
ORIGINAL PAPER

Sheela Berchmans Æ S. Usha

C. Ramalechume Æ V. Yegnaraman

Polymer-based bilayer interfaces for electrochemical rectification

Received: 4 August 2004 / Revised: 24 August 2004 / Accepted: 10 October 2004 / Published online: 4 March 2005
� Springer-Verlag 2005

Abstract In this paper, the electrochemical current rec-
tification phenomenon exhibited at an electrochemical
interface constituted by a glassy carbon electrode cov-
ered with a bilayer of polymer films is discussed. The
authors have shown that Methylene Blue (MB) redox
species can be confined to a very thin insulating polymer
film formed from orthophenylene diamine. The poly
(opd) film exhibited excellent blocking properties to re-
dox molecules in solution. On the other hand, the
insulating poly(opd) film trapped with MB could medi-
ate electron transfer between the redox molecules in
solution and the electrode. Further, a second polymeric
layer (Nafion film) trapped with ferrocene redox species
was formed as the outer layer over the inner poly (opd)
film containing MB. This bilayer-modified electrode, due
to the significant difference in the redox potentials of the
MB and ferrocene species immobilized in the inner and
outer layers, respectively, exhibits unidirectional current
flow and the results of the voltammetric investigations
on the modified electrodes are described in this com-
munication.

Keywords Electrochemical rectification Æ Bilayer
assembly Æ Polymers Æ Redox potential Æ Voltammetry

Introduction

At present, there is considerable research interest direc-
ted towards miniaturization of electronic and photonic
devices to nanoscale dimensions [1–7]. Miniaturization
of photonic and electronic devices based on chemical
principles could be achieved through chemical modifi-
cation of surfaces. Researchers finally aim at demon-

strating interesting new functions based on chemical
principles that complement those of solid state elec-
tronics. One simple function of such a molecular elec-
tronic device is current rectification. Modern molecular
electronics began in 1974 when Aviram and Ratner [8]
proposed a molecular rectifier based on an asymmetric
molecular tunnelling junction. Using advanced molecu-
lar design and self-assembly techniques many molecular-
based rectifying devices are being reported. For
example, Langmuir–Blodgett films of Zwitter ionic
molecules like quinolinium tricyanoquinodimethamide
derivatives have been used to make unimolecular devices
with donor (p-bridge) acceptor or donor (r-bridge)
acceptor configurations and they are shown to exhibit
rectification properties [9–18].

Murray and coworkers were the first to report an
electrochemical approach to rectification [19–23]. Their
rectifying interface is based on an electrode modified
with two different, spatially segregated ruthenium-con-
taining polymer having different redox potentials. They
demonstrated that oxidation of redox moieties present in
the outer polymer layer was constrained to occur via
electron transfer mediation through the inner layer. As a
result of this mediation, electron transfer through the
bilayer polymer film was found to be unidirectional.
Another example of polymer-based electrochemical
rectification involved redox polymers containing qui-
none and viologen subunits, which demonstrated the
principle of pH-dependent rectification [24, 25]. At-
tempts have been made to construct a biodiode of
nanometre dimensions using bilayers of biomolecules on
Au electrode [26, 27]. Recently, a new strategy for con-
structing a dendrimer-based electrochemical rectifier has
been reported [28].

To realize an electrochemical interface with rectifi-
cation characteristics, it is desirable to modify the elec-
trode surface with very thin films possessing excellent
blocking properties and capable of exhibiting the desir-
able redox conductivity. One of the approaches towards
building such thin films is through self-assembly [29–32].
Self-assembled monolayers could be further functional-
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ized using appropriate linking strategies to yield bilayer
assemblies. Successful attempts in this direction have
been reported [33–37]. The principles of electrochemical
rectification have been demonstrated using thin films
composed of zirconium phosphonate multilayers [33]
and by using a thin layer of nickel clusters [34] in which
the penetration of solution phase redox molecules was
suppressed by electrostatic repulsion between the redox
molecules and the films. Creager et al. [35] and Uosaki
et.al. [36] have also demonstrated that an electrode
modified with a monolayer of x-ferrocenyl alkanethiols
can act as electrochemical rectifier. This approach
mainly relies on the excellent blocking properties of the
compact and well-ordered n-alkanethiol monolayer.

A bilayer assembly based on self-assembly approach
consisting of mixed monolayers of thioctic acid and
decanethiol exhibited excellent blocking properties and
further functionalization of the mixed monolayers with
ferrocene carboxylic acid could mediate electron transfer
between the redox molecules in solution and the elec-
trode. Further a second layer with the redox species 1,4-

diaminoanthraquinone could be formed on the inner
layer through covalent linkage and this bilayer assembly
exhibited very good rectification behaviour and it was
recently reported from our laboratory [37].

Another approach for the demonstration of electro-
chemical rectification is the use of thicker polymer films.
Considering the use of polymeric film for the construc-
tion of bilayer assemblies, it is necessary to keep in mind,
the following properties of the film; thickness of the
films, blocking properties, possibility of incorporation of
redox species within the film. The preparation of
permselective thin films produced on electrode surface
by electropolymerization of suitable organic molecules
has gained a growing interest from a technological and
analytical point of view. Electropolymerization offers a
lot of advantages like simplicity and easiness in the
control of the electrochemical process. As a result, they
acquire properties like size exclusion, ion exchange and
hydrophobic interaction, which offer them the required
permselective behaviour [38–43]. In this work we have
attempted the electropolymerization of ortho phenylene
diamine (opd) which offers the advantages of producing
a very thin (�10 nm thickness [44]), and self-insulating
film that can be coated on a conducting surface. Poly
(opd) films form the inner film of the bilayer assembly
fabricated in this work. It has been shown that the redox
species, Methylene Blue (MB) could be incorporated
into the poly(opd) film by electrochemical cycling. The
inner layer shows unidirectional current flow when the
second redox species are present in solution, i.e., the MB
species in the first layer mediates the electrochemical
oxidation of the second redox species (viz., ferrocyanide)
present in the solution. It has also been demonstrated
that a second polymeric film (Nafion) with ferrocene
(Fc) trapped within the film could be incorporated on
the first layer. The bilayer thus constructed exhibits
electrochemical rectification (cf. Scheme 1, the details of
which are discussed in the following paper.

Experimental

Materials

The following chemicals were used in the experiment
reported in this paper and were used as received:

– Ortho phenylene diamine (opd)
– Methylene Blue (MB) (Glaxo)
– Ferrocene (Fc) (98%, Aldrich)
– Potassium ferrocyanide (Merck)
– Phosphate buffer, pH 7.0; 0.1 M (prepared using

potassium dihydrogen phosphate (Sarabhai M
Chemicals, 99.5%) + NaOH (AR, BDH 98%))

– Nafion, 5 wt% solution (Aldrich)

A glassy carbon disc of area 0.07065 cm2 embedded
in Teflon was used as the electrode substrate for the
formation of bilayer assembly. Before modification,

Scheme 1 Schematic description of the electrochemical rectifica-
tion at polymeric films-based bilayer-modified electrodes (B) In
configuration A, first redox species is confined to the inner
polymeric layer and the second redox species is present in the
solution phase. Electron transfer due to ferrocyanide ions is
blocked by ‘‘popd’’ film. When MB is trapped inside the polymer,
the electron transfer due to ferrocyanide ions, mediated by MB is
observed. The electron transfer in the reverse direction is forbidden
and hence unidirectional electron transfer is observed. (A) In
configuration B, bilayer assembly with both redox species are
confined to the electrode, in the ‘‘layer-by-layer’’ configuration.
Two redox species, MB and Fc are incorporated in the two
spatially different layers. Their redox potentials are sufficiently far
apart to permit unidirectional electron transfer. Thus, both
configurations (A and B) demonstrate electrochemical rectification
behaviour
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glassy carbon (GC) electrode surface was cleaned thor-
oughly using emery sheets (grade 4/0, 5/0) and alumina
slurry followed by sonication in Millipore water. The
electrode surface is checked by running a cyclic vol-
tammogram of 5 mM K4[Fe(CN)6] in KCl which
exhibits good reversible features with DEp = 60 mV.
The counter electrode is a Pt foil and a calomel electrode
(1 M KCl) is used as the reference. The potential values
mentioned in this study are against this reference elec-
trode.

Formation of the opd polymeric film

A thin insulating polymeric film of poly(opd) was pre-
pared on the cleaned GC substrate by electrochemical
cycling between the potential limits �0.8 and 1.2 V in
phosphate buffer (pH 7.0) containing 5 mM opd. The
film formation was carried out at a scan rate of 50 mV/s
for 20 cycles.

Incorporation of MB species

Trapping of MB species in poly(opd) film was achieved
by electrochemical cycling. The poly(opd) covered GC
electrode was cycled in phosphate buffer containing
1 mM MB between the potential limits +0.4 to �0.8 V
for 15 min at a scan rate of 50 mV/s. The mechanism of
incorporation of MB molecules in poly(opd) layer is
believed to be due to anchoring action. Our experi-
ments have shown that electrochemical cycling cer-
tainly facilitates trapping of MB species. It is suggested
that cycling enables reorganization of the polymeric
layer, facilitating efficient incorporation of MB mole-
cules. This modified electrode is labelled as
GC|MB(popd)

Incorporation of Fc species

Formation of the second (i.e., outer) layer containing Fc
was made by mixing 2 ll of 1% Nafion solution with
2 mg of Fc and the solution was cast on the GC elec-
trode already covered with the poly(opd) film containing
the trapped MB species. The film is left overnight for
curing and the resulting electrode is labelled as
GC|MB(popd)|Fc(naf).

Characterization of the modified electrodes

Cyclic voltammetric measurements were made using the
Potentioscan (Model POS 88; Wenking, Germany) and
X-Y/t Recorder (Model RW/201T, Rikadenki, Japan).
SEM pictures were recorded using the scanning electron
microscope (SEM) (Model S1 3000H, Hitachi Science
Systems, Japan).

Results and discussion

Figure 1a shows the cyclic voltammetric response of the
GC|(popd) electrode in phosphate buffer at a scan rate
of 50 mV/s. The voltammogram is featureless with very
low background current. The voltammetric response of
the same GC|(popd) electrode to 0.66 mM of potassium
ferrocyanide in phosphate buffer is given Fig. 1b. The
cyclic voltammogram is almost similar to that in Fig. 1a,
indicating that the film is almost free from pinholes and
hence impermeable to the ferrocyanide redox species.
Figure 1c represents the background curve for the
unmodified GC in phosphate buffer which is again fea-
tureless.

Figure 2 depicts the SEM picture of poly(opd) film
formed on the GC electrode. This shows a complete
coverage of the electrode surface with the polymer film,
which could be responsible for its compactness and
insulating characteristics. Moreover, the film growth
appears to be near-uniform, but for a few globular fea-
tures. This suggests that further stringent precautions
will have to be exercised during electrpolymerization to
obtain poly(opd) film with totally uniform growth, while
attempting device fabrication.

Figure 3a presents the cyclic voltammetric behaviour
of the GC|MB(popd) electrode. The formal potential
(E0) of the trapped MB species is found to be �0.260 V,
which is marginally higher than the value of �0.250 V
observed for the MB species in solution. Further, the
response shows a DEp value around 80 mV. This differs
from the DEp value of 0 V, theoretically predicted for the
surface-confined species. This deviation could be
attributed to the repulsive interactions present among
the surface-confined redox species. The surface coverage
values calculated for the cathodic and anodic peaks are
almost same and typically the value for the reduction of
MB is found to be 2.905·10�9 mol/cm2. Further, the
peak currents for the reduction and oxidation of the
surface-trapped MB vary linearly with the sweep rate
(figure not given), conforming to the behaviour expected
for the surface-immobilized redox species.

The cyclic voltammericCV response observed for the
GC|MB(popd) electrode to ferrocyanide redox species
(0.66 mM) present in the phosphate buffer at a scan rate
of 50 mV/s is given in Fig. 3b. When the electrode po-
tential is scanned in the negative direction from +0.8 to
�0.6 V, the ferricyanide ions undergoes mediated
reduction at a potential of �0.330 V along with the
reduction of MB+ cations. Moreover, the charge cor-
responding to the reduction at �0.330 V is
11.5·10�9 mol/cm2. The fact that this value is higher
than that due to trapped MB alone (i.e.,
2.905·10�9 mol/cm2) shows that the reduction of the
ferricyanide species takes place at this more negative
potential through mediated electron transfer. The ab-
sence of the anodic peak in the reverse scan further
confirms the electrochemical rectification occurring at
the modified interface. Figure 3c shows the reversible
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voltammetric response of the ferrocyanide ions on a bare
GC electrode at a scan rate of 50 mV/s in phosphate
buffer. It could be seen that the reduction of the ferri-
cyanide species occurs on the bare GC electrode at a
peak potential of +0.080 V. Thus from Fig. 3b, it can
be concluded that the poly(opd) film, being impermeable
to the ferricyanide species, does not permit its reduction
at around +0.080 V, rather allows it to undergo medi-
ated reduction through MB+ ions at around �0.330 V.
In other words, only a unidirectional current flow is
observed showing the rectifying behaviour at the
GC|MB (popd) interface. Figure 3d shows the blank
cyclic voltamogram recorded for GC|(popd) electrode.

Figure 4a represents the cyclic voltammetric response
of GC|MB(popd) surface. Figure 4b presents the re-
sponse of the GC|MB(popd)|Fc(naf) electrode in phos-
phate buffer at a scan rate of 50 mV/s. This shows the
voltammetric behaviour of the GC electrode modified
with the bilayer assembly—i.e., inner poly(opd) layer
containing MB and the outer Nafion layer containing
Fc. The voltametric response of the GC electrode
modified only with the Nafion layer containing Fc at
50 mV/s in phosphate buffer is depicted in Fig. 4c. The
Fc species trapped in the Nafion film exhibits a fairly

reversible voltametric response with reduction occurring
at a peak potential of 0.1 V. Figure 4d represents the
blank cyclic voltamogram of the Gc|(popd) surface.

However, at the bilayer-modified electrode (cf.
Fig. 4b), the cathodic reduction process starts occurring
only after a potential of �0.330 V, indicating thereby
the reduction of Fc is mediated by the MB species in the
inner layer. In other words, when these two layers are
present together as a bilayer assembly, only a unidirec-
tional current flow analogous to electrochemical rectifi-
cation is observed. Moreover, the charge for the

Fig. 3 Cyclic voltammetric response for the GC|MB(popd) elec-
trode in a phosphate buffer, b phosphate buffer containing
0.66 mM ferrocyanide, c for GC electrode in phosphate buffer
containing 2.0 mM ferrocyanide and d blank cyclic voltammogram
for GC|(popd) electrode in phosphate buffer. Scan rate: 50 mV/s

Fig. 4 Cyclic voltammetric response for a the GC|MB(popd)
electrode in phosphate buffer, b the GC|MB(popd)|Fc(naf)
electrode in phosphate buffer showing electrochemical rectification,
c for GC|Fc(naf) electrode in phosphate buffer and d blank cyclic
voltamogram for GC|(popd) electrode in phosphate buffer. Scan
rate: 50 mV/s

Fig. 1 Cyclic voltammetric response for GC|(popd) electrode in a
in phosphate buffer and b phosphate buffer containing 0.66 mM
ferrocyanide and c for GC electrode in phosphate buffer. Scan rate:
50 mV/s

Fig. 2 SEM photograph of the electrodeposited poly(opd) film

598



mediated reduction corresponds to 15.27·10�9 mol/cm2

which is higher than that due to MB in the inner layer
(i.e., 2.905·10�9 mol/cm2). The details presented in
Scheme 2 illustrate the redox potentials of the different
redox species trapped in the bilayer assembly and the
charge trapping or electrochemical rectification phe-
nomenon occurring at the interface.

From the foregoing results we conclude that the
poly(opd) film effectively covers the gold electrode sur-
face due to its intrinsic compactness and blocks the
electron transfer across the interface. This is an essential
condition for the electrochemical rectification. When
MB gets trapped inside the poly(opd) film, the redox
conductivity is exhibited only through MB redox sites.
When ferricyanide species are present in the solution, the
mediated electron transfer occurs at the potential of
MB+ reduction (though the reduction of the ferricya-
nide species could occur at a more positive potential, as
shown in Fig. 4). No voltammetric response corre-
sponding to the reduction of the ferricyanide is observed
at the expected potential of +0.08 V. It means that the
ferri/ferrocyanide redox centres are electrically coupled
to the electrode only through the MB/MB+ redox cen-
tres present in the inner poly(opd) film. Most likely
electrons are shuttled between the solution and the
electrode via electron hopping between MB+ ions and
ferricyanide ions [28].

In the second set of experiments (Fig. 4), bilayer
assembly is formed on the electrode surface. The outer
Nafion layer with trapped Fc species is formed on the
inner layer of poly(opd) film. The absence of voltam-
metric features for the Fc at its formal potential indi-
cates that its direct electron transfer with the electrode
surface is effectively blocked by the inner poly(opd)
layer. The direct reduction of ferricinium ions is ex-

pected to occur at +0.1 V as shown in Fig. 4c. The
current due to reduction is observed only after the for-
mal potential of MB and current response in the reverse
direction is not observed indicating the rectification
characteristic of the interface.

Conclusion

This paper describes the electro-polymerization of very
thin insulating poly(opd) film on a GC electrode, which
efficiently blocks the charge transfer between the elec-
trode and the redox molecules in solution. Further, it is
shown that this poly(opd) film trapped with MB redox
species exhibits good redox conductivity. This MB-
modified electrode in conjunction with another redox
species (either ferrocene confined in an outer Nafion
layer or ferrocyanide ions present in solution) shows
electrochemical rectification by facilitating unidirec-
tional electron transfer across the electrochemical
interface.
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