at potentials corresponding to peaks IV and VI, also
observed in the reduction processes of copper in NaOH solutions
[21], although a passivating layer is still present on the electrode
surface at —0.50V [22].

In sodium salicylate solution (Fig. 1c), the first anodic peak at
—0.17V leads to Cu(I) and to the formation of Cu,0 while the peak
at +0.20V is related to the oxidation of copper and Cu,0 to diva-
lent copper species on the surface and solution nearby. These Cu(II)
species react with salicylate anions, adsorbing onto the electrode
surface which is already modified with a Cu,0 layer and promoting
the formation of a chelate [12,23-25]. The wave at ~+0.90V is due
to salicylate ion oxidation.

After passivation in hydrogen carbonate and salicylate, the sur-
faces show more scratches from polishing (Fig. 2(b) and (c)), than
after passivation in oxalate (Fig. 2(a)), suggesting a thicker film in
the last case. This can be linked to two factors:

- the amount of formation of copper oxides and/or copper hydrox-
ide layers and of insoluble CuO-carbonate or Cu(lIl) salicylate
complexes on the electrode surface, in the case of hydrogen
carbonate or salicylate passivating solutions, is less than of a
thicker, mainly copper oxalate layer in the case of oxalate solution
[12,18,20,22,23,26-28].

- differences in the initial dissolution rate of copper. As can be seen
from the voltammograms in Fig. 2, the anodic current is much
higher in oxalate solution, which could contribute to removing
the scratches in the morphologies of the passive films, an elec-
tropolishing effect.

3.2. Effect of the passivation electrolyte on electropolymerisation
of phenazine monomers

3.2.1. Electropolymerisation on Cu/oxalate passivated electrode

The phenazines neutral red (NR), brilliant cresyl blue (BCB), Nile
blue (NB) and safranine T (ST) were electropolymerised on the
copper electrodes passivated in oxalate solution. Representative
SEM images are presented in Fig. 3, as well as cyclic voltam-
mograms obtained during electropolymerisation of the monomers
on Cu/oxalate electrodes.

The surface is completely covered by the phenazine films, PNR
and PST giving granular films, the PST film having zones with
a considerable number of agglomerates, and a smoother surface
with pores in the case of PBCB and PNB films. Porosities calculated
from Tafel plots are in agreement with what is observed from SEM
images, lower for PBCB (0.01%) and higher for PNB (0.05%) [14].

The differences in film morphology can be attributed to different
electropolymerisation conditions, such as the potential limits used
for the potential cycling in solutions of the particular monomer and
also to the electrolyte solution composition and pH. It can be seen
from the voltammograms in Fig. 3 that irreversible monomer oxi-
dation, which initiates polymerisation, occurs at positive potentials
of ~+0.7V for NR, ~+0.5V for both BCB and NB, and ~+0.4V for ST.

The redox couple I/III refers to oxidation/reduction of the poly-
mer, increasing with increasing number of cycles for all monomers
tested, except in the case of NB. The increase in height of the redox
couple I/IIl confirms polymer deposition. In the case of NB, a differ-
ent behaviour was obtained in which a decrease in peak currents is
observed and can be attributed to formation of a thicker and more
compact semi-conductor film, which makes electron transfer more
difficult [29].

3.2.2. Electropolymerisation on Cu/hydrogen carbonate
passivated electrode

SEM images of the films of PNR, PBCB, PNB and PST on
Cu/hydrogen carbonate electrodes are presented in Fig. 4. Cyclic
voltammograms obtained during the electropolymerisation of the
monomers on Cu/hydrogen carbonate electrodes are also shown in
Fig. 4.

On these electrodes the films formed had different morpholo-
gies from those on Cu/oxalate electrode substrates, with many
scratches observed in PBCB and PST films. As already seen in the
SEM images in Fig. 2, the surface of copper passivated in hydro-
gen carbonate solution shows a different morphology, and it seems
that this solution was less “aggressive” with less dissolution of cop-
per metal than in oxalate solution. The adhesion of PBCB and PST
films is relatively poor that also leads to a worse corrosion pro-
tection performance [14]. Nevertheless, there was evidence in the
cyclic voltammograms of PBCB and PST of film formation on the
top of copper. In the case of PBCB, the increase in peak currents
due to polymer oxidation/reduction (peaks I and II) until cycle
number 5, confirms the electropolymerisation of BCB. In cyclic
voltammograms of PST the increase in peak Il with a small shift to
more negative potentials confirms PST formation. The shift in peak
potential is due to polymer film formation and/or counterion dif-
fusion limitations, as already observed during PNR film formation
on passivated copper electrodes [13].

The SEM image of PNR on Cu/hydrogen carbonate reveals that
PNR by itself forms separate agglomerates, already observed in PNR
films deposited on ITO (indium-tin oxide) surfaces [30], the shape
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Fig. 2. Representative SEM images of films obtained after passivation of copper electrodes in sodium (a) oxalate, (b) hydrogen carbonate and (c) salicylate solutions and their

respective first cyclic voltammograms.

of the voltammograms being quite similar to that obtained for PNR
formation on glassy carbon [30].

The image of PNB on Cu/hydrogen carbonate (Fig. 4c) shows a
compact and dense film similar to that obtained with the PNB film
on Cu/oxalate electrode substrates. Some non-conductive particles
observed are probably oxide formed during copper passivation. A
large number of pores, of diameter ~500 nm, distributed over the
whole the surface is seen, smaller than those after PNB formation
of ~1 wm (Fig. 3). Again, the porosity calculated from Tafel plots
[14] of 0.29% for Cu/hydrogen carbonate/PNB is in agreement with
what is observed in SEM images.

3.2.3. Electropolymerisation of PNR on Cu/salicylate passivated

electrodes

In [13], NR monomer was also electropolymerised on copper
passivated in salicylate solution, but due to the slow rate of elec-
tropolymerisation and adhesion of the PNR film on Cu/salicylate
as well as the lowest corrosion protection obtained, the other
monomers were not studied. SEM images for PNR-coated copper
are shown in Fig. 5 together with the respective cyclic voltam-
mograms obtained during the electropolymerisation. The SEM
image reveals an open structure which explains the relative lack
of corrosion protection.
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Fig. 3. Representative SEM images of films obtained from electropolymerisation of (a) NR, (b) BCB, (c) NB and (d) ST on Cu/oxalate electrode, and their respective cyclic
voltammograms during electropolymerisation.
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Fig. 4. Representative SEM images of films obtained from electropolymerisation of (a) NR, (b) BCB, (c) NB and (d) ST on Cu/hydrogen carbonate electrode, and their respective

cyclic voltammograms during electropolymerisation.



386 C. Gouveia-Caridade et al. / Applied Surface Science 285P (2013) 380-388

4
3k
2k
£ 1t
o +
E oof
= 41
L = st cycle
2+ = = = 5th cycle
| = =15th cycle
- =3 1 1 1 1 1 1
28kUV X7.588 1pm B69533 1.0 05 0.0 05 1.0 15

E/Vvs SCE

Fig. 5. Representative SEM images of the films obtained from electropolymerisation of NR on Cu/salicylate electrode, and their respective cyclic voltammograms during
electropolymerisation.

pe—

el ‘.hi Zah‘ aa 1 s
f a i ¥

Fig. 6. Representative SEM images of (a) Cu/hydrogen carbonate/PNB, (b) Cu/oxalate/PNR and (c) Cu/oxalate/PST after immersion in 0.1 M KCl for 4 h (left side images) and
72 h (right side images).
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3.3. Polymer film-coated copper after immersion in 0.1 M KCI
solution

After 4h immersion in 0.1 M KCl, the best protection effi-
ciency, calculated from the Tafel plots, was obtained with PNB
deposited on the passivated copper electrode in sodium hydro-
gen carbonate solution (~83%), followed by PNR on Cu/hydrogen
carbonate (~68%). A lower protection efficiency was obtained
with Cu/NapyCy04/PST ~29%, and no protection efficiency was
obtained with PBCB films [13,14]. After 72 h immersion, the highest
polarisation resistances from electrochemical impedance spec-
troscopy were obtained with Cu/NaHCO3/PNB, ~27.1 k2 cm?, and
Cu/NayC,04/PNR, ~5.9k2 cm?. SEM images of selected surfaces
after 4 and 72 h of immersion in 0.1 M KCl of Cu/NaHCO3/PNB and
Cu/NayC,04/PNR and Cu/NayC,04/PST are presented in Fig. 6 and
complex plane impedance spectra obtained with these modified
electrodes are shown in Fig. 7.

The magnitude of the impedance is higher for electrodes with
PNB films, by a factor of almost 10, and increases with immersion
time. The higher impedance magnitude is due to the more compact
structure of the film and to the large number of pores distributed
over the whole surface, see Fig. 4c, which imposes diffusion limita-
tions on chloride ions due to their dimensions, leading to a higher
film resistance and higher impedance values [14]. The increase in
corrosion resistance with immersion time was also observed for

copper coated with conducting polymers, e.g. [31-33], explained
by the formation of a corrosion film consisted of copper chloride
and/or copper oxides from diffusion of O, and Cl~ species from the
electrolyte solution through the pores of the film. This film, with
oxides filling the pores, will protect copper from further corrosion.
After 4 h of immersion the PNB film (Fig. 6a) shows a large number
of pores, as in Fig. 4c, and some sites with small aggregates. After
72 h of immersion the whole surface is covered by closely packed
crystals. These crystals are probably corrosion products of copper
oxides and chlorides in sparingly soluble atacamite (Cuy(OH);ClI)
[34-36] which fill the porous structure.

In the case of Cu/NayC,04/PNR (Fig. 6b), the structure of the
film after 4h of immersion in 0.1 M KCl appears like a network,
with some aggregates on the surface. After immersion for 72 h the
surface is totally covered by these aggregates and has a “sponge”
like appearance. The inhibition mechanism obtained with PNB and
PNR films seems to be a mixture of a passivating and barrier effect.
A barrier effect is predominant in earlier stages of immersion, and
after the electrolyte reaches the copper surface, copper starts to
corrode, leading to the formation of a film formed by corrosion
products, which will be responsible for the passivating effect for
longer immersion times. This film of corrosion products is well seen
in SEM image of Fig. 6a7;.

After 4himmersion in 0.1 M KCl, the Cu/Na;C,04/PST surface is
covered by clusters of globules, consistent with the deposition of
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large amounts of insoluble corrosion products, and the corrosion
process is general dissolution of copper. This structure also appears
after 72 h immersion in 0.1 M KCI.

Thus, once again there is evidence that Cu/Na;C;0y4 is the best
substrate for the formation of protective PNR films and Cu/NaHCO3
for the formation of PNB films.

4. Conclusions

Scanning electron microscopy has been used to investigate the
morphology of phenazine films formed by electropolymerisation
on pre-passivated copper electrodes in sodium oxalate, hydrogen
carbonate or salicylate solutions. The copper surface was examined
after passivation, and after electropolymerisation of phenazine
films.

The morphology of the films depends on the passivation step
solution and also on the polyphenazine. In the pre-passivation step,
the use of sodium oxalate solution leads to initial intense dissolu-
tion of pure copper, and to a rough layer of Cu-oxalate that covers
the entire copper surface, with a large number of pores that can be
useful for increasing polymer film adhesion. In hydrogen carbonate
and salicylate solutions, the initial dissolution of copper is less, and
there is formation of copper oxide/hydroxide in a thin film.

On Cu/oxalate electrode substrates, the polyphenazine films
cover the whole of the copper surface: PNR and PST films are gran-
ular, with some agglomerates, whereas PBCB and PNB films show
a smoother, more compact structure. On Cu/hydrogen carbonate
electrodes, SEM images show many scratches in the case of PBCB
and PST films, PNR forms with some agglomerates, and PNB gives a
smooth and compact film like that obtained with PNB on Cu/oxalate
electrodes.

After 72h immersion in 0.1M KCl of Cu/hydrogen carbon-
ate/PNB, the film-coated copper with the best anti-corrosion
behaviour for long immersion times, the whole surface was cov-
ered by closely packed crystals of atacamite. SEM images of
Cu/oxalate/PST, which had the least protective behaviour, showed
general corrosion after just 4 h immersion.

The combination of morphological and electrochemical infor-
mation has been demonstrated to be very useful for determination
of the best redox polymers and coating strategies for the corrosion
protection of copper, and extrapolation to similar coatings on other
metals is envisaged.
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