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a  b  s  t  r  a  c  t

Nanocomposites  obtained  from  the  polymerization  of aniline  in the  presence  of  nanoparticles  of  mag-
netite  (Fe3O4) have  been  investigated  in  previous  studies.  However,  there  is a  lack  of  information  available
on the redox  interaction  of  the  nanoparticle/conductive  polymer  couple  and  the  stability  that  such  an
oxide  can  give  to the organic  phase.  In this  work,  Fe3O4 nanoparticles  were  incorporated  into  a  PANi
eywords:
olyaniline
agnetite
anocomposites
edox interactions

matrix  by  the in-situ  oxidative  polymerization  method.  A  combination  of  X-ray  diffraction,  Mössbauer
spectroscopy,  transmission  electronic  microscopy,  UV–visible  spectroscopy  as  well as  the  cyclic  voltam-
metric and  Raman  spectroscopy  techniques,  was used  to  understand  the  redox  effect  that  the  partially
oxidized  nanoparticles  produced  on  the  polymer.  It  was  found  that magnetite  greatly  stabilised  PANi,
mainly  by  enhancing  the  Leucoemeraldine/Emeraldine  redox  couple  and  also  by reducing  the  bipolaronic
state.
. Introduction

Polyaniline (PANi) is one of the most studied conducting poly-
ers due to its unique electronic and optical properties, excellent

nvironmental stability and good processability. It has been widely
nvestigated in the last decade as a result of the aforementioned
roperties and its excellent performance in applications such
s conductive polymers in sensors, conductive separation mem-
ranes, antistatic devices and corrosion control, among many
thers [1–8]. Its structure consists of two segments: a flat structure
f two imine groups and a quinoid ring, and tetrahedral segments
f two amine groups separating three benzenoid rings. The struc-
ure can be readily modified upon protonation. Fig. 1 shows the
ifferent forms of PANi and its transformation by either acid/base
r electrochemical reactions [9].  PANi has been modified by the
ncorporation of nanoparticles to improve its electrical properties
nd to design novel nanocomposites with functional properties.
owever, stability in air is one of the main problems of conductive
olymers and is one which has not yet been solved.

Magnetite (Fe3O4) is an iron oxide semiconductor that has an
nverse spinel structure, with a face-centered cubic unit cell based
n 32 O2− ions that contain 8 Fe3+ ions on the tetrahedral sites
A sites) and 16 Fe3+ ions on the octahedral sites (B sites); 8 of

hich are Fe2+ and the other 8 are Fe3+. Its formula can be written

s Fe3+[Fe2+ Fe3+]O4, where the brackets denote octahedral sites.
ron oxides offer a series of magnetic and electronic characteristics
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that combined with PANi produce magnetic polymer nanocompos-
ites, a new class of functional materials with immense potential
for application in cell separation, enzyme immunoassay, drug tar-
geting, electromagnetic devices and electromagnetic interference
suppression [11–13].

Papers have been published [14–21] regarding the magnetic and
conducting properties of PANi based nanocomposites containing
several metals ions and nano-oxides. Such functional nanoparti-
cles include magnetite [14,15]. However, the electrical/electronic
interaction of the polymer/nano-oxide pair, which is ultimately
responsible for the excellent performance of nanocomposites, is
not yet clear. Umare et al. [16] found that the discharge capacity
of the aqueous Zn/PANi battery was improved by the incorpora-
tion of Fe3O4 nanoparticles into the polymer backbone. This is due
to the synergic effect resulting from the combination of inorganic
material and the polymer. Similar results have been found by other
researchers [17,21]. In our previous work, the influence of Fe3O4
on several properties of polypyrrole (PPy) was  demonstrated. The
presence of Fe3O4 in the polymer matrix was shown to decrease
the oxidation process of the polymer, stabilizing its conductivity
and giving a clear indication of redox interactions between Fe3O4
and polypyrrole [22].

In the study presented here, aniline was polymerized in the
presence of Fe3O4 nanoparticles. The resulting nanocomposites
were characterized by TEM, XRD and Mössbauer spectroscopy to
confirm the formation of the Fe3O4/PANi nanocomposite. Further-

more, combined UV–visible spectroscopy and cyclic voltammetric
experiments were then carried out to study possible polymer
transformations. Raman Spectroscopy was also conducted to char-
acterize the resulting nanocomposites. From the obtained results it

dx.doi.org/10.1016/j.matchemphys.2011.11.065
http://www.sciencedirect.com/science/journal/02540584
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The small differences for the two magnetite samples are within
experimental error. Taking into account the easy transformation of
magnetite (Fe3O4) into maghemite (�-Fe2O3) in air at room tem-
perature, there is a lack of information in the literature about the

Table 1
Cell parameters for Fe3O4 and PANi/Fe3O4.
Fig. 1. Polyaniline chemical str

s possible to conclude that Fe3O4 nanoparticles have a remarkable
edox effect on the conducting polymer by stabilizing the reduced
ANi form.

. Materials and methods

.1. Synthesis of Fe3O4 nanoparticles

Magnetite nanoparticles were prepared by the hydrothermal-
xidation method in accordance with the literature [23–25],  with
ew modifications and following a typical procedure, as described
elow. A solution mixture of NaNO3 and NaOH was placed in a
000 mL  glass reactor; the mixture was stirred under nitrogen for
5 min, followed by dropwise addition of aqueous solution con-
aining FeCl2 and polyethylene glycol (PEG) as a dispersant. The
eaction was allowed to proceed for 2 h at 70 ◦C at pH 9. The result-
ng magnetic fluid was dialyzed and purified repeatedly from ionic
pecies.

.2. Synthesis of PANi/Fe3O4 nanocomposites

Nanocomposites were prepared via an in-situ polymerization
f aniline in an aqueous solution containing Fe3O4 magnetic fluid
nd PEG. The polymerization was carried out in a 500 mL  round-
ottomed flask immersed in an ultrasonic bath for 2 h at 0–5 ◦C.
mmonium persulphate was used as an oxidant agent. The prod-
cts were purified by magnetic separation, a procedure that was
epeated four times. The particles were then immersed in 0.2 M of
Cl aqueous solution for 48 h to remove non-encapsulated Fe3O4
articles. Magnetic separation phases and washing with distilled
ater were repeatedly carried out [26]. The nanocomposite was
ashed out with 0.1 M NH4OH until the filter was  colorless and

eft under stirring in 0.1 M NH4OH solution for 5 h to finally be
onverted into emeraldine base nanocomposite. The product was
ltered and washed with deionized water until the filtrate was  neu-

ral. The nanocomposites were dried under vacuum at 40–50 ◦C for

 period of 3 days and then stored in a desiccator at room tempera-
ure prior to analysis. PANi/Fe3O4 composites with approximately
% of Fe3O4 were obtained.
s at different redox states [10].

2.3. Characterization

The nanocomposites were characterized by X-Ray diffrac-
tion, Mössbauer spectroscopy, transmission electron microscopy,
UV–visible spectroscopy, cyclic voltammetry and Raman spec-
troscopy. The X-ray diffractograms were recorded on a Rigaku
D-MAX-III/B model X-ray diffractometer using copper K� radi-
ation. Mössbauer spectroscopy was employed in transmission
mode at room temperature with a source of 57Co immersed in
an Rh matrix. TEM images ware recorded with a JEOL FX 2000 II
microscope. UV–vis experiments were performed in a Varian Cary
5000 UV–vis–NIR spectrophotometer. The cyclic voltammetry (CV)
curves were obtained in 0.1 M H2SO4 aqueous solution by using
an IM6e BASS-ZANHER Potenciostat instrument. Raman spectra
were recorded on a Renishaw Raman imaging microscope (Sys-
tem 3000), connected to a CCD detector (Wright, 600 × 400 pixels),
using 632.8 nm excitation radiation (He–Ne laser-Spectra Physics,
model 127). CV and UV–vis were carried out for 0, 2, 7 and 18 days
for samples left in air at room temperature.

3. Results and discussion

Fig. 2 shows the characteristic diffraction peaks of Fe3O4
nanoparticles (18.32◦, 30.08◦, 35.44◦, 37.04◦, 43.12◦, 53.48◦, 56.94◦,
62.58◦, 71◦, 74.04◦, 78.84◦) after being analyzed using the MAUD
software [25], and taking the cell parameters from the literature
[27,28]. The calculated crystallographic parameters are shown in
Table 1.
Sample Phases fitted Cell parameters
(Å)

Crystallite size
(nm) ±1.8

Fe3O4 Magnetite 8.38 79.4
PANi/Fe3O4 Magnetite 8.37 83.4
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Table 2
Hiperfine parameters. Bhf: hyperfine field; ı: isomer shift relative to the isomer shift
of  �-iron at room temperature.

Sample Component Bhf (T) ı (mm  s−1) Area (%)

Fe3O4

Sextet 1 49.0 0.16 35.7
Sextet 2 45.9 0.55 61.4
Sextet 3 37.7 0.26 2.8
Sextet 1 48.8 0.17 63
ig. 2. X-ray diffractograms. (a) Fe3O4, (b) Fe3O4 zoom, (c) Fe3O4/PANi nanocom-
osites, (d) Fe3O4/PANi zoom. M = magnetite, P = Polyaniline.

urity of the reported nanocomposites. In this study, XRD results
onfirmed the presence of unmodified magnetite in the nanocom-
osites.

The higher crystallinity of the inorganic phase compared to the
rganic one was not seen in any of the diffraction peaks from the
ANi matrix. However, the zoom plot in Fig. 2d does show some
eaks (17.6◦, 17.8◦, 18.4◦, 18.7◦ and 19.6◦) corresponding to the

haracteristics reported in diffraction peaks for PANi [6].

Mössbauer spectra are shown in Fig. 3. The spectra were fitted
sing a two sextet model (sextet 1 and 2) for magnetite, [Fe3+]A[Fe3+

Fig. 3. Mössbauer spectrum. (a) Fe3O4, (b) PANi/Fe3O4.
PANi/Fe3O4 Sextet 2 45.7 0.49 35
Sextet 3 38.9 0.29 2

Fe2+]BO4
2−. The first sextet corresponded to the Fe3+ ions of tetra-

hedral sites (A sites) and the second sextet corresponded to Fe2.5+

ions (Fe3+ and Fe2+) from octahedral sites (B sites). Moreover, a
sextet of goethite (�-FeOOH) phase (sextet 3) was  needed in order
to obtain the best fit. As confirmed by XRD, magnetite was incor-
porated into the PANi phase. The nanocomposite spectra (Fig. 3b)
show a marked decrease in the B sites compared to the spectrum for
Fe3O4, whereas the intensity of A sites (Fe3+) increases. This behav-
ior represents a clear solid-state electronic interaction between
magnetite and polyaniline and may  be attributed to an electron
transfer process from the B sites [Fe3+ Fe2+] of Fe3O4 to PANi. The
partially oxidized Fe2+ was converted into Fe3+, later confirmed by
UV–vis and CV in solution.

Table 2 shows the hyperfine parameters calculated from Fig. 3.
The obtained parameters are in good agreement with those
reported for pure magnetite (Bhf1: 49 T, Bhf2: 46 T ı1: 0.15 mm s−1,
ı2: 0.56 mm s−1) and goethite (Bhf1: 38.2 T, ı1: 0.25 mm s−1) [29].

The percentage area reported under the curve of the lines of best
fit is related to the composition of the obtained materials. Accord-
ing to these spectra and the hiperfine parameters, it is evident that
the process for obtaining the PANi/Fe3O4 nanocomposite does not
interfere significantly with the nature of the oxide. Although rigor-
ous care was  taken in the synthesis and purification steps, there was
a small amount of �-FeOOH (<3%, sextet 3) found in the oxide phase
that could not be detected by XRD, possibly due to its nanometric
size and amorphous nature.

TEM images are shown in Fig. 4. Magnetite nanoparticles were
found to be cubical shaped with an average size in the order
of 80 nm.  From Fig. 4b and c, the PANi polymeric phase can be
observed as a clear contrast phase, rather than a darker embed-
ded phase corresponding to nanoparticles of Fe3O4. From these
images a nanocomposite structure can be deduced, mainly made
of the aggregation of inorganic nanoparticles surrounded by a PANi
matrix. Regarding other methods to obtain nanocomposites, in-situ
polymerization has demonstrated to be one of the more efficient
techniques to get good polymer–particle interaction. Major prop-
erties are improved using this technique mainly due to a higher
contact area and lower interphase resistance between the compo-
nents. This morphology favored the redox interaction, as observed
using the Mössbauer spectroscopy.

Fig. 5 shows the Raman spectra of PANi and the nanocomposite
recently prepared. The spectrum for PANi displays the character-
istic bands of the emeraldine base form. Quinone segments at
1163(�C H), 1219 (�C N), 1470 (�C N), and 1592 cm−1 (�C C) were
observed [30]. PANi/Fe3O4 showed a characteristic strong band at
667 cm−1, typical of magnetite [31], and a shift in the 1470 cm−1

band for the PANi to 1483 cm−1 for PANi//Fe3O4, likely indicating
the interaction of the nanoparticles with the imine nitrogen atoms
of the polymer.

To confirm the interaction of nanoparticles with the polymer,
UV–vis and CV experiments were then conducted by leaving the

nanocomposites under air for 2, 7 and 18 days and running the
corresponding measurements.

The optical properties for well dispersed suspensions of PANi
and PANi/Fe3O4 in DMF  are presented in Fig. 6. An absorption band
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hydroquinone as additional products from aniline polymerization
[35]. The last couple, at 0.76 V/0.65 V, can be related to oxida-
tion from Emeraldine (E) to Pernigraniline (P) [6,35]. Finally, an
Fig. 4. TEM Images. (a) Fe3O4, (b

t about 330 nm (see Fig. 6a) corresponding to the �–�* transi-
ion of the conjugated polymer can be observed. The broad band
bserved at 623 nm refers to charge-transfer exciton due to tran-
ition from the highest occupied energy level (centered on the
enzenoid rings) to the lowest occupied energy level (centered
n the quinoid rings) [32]. It can be seen that the �–�* transi-
ion is blue-shifted from ∼330 nm for pristine PANi to ∼323 nm
or the PANi/Fe3O4 nanocomposite. The absorption band observed
t 623 nm for PANi also showed a small blue shift compared to
he pristine PANi. These changes are possibly due to a decrease
n molecular weight during the polymerization of PANi in the
resence of Fe3O4, thereby causing a decrease in conjugation, or
o redox interactions between both components stabilizing the

educed PANi form. The first hypothesis seems less probable as it
s known that nanoparticles can act as nucleation agents or even
atalysts in polymerization reactions. This increases the molecular

Fig. 5. Raman spectra at day zero. Top: PANi, Bottom: PANi/Fe3O4.
) correspond to nanocomposites.

weight of some polymers by lowering the reaction rate, including
the propagation, chain transfer, and termination reactions [33].

The evolution of the redox behavior for PANi and the nanocom-
posite, determined by cyclic voltammetry, is shown in Fig. 7. Three
redox transitions can be observed for PANi in the base form (Fig. 7a).
The first transition (an oxidation at 0.25 V and a reduction at
0.08 V) corresponds to the inter-conversion from Leucoemeral-
dine (L) to Emeraldine (E) [34]. A second small redox couple at
0.56 V/0.48 V is associated with the formation of benzoquinone and
Fig. 6. UV–vis spectra. (a) PANi, (b) nanocomposites.
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ig. 7. Cyclic voltammograms in 0.1 M H2SO4 with Ag/AgCl as a reference electrode
t a scan rate of 10 mV s−1. (a) PANi, (b) PANi-Fe3O4.

xidation peak corresponding to the formation of bipolaron is
bserved at 1.21 V [34]. It can be seen that for pristine PANi, the

 → P transition increases gradually over time in comparison to
 → E.

In  general the PANi/Fe3O4 nanocomposite shows similar tran-
itions to the pristine polymer. However, the peak associated
ith the L → E transition is greatly enhanced for day zero and

s more intense than that found for PANi compared to the band
ttributed to E → P. The main difference between pristine PANi and
he nanocomposite can be recognized over time. As for PANi/Fe3O4,
n increase in E → P is reached faster (at day seven) than that
bserved for PANi (at day eighteen), which then decreases at day
ighteen stabilizing the E form. Moreover, the E → P transition is
learly shifted to a more anodic potential when the nano-magnetite
s incorporated into the polymer. This behavior favors the E phase
nd makes P phase less probable. The results are in agreement
ith those observed by Mössbauer spectroscopy, in which an

lectron from the B sites of magnetite [Fe3+]A[Fe3+ Fe2+]BO4
2−

an be transferred to the polymer chain and therefore can par-
ially stabilize the Leucoemeraldine/Emeraldine couple, unlike the
meraldine/Pernigraniline transition.

Finally, the bipolaronic state at 1.21 V is greatly decreased
or the nanocomposite, stabilizing the polymer and preventing
ts oxidation, and demonstrating the advantage of having a par-

ially oxidized inorganic nanoparticle (Fe3O4) embedded into PANi.
imilar results were found in our previous work where polypyr-
ole/magnetite films were synthesized by electrochemical methods
nd the polaronic structure of PPy (benzoid form) is stabilized

[
[
[
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[22].  Here the decreasing of bipolaronic states suggest stabiliza-
tion of polaronic forms as intermediate states to finally produced a
reduced stabilized form of PANi.

4. Conclusions

From X-ray diffraction analysis and Mössbauer spectroscopy,
the formation of a PANi/Fe3O4 nanocomposite with the incorpora-
tion of magnetite nanoparticles in the PANi matrix was confirmed.
Magnetite had a strong redox effect on the electronic properties
of the PANi, as the nanoparticles favored the Emeraldine phase.
Furthermore, the bipolaronic states of PANi could be dramatically
reduced. The nanoparticles/polymer interaction occurred due to
the imine nitrogen atoms of the polymer, as observed by RAMAN.
The incorporation of Fe3O4 nanoparticles into the conductive poly-
mer  can greatly enhance its oxidation stability.
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