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Abstract
Nanocomposite of magnetic  Fe3O4 nanoparticles and polypyrrole was prepared under sonication by a new chemical polymeri-
zation method during which  Fe3O4 nanoparticles acted both as a pyrrole oxidant and as a component in the composite mate-
rial. Synthesis of this nanocomposite was carried out in aqueous solution acidified to pH 2, a prerequisite for the formation 
of these types of material and to facilitate pyrrole oxidation by  Fe3O4 nanoparticles. In this way, two kind of materials were 
produced:  Fe3O4/PPy nanocomposite in which magnetite nanoparticles were dispersed in PPy matrix and  Fe3O4-aggregates@
PPy nanocomposite that exhibits structure in which aggregates of magnetite nanoparticles are surrounded by a layer of poly-
meric phase. In the latter case, the polymerization process took place in the presence of a surfactant. These nanocomposites 
were characterized by electron microscopy techniques, IR spectroscopy, X-ray powder diffraction, X-ray photoelectron 
spectroscopy and thermogravimetry. Particular attention was focused on the study of the electrochemical properties of the 
formed composites. The composite of  Fe3O4 and PPy exhibits reversible electrochemical behaviour upon oxidation. The 
electrode process of the polymeric component oxidation in organic solvents such as acetonitrile and dichloromethane is very 
similar to the process in an aqueous solution.
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Introduction

Conducting polymers have been intensively studied due to 
their due to their unique physicochemical properties. They 
exhibit good conductivity, convenient preparation methods, 
low production costs, good environmental stability and wide 
range of applications, especially in light-emitting, electronic 
devices, energy storage systems, (bio)sensors and solar cells 
[1–4]. Among the various conducting polymers, polypyrrole 
(PPy) has received particular attention because of its elec-
trical conductivity, good redox properties and low produc-
tion costs [5–7]. PPy-based materials show high electrical 

conductivity and good redox reversibility. Additionally, 
they possess good thermal stability. Polypyrrole can also 
be used as a component of composite materials with carbon 
nanostructures. PPy can be prepared quite easily by either 
chemical or electrochemical polymerization of pyrrole 
[8–11]. Chemical polymerization of pyrrole occurs in the 
presence of various oxidizing agents such as iron(III) chlo-
ride, iron(III) sulfonates, iron(III) complexes, ammonium 
persulphate (APS), potassium dichromate (PDC) and  H2O2. 
Polymerization under electrochemical conditions proceeds 
as a result of direct pyrrole electro-oxidation [9, 10] or is 
induced by an electrochemical process involving a redox 
couple, as in the case of the [Fe(CN)6]4−/[Fe(CN)6]3− [12]. 
The latter method was used to modify yeast cell walls with 
thin polypyrrole films [12, 13].

It is well known that the conductivity and morphology 
of polypyrrole depend significantly on the nature of the 
oxidant and the type of dopant used in the polymerization 
solutions. For example, Shinde et al. [14] obtained three 
different morphologies of polypyrrole particles, namely 
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mud-like, cauliflower and interconnected structures dur-
ing pyrrole polymerization using APS,  FeCl3 and PDC as 
oxidant, respectively. From among these three morpholo-
gies, the material composed of interconnected polypyrrole 
nanoparticles was the only one to provide a unique three-
dimensional network, large surface area and meso-porous 
structure required for better supercapacitive electrode 
materials. Goel et al. [15] prepared polypyrrole nanofib-
ers using a interfacial oxidative polymerization procedure. 
Monomer was dissolved in chloroform phase and aqueous 
solution containing APS as an oxidation agent and different 
dopants including HCl,  FeCl3, p-toluene sulfonic acid (p-
TSA), camphor sulfonic acid (CSA) and polystyrene sulfonic 
acid (PSSA). Conductivity of formed materials depends on 
the dopant. Conductivity ranging from 2 ×  10−5 S  cm−1 to 
6 ×  10−2 S  cm−1 were observed for polypyrrole doped with 
PSSA and p-TSA, respectively. These changes in the conduc-
tive properties of the polymer are the result of the size of the 
dopants, their density in the polymer material and morpho-
logical changes accompanying the doping process. Better 
spatial arrangement of the dopant ions in the polypyrrole 
matrix usually leads to an improvement in the conductive 
properties of the material. A large enhancement of conduc-
tivity and significant modification of the polymeric phase 
morphology was also reported for polypyrrole synthesized in 
the presence of anionic surfactants [16]. A relatively strong 
ionic interaction between dopant and oxidized polypyrrole 
matrix results in the increase in the polymeric phase stability 
and better conducting properties.

Recently, magnetic nanomaterials also attracted much 
attention. Magnetic properties allow the potential use of 
these materials in colour imaging technology, ferrofluids, 
magnetic recording media and medical diagnostics [17–20]. 
Magnetite  (Fe3O4) is a representative example of such mate-
rials and is widely used due to its strong magnetic proper-
ties, large surface area and low toxicity which makes it suit-
able for various applications in biotechnology and medicine 
[21–23]. However, pure  Fe3O4 particles are very sensitive 
to oxidation due to their high chemical reactivity. They also 
exhibit tendency to form agglomerations in order to mini-
mize their surface energy. These factors have limited their 
use to some extent. One of the main approaches to over-
come these limitations is to protect pure magnetic particles 
with polymers [24–28] or inorganic shells such as metals 
[29, 30] or oxides [31]. The magnetite particles are usually 
formed through co-precipitation of Fe(II) and Fe(III) salts 
in an alkaline solution [32, 33]. Smaller and more uniform 
particles can be synthesized by using the microemulsion 
approach [34].

Numerous studies have investigated magnetic particles 
coated with conducting polymers, particularly  Fe3O4/PPy 
composite nanostructures. For instance, Deng et al. [35] 
reported the preparation of  Fe3O4/PPy nanoparticles with 

a core-shell structure via a two-step process: synthesis of 
 Fe3O4 magnetic nanoparticles via the precipitation-oxidation 
method followed by in situ emulsion polymerization in aque-
ous solution containing sodium dodecylbenzenesulfonate as 
surfactant and dopant. Zhao and Nan [36] prepared stable 
magnetic nanofluids containing  Fe3O4@PPy composites 
and studied their dispersion stability. Qiao et al. [37] also 
prepared  Fe3O4@PPy composites by chemical oxidative 
polymerization in the presence of poly(vinyl alcohol) and 
p-toluenesulfonic acid (p-TSA). They obtained a polypyr-
role shell thickness ranging from 20 to 80 nm due to the 
variability in the pyrrole/Fe3O4 mass ratio. PPy/Fe3O4 com-
posite nanotubes with diameters of 250–400 nm and lengths 
of 20–50 μm exhibiting both electrochemical and magnetic 
activity were synthesized by a self-assembly process using 
 FeCl3 as oxidant and p-TSA as dopant [38].

In this study, we propose a new approach for the chemi-
cal synthesis of a composite composed of polypyrrole and 
 Fe3O4 nanoparticles, during which the  Fe3O4 nanoparticles 
act as both a pyrrole oxidant in the polymerization process 
and as a component in the composite material. In this case, 
the polymerization process is initiated at the nanoparticle 
surface to form a polymeric phase. The morphology of the 
formed composites depends on the conditions of polymeri-
zation, in particular on the concentration of composite com-
ponents and the pH of the reaction environment. Magnetite 
nanoparticles also significantly affect the electrochemical 
properties of the polymer phase.

Materials and methods

Materials

FeCl2·4H2O,  FeCl3·6H2O, 0.5%  NH3 solution, acetone, etha-
nol, tetra(n-butyl)ammonium hydroxide (TBAOH), pyrrole 
(Py), HCl, sodium dodecyl sulphate (SDS), NaCl, acetoni-
trile (ACN), dichloromethane (DCM) and (n-C4H9)4NClO4 
(TBAP) were used as received for the synthesis of  F3O4 nan-
oparticles and its composite with PPy from Aldrich Chemi-
cal Co., Milli-Q/Millipore system was used to obtained 
deionized water with a resistivity of 18.2 MΩ·cm.

Instrumentation

An AUTOLAB Model 283 Potentiostat/Galvanostat con-
trolled with GPES software (v. 4.9) (EG&G Princeton 
Applied Research, Oak Ridge, TN, USA) was used in vol-
tammetric measurements in a three-electrode cell. A gold 
disc electrode with a diameter of 1.5 mm (Bioanalytical Sys-
tems Inc., West Lafayette, IN, USA) was used as working 
electrode. Prior the experiment, the electrode was polished 
with 0.3 μm Micro Polish Alumina (Buehler Ltd., IL, USA), 
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rinsed with water and acetone and air dried. In aqueous sol-
vents, an Ag/AgCl/saturated KCl electrode was used as ref-
erence electrode. This electrode was separated by a ceramic 
tip (Bioanalytical Systems Inc.). A platinum foil with an 
area of approximately 0.5  cm2 served as a counter electrode.

TEM images were obtained using a Tecnai  G2 20 
X-TWIN microscope (FEI Company, Hillsboro, Oregon, 
USA) with an  LaB6 emitter and a high-angle annular dark-
field (HAADF) detector operating at 120/200 kV. The accel-
erating voltage for the electron beam was 200 keV, and the 
working distance was 10 mm.

A Magna IR 550 Series II spectrometer with a spectral 
resolution of 4  cm−1 was used in FT-IR measurements.

Thermogravimetric analysis (TGA) in atmosphere of 
purged nitrogen (0.1  dm3  min−1) was performed using a 
Mettler Toledo Star TGA/DSC system. Two milligram of 
sample weighing was placed in aluminium pans and heated 
from 50 to 1000 °C at 10 °C  min−1.

The X-ray powder diffraction (XRD) measurements were 
carried on an Agilent Technologies SuperNova X-ray dif-
fractometer equipped with a Mo microfocused lamp emitting 
Kα radiation with λ = 0.713067 nm. A small amount of par-
ticles powder was fixed by  Paratone®N (Hampton Research) 
oil to nylon loop.

X-ray photoelectron spectroscopy (XPS) was performed 
using a PHI 5000 VersaProbe (ULVAC-PHI) spectrometer 
with monochromatic Al Kα radiation (hν = 1486.6 eV) from 
an X-ray source operating at a 100-μm spot size, 25 W and 
15 kV. High-resolution (HR) XPS spectra were collected with 
a hemispherical analyser using a pass energy of 117.4 eV and 
an energy step size of 0.1 eV. The X-ray beam was incident 
on the sample surface at an angle of 45° with respect to the 
surface normal, and the analyser axis formed an angle of 45° 
with respect to the surface. Casa XPS software was then used 
to evaluate the XPS data. Deconvolution of all HR XPS spec-
tra was performed using a Shirley background and a Gaussian 
peak shape with a 30% Lorentzian character.

The amount of Fe in the solutions obtained after synthe-
sis of  Fe3O4/PPy nanocomposite was measured by atomic 
absorption spectrometry (AAS). Measurements were per-
formed using an atomic absorption spectrometer iCE 3500 
AA Spectro Dual (Thermo Fisher Scientific) equipped with 
a flame atomizer (burner length: 100 mm). An air–acet-
ylene flame was used for the determination of Fe under 
optimized conditions (burner height: 7.2 mm, air–C2H2 
flow rate: 1.6  dm3  min−1). All absorbance values are the 
mean values based on three repetitive measurements. The 
quantitative determination of Fe was carried out by the 
external calibration graph technique. The limit of detection 
(LOD) was calculated as 3 times the standard deviation of 
absorbance signal of blank (0.003 mol  dm−3 HCl) divided 
by slope of the regression equation (LOD = 3SDblank/a), 

while the limit of quantification (LOQ) was calcu-
lated as 10SDblank/a. The calculated LOD of Fe was 
0.099 mg  dm−3, while LOQ was 0.332 mg  dm−3.

Synthesis of  Fe3O4/PPy and  Fe3O4‑aggregates@PPy 
nanocomposite

Fe3O4 nanoparticles were produced according to the modi-
fied synthesis first described by Massart [32, 39]. Forty 
milliliters of  NH3 solution and roughly 1 ml of TBAOH 
was placed into one round-bottom flask (icy cooled) and 
deoxygenated by toughly bubbling argon gas for 30 min. 
Next, about 0.3 g of  FeCl2·4H2O was added to the mixture, 
still deoxygenated and stirred. In another round-bottom 
flask, 40 ml of  NH3 solution and 2 ml of TBAOH were 
heated to 40 °C under continuous argon flow and vigorous 
stirring by permanent magnet for 30 min. Then, 0.8 g of 
 FeCl3·6H2O was added to the mixture, still deoxygenated 
and heated to 40 °C while stirring for 30 min. Finally, the 
solution from the cooled flask was moved into the flask 
with  FeCl3·6H2O and the resulting mixture was heated to 
80 °C while stirring for 40 min. The resultant dark residue 
was separated from the solution with a permanent magnet. 
In the last step, the obtained magnetic nanoparticles were 
washed a few times using deoxygenated acetone and dried 
to powder form by evaporator.

Fe3O4/PPy nanocomposite was synthesized under soni-
cation by chemical polymerization of pyrrole in the pres-
ence of the previously synthesized  Fe3O4 nanoparticles. In 
a typical synthesis, 10 mg of  Fe3O4 nanoparticles was well 
dispersed in 10 ml aqueous solution using ultrasonication 
for 30 min. The colloidal solution of magnetite nanopar-
ticles was acidified to pH 2 with a few drops of 2 M HCl. 
Next, 70 μl of pyrrole was added dropwise to the above 
mixture to start the polymerization process. The mixture 
was ultrasonicated for 4 h at room temperature. Formed 
black product was collected and washed several times with 
deionized water. Finally, the samples were dried overnight 
at 60 °C.

Nanocomposite of magnetite aggregates surrounded 
by a layer of polypyrrole marked with the abbreviation 
 Fe3O4-aggregates@PPy was made in the same way, except 
for that the  Fe3O4 nanoparticles were dispersed in aqueous 
solution acidified to a pH 2 in the presence of 2 mg of SDS 
in order to minimize their aggregation.

After quantitative separation of the composite from the 
post-reaction solution, the precipitate was weighed. The 
weight of the composite deposit allowed to determine the 
percentage content of its components. The results obtained 
for various conditions of composite formation are sum-
marized in Table 1.
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Results and discussion

Formation and structural characterization 
of composites

The production of nanocomposites with conducting poly-
mers is commonly achieved through the chemical route in a 
solution containing the monomer, oxidant and the suspen-
sion or nanoparticle colloids as an additional component. 
Under such conditions, the polymerization process usually 
takes place both on the surface of nanoparticles and in the 
solution, although it is difficult to control the morphology 
of this composite, especially the homogeneity and thickness 
of the polymer layer. These difficulties can be overcome if 
the nanoparticles, as one of the components of the compos-
ite material, are used simultaneously as oxidant and doping 
system for the forming polymer. Therefore, nanocomposite 
formation proceeds through polymerization of pyrrole on the 
surface of previously synthesized magnetite nanoparticles 
which are both an oxidant and a component of the composite 
material. Pang et al. [40] showed that  Fe3+ ions from  Fe3O4 
nanoparticles are reduced to  Fe2+ ions in a pH range from 
1.70 to 3.0. The process of magnetite dissolution can be 
described by the following reaction:

The Nernst potential of this process can be expressed by 
the following equation:

The standard potential E0
Fe3O4∕Fe

2+  in reaction (1) is equal 
to 1.09 V with respect to the standard hydrogen electrode 
(SHE) [40]. A higher value of E0

Fe3O4∕Fe
2+ of 0.560 V was 

reported for magnetite nanoparticle dispersion [40]. The 

(1)Fe3O4 + 8H+ + 2e− → 3 Fe2+ + 4H2O

(2)EFe3O4∕Fe2+
= E

0

Fe3O4∕Fe2+
− RT∕2F ln [Fe2+]3 + RT∕2F ln [H+]8

formal potential of  Fe3O4/Fe2+ system is significantly lower 
than the standard potential due to the negative value of the 
last term (RT/2F ln  [H+]8) in Eq. (2). The standard potential 
of reversible oxidation of pyrrole to pyrrolic cation radicals 
(E0

Py+/Py) was estimated to ∼ 1.32 V with respect to the 
SCE [41]. Even if we consider the low equilibrium concen-
tration of  Fe+2 ions, such differences in the potentials of 
both redox systems makes the direct oxidation of pyrrole 
rather unlikely. However, the process of polypyrrole forma-
tion takes place with the participation of pyrrole oligomers 
as intermediate species [42–48]. Pyrrole oligomers can be 
slowly formed in process of monomer oxidation with  Fe3+ 
ions produced from partial dissolution of magnetite in acidic 
solution according to following equation:

The equilibrium of this reaction is shifted significantly 
towards the undissolved magnetite phase. The total concen-
tration of iron ions in the solution in equilibrium with the 
solid nanoparticle magnetite was determined by the AAS 
method. In Table S1 and Fig. S1, the relations between iron 
ions concentration and pH of solutions are presented for 
different contact times of the magnetite nanoparticles with 
the solution. While establishing the equilibrium between 
the precipitate and iron ions in the liquid phase, the solu-
tion was initially stirred with a magnetic stirrer and then 
left stationary. This limited the transfer of small particles of 
magnetite into the solution and overestimated the determi-

nation of iron concentration in the liquid phase. The system 
reaches equilibrium very slowly. The concentration of iron 
ions in the solution ranges from ca 0.10 to 50 mg  dm−3 with 
a change in pH from 3.5 to 2, respectively.  Fe3+ ions formed 

(3)Fe3O4 + 8 H+
⇄ 2 Fe3+ + Fe2+ + 4 H2O

Table 1  Composition of  Fe3O4 
and PPy composites formed 
under different experimental 
conditions and PPy shell 
thickness in  Fe3O4-aggregates@
PPy composites

a In 10 ml of H2O for 4 h
b From the TEM images
c Based on the mass of composite
d From the TGA measurements
e In 10 ml of  H2O

Polymerization conditions Composite 
composition PPy/
Fe3O4 m/m

Polymer layer 
thicknessb  
in nm

Composite structure

70 μl Py + 2 mg  Fe3O4 + 2 mg  SDSa 1.38c 1.27d 8 ± 2 Fe3O4-aggregates@PPy
70 μl Py + 5 mg  Fe3O4 + 2 mg  SDSa 1.02c 0.98d 22 ± 8 Fe3O4-aggregates@PPy
70 μl Py + 10 mg  Fe3O4 + 2 mg  SDSa 0.55c 0.47d 55 ± 11 Fe3O4-aggregates@PPy
70 μl Py + 20 mg  Fe3O4 + 2 mg  SDSa 0.40c 0.37d 80 ± 25 Fe3O4-aggregates@PPy
70 μl Py + 10 mg  Fe3O4 for 2  he 0.33c - Fe3O4/PPy
70 μl Py + 10 mg  Fe3O4 for 4  he 0.56c - Fe3O4/PPy
70 μl Py + 10 mg  Fe3O4 for 6  he 1.35c - Fe3O4/PPy
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as a result of magnetite dissolution may participate in the 
process of pyrrole oligomerization, initiating the polymeri-
zation process. Traces of pyrrole oligomers can be also find 
in solid face exposed to light and air [49]. The oligomeriza-
tion process accelerates in water, particularly in the presence 
of acids [50, 51].

The oxidation potentials of the pyrrole oligomeric species 
shifts toward less positive potentials in comparison to the 
oxidation potential of monomer. The magnitude of this shift 
depends on the number of pyrrole units in the oligomeric 
structure [52, 53]. For example, the PPy oxidation potential 
is approximately 400 mV less positive than the pyrrole oxi-
dation potential [52]. Therefore, these oligomeric structures 
can replace isolated pyrrole molecules in the polymerization 
process at the surface of magnetite nanoparticles as is sche-
matically described in Scheme 1. For simplicity, we show 
only the oligomeric form composed of three monomeric 
units. A similar behaviour was reported for the process of 
 C60@PPy composite formation in which fullerene was used 
as an oxidation agent in a pyrrole oligomer oxidation process 
[52]. Also in this case, the potential sequence of pyrrole oxi-
dation and fullerene reduction clearly indicates that pyrrole 
cannot be directly oxidized by fullerene  C60.

To confirm these results, we carried out the synthesis 
of this nanocomposite in an aqueous solution containing 
only pyrrole and magnetite nanoparticles and in an acidi-
fied hydrochloric acid aqueous solution with different pH 
values (pH = 2, 3 and 5) containing pyrrole and magnetite 

nanoparticles. We found that this composite did not form in 
the neutral solution (without acidification). Furthermore, in 
aqueous solution acidified to pH 5, the yield of composite 
formation was a very low. Lowering the pH resulted in sig-
nificantly higher polymerization yields and composite for-
mation. Thus, the fundamental parameter for the formation 
of this type of material is pH which needs to be set accord-
ingly to allow oxidation of the pyrrole by  Fe3O4. Trans-
mission electron microscopy (TEM) and electrochemical 
measurements indicated that a pH of 2 was most effective at 
facilitating polymer formation on the surface of  Fe3O4 nano-
particles. Hence, all further studies were carried out with the 
nanocomposite created in an aqueous solution with pH 2.

We used transmission electron microscopy to character-
ize the morphology and size of  Fe3O4 nanoparticles and 
their nanocomposites with polypyrrole. They have a near-
spherical shape. Diagram of size distribution of magnetite 
nanoparticles (inset in Fig. 1) shows a relatively broad range 
of nanoparticle diameters from 5 to 50 nm. These particles 
show tendency to form agglomerates (Fig. 1). The  Fe3O4/
PPy nanocomposite morphology shows that the polypyr-
role film is formed unevenly on the surface of the magnetite 
nanoparticles (Fig. 2a). Addition of a surfactant during the 
synthesis yields a smoother and more uniform layer of the 
conducting polymer covering the magnetite surface, creat-
ing a Core-shell nanocomposite (Fig. 2b). However, these 
Core-shell particles exhibit tendency to aggregation after 
separation from the solution. Based on the TEM images, the 

Scheme 1  Schematic illustration of  Fe3O4-assisted pyrrole polymerization
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thickness of the shell of polymeric layer coating magnetite 
nanoparticles was estimated. The relevant data are summa-
rized in Table 1 for materials formed in solution containing 
different mass ratio of magnetite to pyrrole.

X-ray diffraction was applied to characterize the crystal 
structure of the chemical components of the formed nano-
composite (Fig. 3). The diffractograms show several signifi-
cant diffraction peaks corresponding to pure magnetite nan-
oparticles, located at 2θ = 13.5°, 16.0°, 19.0°, 23.5°, 25.0° 
and 27.0°, which correspond to (220), (311), (400), (422), 
(511) and (440) Bragg reflections, respectively (Fig. 3a). 
Pure polypyrrole is amorphous and therefore exhibits only 
a broad peak at 2θ < 15° in the XRD pattern of the  Fe3O4/
PPy nanocomposite (Fig. 3b).

The composition of the  Fe3O4/PPy nanocomposite was 
also confirmed by FT-IR spectroscopy (Fig. 4). The spec-
trum of  Fe3O4 nanoparticles (Fig. 4a) reveals an absorption 
band at 590  cm−1, which corresponds to the vibration of the 
Fe–O stretching band [54]. In the spectrum of pure polypyr-
role (Fig. 4b), the characteristic bands at 930 and 1050  cm−1 
are assigned to out-of-plane and in-plane vibrations of the 

C–H bond, respectively [35, 54]. The signals at 1190 and 
1310  cm−1 are assigned to C–N stretching while the peaks at 
1465 and 1555  cm−1 are due to stretching of the C = C bands 
in the pyrrole ring [35, 54, 55]. The spectrum of  Fe3O4/PPy 
nanocomposite (Fig. 4c) clearly shows characteristic peaks 
of both  Fe3O4 nanoparticles and pure polypyrrole. However, 
the bands at 1310 and 1465  cm−1 are not observed in com-
posite. This proves the existence of interactions between the 
magnetite and the polypyrrole layer. It is also indicated by 
small shifts of some absorption bands towards higher wave 
numbers in the spectrum of the composite in relation to the 
spectra obtained for its components.

The surface chemical compositions of the prepared 
materials were investigated using XPS analysis. In Fig. 5, 
the XPS spectra of magnetite nanoparticles are presented. 
The Fe  2p3/2 spectrum (Fig. 5a) shows “multiplet splitting” 
states. In magnetite, iron exists in two oxidation states, 
namely  Fe2+ and  Fe3+. The  Fe2+ ions are octahedrally coor-
dinated with oxygen. The  Fe3+ centres are distributed over 
both octahedral and tetrahedral sites. The binding energy 
peak at 709.92 eV is related to  Fe2+ with a corresponding 

Fig. 1  TEM images of  Fe3O4 
nanoparticles at different mag-
nifications. The inset shows a 
size distributions of magnetite 
nanoparticles

Fig. 2  TEM images of a  Fe3O4/
PPy nanocomposite formed in 
10 ml of solution containing 
10 mg  Fe3O4 and 70 μl Py, and 
b  Fe3O4-aggregates@PPy nano-
composite formed in the same 
solution containing additionally 
2 mg of SDS
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satellite at 708.53 eV. The  Fe3+ octahedrally located spe-
cies exhibit a binding energy of 711.09 eV. The other two 
peaks are derived from  Fe3+ tetrahedral species at 712.3 eV 
and 713.63 eV with a  Fe3+ satellite peak at 715.31 eV [56, 
57]. The oxygen functional groups were observed in the O 
1s spectrum (Fig. 5b) which can be fit to four peaks with 
binding energies of 529.98 eV, 531.48 eV, 533.04 eV and 
534.38 eV. The peak at 529.98 eV is attributed to the lattice 

oxygen in  Fe3O4. The second signal at 531.48 eV is related 
to hydroxyl groups present at the magnetite surface. The 
533.04 eV binding energy is probably attributed to the traces 
of TBAOH which was used as a surfactant during the syn-
thesis. The relatively low intensity peak at 534.38 eV repre-
sents the physically adsorbed  H2O [56–59].

The XPS analysis to identify the chemical compositions 
of the  Fe3O4@PPy nanocomposite is shown in Fig. 6. Here, 
the XPS spectra for Fe 2p and O 1s are images obtained for 
pure magnetite nanoparticles (see Fig. 6a, b) while the C 
1s XPS spectrum shows functional groups such as C = C 
 (sp2 carbon) at 284.67 eV, C–C  (sp3 carbon) at 285.62 eV, 
C–O at 286.59 eV, C = O and C–N at 287.55 eV, O = C–O 
at 288.63 eV, π electrons in the aromatic rings at 289.8 eV 
and π-π* conjugation at 291.65 eV (Fig. 6c) [37, 60–62]. 
These species are due to polypyrrole film in the composite 
material. An additional confirmation for the existence of 
polypyrrole in the  Fe3O4-aggregates@PPy nanocomposite is 
the N 1s spectrum (Fig. 6d) which is composed of four com-
ponents. The major signal at a binding energy of 400.44 eV 
is related to amine nitrogen (N–H) while the signal at 
398.53 eV corresponds to imine nitrogen species (C = N). 
The presence of this latter peak indicates that polypyrrole 
is produced in its over-oxidized state. Two additional peaks 
at 401.67 eV and 403.17 eV are assigned to the positively 
charged nitrogen C–N+ and C =  N+, respectively [63].

The TGA curves of  Fe3O4 nanoparticles,  Fe3O4/PPy 
nanocomposite, and pure polypyrrole in the argon atmos-
phere are shown in Fig. 7. Magnetite nanoparticles are 
thermally stable in the studied temperature range (curve 1 
in Fig. 7). In contrast, polypyrrole exhibits two stages of 
thermal degradation (curve 2 in Fig. 7). The first decrease 

Fig. 3  Typical XRD diffractograms of (a)  Fe3O4 nanoparticles and 
(b)  Fe3O4/PPy nanocomposite

Fig. 4  FT-IR spectra of (a) 
 Fe3O4 nanoparticles, (b) PPy 
chemically synthesized with 
 FeCl3 as oxidant and (c)  Fe3O4/
PPy nanocomposite formed in 
10 ml of solution containing10 
mg  Fe3O4 and 70 μl Py
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in weight occurs below 100 °C and can be attributed to a 
loss of water, while the second occurs in the temperature 
range from 200 to 450 °C and is related to the thermal 
degradation of the polymer chain. The weight loss of pure 

polypyrrole reached about 90% at ca. 450 °C. The behav-
iour of the composite under thermogravimetric conditions 
is very surprising. The first loss of weight below 100 °C 
is associated with the removal of water traces. At higher 

Fig. 5  X-ray photoelectron spectra of  Fe3O4 nanoparticles. The binding energy regions are a Fe  2p2/3 and b O 1s electrons

Fig. 6  X-ray photoelectron spectra of  Fe3O4-aggregates@PPy nanocomposite formed in 10 ml of solution containing10 mg  Fe3O4, 70 μl Py and 
2 mg SDS. The binding energy regions are a Fe 2p2/3, b O 1s, c C 1s and d N 1s electrons
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temperatures, a thermal decomposition of PPy is observed. 
In the case of composite, the temperature range of polymer 
degradation is much wider in comparison to pure PPy deg-
radation. At temperature higher than 700 °C, the additional 
inflection associated with the weight loss of the composite 
is observed in the thermogravimetric curves. The inset in 
Fig. 7 shows thermogravimetric curves recorded for com-
posites containing the same amount of  Fe3O4 and differ-
ent mass of PPy. The mass changes in temperature range 
from 200 to 700 °C depend on the amount of PPy within 
the composite. However, the mass of decomposed mate-
rial at temperature exceeding 700 °C is the same in both 
cases. It is very likely that partial reduction of magnetite 
particles during polymer deposition results in lowering 
thermal stability of magnetite nanoparticles and their 
decomposition. Similar thermogravimetric curves were 
recorded for Core-shell  Fe3O4@PPy nanoparticles formed 
by pyrrole oxidation with  (NH4)2S2O8 at magnetite nano-
particles [64]. In three-component nanocomposite PPy/
Fe3O4/Ag such unexpected thermogravimetric behaviour 
in high temperature range was also observed [65]. Based 
on the thermogravimetric curves, the ratio of polymeric 
mass to mass of magnetite in the composite material was 
estimated. Results of this calculation are summarized in 
Table 1. There is a good agreement between the quantita-
tive composition of the composites obtained on the basis 
of thermogravimetric analysis and the weight of the cast 
materials.

Electrochemical properties

A gold electrode coated with magnetite-containing materials 
was fabricated using a drop-coating method. The stable and 
homogeneous dispersions of  Fe3O4 nanoparticles or their 
nanocomposite with polypyrrole were obtained by sonication 
of the studied material in dichloromethane solution. Twenty 
microliters of a mixture containing 1.5 mg of magnetite-
containing material in 1 ml of solution was dropped onto the 
surface of the Au electrode, and the solvent was evaporated. 
This nanoparticle-modified gold electrode was characterized 
by cyclic voltammetry. In Fig. 8a, the voltammetric behaviour 
of a thin film of the  Fe3O4-aggregates@PPy nanocomposite 
and, for comparison, voltammograms of magnetite 
nanoparticles layer and pure polypyrrole film deposited at 
the gold electrode surface in the aqueous solution containing 
0.1 M NaCl as supporting electrolyte are shown. In the case 
of pure PPy layer, 10 μl of dispersion containing 1.5 mg of 
PPy in 1 ml of solution was dropped onto the surface of the 
Au electrode, and the solvent was evaporated. Therefore, the 
mass of PPy deposited at the electrode surface and within 
the composite was the same. The  Fe3O4-aggregates@
PPy nanocomposite is electrochemically active at positive 
potentials due to polypyrrole electrochemical oxidation, while 
pure magnetite was passive throughout the studied potential 
range. The results clearly show the reversible electrochemical 
behaviour of composite with distinct oxidation (O) and 
reduction (R) peaks. The polymer phase oxidation is a 

Fig. 7  TGA (solid lines) and 
DTG (dashed lines) curves of 
(1)  Fe3O4 nanoparticles, (2) 
pure PPy and (3)  Fe3O4/PPy 
nanocomposite recorded an 
argon atmosphere. Composite 
was formed in 10 ml of solution 
containing 10 mg  Fe3O4 and 
70 μl Py. Inset shows TGA 
measurements of  Fe3O4/PPy 
nanocomposite formed in solu-
tions containing 10 mg  Fe3O4 
and 70 μl Py (black line) and 
10 mg  Fe3O4 and 35 μl Py (yel-
low line)
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complex process that involves electron transfer between 
the electrode and the polymer, electron transport through 
the polymeric phase, transport of the counterions from the 
electrolyte to the polymeric phase and within the polymer 
material to maintain the neutral charge. These processes are 
also accompanied by structural changes of the polymeric phase 
and solvent swelling. Chemically formed pristine polypyrrole 
deposited at the electrode surface by the drop-coating 
method usually shows low efficiency of pyrrole oxidation in 

relation to the mass of material deposited on the electrode 
surface and low reversibility of electrode processes under 
cyclic polarization conditions [14, 66–68]. The polypyrrole 
oxidation current is much higher for the composite compared 
to the electrode coated with the pristine polymer. This effect 
is related to the nanostructured morphology of composite. A 
thin layer of polypyrrole covering the surface of magnetite 
nanoparticles causes the doping process to take place in 
a larger amount of polymeric material. Nanostructured 

Fig. 8  Cyclic voltammograms 
of a  Fe3O4 nanoparticles 
(curve 1), pure PPy (curve 2) 
and  Fe3O4-aggregates@PPy 
nanocomposite formed in 10 ml 
of solution containing 10 mg 
 Fe3O4, 70 μl Py and 2 mg 
SDS (curve 3) recorded at a 
potential sweep of 0.1 V  s−1. 
The mass of PPy deposited at 
the electrode surface (curve 2) 
and within the composite (curve 
3) was the same and equal to 
850 μg  cm−2. Studied materi-
als have been deposited at the 
electrode surface by a drop-
coating method. Inset shows 
the ln i-E relationship for the 
first 10% of the PPy oxidation 
peak high for electrode covered 
with  Fe3O4-aggregates@
PPy nanocomposite (black 
line) and pure PPy (blue line). 
b  Fe3O4-aggregates@PPy 
nanocomposite recorded for 
different potential sweeps of (1) 
0.025, (2) 0.05, (3) 0.1 and (4) 
0.2 V  s−1 at the gold electrode 
in aqueous solution contain-
ing 0.1 M NaCl as supporting 
electrolyte. The inset in panel 
b shows the dependence of the 
polypyrrole oxidation peak cur-
rent on the sweep rate
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morphology is responsible for the fast counterion transport 
within the polymeric phase. Also, the reversibility of the 
charge transfer processes is significantly enhanced with the 
 Fe3O4-aggregates@PPy nanocomposite. The rate of the PPy 
electro-oxidation (peak O in Fig. 8a) can be expressed by the 
slope of the relation between the logarithm of the oxidation 
current and the potential in the potential range of the oxidation 
peak formation (approximately the first 10% of the oxidation 
peak high). The value of this slope is significantly larger in 
the case of the  Fe3O4-aggregates@PPy nanocomposite in 
comparison to this one obtained for the electrode modified 
with pure chemically formed PPy (inset in Fig. 8a). This 
effect is probably related to the nanostructured morphology 
of composite which enables faster transport of the supporting 
electrolyte ions into the polymer phase, accelerating the 
process of polypyrrole oxidation. Furthermore, the peak 
current of polypyrrole oxidation linearly depends on the 
sweep rate over the range 0.025–0.2 V  s−1 (Fig. 8b). This 
behaviour is characteristic of electrode processes in which 
a solid electroactive phase is deposited onto the surface of 
the electrode and indicates the rapid transport of counter ions 
from the solution into the polymer phase [69, 70].

As mentioned above, the solution’s pH was the crucial 
factor determining the formation of the  Fe3O4/PPy nano-
composite as it determines the pyrrole polymerization pro-
cess and thus the formation of this nanocomposite, thereby 
enabling both the reduction of magnetite nanoparticles and 
the oxidation of the pyrrole. In order to elucidate the role of 

pH, cyclic voltammograms for  Fe3O4/PPy nanocomposites 
formed in aqueous solutions of different pH values were 
recorded (Fig. 9). While the amount of magnetite in the 
nanocomposite formation solution was unaffected by pH, 
lower pH generally resulted in higher voltammetric currents, 
creating offsets between the different curves. This effect is 
related to the lower efficiency of the polymerization process 
as pH increases. Through TEM images we could confirm 
hypothesis regarding the effect of pH on the efficiency of 
the polymerization process and the voltammetric response 
of composites (Fig. 9).

Both the polymerization time and component concentra-
tion also significantly affected the electrochemical proper-
ties and the morphology of the obtained nanocomposite. 
More specifically, an increase in polymerization time and 
pyrrole concentration led to the formation of thicker polymer 
layers in the nanocomposite structure and therefore higher 
currents corresponding to the redox process of the polymer 
film. In contrast, a decrease in magnetite concentration dur-
ing the synthesis resulted in a better separation of the nano-
particles. Nevertheless, better separation of nanoparticles 
still did not lead to the formation of a Core-shell system, 
however (Fig. 10).

Voltammetric behaviour of composites formed in solu-
tion containing different amount of magnetite nanoparti-
cles is shown in Fig. 11. Voltammograms were recorded 
for the same mass of composite deposited at the elec-
trode surface. Current density of the PPy oxidation peak 

Fig. 9  Cyclic voltammograms 
of  Fe3O4/PPy nanocomposite 
synthesized in 10 ml of solution 
containing 10 mg  Fe3O4 and 
70 μl Py at pH: a 2, b 3 and c 5, 
recorded at the gold electrode 
in aqueous solution containing 
0.1 M NaCl as supporting elec-
trolyte. Composites have been 
deposited at the electrode sur-
face by a drop-coating method. 
Insets show the TEM images of 
the  Fe3O4/PPy nanocomposite
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correlates with the amount of magnetite in the solution 
used for the composite synthesis. An increase in the mass 
of magnetite leads to an increase in the amount of the 
polymer phase formed in the composite Such behaviour 

also indicates that  Fe3O4 particles act as an oxidant in the 
pyrrole polymerization. Increase of the amount of poly-
meric phase in the composite also results in the polypyr-
role electro-oxidation potential towards more positive 

Fig. 10  TEM images of  Fe3O4/PPy nanocomposite synthesized for 4 h at room temperature in 10 ml of solution containing 70 μl of Py and a 
10 mg, b 5 mg and c 2 mg of  Fe3O4

Fig. 11  Cyclic voltammograms of  Fe3O4/PPy nanocomposite synthe-
sized in 10 ml of solution containing 70 μl Py and (a) 2 mg  Fe3O4, 
(b) 5 mg  Fe3O4, (c) 10 mg  Fe3O4 and (d) 20 mg  Fe3O4 recorded at 
the gold electrode in aqueous solution containing 0.1 M NaCl as sup-

porting electrolyte. Sweep rate was 0.1 V  s−1. Composites have been 
deposited at the electrode surface by a drop-coating method. Inset 
shows dependence of the anodic peak current and potential on the 
amount of  Fe3O4 in the composite
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potentials (inset in Fig. 11). This effect is probably related 
to the uncompensated ohmic resistance.

Composites deposited at the electrode surface by a 
drop-coating method exhibit relatively stable mechani-
cal properties. The modified electrode can be transfer 
from one solution to another without loss of deposit 
from the electrode surface. The electrochemical stability 
upon cyclic charging/discharging of  Fe3O4-aggregates@
PPy nanocomposite was investigated under multicyclic 
voltammetric conditions. In Fig. 12, an exemplary multi-
cyclic voltammograms recorded for the electrode coated 
with  Fe3O4-aggregates@PPy in solution containing 
0.1 M NaCl is shown. The composite shows relatively 
stable electrochemical properties. After decrease of PPy-
involved currents in the first three voltammetric cycles, 
the composite achieve stable electrochemical properties. 
Starting from the fourth cycle, the voltammetric cycles 
remain virtually unchanged.

Conclusions

Magnetic  Fe3O4 nanoparticles with polypyrrole nanocom-
posite was prepared using a new chemical polymerization 
technique during which  Fe3O4 was used as oxidant for the 
polymerization process. Nanocomposite in the form of 
a layer PPy deposited on the surface of the agglomerated 
 Fe3O4 nanoparticles. Adding a surfactant to the synthesis 
resulted in the  Fe3O4-aggregates@PPy Core-shell nanocom-
posite structures formation. The amount of polymeric mate-
rial deposited on the magnetite surface depends on the pH of 

the solution, the polymerization time and the concentration 
of the polymerization monomer. Despite their rather dif-
ferent morphologies, these materials possess many similar 
properties. The IR, XRD and XPS analyses suggested an 
interaction between the polypyrrole film and the magnetic 
 Fe3O4 nanoparticles. Furthermore, results of TGA measure-
ments showed that the thermal stability of the polymeric 
material in the nanocomposite was enhanced compared to 
pure polypyrrole. The main focus of our study was to exam-
ine the electrochemical properties of  Fe3O4-aggregates@
PPy composites, which showed a highly stable and reversible 
electrochemical behaviour. The highly developed surface, 
on the other hand, ensures high current density associated 
with the electrochemical processes involving polypyrrole. 
Polypyrrole incorporated into composite with magnetite 
nanoparticles exhibits enhanced electrochemical properties 
in comparison to pure polypyrrole film deposited at the elec-
trode surface. In case of composite, both polymer material 
oxidation current and rate of charge transfer are much larger 
than that of the pure polymer. Despite the relatively signifi-
cant contribution of non-conductive magnetite nanoparticles 
in the composite, the material exhibits good electronic con-
ductivity in the potentials range of polypyrrole oxidation.

Polypyrrole and polypyrrole-based materials are fre-
quently used as a component of charge storage devices 
[71–74]. High polypyrrole-involved oxidation current, 
fast charge transfer rate and good conductivity make 
 Fe3O4-aggregates@PPy compositions particularly useful for 
electrical charge storage. In this case, however, it is neces-
sary to improve the electrochemical durability of the com-
posite under cyclic charging and discharging.

Fig. 12  Multicyclic voltammo-
gram of  Fe3O4-aggregates@PPy 
nanocomposite formed in 10 ml 
of solution containing 10 mg 
 Fe3O4, 70 μl Py and 2 mg SDS 
recorded at a potential sweep of 
0.1 V  s−1. Composite has been 
deposited at the electrode sur-
face by a drop-coating method
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