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Abstract Composite materials of Prussian Blue–polypyrrole
(PB/PPy) were obtained via chemical redox process in mixed
solution of iron (III), hexacyanoferrate (III), and pyrrole with
chloride or nitrate supporting electrolyte. Synthesized com-
posites in the form of a sedimented powder, or a film on the
surface of Pt and ITO-coated glass, were characterized by
various physical and electrochemical methods. Stability of
PB/PPy films on Pt substrate was tested in electrocatalytic
reaction of hydrogen peroxide reduction in weakly acidic me-
dium (pH 6) as well as on ITO-coated glass substrate via
electrochromic (spectroelectrochemical) measurements. Sta-
bility period of the amperometric response in 1 mM H2O2

solution for films on Pt substrate synthesized in chloride me-
dia is 20 times longer than that of pure PB films obtained
electrochemically in potentiostatic mode. Morphology of
PB/PPy films has been found to depend on the composition
of supporting electrolyte. Synthesis of PB/PPy composites in
nitrate electrolyte leads to formation of a high-quality mor-
phology, whereas PB/PPy films obtained in chloride solutions
are cracked. In conformity with this observation, the stability

period of the H2O2 electroreduction for nitrate-synthesized
films on Pt substrate was about 150 min, i.e., 80 times longer
than that of pure Prussian Blue films without polymeric sup-
port and four times longer than that of chloride-synthesized
films. Stability of the electrochromic response of PB/PPy
films formed in nitrate media is 10 times higher than pure
PB film.
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Introduction

Prussian Blue (PB), Fe4[Fe(CN)6]3, as a film on electrode
surface represents an electroactive material due to its redox
transformations to both partially (Prussian Green) or fully ox-
idized (Prussian Yellow) and reduced (Prussian White, PW)
forms as a function of the electrode potential [1–3]. The re-
duced form of PB, PW, can act as electrocatalyst for reduction
of hydrogen peroxide present in solution or formed as a prod-
uct of enzyme-catalyzed reactions [4–10].

Electrodes modified by PB films can be easily obtained via
different electrochemical procedures [1, 11–14], for example
by potentiostatic reduction of equimolar mixture of iron (III)
and ferricyanide salts [1, 12, 13]. However, such modified
electrodes possess a crucial drawback for their sensor applica-
tion: Their cathodic current in solutions of peroxide drops
quickly and irreversibly, especially in neutral solutions [7,
9]. Even in dilute solution of hydrogen peroxide (e.g.,
0.1 mM) PB, electrochemically modified electrodes diminish
their catalytical activity by 5 % within about 8 min [15]. Sta-
bility of the electrochromic switch of PB films is greatly af-
fected by the cation nature of the supporting electrolyte and
cannot unambiguously be considered as high [2].
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Electrodeposition of PB on the electrode surface coated
with an organic layer was used with a hope to extend the
stability period of suchmodified electrodes for electrochromic
and sensor applications [16–18]. Another approach was to
protect the PB film by various polymer layers [15, 19–24].

An alternative method to enhance the stability of PB-
containing films is based on deposition of a PB/polymer com-
posite via chemical (redox-reaction) procedure [15]. An equi-
molar mixture of Fe(III) and [Fe(CN)6]

3− salts was used for
oxidation of various monomers, including pyrrole. Such com-
posite films demonstrated more extended periods of H2O2

electroreduction (in its 0.1 mM solution) compared to that
for pure PB films.

These synthetic procedures have not been used extensively
for studying the stability of the electrochromic switch of PB/
polymer composites. Published results are not especially
promising [25], the reason of this much lower stability of
PB/polymer films remains unclear. These modified electrodes
have only been characterized by means of electrochemical
methods (redox response and peroxide electroreduction),
while the structure and morphology of such PB/polymer com-
posite films have not been studied.

Synthesis of modified electrodes in those studies was car-
ried out in chloride-based supporting electrolyte, in line with
the dominant tendency to use this electrolyte for pure PB films
[1, 9, 12, 26, 27] and PB containing systems [23, 28, 29]. In
this context, it is worth to note the conclusion by Itaya et al.
[30] that the stability of the redox response of pure PB films in
the background solution depends on the type of anion of the
supporting electrolyte.

The actual work represents a study of the dependence of
redox, and electrocatalytic and electrochromic properties of
composite PB/polypyrrole (PB/PPy) films on various synthe-
sis conditions, with thorough characterization of structural and
morphological properties of these films. It was aimed at opti-
mization of the synthesis procedure to reach a high-stability
electrochemical (electrocatalytic and electrochromic) re-
sponse of such modified electrodes.

Experimental

Synthesis of PB/PPy composites

Similar to the procedure in [15], PB/PPy composites were
generated via a one-pot one-step redox reaction between the
oxidizer (equimolar mixture of iron(III) and ferricyanide salts)
and the reducing agent (pyrrole, Py, taken in excess) in their
mixed aqueous solution, with addition of a background elec-
trolyte. The acidity was sufficiently high to prevent the hydro-
lysis of the Fe(III) ion.

As in the previous study [15], chloride-based electrolyte,
0.1 M HCl+0.1 M KCl, was tested first. Then, the same

synthesis procedure was carried out in nitrate solution,
0.1 M HNO3+0.1 M KNO3.

FeCl3·6H2O (p.a., Carl Roth GmbH) salt was used in chlo-
ride media and Fe(NO3)3·9H2O (p.a., Carl Roth GmbH) in
nitrate ones, combined with K3[Fe(CN)6] (p.a., Carl Roth
GmbH) reagent in both cases. All solutions of reagents were
freshly prepared. Pyrrole monomer (98 %, Alfa Aesar) was
distilled under inert atmosphere (Ar, with vacuum line used
for deoxygenation) every time prior to use. Initial solutions of
reagents were mixed in the following order: first, iron(III) and
ferricyanide salts, then Py solution was added (all starting
solutions contained the same background electrolyte). The
reaction was carried out at room temperature, 20±1 °C.

As it was demonstrated in the synthesis of Pd/PPy compos-
ites via the same redox-reaction method [31, 32], it is advan-
tageous to use low concentrations of reactants, resulting in an
extended period of the composite formation. Therefore, in the
actual study, the concentrations of the reaction mixture were
0.1 mM Fe3+, 0.1 mM [Fe(CN)6]

3−, and 0.5 mM Py, com-
pared to 2 mM Fe3+, 2 mM [Fe(CN)6]

3−, and 1–20 mM Py
in [15].

Electrodes and cells

Electrochemical measurements were performed in single-
compartment three-electrode cell with coiled Pt wire as coun-
ter electrode and SCE (Jenway) as reference electrode. All
potentials in the paper are given versus SCE. Cell was deox-
ygenated by means of vacuum line, and then it was kept under
inert Ar atmosphere during all measurements. Electrochemi-
cal studies were performed with the use of PGSTAT30
(Autolab Eco Chimie), while spectroelectrochemical mea-
surements were performed under potential control by PI-50
Pro (Elins).

PB/PPy composite and pure PB films were deposited at the
surface of Pt and ITO-coated glass working electrodes.

Disk Pt electrodes (surface area: 0.01 cm2) soldered in
glass were polished by diamante suspension (1 μm, Escil)
on flap disk (FD 1, Escil), rinsed with ethanol and distilled
water, and then electrode was ultrasound-treated in distilled
water for 5 min.

Rectangular ITO-coated glass substrates (surface area
about 1 cm2, resistance below 20 Ω−2, Präzisions Glas &
Optik GmbH) were rinsed with ethanol, distilled water, and
with concentrated solutions of NaOH and H2SO4. After that,
ITO-coated glasses were ultrasound-treated in ethanol for
15 min and kept in drying box at 80 °C.

To modify the electrode surface with PB/PPy film, the
electrode was placed in reaction mixture for 16–18 h. Then,
it was rinsed thoroughly with distilled water.

Pure PB films were electrodeposited on the surface of Pt or
ITO-coated glass substrate, for comparison of their redox ac-
tivity and electrochemical stability with those of PB/PPy-
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modified electrodes. In this case, the synthesis procedure was
performed electrochemically in potentiostatic mode (0.55 V
vs. SCE for 100 s) in mixed aqueous solution: 10 mM
Fe(NO3)3+10 mM K3[Fe(CN)6] with 0.1 M HNO3+0.1 M
KNO3 as supporting electrolyte.

Methods of characterization of PB/PPy composites and PB
films

Redox activity of synthesized PB/PPy composites
immobilized on electrode surface was tested in the same chlo-
ride or nitrate background electrolyte which was used for their
synthesis. Tests of the electrocatalytic activity of PB/PPy films
in H2O2 solution were performed both with the use of the
same background electrolyte and of phosphate buffer (pH
6.0).

Similar studies were carried out with PB films on electrode
surface.

Redox activity of PB modified electrodes related to revers-
ible transformation of PB to PW due to reduction of Fe(III)
ions inside the PB lattice was characterized by cyclic volt-
ammetry (CV) [1].

Stability tests of composite films were carried out either
under conditions of the hydrogen peroxide electroreduction or
in the course ofmulti-cycle spectroelectrochemical experiments.
Electrochemical and spectroelectrochemical measurements
were carried out at room temperature, 22±1 °C.

Electroreduction of hydrogen peroxide at these modified
electrodes was performed in potentiostatic conditions corre-
sponding to the limiting-diffusion range (0 V).

Spectroelectrochemical measurements were realized in
potentiodynamic mode (CV measurements) with syn-
chronous measurements of absorbance at 720 nm which
corresponds to the maximum of the PB absorption band.
Special home-made three-electrode optical cell was
used. Namely, working ITO-coated glass electrode with
a composite or pure PB film deposited on its
conducting surface was placed into 10-mm quartz cu-
vette in contact with working solution inside the cell.
Both counter and tiny reference electrode contacted with
the same solution via glass frits. Kinetic absorbance
measurements (at 720 nm, registration time 1 s) were
carried out by means of Lightwave II (Biochrom) spec-
trophotometer. Potential range in spectroelectrochemical
CV measurements was between −0.145 V and 0.500 V
vs. SCE, scan rate 100 mV/s. The film-coated electrode
was subjected to such repeating CV treatment until the
cathodic (or anodic) charge of the cycle has become
lower than 25–30 % of the charge of the second cycle.
This diminution of the redox charge of the film was
found to correspond to the same degradation degree of
the synchronically measured film absorbance. In this
context, CV measurements could be used as a way to

estimate the stability of the electrochromic transition of
PB-containing films.

Morphology of PB/PPy films on the ITO-coated glass sur-
face was characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) by
means of JEOL JSM-6400F and field-emission gun scanning
electron microscope (FEG-SEM) JEOL JSM 6500F instru-
ments at 15 or 20 kV accelerating voltage and Jeol JEM-
2100 TEMwith LaB6 source operating at accelerating voltage
of 200 kV. Chemical analysis of samples was performed by
means of Oxford Instruments EDS analyzer using INCA soft-
ware. XRD spectra of such films were recorded at CPS
120 I.E. diffractometer with monochromatized Cu Kα radia-
tion at 40 mA and 40 kV. Thickness of PB/PPy composite
films obtained from TEM and SEM data and calculated via
electrochemical and spectroscopic data was 100–150 nm.

Results and discussion

Synthesis of PB/PPy composites was performed as a one-step
procedure inside mixed aqueous solution of 0.1 mM Fe(III),
0.1 mM [Fe(CN)6]

3−, and 0.5 mM Py with the chloride or
nitrate background electrolyte (pH 1). These ions form a com-
plex Fe[Fe(CN)6] [33–35], its concentration in our conditions
being of the order of 10−7 M.

Both Fe(III) and the complex Fe[Fe(CN)6] are able to ox-
idize pyrrole in mixed solution, with simultaneous generation
of PB and PPy in the form of the PB/PPy composite, 1.5/n
[Py]n·Fe4[Fe(CN)6]3:

4 Fe3þ þ 3 Fe CNð Þ6
� �3− þ 1:5 Py ¼ PB=PPyþ 3 Hþ ð1Þ

4 Fe Fe CNð Þ6
� �þ 1:5 Py ¼ PB=PPyþ Fe CNð Þ6

� �3− þ 3 Hþ ð1’Þ

Blue colored colloid solution is formed in a few hours. UV-
visible spectra of reaction mixture (Fig. 1) demonstrate а new
(arising with time) absorption band around 700 nm corre-
sponding to PB [1, 2], as one can see from its comparison
with the spectrum of a pure PB film on ITO-coated glass (inset
in Fig. 1, curve 5). Sedimentation rate of the PB/PPy colloid
depends on temperature and concentrations of reagents. Under
our reaction conditions, a blue film on walls of the vessel and
some amount of dark-blue precipitate in the powder formwere
formed in 14–16 h.

Characterization of PB/PPy composite films

To modify an electrode surface with PB/PPy film, it was im-
mersed into the reactionmixture for the whole reaction period.
The PB/PPy film on the surface of electrode has a blue color.
UV-visible spectra of such films on ITO-coated glass sub-
strates demonstrate the PB absorption band around 700 nm
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(Fig. 1, curve 4). A lower intensity of the PB absorbance
inside of the composite film (Fig. 1, curve 4) compared to that
of the pure PB film formed by the electrodeposition procedure
(Fig. 1, curve 5) may be attributed to the difference in their
thicknesses as well as a lower content of PB inside the
composite.

For characterization of the film structure deposited on the
electrode surface, a special procedure was used to prepare
samples for TEM analysis. After the end of the deposition
process, the film on the walls of the vessel was thoroughly
rinsed with distilled water. Then, the vessel was filled with
ethanol (99 %) and treated ultrasonically for 10 to 15 min. It
leads to formation of a homogeneous blue colloid solution.
Drops of this solution were placed on TEM substrate, with
subsequent solvent evaporation.

According to TEM images, the PB/PPy composite synthe-
sized in chloride medium is composed of semitransparent

polypyrrole globules of a uniform size (about 50 nm in diam-
eter) with denser particles inside them (Fig. 2a). More detailed
HR-TEM image (Fig. 2b) shows that this inorganic compo-
nent consists of square elements of 50 nm in dimension, i.e.,
occupying most of the internal space of the globule, with a
relatively thin polymer layer on the particle surface. Selected
area electron diffraction (SAED) reveals that these inorganic
particles represent PB crystals (Fig. 3а).

Peaks in the XRD spectrum of the composite film deposit-
ed on ITO-coated glass surface from chloride medium
(Fig. 3c) also correspond to the PB structure. The size of
crystal elements inside this film estimated from the width of
the <200> peak with the use of the Scherrer equation was
about 30–35 nm.

Composite material generated by the same redox reaction
inside nitrate electrolyte is deposited mainly on the walls of
vessel as a compact film with a much stronger adhesion to their
surface, while the amount of sedimented precipitate on the
bottom is very small. TEM images (Fig. 4a) demonstrate that
PB/PPy composite extracted from such film is composed most-
ly of rectangular PB elements of a bit greater dimension (about
100 nm) than those in chloride medium. An interesting feature
is their semitransparence for TEM electrons (Fig. 4a). Similar
to the composite obtained in chloride solutions, they are cov-
ered by a thin polypyrrole layer (Fig. 4).

It may be observed in HR-TEM images (Figs. 2b and 4b)
that individual atomic rows inside PB single crystals are parallel
(or perpendicular) both to each other and to external boundaries
of the crystal. Moreover, some atomic rows in Fig. 4b may be
traced within the whole dimension of the image, i.e., at the
distance over 50 nm. Such high structural order as well as a
square shape with straight-lined boundaries of all inorganic
elements (Fig. 4a) led us to conclude of their single-crystal type.

Attribution of these denser elements to PB crystals was
confirmed by SAED (Fig. 3b) and XRD (Fig. 3c, curve 2)
techniques. The size of PB crystalline fragments estimated
from the XRD peak at 17° (<200>) was about 28 nm, i.e.,
comparable to that for films deposited in chloride medium.
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Fig 1 UV-visible spectra. Individual reagents in 10-mm quartz cuvette:
0.1 mM FeCl3 (1) and 0.1 mM K3[Fe(CN)6] (2) in 0.1 M HCl+0.1 M
KCl. PB/PPy reaction mixture (0.1 mM Fe3+, 0.1 mM [Fe(CN)6]

3− and
0.5 mM Py in chloride medium) 1.5 h since the beginning of reaction (3).
PB/PPy composite film on ITO-coated glass plate in 14 h since the
beginning of reaction (4). Pure PB film electrodeposited on ITO-coated
plate electrode (5)

Fig. 2 TEM (а) and HR-TEM
(b) images of PB/PPy composites
synthesized from 0.1 mM Fe3+,
0.1 mM [Fe(CN)6]

3−, and 0.5 mM
Py reaction mixture in chloride
medium
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The peak positions in XRD spectra corresponding to
PB crystals inside PB/PPy films on Pt substrate are
identical to those on ITO-coated glass substrate. Thus,
one can conclude that structural properties of PB crys-
tals inside these composite layers are independent of
the solid substrate and are similar for films deposited
from chloride or nitrate medium.

SEM images (Fig. 5) reveal a surprising difference in the
morphology of PB/PPy films on ITO-coated glass surface
depending on the electrolyte. It turned out that deposition from
chloride electrolyte (which is dominantly used for synthesis of
PB containing materials) results in films with numerous
cracks (Fig. 5a). On the contrary, films of the PB/PPy com-
posite obtained in nitrate electrolyte demonstrate quite a dif-
ferent morphology: a very uniform and compact layer
(Fig. 5b).

One should mention that nitrate-containing electro-
lyte has been used for depositing pure PB nanoparti-
cles on the surface of carbon-ceramic electrodes [36].

EDX analysis shows that iron is present in samples obtain-
ed both in chloride and nitrate media, the ratio of iron to
nitrogen being about the same (1:10–12), i.e., they represent
chemically similar composite materials.

Electrochemical properties of PB/PPy composites

Electrochemical activity of Pt electrode covered by PB/PPy
filmwas tested initially in the corresponding background elec-
trolyte and then in phosphate buffer. As it shown in Fig. 6,
there are redox peaks in CV curves related to the PB/PW
transition (Fe4[Fe(CN)6]3/K4Fe4[Fe(CN)6]3) [1]. The sharp
form of these peaks and low peak separation points to a reg-
ular structure of PB crystals. A higher capacitive current
around the PB peaks is due to electroactivity of polypyrrole
component of the film.

Stability of PB-containing films has been tested with re-
spect to hydrogen peroxide electroreduction. Similar study
had been carried out earlier in mild conditions of the

Fig. 3 SAED (a, b) of PB/PPy
composite synthesized in chloride
(а) and nitrate (b) media and
analyzed on the TEM substrate.
XRD spectra (c) of PB/PPy
composite films on ITO-coated
glass surface synthesized in
chloride (1) and nitrate (2) media,
in comparison with peaks of pure
PB crystals (bars, JCPDF 052-
1907). Other peaks in XRD
spectra of the composites (1 and
2) correspond to ITO-coated glass
substrate

Fig. 4 TEM (a) HR-TEM (b)
images of PB/PPy composites
synthesized from 0.1 mM Fe3+,
0.1 mM [Fe(CN)6]

3−, and 0.5-
mM Py reaction mixture in nitrate
medium
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0.1 mM peroxide concentration [15]. Composite films pre-
pared via the actual synthesis procedure turned out to be too
stable under these conditions to record their degradation peri-
od since it was too long. Therefore, this parameter was deter-
mined by tests for 10 times higher peroxide concentration,
1 mM, in the same buffer solution. Even under such harsh
conditions, our films retained their electrocatalytic activity
for a relatively extended time.

Namely, films on Pt substrate obtained in chloride solution
hold their redox response on a constant level for about 40 min
(Fig. 7, curve 2), i.e., 5 times greater compared to pure PB film
in 0.1 mM H2O2 [15] and 20 times greater compared to pure
PB film in 1 mM H2O2 (Fig. 7, curve 1).

Under the same severe conditions of 1 mM peroxide with
pH 6 buffer, the stability period of PB/PPy composite films
synthesized in nitrate electrolyte turned out to be even longer,
150 min (Fig. 7, curve 3), i.e., 80 times greater than that of
pure PB sensor and four times greater than that of composite
films obtained in chloride medium.

During a more extended period, the current of the peroxide
electroreduction is diminishing progressively. In parallel, the
voltammetric peak currents of PB/PW transformation are be-
coming lower, while UV-visible data show a decrease of the

PB content inside the film. This loss of PB in the film corre-
lates well with decrease of the iron content inside the film in
EDX data. Nevertheless, diffraction pattern of PB is still ob-
served in XRD spectra. It means that PB retains its crystalline
structure even after decrease of the peroxide reduction current.

SEM images show that the difference in morphology of
PB/PPy films synthesized in chloride and nitrate electrolytes
plays an important role in stability of the film on the surface of
electrode. In the case of PB/PPy (Cl−) films a significant frac-
tion of the film peeled off from the electrode surface due to
penetration of hydrogen peroxide solution through cracks
(formed already in the course of the film deposition stage)
during electroreduction procedure (Fig. 8a), whereas one can
see only minor damages in the structure of PB/PPy (NO3

−)
composite films after electroreduction of peroxide (Fig. 8b).
One may conclude on the basis of comparison of SEM and
XRD data for films before and after the electrocatalytic activ-
ity that the principal cause of the decrease of the peroxide
electroreduction current is a progressive decomposition of
the film.

Stability of the electrochromic response of PB/PPy films
synthesized in nitrate media on ITO-coated glass substrate
was tested by means of the spectroelectrochemical procedure

Fig. 5 SEM images of PB/PPy composite films on ITO-coated glass support obtained in chloride (a) and nitrate (b) electrolytes
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(in contact with background nitrate solution). Redox transfor-
mation PB/PW inside these films is accompanied by color
transformation from blue to practically colorless (Fig. 9).
Multi-cycle repetition of this spectroelectrochemical proce-
dure leads to progressive diminution of both the redox charge
in CV curves and the absorbance at 720-nm wavelength. Sta-
bility degree of such transformation was characterized by the
diminution of the redox charge (cathodic or anodic) of the
composite film transformation during multi-cycle CV poten-
tial variation (scan rate 100 mV/s) in the range between
−0.145 and +0.500 V. Figure 10 demonstrates the variation
of the stability degree of PB/PPy films prepared via redox
procedure in nitrate medium, in comparison with that for the
pure PB film. Stability degree of the composite film during
3000 cycles of CV measurements decreased only by 30 %
(curve 1), whereas the stability degree of the pure PB film
was rapidly diminishing already within the first 300 cycles
(curve 2). Electrochromic transformation of these films (esti-
mated from the variation of the absorbance spectrum) showed
a similar stability. Degradation of the electrochromic signal

occurs due to an instability of the film in the PW state. After
such spectroelectrochemical treatment, PB-containing films
look spotted since some pieces of the film were peeled off
from the electrode surface.

Conclusions

In this study, we have elaborated the one-step method of the
chemical deposition of PB-polypyrrole films on a conducting
or insulating solid substrate (including an electrode surface)
from the mixed solution of pyrrole, iron(III), and ferricyanide
salts proposed in [15]. These materials have been character-
ized by a set of physical and electrochemical methods. It has
been found that such films consist of composite particles
where small PB single crystals (semitransparent for TEM elec-
trons) are incorporated into PPy surrounding.

Drastic dependence of the morphology of these films
on the anion of the Bbackground^ electrolyte has been
discovered. Realization of the synthesis procedure in
chloride electrolyte leads to formation of cracked films,
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Fig. 8 SEM images of PB/PPy
films on ITO-coated glass surface
after electroreduction in 1-mM
solution of H2O2. Composite
films were obtained in chloride
(а) or nitrate (b) medium
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whereas the use of nitrate solution results in high-
quality films without cracks.

It is important to mention that PB inside the composite film
retains its crystalline structure even after its long-time func-
tioning as electrocatalyst in 1-mM hydrogen peroxide solu-
tion, the size of PB crystals remaining unaffected (according
to XRD spectra). It means that the progressive loss of its
catalytic properties is not due to a progressive dissolution of
the reduced form, PW. Our observations testify in favor of the
explanation that the presence of cracks of the surface of the
film can be the principal reason of this electroactivity loss, due
to partial peeling of the film from the electrode surface during
this process.

These promising results have been obtained for PB/PPy
composite films deposited on Pt substrate. For ITO-coated
glass substrates, we have observed a high stability of the
electrochromic transformation of PB/PPy films formed in ni-
trate electrolyte, compared to pure PB films. Stability period
of PB/PPy films is 10 times greater than that for pure PB films.
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