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Abstract In this study vitamin B12 covered magnetite
nanoparticles have been incorporated into a conducting
polypyrrole. This polymer was electrochemically synthesized
in the presence of the B12-coated magnetite. The adsorption
of B12 was demonstrated by the decrease in absorbance of the
vitamin in the supernatant liquid after B12 has been in contact
with magnetite sol overnight. The composition of the layers
was studied by the electrochemical quartz crystal microbal-
ance technique during the polymerization. The slope of the
mass change–charge curves indicate the incorporation of
27 m/m% magnetite and 15 m/m% B12. The redox
transformation of the film in monomer- and nanoparticle-
free solutions was also investigated by this method and the
difference in the virtual molar masses of the moving species
was evidenced. The morphology and the composition of the
layers were characterized by scanning electron microscopy
combined with energy dispersive X-ray microanalysis mea-
surements, which latter proved the successful incorporation of
the magnetic and bio-active components. The electrochemical
behavior of the films unambiguously showed the complex
redox activity of the composites and the current surplus were
quantified by the redox capacity of the layers. These data

show the doubling of the redox capacity in case of the hybrid
material compared to the neat polymer. The successful
enrichment of B12 can be exploited in the recently evidenced
redox mediation process performed by a PPy/B12 film.
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Introduction

Organic–inorganic nanocomposites with an ordered struc-
ture provide new functional hybrids of organic and
inorganic materials. Incorporation of nanosized particles in
organic polymeric materials has been extensively studied
because they combine the advantages of the inorganic
materials and the organic polymers. Moreover, due to
synergetic effects, also new properties can show up, which
can be scarcely obtained from the individual components.
Conducting polymers have been already combined with
metals, metal-oxides, and other compounds [1, 2].

Combination of different conducting polymers with
magnetic iron-oxides is more and more intensively studied,
because materials possessing both high magnetic suscepti-
bility and high conductivity can be used in different
applications, such as nonlinear optics, electrical, and mag-
netic shielding, magnetic electrocatalysis, and as microwave
absorbers [3]. Magnetite (Fe3O4) nanolayers are prominent
candidates for electrocatalytic applications, due to the redox
switching between Fe3+/Fe2+. This behavior can be used in
different catalytic processes, such as O2 or H2O2 reduction
[4, 5]. Polypyrrole–iron-oxide composites are used also as
electrochemical supercapacitators [6–8]. In addition, due to
the large surface area, magnetic nanoparticles tend to adsorb
a wide sort of molecules to minimize their surface free-
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energy. The adsorption of different biomolecules—including
hemoglobin, DNA, and different enzymes—on magnetite
surface has been reviewed recently [9].

For electrocatalytic and other electrochemical applications
the electropolymerization is the best way to prepare these
composites films, directly on the electrode surface. In the
literature, a few papers report on the electrochemical
preparation of conjugated polymer–magnetic nanoparticle
composites in aqueous [10–12] and non-aqueous solution
[13]. A successful immobilization is always related to an
interaction between the nanoparticles and the monomer/
doping ion. Recently, Deslouis and his co-workers reported
on an easy synthesis route of polypyrrole–magnetite nano-
composite layer [14] by using potassium-tetraoxalate as
conducting electrolyte, where the hydrogen-oxalate mono-
valent anions acted as dopants.

In different bio-electrochemical processes, mediators are
used frequently [15], which can promote the electron
transfer between the electrode and the bioactive species, e.g.
an enzyme. Different biomolecules have been immobilized
into conducting polymers [16, 17] for various applications,
such as sensing or mediation. Vitamin B12 is one of these
mediators, exhibiting a rather complicated redox activity
connected to its cobalt center. This activity has been applied
in several catalytic and sensing procedures [18–20]. In the
last few years, some successful attempts have been realized
for the immobilization of vitamin B12 into conducting
polymer films. This is an important issue, due to the fact
that an electroactive enzyme can be wired this way to the
electrode. The accumulation was achieved through different
methods: in one case with special pyrrole derivatives, where a
chemical bond was formed between the monomer and B12
[21], while in another example the interaction between the
doping anions (PIPES) and B12 lead to the composite
formation [22].

In this paper, we report on the electrochemical synthesis of
polypyrrole–magnetite–B12 bio-nanocomposite layers. To

achieve this aim, we took the advantageous properties of
magnetite: while vitamin B12 adsorbs on its surface (as our
preliminary results showed), these nanoparticles can be easily
incorporated into the polymeric film. With this method, we
can fill the conducting layer both with magnetically and
biologically active compounds. It is important to emphasize
that all the components show redox activity in the same
potential region, this way—due to synergetic effects—an
advanced electrode activity can be expected.

Experimental part

Synthesis of magnetite nanoparticles

Magnetite (Fe3O4) nanoparticles were synthesized by
alkaline hydrolysis of iron(II) and iron(III) salts (FeCl2×
4H2O and FeCl3×6H2O, Reanal, Hungary) [23, 24]. The
synthesis resulted magnetite nanoparticles with an average
size around 10 nm. The characterization of the as prepared
particles was reported elsewhere [25].

Adsorption of B12 molecules on magnetite

Adsorption experiment have been carried out by preparing
six samples with a constant magnetite amount 10 g dm−3

and varying the concentration of vitamin B12 between
(0.02–0.002 M). These samples were left to interact for
24 h, than they were centrifuged to have the supernatant
phase. After having registered the calibration curve (which
showed a linear, Beer–Lambert relation), UV-visible spectra
of the previously treated and diluted samples were
recorded. The adsorption isotherm was calculated from
the decrease in absorbance of the samples at 362 nm.
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Fig. 1 The equilibrium adsorption isotherm for vitamin B12 (in the
concentration range up to 0.02 M) on magnetite nanoparticles in
aqueous sol, at a concentration of 10 g dm−3

Table 1 Concentrations and polymerization charges applied during
the synthesis of different samples

Magnetite (g dm−3) B12 (M) Q (mC cm−2)

Sample 1 0 0 90

Sample 2 10 0 90

Sample 3 10 0.01 90

Sample 4 0 0 300

Sample 5 10 0 300

Sample 6 2.5 0.01 150

Sample 7 5 0.01 150

Sample 8 10 0.01 60/150/300

The constant concentration of pyrrole and PTO was 0.1 and 0.05 M,
respectively
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Preparation of thin bio-nanocomposite layers

Pyrrole (Py) monomer, potassium-tetraoxalate (PTO) and
Vitamin B12 were purchased from Sigma-Aldrich. All
chemicals were from analytical grade. Pyrrole was freshly
distilled before use.

Polypyrrole (PPy), polypyrrole–magnetite, and polypyr-
role–magnetite–B12 composite thin films were deposited
galvanostatically at a 3 mA cm−2 current density onto
platinum electrode (A=2.00 cm2) and platinum covered
quartz crystal electrode (f0=10 MHz, A=0.1964 cm2). All
polymerization solutions contained 0.1 M of the monomer
pyrrole, 0.05 M PTO and 0.01 M B12 in water (pH=1.5).
The amount of magnetite particles varied between 2.5 to
10 g dm−3 in three steps (2.5, 5, and 10 g dm−3). For further
voltammetric studies, the solution was changed after the
polymerization to a monomer-, magnetite-, and B12-free
solution of PTO in water. In case of the electrochemical
quartz crystal microbalance (EQCM) measurements, charge
density was restricted to 90 mC cm−2, in order to avoid
viscoelastic effects [26], in other cases it was 150 and
300 mC cm−2. For the transmission electron microscopy
(TEM) analysis, thinner layers were prepared under
identical conditions, with a 60 mC cm−2 charge density.
The circumstances of the different polymerizations are
summarized in Table 1 and the schematic view of the
synthetic procedure is presented in Scheme 1.

Characterization techniques

The electrochemical measurements were performed on a
PGSTAT 10 (Autolab) instrument, in a classical three
electrode electrochemical cell. The working electrode was
platinum electrode and platinum-covered quartz crystal
electrode (f0=10 MHz). Ag/AgCl reference electrode was
used, having a potential 0.200 V vs. SHE. All the potential
values in the paper are given with respect of the silver/silver
chloride electrode. The EQCM measurements were per-
formed using a quartz crystal resonator and analyser EQCM
type 5510 (Poland). The EQCM system was calibrated by
electrochemical silver deposition using the standard proce-
dure and the value of −0.86 ng Hz−1 calibration constant
was obtained. Cyclic voltammograms of the thin films were
registered in 0.05 M PTO monomer-free solutions at
different sweep rates between 10 and 100 mV s−1.

Hitachi S-4700 scanning electron microscopy (SEM)
coupled with energy-dispersive X-ray (EDX) spectroscopy
(Röntec QX2) was used to investigate the morphology of the
samples, resulting also in information of their elementary
composition.

Transmission electron microscopy was performed using
a Philips CM 10, operating at an acceleration voltage of
100 kV.

UV-Vis spectroscopic measurements were carried
out in solutions using an Agilent 8453 UV-Visible
Spectrophotometer.

Results and discussion

Adsorption of B12 on magnetite nanoparticles

The obtained adsorption isotherm is presented in Fig. 1.
The isotherm has a typical pattern, where the saturation is
achieved over the concentration of 0.01 M. It is assumed
that the detected adsorption is due to physisorption between
the biomolecules and the nanoparticles having large surface
area. The physisorption might be the consequence of
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Fig. 2 Chronopotentiometric E–t curves obtained during the galvano-
static polymerization (i=3 mA cm−2) of pyrrole in case of sample 4, 5,
and 8. The concentration of pyrrole and PTO was always 0.1 and
0.05 M, respectively (pH=1.5). In case of sample 5 magnetite was
present at a concentration of 10 g dm−3, while sample 8 contained also
0.01 M B12

Scheme 1 Illustration of the adsorption of B12 on magnetite surface and the synthesis of hybrid composite layer through electrochemical
polymerization
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dipole–dipole interactions existing between the functional
groups of B12 and the polar particle surface. Moreover
hydrogen-bond formation can also take place, as it has been
reported elsewhere for other B12-containing systems [27].
Based on the results, we decided to synthesize our samples
at a concentration 0.01 M for B12, because the magnetite
particles are almost totally covered with the bio-active
component.

Chemical composition

The chemical composition of the neat polymer and the
different composite films were compared with materials
synthesized under totally identical electrochemical condi-
tions. In Fig. 2, chronopotentiometric curves registered
during the galvanostatic polymerization are presented.
Their similarity, the reproduction within a 20 mV range

without a rigorous trend give the evidence that the
polymerization process is not disturbed by iron oxide sol
in case of the composite formation.

EQCM measurements were performed to get informa-
tion about the composition of the electrochemically
deposited films. The mass increase of the layers vs. the
transferred charge is linear for all samples as shown in
Fig. 3. In this figure, three cases are compared: the neat
polypyrrole (sample 1), the film polymerized in the
presence of magnetite (sample 2), and the film prepared
with magnetite, covered with adsorbed B12 (sample 3).
The good linearity of the curves can be related to the
monotonous growth of the films and to the assumingly
uniform particle incorporation. At the same time, the
difference between the cases is striking; the slope of the
curves is gradually increasing, proving that magnetite and
magnetite + B12 are embedded during the polymerization.
From the slope values, the relative amount of the built-in
materials can be calculated, for which 26.7 m/m%
magnetite and 15.0 m/m% B12 were obtained. A similar
incorporation ratio for magnetite was obtained also
previously [13]. The 15 m/m% value, resulted for B12,
is much higher than it could have been expected from the
adsorbed amounts, determined previously. We assume that
the incorporation of B12-covered magnetite nanoparticles
promotes also the immobilization of free vitamin B12
molecules into the polymeric layer.

Further evidence for the successful immobilization of the
different additives could be obtained from EDX data (Fig. 4).
Although the signal of the platinum support is dominant, the
characteristic peaks for C, N, O, and Fe are clearly visible. If
we enlarge the relevant region, we could detect a peak at
6.9 keV which at least partially should originate from Co.
Anyway, since B12 is proved to be adsorbed on Fe3O4

nanoparticles, the presence of Fe peak indirectly serves as a
proof for the immobilization of B12 as well.
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Fig. 4 EDX spectra of a
nanocomposite layer deposited
on platinum electrode with a
charge density of 300 mC cm−2.
The insert shows the relevant
area, with the peaks related to
Fe and Co
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Fig. 3 Comparison of the mass changes obtained under identical
(polymerization) conditions, as in Fig. 2
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Supramolecular structure and surface morphology

Scanning electron microscopy was used to study the
morphology of the prepared films. The images recorded at
×50,000 magnification are presented in Fig. 5a for the neat
polymer and in Fig. 5b for the B12-containing layer. The
morphology of both samples is similar, the well-known
randomly varying surface, consisting of globular,
cauliflower-like units is visible. On the other hand, in
contrast to the rough morphology generally obtained for
polypyrrole, our (oxalate-doped) samples seems to be rather
smooth, even in the sub-micrometer dimension. If we
compare the two pictures, one important difference can be
observed: in case of the composite material aggregated
magnetite particles are visible on the polymer surface,
attached to the globular shape polymeric particles outgrown
from the layer. This image proves that magnetite particles
are not only incorporated into the polypyrrole film during
the polymerization, but they are adsorbed on the polymer
film as well.

When we studied a very thin layer of the composite by
transmission electron microscopy, we could observe the

randomly distributed dark spots originating from the
incorporated particles. Both Fig. 6a, b proves the encapsu-
lation of magnetite into the polymeric layer. Although at
certain regions the primary sized particles can be revealed,
their aggregation can be also detected, which is not
surprising, because no surfactant was used during the
synthesis, to avoid the competing adsorption with B12.

Electrochemical studies

Electrochemical properties of the layers have been investi-
gated by cyclic voltammetry, performed at different sweep
rates between 10–100 mV s−1. In Fig. 7, voltammograms of
the neat polymer (sample 4) and the composite samples
(sample 5 and 8) are compared. The curve obtained with
polypyrrole itself reflects relatively weak redox behavior,
assumingly due to the poor quality of the film. This
behavior has been already reported for this system, and
was explained as a result of the doping by oxalate ions [13].
In the two other cases, we have similarly good electrode
activities, but with significantly higher currents in the case
of the B12-containing bio-nanocomposite layer. Since this

500 nm A 100 nm B 

Fig. 6 a TEM image of thin
hybrid composite layer (sample
8) at ×19,000 magnification. b
TEM image of thin hybrid
composite layer (sample 8), at
×130,000 magnification

a b

Fig. 5 a SEM image of neat polypyrrole at ×50,000 magnification. b SEM image of the polypyrrole–magnetite–B12 nanocomposite at ×50,000
magnification
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current surplus is permanently sustained during continuous
cycling, it should be the consequence of the electro-activity
of iron-oxide and B12 in this potential region [28–31].
Such an extra current obtained after the incorporation of
B12 could be used to mediate cathodic reduction [32]. To
quantify the differences in the basic electrochemical
behavior of the films, the redox capacities of each layer,
obtained at different sweep rates, are summarized in Table 2,
where the transferred charges during complete redox cycles
are compared. As the table shows, the presence of
magnetite results in a 30–70% increase, changing inversely
with the scan rate. This fact suggests the capacitive pattern
[33] of this charge component, typical for iron oxides [28,
29]. As for the incorporated B12, it causes an additional
30–40% increment compared to the neat polymer. This
increment is independent from the sweep rate, which may
indicate its faradic origin and can be related to the
complicated redox activity of B12. The vitamin can be
reduced in this potential region, its actual value strongly
depends on the chemical surroundings of the molecule,
whether it is in solution, in self-assembled monolayer, or

even being built in a polymer matrix in the adsorption
sphere of a magnetic component.

In order to see how the magnetite content of the
polymerization sol effects the incorporation of B12, we
prepared composites at different Fe3O4 concentrations
(sample 6–8). In all cases a considerable extra current was
registered compared to the B12-free reference cases
(sample 4–5). But this extra current was always the same
since, surprisingly, we found that the voltammetric curves
are practically the same. It means that the surplus
originating from B12 is independent from Fe3O4 content.
It may be assumed that already 2.5 g dm−3 magnetite
amount is enough to saturate the polymer layer. Further-
more, 0.01 M concentration of B12 is more than enough to
reach the total coverage on magnetite nanoparticles even at
the largest (10 g dm−3) concentration.

EQCM measurements during the redox transformation
of the layers are expected to give information on the
processes on the molecular level [34]. With this method, the
virtual molar mass of the moving species can be deter-
mined. A typical set of I–E, Δm–E curves during the
voltammetric study at 50 mV s−1 for the polymer and the
bio-nanocomposite is presented in Figs. 8 and 9. One can
see that the oxidation is related to a monotonous mass
increase, while during the reduction a mass decrease can be
observed. Thus, the doping process is accompanied
dominantly by the movement of anions in both cases. To
quantify this process, we derived the Δm–q curves from the
data presented in Figs. 8 and 9. The slope of these curves
directly supplies the above mentioned virtual molar mass
value. In Fig. 10, three subsequent cycles are presented for
sample 3. Apart from the reduction end, the curve is linear
for both the anodic and cathodic sections, and a slope of
~94 gmol−1 was obtained. For comparison, similar calcu-
lation led to ~58 gmol−1 and ~95 gmol−1 for sample 1–2.
(All these values were calculated as an average of data
obtained with different layers and scans.) If we compare
these values to the molar mass of oxalate anion (89 g
mol−1), we may assume that oxalate anion is the moving
species in the cases of magnetite containing layers. As for
the 58 gmol−1 value, obtained in the case of neat

Table 2 Comparison of the redox capacity of sample 4, 5, and 8 during the redox cycles at different sweep rates

10mV s-1 25mV s-1 50mV s-1

Qtotal (mC) Relative Q(%) Qtotal (mC) Relative Q (%) Qtotal (mC) Relative Q (%)

Polypyrrole (sample 4) 74.1 100 62.3 100 56.1 100

Polypyrrole + Fe3O4 (sample 5) 126.1 170.1 94.9 152.3 70.9 126.4

Polypyrrole + Fe3O4 + B12 (sample 8) 146.1 197.1 121.5 195.2 92.6 165.1
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Fig. 7 Comparison of cyclic voltammograms at 50 mV s−1 sweep rate
for neat polypyrrole, polypyrrole–magnetite and polypyrrole–magne-
tite–B12 in 0.05 M PTO solution at pH=1.5
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polypyrrole, it is considerably smaller than the molar mass
of the anion itself. This lack of mass could be connected to
parallel cationic and/or solvent movements [35–37]. Al-
though cationic movements may often participate in the
charge compensation, but in case of polypyrrole only over
pH=3–4 [37]. As the pH of our solution was always below
pH=2, cationic doping should not be considered. More-
over, the linearity of the Δm/q curves indicates also the
permanent movement of a single anion, even in the more
negative potential region, where cationic contribution could
be expected. Although the interpretation of the phenome-
non is beyond the topic of this work, the results suggest that
the anion incorporation can be coupled with the removal or
expulsion of water molecules from the layer. The effect
may be interpreted by an obvious difference in the
hydrophobicity of the neat polypyrrole and the iron-oxide-
containing polymeric film.

Conclusions

In this work we give a report on the successful synthesis of
PPy/Fe3O4/B12 nanocomposite layers. EQCM data ac-
quired during the polymerization lead to the conclusion
that 27 m/m% magnetite and 15 m/m% B12 was incorpo-
rated into the layer. These values are well reproducible in
different experiments, and indicate the maximally attainable
composition under our circumstances. The immobilization
of vitamin B12 was performed by realizing its adsorption
on the magnetite nanoparticles. The adsorption takes place
through a physisorption based assumingly on dipole–dipole
interactions existing between the functional groups of B12
and the polar particle surface.

The prepared hybrid composite layers have significantly
higher electroactivity in comparison to the neat samples. At
low sweep rates, this surplus results in a two times larger
value in the charge capacity in case of the hybrid layer. The
observed charge surplus can be connected partially to the
capacitive behavior of the incorporated magnetite, which
pattern is well indicated by its dependence on the scan rate.
On the other hand, the extra charge originates from the
redox activity of the immobilized vitamin, too.

The above described results demonstrate how B12 can
be accumulated in conducting polymer films through
composite formation. As the redox mediation ability of
the PPy/B12 film was recently evidenced, we hope that the
application of this novel hybrid may lead to enhanced
performance in mediated cathodic processes.
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