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Abstract Nanocomposites consisting of self-assembled
polyaniline (PANI) nanostructures and titania nanotubes
(TiO,-NT) were synthesized by the oxidative polymeriza-
tion of aniline with ammonium peroxydisulfate in an
aqueous dispersion of TiO,-NT (outer diameter ~ 10 nm),
without added acid. The influence of initial mole ratio of
aniline to TiO, (80, 20, and 5) on the morphology, electrical
conductivity, molecular structure, crystallinity, and magnetic
properties of synthesized PANI/TiO, nanocomposites was
studied. Transmission electron microscopy, Raman spec-
troscopy, and X-ray powder diffraction proved that the
shape and structure of TiO,-NT in the final nanocomposites
were preserved. The shape of PANI nanostructures formed
in the nanocomposites was influenced by the initial aniline/
TiO,-NT mole ratio. Nanotubes and nanorods are predom-
inant PANI nanostructures in the nanocomposite prepared
with the highest aniline/TiO, mol ratio of 80. The decrease
of aniline/TiO, molar ratio induced more pronounced
formation of nanorod network. The electrical conductivity
of PANI/TiO, nanocomposites was in the range
(13-2.4) x 107> Scm™'. The nanocomposites exhibit
weak ferromagnetic behavior. Approximately order of
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magnitude lower values of coercive field and remanent
magnetization were obtained for nanocomposite samples in
comparison to pure PANI.

Introduction

Among conducting polymers, PANI is one of the most
extensively studied due to its high conductivity, good
environmental stability, simple preparation, low cost, wide
applicability in sensors, electronic components, electro-
chromic devices, electrochemical capacitors, antistatic
coatings, etc. [1]. Its electromagnetic and optical properties
depend mostly on its oxidation state and protonation
degree. In addition, unlike other conducting polymers
PANI exhibits simple and reversible acid/base (doping/
dedoping) chemistry. This fact opens-up possibility for
better control over electrical and optical properties [2].

The properties of nanocomposites based on PANI and
various metal and metal oxides nanoparticles can be simply
modified by adjusting their ratio. For example, by incor-
poration of small amount of TiO, nanoparticles in PANI,
its electrical, optical, magnetic, and sensing properties can
be tuned. On the other hand, if TiO, nanoparticles are
coated with a small amount of PANI, enhanced photocat-
alytic activity of TiO, in visible region is observed due to
sensitizing capability of PANI [3]. The improvement of
processability and conductivity of PANI in the nanocom-
posites based on PANI and TiO, nanoparticles was
observed [4]. Also, specific morphologies, such as micro-
spheres [5], nanotubes, and nanoribbons [6] were reported
for these materials. These novel PANI/TiO, materials with
improved properties find applications in various electronic
devices, sensors, photocatalysis, and corrosion resistant
coatings [4, 7-15].
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In order to synthesize PANI/TiO, nanocomposites sev-
eral methods have been used [9, 11, 15-21]. The most
frequently employed technique is chemical oxidative
polymerization of aniline in the presence of titanium
dioxide nanoparticles [4, 6].

Properties of PANI/TiO, nanocomposites can be
strongly influenced also by adding different dopant acids,
surfactants, or by charging surface of TiO, nanoparticles
during the polymerization process [19, 22-24].

Studying magnetic properties of PANI could provide
significant information about charge-carrying species and
unpaired spins in polymer chain. The method of polymer
synthesis (e.g., doping level, dopant type) and measuring
conditions (temperature, applied magnetic field) have a
strong influence on magnetic susceptibility [25-27].
Although a numerous studies on magnetic properties of
PANI are published just a few of them reported on ferro-
magnetic behavior. Ferromagnetism at room temperature for
electrochemically synthesized PANI doped with large size
functionalized dopant, 2,6-quinone disulfonic acid, was
reported by Trivedi et al. [28]. Yoshizawa’s group noticed
ferromagnetic interaction between the spins at low temper-
ature in PANI with meta coupled aniline units [29] and its
n-dodecyl-substituted derivative [30]. Zaidi et al. [31]
detected ferrimagnetic ordering at Curie temperature above
350 K in PANI-tetracyanoquinodimethane. Weak ferro-
magnetic response at temperatures below 50 K in nano-
composites based on PANI/para-toluene sulfonic acid
(20 wt% TiO,) was observed by Nagaraja et al. [32]. The
meta/para coupling of repeated units in polymer can also
yield to ferromagnetic spin alignment upon doping [33]. We
have shown in our previous work that the room temperature
ferromagnetic response with coercive field of H, ~ 300 Oe
and remanent magnetization of M, ~ 4.35 x 10™* emu g™’
was detected in all investigated PANI/TiO, nanocomposites
synthesized by the oxidative polymerization of aniline in
water, without added acid, in the presence of colloidal TiO,
nanoparticles (content of TiO, nanoparticles was in the range
0.6-6.1 wt%) [34].

Besides the studying influence of TiO, crystal form on
properties of PANI matrix within nanocomposite, the
influence of shape of TiO, nanoparticles was also studied
[35-38]. Cheng et al. showed that suspension of PANI/
TiO, nanotubes composite possess a higher electrorhe-
ological activity than the suspension of PANI/TiO, com-
posite prepared using sphere-like TiO, nanoparticles.
Recently, Su et al. [36] showed that the addition of PANI
layer on the top of electrochemically synthesized TiO,-NT
enhances the thermoelectric power and photosensitive
properties. Electrochemically prepared PANI/TiO,-NT
nanocomposites also showed significant improvement in
photoelectrocatalytic degradation of Rhodamine B in
comparison with pure TiO,-NTs [37].

In this work, conducting nanocomposites constituted of
self-assembled PANI nanostructures and TiO,-NTs have
been prepared for the first time by the chemical oxidative
polymerization of aniline in an aqueous dispersion of TiO,-
NTs, without added acid. The influence of TiO,-NT con-
tent on the electrical, structural, morphological, and mag-
netic properties of PANI/TiO,-NT nanocomposites was
studied. Synthesized PANI/TiO,-NT nanocomposites were
studied by scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), FTIR, and Raman
spectroscopies, inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES), XRD, and electrical con-
ductivity measurements. In order to investigate the
influence of TiO,-NT on magnetic properties of PANI,
magnetic susceptibility measurements were performed as a
function of both, temperature (from room temperature
down to 5 K) and magnetic field (—60 to 60 kOe).

Experimental
Materials

Aniline (p.a., >99.5 %, Centrohem, Serbia), was distilled
under reduced pressure and stored at room temperature,
under argon, prior to use. Ammonium peroxydisulfate
(analytical grade, Centrohem, Serbia, APS) and TiO,
(analytical grade, Fluka) were used as received.

Synthesis of TiO,-NTs

Scrolled TiO,-NTs were synthesized by a hydrothermal
process (150 °C, 20 h) using as a precursor TiO, powder
(Fluka) in alkaline (10 M NaOH) aqueous solution
(250 mg/10 ml) [39]. After the synthesis TiO,-NTs were
washed until the pH of the suspension has reached seven
and dried at 70 °C for 6 h.

Synthesis of PANI/TiO,-NT nanocomposite

The aqueous solution of APS (0.4 M, 25 ml) was poured
into the aqueous solution of aniline (0.32 M, 25 ml).
Thereupon dispersions (50 ml) of various concentrations of
TiO,-NT in water were added into the aniline/APS solu-
tions. In order to get stable dispersion of TiO,-NT, ultra-
sonic bath (40 kHz) was used for 30 min. The mole ratios
of aniline to TiO,-NT were 80, 20, and 5, and these
nanocomposites are designated as PT-NT-80, PT-NT-20,
and PT-NT-5, respectively. The reaction mixture was
stirred for 3 h at room temperature. The precipitated PANI/
TiO,-NT nanocomposite was collected on a filter, rinsed
with ethanol acidified with sulfuric acid (5 x 1073 M), and
dried in vacuum at 60 °C for 3 h. As a reference sample,
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pure PANI was prepared using the same procedure without
TiO, (50 ml of distilled water was added into aniline/APS
solution instead of the TiO,-NT dispersion). The pH values
of the starting reacting mixtures were in the range 6.0-6.5,
while the final pH value was 1.3-1.5.

Characterization

A SEM JEOL JSM 6460 LV and a TEM Tecnai G2 Spirit
(FEI Brno, Czech Republic) were used to characterize the
morphology of the PANI and PANI/TiO,-NT samples.
Powdered materials were deposited on adhesive tape fixed
to specimen tabs and then ion sputter coated with gold
using a BAL-TEC SCD 005 Sputter Coater prior to SEM
measurements.

A TEM Hitachi H-7000 FA TEM with a W filament at a
high tension of up to 125 kV was used to determine the
sizes of the used TiO,-NTs. The sample was prepared by
drop-wise placing volume of 6 pl of TiO,-NT aqueous
dispersion onto a holey carbon film supported on a copper
grid after 30 min of ultrasound treatment. The specimen
was air-dried overnight.

The content of titanium in the PANI/TiO, nanocom-
posite was determined by ICP Emission Spectrometer:
ICAP 6000 series (Thermo Electron Corporation), using
the emission line Ti II 336.121 nm. Prior to ICP mea-
surements, the powdered samples of PANI/TiO,-NT
(5 mg) were dispersed in 10 ml of concentrated H,SO,4 and
hydrothermally treated for 90 min at 250 °C in a Teflon
vessel (Acid digestion bomb-Model 4746-Parr instrument).

The conductivity of PANI/TiO,-NT powders com-
pressed between stainless steel pistons was measured at
room temperature by means of an ac bridge (Wayne Kerr
Universal Bridge B 224), at fixed frequency of 1.0 kHz.
During the measurement, pressure was maintained at
~ 80 MPa.

FTIR spectra of the synthesized samples were recorded
using Nicolet 380 FTIR spectrophotometer (Thermo
Electron Corporation) in attenuated total reflection (ATR)
mode. For each spectrum, 64 scans were performed, with a
resolution of 2 cm™!, in the range of 400—4000 cm™ L

Raman spectra excited with a HeNe 633 nm gas laser
were collected on a Thermo Scientific DXR Raman
microscope, equipped with a research optical microscope
and a CCD detector. The laser beam was focused on the
sample placed on an X-Y motorized sample stage using
objective magnification 50x. The scattered light was ana-
lyzed by the spectrograph with a grating 1200 lines mm ™"
Laser power was kept at 0.5 or 5.0 mW on the PANI/TiO,-
NT samples and at 5.0 mW on the pure TiO,-NT sample.

The XRD patterns were obtained using a Philips PW
1050 powder diffractometer with Ni filtered Cu Ko radia-
tion (4 = 1.5418 10%). The diffraction intensity was
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measured by the scanning technique in the 20 range from
10 to 70° by a step size of 0.05° and a counting time of 50 s
per step.

The field and temperature-dependent magnetizations of
the powdered samples were measured with a supercon-
ducting quantum interference device magnetometer
(Quantum Design).

Results and discussion
Course of polymerization

By monitoring the change of reaction temperature within
the time frame of 3 h, it was possible to follow the oxi-
dative polymerization reaction of aniline in water with
APS, in the presence of TiO,-NT. During this reaction, two
well-developed exothermic phases separated by athermal
period can be noticed, common for polymerization in water
without added acid [37, 38], Fig. la. As can be seen in
Fig. la, the presence of TiO,-NT did not disturb the
polymerization route of aniline, in general. In the course of
polymerization of aniline molecules, sulfuric acid is pro-
duced. Consequently, the pH of the reaction mixture
decreases and was recorded to estimate the progress of
reaction (Fig. 1b).

The first exothermic phase corresponds to rapid oxida-
tive oligomerization, while the second exothermic phase
corresponds to the formation of polymer [6, 38]. At the
beginning of the oxidation process, nonprotonated aniline
molecules are in significant excess in comparison to ani-
linium cations. During the first exothermic polymerization
phase the oxidized nonprotonated, linear and branched
oligoanilines are formed [39—42]. The presence of TiO,-
NT in the reaction system did not induce neither acceler-
ation nor slowing down of the first polymerization phase
(Fig. 1).

Because the anilinium cation is much weaker reductant
than nonprotonated aniline molecule [39-41], and the
nonprotonated pernigraniline-like oligoanilines are much
weaker oxidants than peroxydisulfate, the oxidative poly-
merization of remaining aniline/anilinium cations shows
considerable slowdown until it is almost stopped at pH
around 3.5. At this point, low-reactive anilinium cations
became significantly prevalent over reactive nonprotonated
aniline molecules. The reaction mechanism during the
athermal polymerization phase is based on the very slow
redox processes that include oxidation of nonprotonated
aniline and anilinium cations with remaining peroxydisul-
fate and precipitated nonprotonated pernigraniline-like ol-
igoanilines leading to the growth of nonprotonated
pernigraniline-like oligoanilines [43]. During this phase, a
slow decrease of pH value was detected (Fig. 1b). The
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Fig. 1 a Temperature and b pH changes during the polymerization of
aniline (0.08 M) with APS (0.1 M) in water: without added TiO,-NT,
and in the presence of different amounts of TiO,-NT (synthesis of PT-
NT-80, PT-NT-20, and PT-NT-5 nanocomposites)

presence of TiO,-NT caused shortening of athermal phase
(starting at pH < 3.5) compared to the corresponding phase
in the synthesis of pure PANI (Fig. l1a), by accelerating
mentioned redox reactions. Consequently, in the case of all
nanocomposites, polymerization is completed faster than in
the corresponding aniline oxidation without TiO,-NTs. The
shortest athermal period and the shortest overall reaction
time was observed for the nanocomposite sample PT-NT-5
with the highest amount of TiO,-NT. Similar results were
obtained in our previous work on the nanocomposites
consisted of PANI and colloidal TiO, nanoparticles [6].
The possible reason for such behavior could be a signifi-
cant increase of the surface area of precipitated oligoani-
lines in the presence of nanotubular TiO,. This is reflected
in the increase of rate constants of reactions of dissolved
and adsorbed aniline with pernigraniline-like oligoaniline.
The specific surface area of precipitated oligoanilines
contributes to the rate constants [44].

During the second exothermic phase of synthesis that
begins after the athermal phase, at pH < 2.5, the proton-
ation of completely oxidized pernigraniline-like oligomers
takes place [6]. It causes the significant increase of their
oxidant power and solubility [39, 40] leading to the
autoacceleration of aniline polymerization. Beside the
protonation by formed sulfuric acid, the protonation of
completely oxidized pernigraniline-like oligomers by
OH," groups present on the TiO,-NTs surfaces in acidic
conditions is also possible. Finally, the protonated, fully
oxidized oligoanilines and residual peroxydisulfate will
react with remaining nonprotonated aniline molecules,
anilinium cations, and with reduced segments of partly
oxidized oligoanilines also via the exothermic redox
equilibrating process [6]. This reaction route leads toward
the formation of PANI chains in the form of emeraldine
salt (PANI sulfate/hydrogen sulfate).

Content of TiO,-NT in PANI/TiO,-NTs nanocomposites

The contents of titanium in the nanocomposites PT-NT-80,
PT-NT-20, and PT-NT-5, determined by ICP-OES tech-
nique, were 0.6, 1.6, and 11.2 wt%, respectively. Based on
these data, the contents of TiO, in the nanocomposites PT-
NT-80, PT-NT-20, and PT-NT-5 were determined to be 1.0,
2.8, and 18.7 wt%, respectively. These results correspond
reasonably well to the calculated content of TiO, in the
nanocomposites from initial concentrations of components.

Morphology

TiO,-NTs and PANI

Typical morphology of the TiO,-NTs used for the synthesis
of PANI/TiO,-NT nanocomposites is shown in Fig. 2. An
morphology of the

open-ended multiwall scrolled

Fig. 2 TEM images of scrolled TiO,-NTs
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nanotubes was observed. The quite uniform size distribu-
tion of nanotube’s outer and inner diameters (average size
of about 10 and 7 nm, respectively) can be noticed, while
length’s distribution (up to few 100 nm) is much broader.
The reference sample, pure PANI sulfate/hydrogensulfate,
(prepared on the same manner, but without TiO,-NTs)
mainly consists of nanotubes (an average outer and inner
diameter of 20-80 and 5-15 nm, respectively, and a length
in the range from 0.3 to 3.0 um)/nanorods, and nanorib-
bons (a thickness in the range of 50-140 nm), which are
accompanied with the sheet-like objects with thickness of
about 130-140 nm (Fig. 3a—c) [6].

PANI/TiO»-NT nanocomposites

The changes in the morphology of the synthesized nano-
composites with the increase of the content of inorganic
phase are studied by SEM and TEM (Figs. 3, 4). The
morphology of the sample PT-NT-80, with the smallest
content of TiO,-NTs, is significantly different compared to
the pure PANI sample. Nanotubes and nanorods of PANI
are prevailing in the sample PT-NT-80, while nanoribbons
are not observed (Fig. 3d—f). Nanotubes have an outer
diameter of 60—-150 nm, an inner diameter of 30-60 nm
and a length up to few micrometers. An increase of the
content of inorganic phase in the nanocomposites (samples
PT-NT-20 and PT-NT-5) led to an enhanced connection of
nanorods/nanotubes and formation of network (Figs. 3g-1,
4c, d). A detail with branching of PANI nanorods in
PT-NT-5 nanocomposite is shown in Fig. 4d. The amount
of PANI nanotubes, relative to PANI nanorods/nanofibers,
is lowest in the sample with the highest content of inor-
ganic phase (PT-NT-5). It means that the presence of TiO,-
NTs influenced the mechanism of aniline polymerization
and consequently the probability of PANI nanotubes for-
mation. It has been proposed that the formation of core
(non-conducting oligoaniline)—shell (conducting PANI
sulfate/hydrogen sulfate) structured nanorods is pre-
requisite step for PANI nanotubes formation [45]. The
formation of PANI nanotubes is proposed to be a conse-
quence of the dissolution of the cores of nanorods which is
induced by the protonation of fully oxidized nonprotonated
pernigraniline-like oligoanilines at pH < 2 [45]. The low-
est content of PANI nanotubes can also be correlated with
the shortest athermal period between two exothermic
phases in T versus ¢ curve for PT-NT-5 sample (Fig. 1a).
The organization (self-assembling) of aniline oligomers,
important for further formation of PANI nanostructures, is
influenced by the presence of large amount of TiO,-NTs,
i.e., most probably by the interaction between aniline
oligomers and TiO,-NTs. The nanosheet/block-like objects
were also observed in notable amount in the samples
PT-NT-20 and PT-NT-5 (Figs. 3g, j, 4e).
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It should be stressed that the original nanotubular mor-
phology of TiO, is preserved upon the syntheses of nano-
composites, as shown in TEM images of PT-NT-20
(Figs. 3i, 4a, b) and PT-NT-5 (Fig. 4f) samples. The outer
and inner diameters of TiO,-NTs in the nanocomposites are
close to those measured for pure starting TiO,-NTs. The
region with large amount of TiO,-NTs in PT-NT-5 nano-
composite is shown in Fig. 4f.

Structural properties
FTIR spectroscopy

The presence of emeraldine salt form of PANI in all PANI/
TiO,-NT nanocomposite samples was proved by the FTIR
spectroscopic analysis (Fig. 5). Bands that correspond to
PANI emeraldine salt form were observed at 1569 cm™'
[quinonoid (Q) ring stretching vibration], 1497 cm ™!
[benzene (B) ring stretching vibration], 1305 cm ™! (the C-N
stretching vibration of secondary aromatic amine),
1246 cm™' (the C-N"" stretching vibration in polaron form
of PANI emeraldine salt), 1146 cm™' (the stretching
vibration of -NH"= in the B-NH=Q segment in bipolaron
form of PANI emeraldine salt) and 826 cm™! (the aromatic
C-H out-of-plane deformation vibration of 1,4-disubstituted
benzene ring, Y(C—H), in linear N—C4 coupled PANI chains)
[38, 45-48]. The weak band at 880 cm™! can be assigned to
v(C-H) vibration of 1,2,4-trisubstituted benzene ring, and
indicates branching of PANI chains. The weak band at
1450 cm™" can be assigned to the C=C stretching vibration
of aromatic ring (most probably the monosubstituted and/or
1,2 A-trisubstituted rings) [48, 49].

Weak bands at 1635 and 1400 cm™' which can be
attributed to the substituted phenazine-like units were
observed in the FTIR spectra of pure PANI and all nano-
composites [37, 46]. Although, in general, the bands in FTIR
spectra of PANI/TiO,-NT nanocomposites match the bands
of pure PANI (Fig. 5), there is one exception. New band
assigned to the phenazine-like segments appears at
1415 cm™" in FTIR spectra of all nanocomposites. This
feature is an indication that the presence of TiO,-NTs during
polymerization process affected intramolecular cyclization
of branched nonprotonated oligoanilines which led to the
formation of substituted phenazine-like units. The bands at
1042 and 590 cm™" in the spectra of nanocomposites cor-
respond to HSO, ™ counter-ion, while the band at 618 cm™!
can be attributed to HSO,~ and/or SO427 counter-ions [48].
In the spectra of all investigated nanocomposites and pure
PANI, two maxima within one broad band, at 1146 and
1120 cm ™" were observed. The maximum at 1120 cm™' can
be assigned to SO42_ counter-ion vibration [48]. The
asymmetric stretching vibration of SOz group in HSO, ™

anions also contributes to the band at 1146 cm™ .
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Fig. 3 SEM (a, b, d, e, g, h, j, k) and TEM (¢, f, i, 1) images of pure
PANI (a, b, ¢), and PANI/TiO,-NT nanocomposites PT-NT-80 (d, e,
f), PT-NT-20 (g, h, i) and PT-NT-5 (j, k, 1). PANI nanotubes and
nanorods are designated with a/ and a2, respectively (TEM images c,

Raman spectroscopy
The Raman spectra of all nanocomposites, recorded with

low laser power (0.5 mW) to avoid the degradation of
PANI, are almost identical and exhibit only the

2 PT-NT-80
. !

f, i, and 1); nanoribbons in pure PANI are marked with b in image a;
sheet-like structures are marked with ¢ in images a, g, and j. A single
TiO; nanotube is marked with an ellipse in image i

characteristic bands of PANI (Fig. 6). The characteristic
bands of TiO,-NT were not observed due to low content of
inorganic phase compared to PANI and probably due to
insufficient laser power (Fig. 6). The bands that belong to
PANI emeraldine salt structural units [42] are observed at
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Fig. 4 TEM images with morphological details of PT-NT-20 (a,
b) and PT-NT-5 (¢—f) nanocomposites: TiO,-NTs are marked with
T in images a, b and f; PANI nanorods are marked with a2 in images

about 1596 cm ™' (the C=C and C ~ C stretching vibrations
of the quinonoid and semi-quinonoid (SQ) rings, respec-
tively, where ‘~’ denotes the bond intermediate between
the single and double bond), 1342 em™ ! (the C~N*
stretching vibration of delocalized polaronic structure),
1260 cm™' (the C-N stretching in benzene units) and
1170 cm™" (the C-H bending in-plane vibration of SQ
rings).

The bands observed at 1566, 1402, 1360, and 578 cm ™!
are associated with the substituted phenazine structural
units in PANI [42]. The phenazine-like units have been
previously found to be important for the self-assembly of
PANI nanotubes and nanorods [40—42, 45]. The peak

@ Springer

c and d (image d shows an enlarged part of image c with branching
site in a nanorod network); PANI nanosheets are marked with ¢ in
image e

observed at 1640-1645 cm™' corresponds to the C~C
stretching vibrations of benzene units, with possible con-
tribution of substituted phenazine units. When higher laser
power (5.0 mW) was applied to the nanocomposite sample
PT-NT-80, the part of spectrum that correspond to PANI
has changed due to the partial degradation/crosslinking of
PANI caused by laser irradiation, while, on the other side,
several characteristic bands of TiO,-NT become visible at
274, 435, 665 ,and 914 cm ™. These bands are positioned
close to wavenumbers that correspond to the Raman
spectrum of pure TiO,-NT (275, 445, 664, and 913 cm_l),
proving that the structure of TiO,-NT was preserved upon
aniline polymerization (Fig. 6). The Raman spectrum of
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Fig. 6 Raman spectra of PANI/TiO,-NT nanocomposites PT-NT-80,
PT-NT-20 and PT-NT-5 recorded with excitation wavelength 633 nm
and laser power of 0.5 or 5.0 mW. The spectrum of pure TiO,-NT is
also shown for comparison

synthesized TiO,-NTs is in agreement with the published
data concerning Raman spectra of TiO,-NTs synthesized
by the same or similar hydrothermal/soft chemical methods
[50, 51].

XRD

Crystallinity of PANI depends on the conditions of prep-
aration/processing and its protonation level [52, 53].
Doping of PANI by various acids causes the arrangement
of polymer chains in highly ordered structures, due to the
dopant-polymer interactions. Conducting PANI emeraldine
salt form is semi-crystalline, containing crystalline and
amorphous domains, while the PANI emeraldine base is
predominantly amorphous [53]. Furthermore, incorporation
of nanofillers into polymer matrix also has an influence on
crystallinity of polymer chains.

The XRD patterns of pure PANI sulfate/hydrogen sul-
fate, TiO,-NT and PANI/TiO,-NT nanocomposite samples
are shown in Fig. 7. The TiO,-NTs are characterized by
quasianatase, axially symmetric, and distorted octahedral
coordination with a large fraction of five-coordinated sites
on the surface [54]. In the XRD spectrum of the TiO,-NTs,
diffraction peaks characteristic for the anatase structure
with modified cell parameters were observed at 9.5, 24.1,
28.3, and 48.2°. A common feature of the crystal forms of
the anatase TiO, and titanate, which are usually assigned to
the nanotubes, is that consist of the octahedra which shares
four edges and zigzag chains joined together forming
layers [55].

All the nanocomposite samples and pure PANI exhibit
well-developed crystalline peaks superimposed on a broad
scattering background that is characteristic of crystalline
regions within an amorphous medium.

Diffraction patterns of nanocomposites contain the
peaks at 9.5 and 48.2° characteristic for TiO,-NT. Intensity
of these peaks in nanocomposite samples, as expected,
increases with the increase of TiO,-NT content. The peak
which appears at 24.1° in the XRD pattern of pure TiO,-
NT was detected only in the case of PT-NT-5 nanocom-
posite sample with the largest content of TiO,-NT. In the
case of nanocomposite with the smallest amount of TiO,-
NT (PT-NT-80) the peaks corresponding to nanoribbons
and nanosheets of PANI are observed at 17.7, 19.0, and
25.9° along with the peaks at 23.0 and 28.0° assigned to the
periodicity caused by m—m stacking of phenazine-like
structures [34, 56, 57]. Relative intensity of the peak at
~17.7° is lower in the diffractograms of all nanocom-
posites compared to that in the diffractogram of pure PANI
sample. The increase of the content of inorganic phase in
the nanocomposite did not cause substantial changes in the
diffractogram of PT-NT-20. However, the XRD pattern of
the nanocomposite sample with the highest amount of
TiO,-NT (PT-NT-5) differs from the patterns of other
samples. First, it shows the lowest intensity of the peaks at
23.0 and 28.0°. This feature indicates smaller contribution
of phenazine-type structures and it can be correlated with
the low content of tubular PANI forms, which is in
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Fig. 7 XRD patterns of powdered samples of pure PANI, TiO,-NTs,
PT-NT-80, PT-NT-20, and PT-NT-5 nanocomposites

agreement with TEM data. Further, the intensities of the
peaks at 17.7 and 19°, related to the nanoribbons, nano-
sheets and the layered oligomeric tetramers [56], are sig-
nificantly decreased in XRD pattern of PT-NT-5. On the
other hand, the broad peaks at 20.0 and 25.0°, characteristic
of ordinary PANI and attributed to the periodicity parallel
and perpendicular to the polymer chain of PANI, respec-
tively, preserved their intensity in all samples [34, 58].
However, while the peak at 20.0° is more intensive then the
peak at 25.0° in the case of nanocomposites with smaller
content of inorganic phase (PT-NT-80 and PT-NT-20),
these two peaks have almost the same intensities in the PT-
NT-5 sample. The decrease of intensity of the peak at 20.0°
relative to the peak at ~25° in the XRD pattern of the
sample PT-NT-5 implies that TiO,-NTs, present in the
highest amount, induced much less pronounced periodicity
in direction parallel to the polymer chain. On the other
hand, these results suggest that the extent of ordering
perpendicular to the polymer chain does not depend sig-
nificantly on the amount of TiO,-NTs in the
nanocomposites.

According to Bhadra et al., the PANI peaks at 18.4,
19.0, 20.5, 25.1, and 25.9° observed in XRD spectra of
nanocomposites in Fig. 7 can be attributed to d_;;, dxgo,
do_41/do11, doso, and d;_40 planes in triclinic crystal struc-
ture with P1 space group symmetry [59].

Conductivity

Polyaniline/TiO,-NT nanocomposite samples show elec-
trical conductivity on a semiconducting level, which is
slightly dependent on the content on inorganic phase. The
conductivity (¢ = 1.3 x 107> S cm™") of the sample with
the largest amount of TiO,-NT (PT-NT-5) was slightly
higher than the conductivity of pure PANI sample

@ Springer

(6 =9.0 x 107*s cm_l). The decrease of the content of
inorganic phase in nanocomposites induced increase of
conductivity (2.4 x 107> and 1.9 x 107> S cm™' for PT-
NT-20 and PT-NT-80, respectively).

Magnetic properties

The diamagnetic contribution to the total magnetization
determined from the field dependence of magnetization at
room temperature is observed in all samples (not shown).
The same order of magnitude was obtained for the net
mass magnetization of pure PANI and PANI/TiO,-NT
nanocomposites.

The temperature-dependent magnetic susceptibility,
after diamagnetic correction, at magnetic field of 10 kOe is
shown in Fig. 8. The nearly temperature-independent Pauli
susceptibility from room temperature down to 100 K and
Curie-like susceptibility at low temperature (below 50 K)
were observed. The total magnetic susceptibility, ¥para, Can
be described by:

Ypara = XPauli T C/T

where C is the Curie constant [25].

The dependence of Pauli-like susceptibility and Curie
constant on the amount of TiO,-NT in PT-NT nanocom-
posites is shown in Fig. 9. The Pauli-like susceptibility is
usually attributed to the delocalized spins in metallic
crystalline region of polymer, while the Curie-like contri-
bution is associated with trapped spins strongly localized to
single polymer chain or defects in amorphous regions [25,
59]. The Curie constant and the Pauli-like susceptibility
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Fig. 8 Temperature dependence of paramagnetic susceptibility for
pure PANI and PANI/TiO, nanocomposites (PT-NT-80, PT-NT-20,
PT-NT-5); Inset: y versus 1/T. “Copyright 2012 Wiley; the data for
pure PANI adapted with permission from Ref. [34], Radoici¢ et al.,
Ferromagnetic PANI/TiO, nanocomposites, Polymer Composites,
John Wiley and Sons”
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Fig. 9 The dependence of Currie constant and the Pauli-like
susceptibility on the amount of TiO,-NT for different PANI/TiO,
nanocomposites and pure PANI

decreases with increasing the amount of TiO,-NTs in
nanocomposites compared to the pure PANIL.

The observed decrease of the Pauli-like susceptibility is
the consequence of decreased spin delocalization induced
by reduced average chain conjugation length and higher
torsion angles in structural features such as 1,2,4-trisub-
stituted and 1,2,4,5-tetrasubstituted rings, branched poly-
mer chains and phenazine-like segments which are
non-typical for standard PANI. Their presence in PANI/
TiO,-NT nanocomposites was confirmed by FTIR, Raman,
and XRD measurements.

The field dependence magnetization after diamagnetic
correction is shown in Fig. 10. At low temperature, the
Curie susceptibility is dominant (Fig. 10a). However, the
weak ferromagnetic behavior can be observed in all sam-
ples (Fig. 10b).

Pure PANI sample showed hysteresis loop with the
coercive field of H. ~ 300 Oe and remanent magnetiza-
tion of M, ~ 4.35 x 10~* emu g_1 (see inset to Fig. 10a).
The observed weak ferromagnetic behavior persist up to
room temperature with the saturation magnetization about
Mg ~ 2 x 1072 emu g~ ' (see Fig. 10b). The presence of
single-charged polarons with spin (S = 1/2) located at the
nitrogen [29] within PANI structures could explain the
observed ferromagnetic ordering, through the m conjuga-
tion over the phenyl rings.

In comparison to pure PANI sample, PANI/TiO,-NT
nanocomposite samples exhibit much weaker ferromag-
netic ordering. Saturation magnetization was approxi-
mately M, ~ 2.5 x 107* emu g~ with almost closed
hysteresis loop (see Fig. 10b). The presence of TiO,-NTs
in investigated concentration range in PANI-based nano-
composites reduced several times the saturation magneti-
zation value. In general, the decrease of the saturation
magnetization value could be the consequence of the
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Fig. 10 The magnetic field dependence of magnetization after
diamagnetic correction at a 5 K and b 300 K for the pure PANI
and PANI/TiO, nanocomposite samples (PT-NT-80, PT-NT-20, PT-
NT-5). “Copyright 2012 Wiley; the data for pure PANI adapted with
permission from Ref. [34], Radoici¢ et al., Ferromagnetic PANI/TiO,
nanocomposites, Polymer Composites, John Wiley and Sons”

increased spin disordering as well as the reduction of the
total number of magnetic moments. The reason for
decrease of ferromagnetism in nanocomposite samples is
conversion of single-charged polarons into double-charged
bipolarons (S = 0) induced by the presence of TiO,-NTs.
Taking into account an earlier investigation on conjugated
systems which supposed that extensive spin stabilization
can be achieved using branched oligomers to yield a two-
dimensional network with meta/para coupling [33],
observed branching and the presence of phenazine-like
units in PANI chains seems to be of crucial importance for
observed ferromagnetism in pure PANI samples [33, 34].
Even the smallest amount of titania nanotubes (PT-NT-80)
caused disordering and delocalization of single-charged
polarons. In light of the foregoing, the decreased ferro-
magnetism in the PANI/TiO,-NT nanocomposites at room
temperature is most likely induced by decreased extent of
branching in oligoanilines and decreased the content/
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absence of 2-D nanostructures (nanosheets/nanoribbons),
taking into account the results of XRD and SEM/TEM
measurements. TiO,-NTs may also affect the interchain
interactions and change the structural ordering of PANI
part in the composites, leading thus to the observed weaker
ferromagnetic behavior of PANI/TiO,-NT composites.

It should be pointed out that significant decrease of the
room temperature ferromagnetic ordering in PANI/TiO,-
NT nanocomposites compared to that of pure PANI was
not observed when the composites were prepared with the
colloidal TiO, nanoparticles [34]. The PT-NT-80 nano-
composite, containing 1.0 wt% of TiO, nanotubes, exhib-
ited much weaker ferromagnetism then the pure PANI,
while the PANI/TiO, nanocomposites which were prepared
by analogous procedure but in the presence of the similar
or higher content (0.6-6.1 wt%) of colloidal TiO, nano-
particles exhibited ferromagnetism comparable to that of
pure PANI (M, ~ 4.35 x 107* emu g_1 and coercive
field of H. ~ 300 Oe) [34]. In the light of the foregoing, it
is clear that the ferromagnetic ordering in PANI/TiO,
nanocomposites, prepared by the same procedure greatly
depends on the shape of TiO, nanoparticles.

Conclusions

In this work, novel nanocomposites consisting of PANI
nanostructures and TiO,-NTs were synthesized by the oxi-
dative polymerization of aniline with APS in aqueous med-
ium in the presence of TiO,-NTs, without added acid. The
nanocomposites synthesized at aniline/TiO, mol ratios of 80,
20, and 5 contain 1.0, 2.8, and 18.7 wt% of TiO,-NTs,
respectively. The significant acceleration of the overall
polymerization of aniline was observed in the presence of the
highest concentration of TiO,-NTs. TEM, Raman, and XRD
techniques confirmed that the original shape and structure of
TiO, nanotubes are preserved in the nanocomposites. PANI
nanotubes and nanorods prevail in the sample with the lowest
content of TiO,-NTs (1.0 wt%). Branching of nanorods is
pronounced when the amount of TiO,-NTs increases, leading
to the formation of nano-network. The relative amount of
PANI nanotubes is lowest in the sample with the highest
content of TiO,-NTs (18.7 wt%). FTIR and Raman spec-
troscopies of the nanocomposites revealed the presence of
emeraldine salt form, as well as phenazine-like segments in
PANI chains. Besides the peaks of ordinary (granular) PANI,
XRD patterns of nanocomposites exhibit additional peaks that
can be attributed to different PANI nanostructures and unor-
dinary segments (e.g., phenazine-type). The decrease of the
content of inorganic phase in the nanocomposites induced
increase  of  the electrical conductivity  from
13 x 107 S cm™" for the sample with 18.7 wt% of TiO,-
NTs to slightly more than 2 x 107> S cm™" for the samples

@ Springer

with 2.8 and 1.0 wt% of TiO,-NTs. Significantly weaker
room temperature ferromagnetic ordering in PANI/TiO,-NT
nanocomposite samples compared to pure PANI sulfate/
hydrogensulfate was observed. The almost closed hysteresis
loops and Mg ~ 2.5 X 10~ emu g ! are observed in all
nanocomposite samples. The synthesized PANI/TiO,-NT
composites constitute novel materials which may be consid-
ered in relation to potential applications, such as photocata-
lysts, electronic components, sensors, or corrosion resistant
coatings.
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