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Abstract In this paper, we report on the direct electrodeposition of magnetic hybrids based on magnetite nanoparticle
containing poly(3,4-ethylenedioxythiophene) (PEDOT) and
polyaniline (PANI) in the presence of magnetite and the
special conducting electrolyte, potassium tetraoxalate. The
optimal electropolymerization processes (monitored by scanning electron microscopy) were performed potentiostatically,
and the incorporation of the iron oxide into the polymeric film
was demonstrated by Diffuse Reflectance UV-Visible Spectroscopy (DR-UV–vis) and transmission electron microscopic
measurements. Electrochemical quartz crystal nanobalance
proved that both the neat PEDOT and the PEDOT/magnetite
hybrid show anion exchange behaviour. Cyclic voltammetric
features of the polymers and their hybrids exhibited an
enhanced redox capacity of the composites. The difference
in the effect of the scanning rate on this capacity increase in
the two cases could be interpreted by the assumption that the
presence of magnetite manifests dominantly in the enhanced
intrinsic electroactivity of PANI, while in the case of the
PEDOT composite, the extra charge is more connected to the
charge surplus originating from the redox activity of the
nanoparticles.
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Introduction
Conjugated polymer based hybrids, containing inorganic
nanoparticles form one of the most extensively studied
class of new materials. Polyaniline (PANI) and poly(3,4ethylenedioxythiophene) (PEDOT) are in the focus of
research and development due to their favourable features
which have been exploited in a wide range of applications
from corrosion protection to electrocatalysis [1–5].
Nanocomposites of different metal oxides and conducting polymers give unique combinations of advantageous
properties of the inorganic nanoparticles and the conducting
organic matrix [6, 7]. Beyond the most frequently applied
polypyrrole, various inorganic oxides such as ferrites [8],
titanium dioxide [9], vanadium pentoxide [10], ruthenium
dioxide [11], etc., have been successfully incorporated into
PEDOT and PANI films. Since the embedded nanoparticle
can enhance the intrinsic activity of the polymer, such hybrid
modified electrodes can be even more effectively utilized—
among others—in microwave absorbers [12], electrocatalysis
[13], sensors [14] and supercapacitors [15, 16]. Incorporation
of different ferrites and especially iron oxides into polyaniline is particularly promising for EMI shielding and supercapacitor applications. Several studies have been published
on polyaniline/magnetite hybrids [17–19], where different
methods have been successfully applied for the preparation
of such materials.
Iron oxide-containing PEDOT nanocomposites [20–22]
have also been synthesized by applying either simple or
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Fig. 1 SEM images of the PEDOT film, electrosynthesized on Pt electrode, at E=1.1 V, in aqueous PTO (0.05 M) solution with a charge density
of 120 mC cm−2. a ×10,000 magnification. b ×50,000 magnification

more sophisticated preparative methods. Direct electrodeposition of these magnetite containing hybrid materials can
be very advantageous from the point of utilization since the
composite can be prompted as a thin layer on the electrode
surface. During recent years, two synthetic procedures have
been developed to enrich iron oxide particles in the
polymeric film, in which—beyond the week physisorption—
chemical interactions between either the Fe3O4 nanoparticles
and the monomer [23], or the nanoparticles and the
conducting electrolyte [24–27] have been exploited. This
latter is an easy, aqueous solution synthesis, where the
inclusion of magnetite nanoparticles is connected to their
surface modification—due to their reaction with the potassium
tetraoxalate-supporting electrolyte—and takes place during the
anodic polymerization as a part of the charge compensation
(doping by the negatively charged nanoparticles). By this

method, the magnetite content could be increased up to
27 m/m% [27].
In this work, our goal was to apply the abovementioned
procedure to prepare novel hybrid materials. Here, we
report on the electrochemical synthesis and characterization
of PEDOT/magnetite hybrids and PANI/magnetite modified
electrodes, by adapting the synthetic procedure, used earlier
for the electrosynthesis of polypyrrole/magnetite layers.
This work is original since according to the best of our
knowledge, this is the first time, when superparamagnetic
iron oxide-containing PEDOT- and PANI-based composite
layers have been prepared through a direct electrodeposition
process.
This procedure may foster the further research towards
the application of these hybrid materials both as supercapacitors and in electromagnetic shielding since they are
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Fig. 2 Chronoamperometric polymerization curves of the PEDOT
and PEDOT/magnetite layers at E=1.1 V in aqueous PTO (0.05 M)
solution with a charge density of 60 mC cm−2

200

300

400

500

600

700

800

900

1000

λ (nm)

Fig. 3 DR-UV–vis spectra of the neat PEDOT-, and the PEDOT/
magnetite layers deposited onto Pt electrode as in Fig. 1
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Fig. 4 Transmission electron
microscopic images of the
PEDOT/magnetite hybrid at
a ×25,000 and b ×10,000
magnification as in Fig. 3

directly prepared on the electrode surface; thus, no further
processing step is needed before utilization.

Experimental
Analytical grade 3,4-ethylene-dioxythiophene (EDOT)
was the kind donation of Bayer AG, while aniline and
potassium tetraoxalate dihydrate (PTO, KH3(C2O4)2 ×
2H2O) were purchased from Sigma-Aldrich. The monomers were freshly distilled before use. Magnetite (Fe3O4)
nanoparticles were synthesized by alkaline hydrolysis of
iron(II) and iron(III) salts (FeCl2 ×4H2O and FeCl3 ×
6H2O, Sigma-Aldrich) [28]. The concentrated solutions
of iron(II) and iron(III) salts were mixed in the ratio of
1.1–2 and filtered into distilled water using a 0.2-μm
microfiltre. NaOH solution was added in 10% excess to
the double diluted iron salt solution in two portions under
rigorous stirring. The formed black suspension was stirred
further for some minutes and then transferred into a larger
amount of distilled water. The suspension was washed
several times with water and then acidified with HCl
solution down to pH∼2. Finally, it was washed with water
until peptization and dialyzed against 0.001 M HCl. The
characterization of the particles prepared in this way was
reported elsewhere [29]. The synthesis resulted magnetite
nanoparticles with an average size around 12 nm.
The polymerizations were carried out from solutions
containing 0.05 M PTO in deionized water in all cases,
while the concentration of the monomer was 0.01 and
0.05 M in the case of EDOT and aniline, respectively.
The amount of magnetite particles was 10 gdm−3. Poly
(3,4-ethylenedioxythiophene) (PEDOT) and PEDOT/magnetite composite thin films were deposited potentiostatically at a potential of E=1.1 V onto the platinum working
electrode (A= 1.00 cm 2 ), with a charge density of
120 mC cm−2. In the case of the measurements with

electrochemical quartz crystal nanobalance (EQCN),
charge density was limited to 60 mC cm−2, in order to
avoid viscoelastic effects [30]. As for the PANI and PANI–
magnetite hybrids, they were deposited potentiostatically
at E = 1.1 V potential onto gold working electrode
(A=1.00 cm2), with a charge density of 40 mC cm−2. For
further voltammetric studies, the solution was changed
after the polymerization to a 0.05 M PTO solution in
water.
The electrochemical measurements were performed on a
PGSTAT 302 (Autolab) instrument, in a classical three
electrode electrochemical cell. The working electrode was a
platinum or gold electrode with a size of A=1.00 cm2. Ag/
AgCl/3 M NaCl reference electrode having a potential
0.200 V vs. SHE was used. All the potential values in the
paper are given with respect of the silver/silver chloride
electrode. The Autolab Electrochemical Quartz Crystal
Nanobalance (EQCN) module was used for the nanogravimetric measurements, applying gold-coated quartz
crystal electrode (f0 =6 MHz, A=0.361 cm2). The EQCN
system was calibrated by electrochemical lead deposition
using the standard procedure, and the value of 5.04 ng Hz−1
coefficient was obtained for the crystal f0 =6 MHz. Cyclic
voltammograms of the thin films were registered at five
different sweep rates (5, 10, 25, 50 and 100 mV s−1). All
electrochemical measurements were carried out in nitrogen
atmosphere, where nitrogen gas was bubbled into the
solutions for 30 min before the experiments.
Transmission electron microscopic (TEM) investigation of
the PEDOT/magnetite composite layer—after peeling it off
from the electrode—was performed using a Philips CM 10type instrument, operating at an acceleration voltage of
100 kV. The morphology of the polymeric films was studied
using a Hitachi S-4700 field emission scanning electron
microscope. UV–visible diffuse reflectance spectra were
recorded with an AvaSpec-2048 spectrometer from 180 to
800 nm, where an AvaLight-DH-S light source was utilized.
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Fig. 6 Sweep rate dependence of the charge capacity of the PEDOT
and the PEDOT/magnetite layers
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Fig. 5 Cyclic voltammograms of the PEDOT and PEDOT/magnetite
layers at a 5-mV s−1, b 25-mV s−1 and c 100-mV s−1 scan rate in
0.05 M PTO solution

As the first step we investigated the polymerization of
EDOT in the presence of the special conducting electrolyte,
aqueous potassium-tetraoxalate. This was indeed important,
since – according to the best of our knowledge – PEDOT
has never been prepared in such a solution. After the
thorough optimization process, we selected potentiostatic
procedure, at a potential of E=1.1 V. By this method we
were able to deposit the polymeric film both on platinum
and gold working electrode. According to the scanning
electron microscopy (SEM) pictures taken at different
magnifications, the synthesized layers show the typical
morphology obtained previously for the polymers of
thiophene-derivatives, although they are quite smooth
compared to PEDOT films prepared in the presence of
other dopants [31]. Moreover, Fig. 1 demonstrates that the
growth of the polymer is continuous on the electrode, it
looks rather uniform even at large magnifications, although
the morphology of the polymer is rather porous.
Synthesis of PEDOT/magnetite layers
After optimizing the polymerization conditions for the neat
PEDOT, we synthesized the PEDOT/magnetite hybrid layers
under totally identical conditions, but in the presence of
magnetite nanoparticles. The comparison of the polymerization curves in Fig. 2 shows that in the presence of magnetite,
higher current densities can be obtained. It may suggest that
the deposition is faster at the same oxidation potential, which
in fact may be related to the better/faster doping by the
surface modified, negatively charged nanoparticles. Otherwise, the shape of the curves is similar, indicating that the
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Fig. 7 a Cyclic voltammogram of PEDOT, recorded at 25-mV s−1 sweep rate in 0.05 M PTO in water together with the mass change recorded by
EQCN. b Δm–Q curve calculated from data presented in a

presence of the iron oxide does not disturb the polymerization process. This is in agreement with our previous
experience with PPy/magnetite, where the polymerization
occurred at lower potentials during the galvanostatic electrosynthesis [27].
In order to prove the incorporation of the magnetite into
the polymeric film, we performed—as a first step—Diffuse
Reflectance UV-Visible Spectroscopy (DR-UV–vis) measurements. With this technique we can obtain the UV–vis
spectra of materials deposited on non-transparent substrates
(Pt electrodes in our case). Figure 3 contains typical diffuse
reflectance UV-Visible spectra of the neat PEDOT and the
corresponding PEDOT/Fe3O4 hybrid. One can see that the
neat PEDOT has only one broad absorption band (around
700–800 nm), which can be connected to the excitation of
the conducting polymer. For the hybrid sample, two
characteristic light absorption bands can be observed. One
corresponds to the band gap of Fe3O4 (380 nm) [32], while
the other originates from the presence of PEDOT (620 nm)
[33]. By comparing the spectrum for PEDOT/Fe3O4 with

that for PEDOT electrodeposited on Pt, the second broad
absorption band can be readily assigned to the conjugated
polymer, while the shift in the position of the maximum can
be related to the difference in the oxidation level of the
polymer.
To gain further evidence for the presence of iron oxide
particles in the PEDOT layer, we peeled of the hybrid
film from the electrode and took TEM pictures. When we
studied the thin layer of the composite—beyond the
appearance of the grey background of the polymeric
film—we could observe the randomly distributed dark
spots originating from the encapsulated iron oxide
particles. Fig. 4a, b proves the incorporation of magnetite
into the polymeric layer, although not the primary sized
particles, but their aggregates can be dominantly detected.
This observation is not surprising, since no surfactant was
used during the synthesis. The presence of any stabilizing
agent could have hindered the surface modification of the
nanoparticles through the reaction with the conducting
electrolyte [27].
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Fig. 8 a Cyclic voltammogram of the PEDOT/magnetite hybrid, recorded at 25-mV s−1 sweep rate in 0.05 M PTO in water together with the
mass change recorded by EQCN. b Δm–Q curve calculated from data presented in a

J Solid State Electrochem

Fig. 9 SEM image of a PANI film, electrosynthesized on Au electrode with a charge density of 40 mC cm−2, at a ×10,000 and b ×25,000
magnification

In order to compare the neat PEDOT and PEDOT/
magnetite layers, their electrochemical behaviour was
studied. In Fig. 5a–c, representative voltammograms of
the two layers (both synthesized by 120 mC cm−2) at three
selected scan rates (5, 25 and 100 mV s−1) are shown,
where the shape of the curves reflects on the reversible
electroactivity of both the polymer and the hybrid. The
cycling was started from the negative end of the potential
window, and the curves have been recorded in N 2
atmosphere. The curves obtained for PEDOT itself show a
relatively weak redox behaviour, assumingly due to the
poor quality of the film originating from the dopant. This
behaviour has been already reported for polypyrrole films,
prepared in the presence of oxalate ions [34]. As for the
nanocomposite layers, the more complex redox activity and
the additional redox couple can be revealed at all sweep
rates. It is also important to emphasize that the pattern of
the curves is gradually changing with the increasing scan
rate; namely, the capacitive behaviour of the films becomes
more and more recognizable. It is also visible that the
magnetite-containing layer has an enhanced electroactivity,
resulting in larger current densities in the whole potential
range. This qualitative picture can be quantified, if we
present the charge capacity of the films as the function of
the sweep rate, shown in Fig. 6. For the sake of
comparability, the specific charges are plotted for the two
layers, where the mass was estimated, based on separate
EQCN measurements, shown later. The first obvious
difference is the significantly larger charge capacities of
the nanocomposite layer, compared to the neat PEDOT, at
all sweep rates. The more careful investigation of the curves
reveals a difference also in the trend of the capacitance
values, namely an increase for the hybrid and a decrease for
the neat polymer in function of the scan rate. This may

suggest that the contribution of the incorporated nanoparticles to the electroactivity of the hybrid material
involves not only the enhancement of the redox activity
of the PEDOT itself (through more effective doping) but
also the extra electroactivity of the encapsulated particles.
In order to get more information about the electrochemical
behaviour of the neat PEDOT and the hybrid, we carried out
EQCN measurements during repetitive cycles, run between
the reduced and oxidized forms. As it was comprehensively
demonstrated by Inzelt et al., electrochemical nanogravimetry
is a widely applicable method to investigate the mass changes
connected to the doping–dedoping processes of conjugated
polymers and their composites [35–37].
First, we present the mass changes, simultaneously
recorded with the cyclic voltammograms. As Figs. 7a and
8a document, the mass change curves reflect on the anion-
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Fig. 10 Chronoamperometric polymerization curves of the PANI and
PANI/magnetite layers at E=1.1 V in aqueous PTO (0.05 M) solution
with a charge density of 40 mC cm−2
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The extra redox transition connected to the Fe2+/Fe3+ redox
coupled can be undoubtedly seen in Fig. 8a which is even
more expressed in this case, due to the inevitable presence
of oxygen in the applied EQCN cell.
In order to quantify the mass changes, we transformed
EQCN data into Δm–Q curves, which are presented in
Figs. 7b and 8b. One can readily see the complexity of the
doping/dedoping process, both for the neat polymer and the
composite. While the oxidative branch exhibits a more or
less linear character, indicating a stationary process, the
mass decrease can be divided into two sections.
When we calculated the virtual molar mass of the
incorporating particles from the slope of the curve,
registered during the oxidation PEDOT, we obtained an
almost constant, but definitely smaller value than that of the
H-oxalate anion (89 gmol−1). In contrast, in the case of the
hybrid, this value decreased monotonously but in the range
close to the value of a value of 89 gmol−1 (∼82 gmol−1, at
25 mV s−1). Since it is rather improbable that the moving
anion depends on the scan rate, we may assume that with
increasing sweep rate, the ratio between capacitive and
Faradaic-type charges is also increasing, in agreement with
our previous explanation connected to Fig. 6.
Synthesis of polyaniline and polyaniline/magnetite layers
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Fig. 11 Cyclic voltammograms of the PANI and PANI/magnetite
layers at a 5-mV s−1, b 25-mV s−1 and c 100-mV s−1 scan rate in
0.05 M PTO solution

exchanging property of both samples, since the mass of the
films increases monotonously during the oxidation and
decreases back to the original value during the reduction.

Similar to PEDOT, first, we studied the electropolymerization of aniline in the presence of potassium tetraoxalate.
Oxalic acid has been previously used as electrolyte during
the electrodeposition of PANI onto various substrates [38].
After trying various procedures, we found the potentiostatic
electrodeposition onto platinum electrode, at constant
E=1.1 V potential to be the most convenient method.
According to the SEM pictures, we were able to synthesize
relatively thin (400–500 nm), homogenous layers, which
have very smooth surface. In addition, in Fig. 9, some
islands can be seen, where only a thinner polymeric film
covers the Pt substrate, demonstrating that the growth of the
polymer is not uniform on the electrode.
In Fig. 10, we compare the chronoamperometric polymerization curves of neat PANI and the iron oxidecontaining hybrid, carried out under totally identical
conditions. One can recognize the similar pattern of the
curves, although a significantly longer time is needed for
the hybrid to accomplish the 40 mC cm−2 polymerization
charge density. This is different from the trend observed for
PEDOT and PPy earlier, which might be connected to the
fact that PANI should be prepared in strong acidic media.
Aqueous PTO ensures the necessarily small pH value for
the successful polymerization; however, when magnetite is
present, its reaction with the conducting electrolyte results
in an increase in the pH, which, in turn, inhibits the
deposition of a well-conducting film.
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Redox transformation of the PANI and the PANI/
magnetite hybrid has been studied by cyclic voltammetry
at five different sweep rates between 5 and 100 mV s−1
(Fig. 11). Although the well-known quasi-reversible redox
activity—typical for conjugated polymers—is visible in
both cases, some significant distinction can be made. First
of all, the shape of the voltammograms is dissimilar in two
aspects: (1) the hybrid exhibits significantly larger electroactivity in the whole potential range (from −0.3 to 0.6 V),
and (2) in the case of the composite one—at lower sweep
rates two—new redox couple becomes more expressed at
Eox ≈0.2 V and at Ered ≈0.05 V.
Closer inspection of the redox activity of the hybrid was
carried out by comparing the peak currents obtained at
different scan rates. Figure 12 shows that the peak currents
of both redox couples are directly proportional to the sweep
rate, and their position is almost constant (for the anodic
range), indicating that we observe the redox transformation
of a surface-related material, and there is no mass transport
limitation under the applied circumstances.
We quantified the difference in the charge capacity of the
layers by comparing the total charge flown during the
voltammetric curves at the different sweep rates. Opposite
to PEDOT, both curves show the same tendency, namely
that after an increase at small sweep rates, the charge values
are slightly decreasing. The difference in the values, shown
in Fig. 13a, is striking: approximately three times larger
charge capacities can be observed for the PANI/magnetite
hybrid material, compared to the neat polyaniline. These
results are presented in Fig. 13b, where the ratio is almost
independent of the scan rate. This observation is coherent
with the character of the additional electroactivity described
in connection with Fig. 11, since the three times larger
charge capacity can be dominantly related to the improved
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Fig. 13 Sweep rate dependence of the charge capacity of the PANI
and the PANI/magnetite layers (a), and their ratio at the presented five
scan rates (b)
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redox behaviour of PANI itself. This may be the consequence of the modification of the polymer, manifesting also
in the more characteristic shape of the voltammograms.

Conclusions
As a first step, we demonstrated that—after thorough
optimization—both monomers can be electropolymerized
in the presence of the used special conducting electrolyte, potassium tetraoxalate. Utilizing this procedure, we
presented its feasibility for the synthesis of both PEDOTand PANI-based hybrids. The composite formation is
based on the participation of the surface-modified iron
oxide nanoparticles in the charge compensation during
the polymerization, reported earlier for polypyrrole/
magnetite nanocomposites.
The incorporation of the magnetite was proved by
DR-UV–Vis spectra, where the absorption band characteristic for magnetite was superimposed to that of
PEDOT. Further direct evidence was gained from TEM
images, where beyond the background of the polymeric
film, the randomly distributed, partially aggregated iron
oxide particles could be detected. According to cyclic
voltammetric measurements, the encapsulation of the
nanoparticles resulted in an enhanced redox activity in
the whole potential range. From the opposite effect of
the sweep rate on the redox capacities of the neat
PEDOT and the composite, we may conclude that the
electroactivity of the incorporated iron oxide contributed
also directly to the charge increase. Electrochemical
nanogravimetric data gave evidence for the anion
exchanging property of both PEDOT and its magnetic
hybrid.
Investigation of PANI and PANI/magnetite films demonstrated the improved electroactivity of the hybrid
compared to the identically synthesized neat polymer.
However, the similarity in the sweep rate dependence of
the charge capacities (the almost constant ratio, which is 3)
suggests that here the effect of the presence of magnetite
manifests dominantly in the enhanced intrinsic electroactivity of the conjugated polymer.
Based on the increased charge capacity of magnetite
containing polymers, it is strongly believed that these
models may serve as base further studies towards the
development of supercapacitors. These composites are
promising also as EMI shielding materials; thus, investigation also in this direction is in progress.
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