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Unique negative giant magnetoresistance (GMR) of up to −43% at room temperature was observed in the 10 wt% titania/polyaniline
(TiO2/PANI) nanocomposites prepared by simple oxidation polymerization. And the negative MR value was further evaluated using
forward interference model. Other properties were tested and comparatively reported. The resistivity of TiO2/PANI nanocomposites
decreased with increasing temperature, indicating a semiconductor behavior. The Mott variable range hopping (VRH) approach
indicated that TiO2/PANI nanocomposites are disordered systems in the 3-dimensional VRH regime. The scanning electron micro-
scope (SEM), high resolution transmission electron microscopy (HRTEM), Fourier transform infrared (FT-IR) spectroscopy, X-ray
diffraction (XRD) were also used to study morphology, chemical and crystal structure of the nanocomposites. The thermogravimetric
analysis (TGA) was used to study the thermal stability of the TiO2/PANI nanocomposites.
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Intrinsic magnetoresistance (MR) reflects the resistance change
of a material as a function of an external magnetic field.1,2 The MR
effect has been found in conductive polymer nanocomposites rein-
forced with different nanoparticles, such as the ultrahigh MR sensitiv-
ity observed in tungsten trioxide/polyaniline (PANI) nanocomposites
when exposed to a low magnetic field,3 and the positive and negative
MR effect found in magnetic electrospun fibers of polyacrylonitrile-
based carbon nanocomposites.4 In the past decade, conductive poly-
mer nanocomposites have attracted intensive research interest for their
potential applications as pseudocapacitors, electrode materials, elec-
tronic devices, magnetic field sensors, electrocatalysts, microwave
absorbers, energy electrodes, and biosensors,5–7 owing to their low
cost, light weight, flexibility, high capacitance, electrical conductivity,
unique optical and magnetic properties.5,6,8–10 Among reported con-
ductive polymers, PANI has been viewed as one of the most promising
conjugated polymers11,12 due mainly to its high conductivity, good
environmental stability, high pseudocapacitive properties, and con-
trollable doping levels.11,13,14 PANI has been well-studied for various
promising potential applications, including supercapacitor materials,
environment remediation agents (eg. reduction of toxic Cr6+ in waste
water), coupling agent between epoxies and nanofillers, anticorrosion
coatings, gas sensors, solar cells, electromagnetic shielding materi-
als, electrochromic devices, and among others.10,15–22 Recently, our
group has also reported nanocomposites composed of multi-wall car-
bon nanotube coated with PANI for electrochemical energy storage23

and magnetic PANI nanocomposites for toxic hexavalent chromium
removal24 further demonstrating the potential broad-spectrum appli-
cation of PANI-based materials. Even though, previous studies on
TiO2 have shown its promise as functional nanostructures in solar
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cells, catalysis, dielectric ceramics, optoelectronic devices, air filters,
and self-cleaning agents, there are only a few reports on TiO2/PANI
nanocomposites.25–27 Among these previous studies, Zhang et al. re-
ported a template-free preparation of TiO2/PANI microspheres and
studied the effect of TiO2 content on the conductivity, morphology,
and hydrophilicity of the as-prepared TiO2/PANI materials.28,29 Dey
et al. reported the dielectric properties of TiO2/PANI nanocompos-
ites and studied the effect of TiO2/PANI interface on the materials’
dielectric properties.27 Li et al. reported gas sensing application of
TiO2/PANI nanocomposites.30 However, the MR effect of TiO2/PANI
nanocomposites has not been reported until now.

In this study, titanium dioxide (TiO2)/PANI nanocomposites were
prepared by dispersing TiO2 nanoparticles within in-situ synthe-
sized PANI matrix through a surface initiated polymerization (SIP)
method. The SIP method was utilized to disperse TiO2 nanoparticles
within hosting PANI matrix. Scanning electron microscopy (SEM)
was employed to characterize the morphology of the as-received TiO2

nanoparticles, pure PANI, and the as-prepared TiO2/PANI nanocom-
posites. High resolution transmission electron microscopy (HRTEM)
was utilized to confirm the dispersion of TiO2 nanoparticles in the
polymer matrix. Fourier transform infrared spectroscopy (FTIR) and
X-ray diffraction (XRD) studies were performed to characterize the
nanocomposites’ chemical structures and crystalline structures, re-
spectively. The thermal stability of TiO2/PANI nanocomposites was
further characterized using thermogravimetric analysis (TGA). More
importantly, the optical properties, frequency dependent permittiv-
ity at room temperature, temperature dependent resistivity, electron
transport mechanism, and MR were thoroughly characterized and
analyzed in this study. A negative MR was observed in the synthe-
sized TiO2/PANI nanocomposite samples at room temperature, and
was further evaluated on the basis of orbital magnetoconductivity
theory.
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Experimental

Materials.—Aniline (C6H7N), ammonium persulfate (APS,
(NH4)2S2O8, 98%) and p-toluene sulfonic acid (PTSA, C7H8O3S, ≥
98.5%) were purchased from Sigma-Aldrich. The TiO2 nanoparticles
were obtained from Nanostructured & Amorphous Materials, Inc. All
the chemicals were used as-received without any further treatment.

Fabrication of TiO2/PANI nanocomposites.—TiO2/PANI
nanocomposites were fabricated using the SIP method. Firstly, the
TiO2 nanoparticles were dispersed in an aqueous solution containing
PTSA (15 mmol) and APS (9 mmol) in 100 mL deionized water
by one-hour sonication and mechanical stirring in an ice-water
bath. Secondly, the aniline solution (18 mmol, 25 mL deionized
water) was mixed with the above TiO2 nanoparticles suspension and
mechanically and ultrasonically stirred continuously for additional
1.5 hours in the ice-water bath for further polymerization. The
product was vacuum filtered and washed with deionized water
several times to remove any unreacted PTSA and APS. The final
synthesized nanocomposites were dried at 50◦C in an oven overnight.
The TiO2/PANI nanocomposites with a nanoparticle loading of 2.0,
5.0, 8.0, and 10.0 wt% were fabricated, respectively. Pure PANI
was fabricated following the above procedures without adding any
nanoparticles for comparison.

Characterizations.—The morphologies of the synthesized sam-
ples were examined by a Hitachi S4300 SEM. All the samples were
sputter coated a thin layer of gold (about 5 nm) to ensure good con-
ductivity. The HRTEM was performed on the Hitachi H9000NAR.
The FT-IR spectra of the products were obtained on a Nicolet IS 10
(in the range of 650 to 4000 cm−1 at a resolution of 4 cm−1). XRD
was measured by D/max-rB wide-angle X-ray diffractometer at a Cu
kα wavelength of 0.154 nm. TGA analysis was conducted by TA in-
struments TGA Q-500 with a heating rate of 10◦C min−1 under an
air-flow rate of 60 mL min−1 from 25 to 800◦C. The scanning rate is
4◦ min−1 from 10 to 80◦. UV-vis spectra of pure PANI and its TiO2

nanocomposites were obtained on a UV/VIS/NIR spectrophotometer
(PC, JASCO Model V-670). Dielectric properties were investigated
by a LCR meter (Agilent, E4980A) equipped with a dielectric test
fixture (Agilent, 16451B) at the frequency of 20 to 2 × 106 Hz at
room temperature. The as-received TiO2, pure PANI and TiO2/PANI
nanocomposites were pressed in a form of disc pellet with a diameter
of 25 mm by a hydraulic presser. The same samples were also used
to measure the resistivity and MR. The temperature dependent resis-
tivity was measured by a standard four-probe method from 50 to 290
K. MR was carried out using a standard four-probe technique by a 9-
Tesla Physical Properties Measurement System (PPMS) by Quantum
Design at 130 and 290 K, respectively. The configurations of the MR
measurements were perpendicular (magnetic field, B perpendicular to
the sample surface).

Results and Discussion

Microstructure of the nanocomposites.—The SEM images in
Figure 1 show the morphological features of the as-received TiO2

nanoparticles, pure PANI, and the TiO2/PANI nanocomposites rein-
forced with 5.0 wt% TiO2 nanoaprticles. As seen in Figure 1a, the
as-received TiO2 nanoparticles exhibit a spherical morphology with
an average 50 nm diameter as measured by a Nano measure soft-
ware and the surface of these TiO2 nanoparticles is fairly smooth.
In contrast, rough and flake-like topographical features were seen in
pure PANI, Figure 1b. The TiO2/PANI nanocomposites containing
5.0 wt% TiO2 nanoparticles exhibit rough and flake-like morphology,
showing similarity to that of pure PANI polymer powders suggesting
the dispersion of TiO2 nanoparticles in PANI matrix. The above ob-
servation is also in agreement with a previous report on TiO2/PANI
nanocomposites.31 Figures 2a, 2b show the TEM images of the as-
received TiO2 nanoparticles. The lattice fringes of the TiO2 nanopar-
ticles were clearly observed in Figure 2b. The lattice fringe d-spacing

Figure 1. SEM images of (a) as-received TiO2 nanoparticles, (b) pure PANI
and (c) TiO2/PANI with 5.0 wt% TiO2.

of about 0.35 nm, as measured by the Nano measure software corre-
sponds to the (101) crystallographic plane of TiO2.32 Figure 2c shows
the microstructure of the TiO2/PANI nanocomposites with 10.0 wt%
TiO2, which consist of TiO2 inside and amorphous PANI layer out-
side. The lattice fringes of TiO2 were also observed. The selected
area electron diffraction (SEAD, Figure 2d) was used to identify the
crystal structure of TiO2/PANI nanocomposites with 10.0 wt% TiO2.
The calculated d-spacing values of 0.351, 0.238, 0.1873 and 0.169 nm
correspond to (101), (004), (200) and (105) crystallographic planes of
TiO2.33,34

FT-IR analysis.—Figure 3 shows the FT-IR spectra of pure PANI
and its TiO2 nanocomposites loaded with different amount of TiO2

nanoparticles. The peak at 3221 cm−1 is correlated to the N-H
stretching,5 while the C=C stretching vibration of the quinoid and
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Figure 2. HRTEM images of (a, b) as-received TiO2 nanoparticles, (c) PANI
nanocomposites with 10.0 wt% TiO2, and selected area electron diffraction
(SAED) of TiO2/PANI nanocomposites with 10.0 wt% TiO2.

benzenoid rings in pure PANI appear at around 1555 and 1466 cm−1,35

respectively, Figure 3a. The 1283 cm−1 peak can be assigned to the
C-N stretching vibration of benzenoid units.5,36 Two peaks at 1237
and 785 cm−1 are related to the C-H in-plane vibration of the quinoid
rings and the out-of-plane bending of C-H in the substituted benzenoid
rings, respectively.9 The FT-IR spectra for pure PANI are consis-
tent with previous spectroscopic characterization.5 The characteristic
peaks of pure PANI were also observed in the TiO2/PANI nanocom-
posite, (Figures 3b, 3c, 3d, 3e). However, compared with those peaks
observed in pure PANI, the same peaks have a slight shift (about 1∼9
cm−1) due mainly to the interactions between TiO2 and PANI, which
result in the electrical charge delocalization on the polymer backbone
at the interface.5

Figure 3. FT-IR spectra of (a) pure PANI and TiO2/PANI nanocomposites
with a TO2 loading of (b) 2.0, (c) 5.0, (d) 8.0 and (e) 10.0 wt%.

Figure 4. The XRD patterns of (a) as-received TiO2 nanoparticles, (b) pure
PANI and TiO2/PANI nanocomposites with a TiO2 loading of (c) 2.0, (d) 5.0
and (e) 10.0 wt%.

X-ray diffraction analysis.—Figure 4 shows the XRD patterns
of the TiO2 nanoparticles, pure PANI and its TiO2 nanocomposites
loaded with different amount of TiO2 nanoparticles. The diffraction
peaks located at 25.4, 37.83, 48.07, 54.20, 55.33, 62.91, 68.96, 70.41
and 75.17◦ are indexed to the (101), (004), (200), (105), (211), (204),
(116), (220) and (215) anatase phase of the TiO2 nanoparticles37 and
the diffraction peak located at 2θ = 27.50 corresponds to the (110)
rutile phase of the TiO2,33,38 Figure 4a. For pure PANI, the two broad
diffraction peaks located at 2θ =20.08 and 25.33◦ (see Figure 4b),
corresponds to the (100) and (110) crystallographic planes of the
partially crystalline PANI.13 The crystallinity of PANI is about 18.2%,
which was achieved from the XRD data. The diffraction peaks of TiO2

and PANI were also observed in the TiO2/PANI nanocomposites,
(Figures 4c, 4d and 4e). The intensity of the diffraction peaks of TiO2

increases with increasing the TiO2 nanoparticle loading, however,
the intensity of the two original peaks of pure PANI decreases with
increasing the TiO2 nanoparticle loading. Above results suggest that
the added TiO2 nanoparticles exert an influence on the crystalline
structure of the PANI matrix, implying the existence of an interaction
between the PANI backbone and TiO2 surface.

Thermogravimetric analysis.—The TGA curves of TiO2 nanopar-
ticles, pure PANI, and its TiO2 nanocomposites loaded with different
amount of TiO2 nanoparticles were shown in Figure 5. Almost no
weight loss between 30 to 800◦C was observed for the as-received
TiO2 nanoparticles, indicating the high thermal stability of the as-
received TiO2 nanoparticles.39 A weight residue about 0.93 wt% was
observed for pure PANI, which could be due to the carbonization of
pure PANI.9 Similar weight loss tendency was also observed in the
TGA results of the TiO2/PANI nanocomposites. The first weight loss
stage between room temperature and 311◦C is attributed to the elimi-
nation of moisture and the decomposition of doped acid from PTSA
in PANI.6 The second weight loss stage from about 311 to 649◦C is
correlated to the thermal decomposition of the PANI chains.40 The
weight residues at 800◦C for the TiO2/PANI nanocomposites loaded
with 2.0, 5.0, 8.0, and 10.0 wt% TiO2 nanoparticles are 4.3, 10.6,
14.9, and 17.8%, respectively. The weight residue is slightly higher
than the initial calculated nanoparticle loadings, which could arise
from the incomplete polymerization of aniline monomers during the
SIP process.13

Dielectric properties.—Dielectric properties reflect the polariza-
tion abilities of an electrical medium under an external electric
field.13,41 For polymer nanocomposites, both charge carrier motion
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Figure 5. TGA curves of (a) as-received TiO2 nanoparticles, (b) pure PANI
and TiO2/PANI nanocomposites with TiO2 loading of (c) 2.0, (d) 5.0, (e) 8.0
and (f) 10.0 wt%.

within the hosting polymer matrix and the interfacial polarization
between the matrix and the nanoparticles contribute to the observed
dielectric properties.9,42 The permittivity is represented as a complex
permittivity,ε∗(ω), and is calculated as Eq. 1:13

ε∗(ω) = ε′(ω) − jε′′(ω) = εs + εs − ε∞
1 + jωτ

[1]

where ω = 2π f and f is the measuring frequency, the ε′ and ε′′ are
the real and imaginary parts of ε∗, corresponding to the energy storage
and dissipation within the medium, respectively, εs is the permittivity
at low frequency limit, ε∞ is the permittivity at high frequency limit,
and τ is the relaxation time that is recorded when the materials return
to the original state upon removing the applied electric filed.

Figure 6 depicts the ε′, ε′′, and dielectric loss (i.e, tan δ = ε′′
ε′ ) as

a function of frequency for pure PANI and the TiO2/PANI nanocom-
posites loaded with 2.0, 5.0, 8.0 and 10.0 wt% TiO2 nanoparticles
at room temperature. The dielectric properties of the as-received
TiO2 nanoparticles are shown in Figure S1. Both pure PANI and
TiO2/PANI nanocomposites show the positive ε′, Figure 6a. The de-
creasing permittivity with increasing the frequency is attributed to the
commonly known dielectric relaxation phenomena that reflects the
delayed molecular polarization under an applied alternative electric
field.1,10 The TiO2/PANI nanocomposites with different TiO2 nanopar-
ticle loadings show higher ε′ values than that of pure PANI, attribut-
ing to interfacial polarization. Originating from the Maxwell-Wagner-
Sillars polarization that usually occurs at the inner dielectric boundary
layers on the mesoscopic scale the interfacial polarization tends to oc-
cur when the charge carriers are accumulated at the interfaces between
the hosting PANI and TiO2 nanoparticles.5,43 A higher positive ε′ is
observed at 2 × 104 Hz for the nanocomposites loaded with 10.0 wt%
TiO2 nanoparticles, indicating that the mobile charges are no longer
free and localized in each metallic island.44 For the as-received TiO2

nanoparticles, Figure S1a, a decrease in ε′ was observed when the fre-
quency was increased. The ε′ value of the as-received TiO2 nanopar-
ticles decreased from 4.3 to 3.1 within the measured frequency range.
Compared with pure PANI and its TiO2 nanocomposites, the ε′ of the
as-received TiO2 nanoparticles is almost constant. Figure 6b shows
the ε′′ versus frequency for pure PANI and its TiO2 nanocomposites.
The ε′′ decreases with increasing the frequency within the frequency
scale, indicating that the dissipation of energy decreases with increas-
ing the frequency. Figure 6c depicts the frequency dependent tan δ for
pure PANI and its TiO2 nanocomposites with different TiO2 nanopar-
ticle loadings. The tan δ of pure PANI and its nanocomposites shows
a similar tendency as ε′′, The tan δ of TiO2/PANI nanocomposites

Figure 6. (A) Real permittivity, (B) imaginary permittivity, and (C) dielectric
loss as a function of frequency of (a) pure PANI, TiO2/PANI nanocomposites
with a TiO2 loading of (b) 2.0, (c) 5.0, (d) 8.0 and (e) 10.0 wt%.

decreases with increasing the frequency and the magnitude is ranging
from 102 to 10−1 within the frequency range from 2 × 104 to 2 × 106

Hz.

Optical properties.—A bandgap (Eg), also called energy gap, usu-
ally found in insulators and semiconductors, is correlated to the energy
difference between the top of the valence band and the bottom of the
conduction band.45 The valence band is the highest occupied band
(i.e., highest occupied molecular orbital, HOMO, for a molecule,
while the conduction band is the lowest unoccupied band (i.e., the
lowest unoccupied molecular orbital, LUMO, for a molecule).1,46 A
large exciton binding energy Eg–Eopt

g (the difference between Eg and
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Figure 7. UV-vis DRS of (a) pure PANI and TiO2/PANI nanocomposites with
a TiO2 nanoparticle loading of (b) 2.0, (c) 5.0 and (d) 10.0 wt%; the inset of
UV-vis absorption edge (λedge) of pure PANI.

Eopt
g , where Eopt

g is the optical bandgap), is commonly observed in
organic materials, indicating that the Eg is larger than Eopt

g . However,
for the inorganic materials, the Eg–Eopt

g is small, which means that the
Eg is almost equal to Eopt

g .1 Two methods including inverse photoelec-
tron spectroscopy (IPES) and ultraviolet photoelectron spectroscopy
(UPS) can be utilized to measure the energy bandgap.45 Here, the
UV-vis absorption edge (λedge) of pure PANI and its TiO2 nanocom-
posites was characterized by using the UV-vis DRS method. the Eopt

g

is calculated as Eq. 2:47

Eopt
g (eV) = 1240/λedge(nm) [2]

The constant 1240 was derived from Eq. 3:

E(eV) = hυ = h
c

eλ
[3]

The Eq. 3 describes the relationship between frequency and wave-
length, where, the Planck’s constant is indicated by h, the speed of
light in the vacuum is indicated by c with a value of ∼3 × 108 m s−1,
and the electron charge is indicated by e. When converting the unit of
λ from meter (m) to nanometer (nm), the constant 1240 can be derived
from hc/e. The λedge of pure PANI and its TiO2 nanocomposites is re-
lated to the π–π∗ transition in the benzoid/quinoid structure of PANI.
The λedge of pure PANI is determined by using the inset of the UV-vis
DRS plot, Figure 7. The adsorption edge and optical bandgap of pure
PANI and its TiO2 nanocomposites loaded with 2.0, 5.0 and 10.0 wt%
TiO2 nanoparticles are summarized in Table I. However, there is no
absorption for pure TiO2 at the range from 300 to 550 nm in Figure
S2. Therefore, only the absorption of PANI is observed in TiO2/PANI
nanocomposites. Compared with pure PANI, the Eopt

g of the nanocom-
posites with different TiO2 nanoparticles loadings is almost the same,
indicating that the adding of TiO2 nanoparticles into the PANI matrix

Table I. Absorption edge and optical bandgap of pure PANI and
TiO2/PANI PNCs with a TiO2 nanoparticle loading of 2.0, 5.0, and
10.0 wt%.

Absorption Edge of Optical bandgap of
Samples PANI (λedge, nm) PANI (Eopt

g , eV)

Pure PANI 392 3.16
2.0 wt% TiO2/ PANI 396 3.13
5.0 wt% TiO2/ PANI 391 3.17

10.0 wt% TiO2/ PANI 393 3.16

Figure 8. (A) Resistivity vs. temperature and (B) the ln (σ) vs. T(−1/4) curves
of (a) pure PANI and TiO2/PANI nanocomposites with a TiO2 loading of (b)
2.0, (c) 5.0 and (d) 10.0 wt%, respectively.

has little effect on theEopt
g of PANI. The same result has also been

observed in the Fe3O4/polypyrrole and Si/PANI nanocomposites.1,5

Mechanism of electrical conduction: temperature dependent
resistivity.—Figure 8 shows the temperature dependent resistivity of
pure PANI and its TiO2 nanocomposites loaded with 2.0, 5.0 and 10.0
wt% TiO2 nanoparticles. For nanocomposite samples with different
loadings of TiO2 nanoparticles, Figure 8A demonstrates that the resis-
tivity decreases with increasing the temperature, indicating the typical
behavior of a semiconductor between 50 and 250 K.1 The resistivity
of the nanocomposites containing 2.0 wt% TiO2/PANI is lower than
that of pure PANI, which may be attributed to the fact that the in-situ
grown PANI chains could be more densely packed in the presence
of the TiO2 nanoparticles.13 For the TiO2/PANI nanocomposites with
higher nanoparticle loadings, i.e., 5.0 wt% TiO2, the resistivity of
the nanocomposites is much higher within the measured temperature
range. Further increasing the TiO2 nanoparticle loading to 10.0 wt%
leads to a decrease in the resistivity, while it is still a little higher
than that observed in pure PANI. For pure PANI, the resistivity de-
creases by about three orders of magnitude from 2.4 × 104 to 28.0
�•cm within the measured temperature (50 to 250 K). However, the
resistivity of TiO2/PANI nanocomposites with 2.0 wt% TiO2 loading
decreases significantly from 5.2 × 103 to 14.3 �•cm at 50 and 250
K, respectively. The 5.0 wt% TiO2/PANI nanocomposites show the
highest resistivity (about 3.9 × 104 �•cm at 50 K, and 54.2 �•cm at
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Table II. T0, σ0, and ρr for the Pure PANI, TiO2/PANI
nanocomposites with a TiO2 nanoparticle loading of 2.0, 5.0 and
10.0 wt%.

Samples T0 × 106 (K) σ0 × 104 (S cm−1) ρr × 102

Pure PANI 8.10 2.95 8.73
2.0 wt% TiO2/PANI 4.61 9.65 3.64
5.0 wt% TiO2/PANI 7.29 1.07 7.25
10.0 wt% TiO2/PANI 7.98 2.62 8.40

250 K). All these results indicate that the TiO2 nanoparticles exert a
significant impact on the resistivity of pure PANI, leading to the ob-
served changes in the resistivity of the TiO2/PANI nanocomposites.
The value of the resistivity ratio (ρr = ρ50/ρ250) is further utilized to
understand the disorder in pure PANI and its nanocomposites. Such
disorder originates from the random potential fluctuation of quantum-
well structures in the semiconductor,48 which, for PANI, refers to the
randomness in the sequence of quinoid-benzenoid groups in the PANI
chains.49 From the calculated ρr results summarized in Table II, the ρr

value for pure PANI is higher than that calculated for the TiO2/PANI
nanocomposites, indicating a larger disorder of pure PANI. For the
TiO2/PANI nanocomposites, an increase in the calculated ρr values
was observed when the TiO2 nanoparticle loading was increased, sug-
gesting that the degree of disorder in the TiO2/PANI nanocomposites
is proportional to the TiO2 nanoparticle loading.

The Mott variable range hopping (VRH) approach was further em-
ployed to investigate the electron transport behavior of pure PANI and
its TiO2 nanocomposites and to understand the electrical conduction
mechanism. The low temperature resistivity in strongly disordered
systems is described by Eq. 4:2

σ = σ0exp

⎡
⎣−

(
T0

T

)1
/1+n

⎤
⎦ n = 1, 2, 3 [4]

where, σ0 a pre-exponential factor and a constant represents the con-
ductivity at an infinite low temperature limit, n values of 1, 2, and 3,
correspond to one, two, and three dimensional systems, respectively,50

and T is the temperature in Kelvin (K). In Eq. 4, T0 represents the
hopping barrier, i.e., the characteristic Mott temperature (K) and the
energy required for charge carriers hopping, which can be further
described in Eq. 5:2

T0 = 24/[πkB N (EF )a0
3] [5]

where, kB, N(EF), and a0 stands for the Boltzmann constant, the den-
sity of states at the Fermi level, and the localization length of the
localized charge carrier wave function, respectively.51 The Eq. 4 can
be rearranged to Eq. 6:

ln σ = ln σ0 −
(

T0

T

)1
/1+n

n = 1, 2, 3 [6]

Thus, σ0 and T0 can be extrapolated from the intercept and slope
of the ln (σ) versus T−1/(1+n) plot, respectively. Figure 8B shows the
calculated results from temperature dependent resistivity. Pure PANI
and its TiO2 nanocomposites with different TiO2 loadings were found
to follow the linear relationship of ln (σ) T−1/4, indicating a quasi 3-
dimentional VRH mechanism. Therefore, the pure PANI and its TiO2

nanocomposites are disordered systems in the 3-dimensional VRH
regime. Table II lists the σ0 and T0 values derived from Figure 8B.
The calculated T0 of pure PANI is greater than that of the TiO2/PANI
nanocomposites, which is in agreement with that observed in PANI
nanorod with gold.52 The obtained T0 is proportional to the ρr for pure
PANI and TiO2/PANI nanocomposites. A larger T0, usually accompa-
nied by an increased resistivity, suggests a stronger localization of the
charge carriers.53 While a smaller T0 implies a weaker localization.54

For the TiO2/PANI nanocomposites, when the TiO2 loading increased
from 2.0 wt% to 5.0 wt%, the T0 increased and the σ0 decreased.
However, when the TiO2 nanoparticle loading increased from 5 to 10

Figure 9. MR behavior of (a) pure PANI and TiO2/PANI nanocomposites
with a TiO2 nanoparticle loading of (b) 2.0, and (c) 10.0 wt% at 290 K.

wt%, the T0 and σ0 increased, owing to the modulated electromagnetic
wave in the structured nanocomposites.

Magnetoresistance.—The MR is calculated using Equation 7:55

MR% = R(B) − R(0)

R(0)
× 100 [7]

where R(0) represents the resistance without magnetic field, and R(B)
is the resistance under a magnetic field B. In this study, the MR (at
290 and 130 K) was thoroughly evaluated for both pure PANI and
its TiO2 nanocomposites. Figure 9 and Figure S3 shows the MR val-
ues for pure PANI and its nanocomposites with 2.0 and 10.0 wt%
TiO2 nanoparticle loadings. A large negative MR is observed in all
these samples at 290 K, Figure 9a. In comparison, a lower negative
MR is observed at 130 K (Figure S3). Generally, the magnetic field
sensor is based on the MR effect which can be used to represent
the sensitivity of materials to magnetic field B. And the sensitivity
can be expressed either by the MR values at low B magnetic field
or linear with respect to B at low field.3 The slope at low magnetic
field for PANI and TiO2/PANI nanocomposites with 2.0 and 10.0
wt% nanoparticles is −7.59, −38.28 and −64.29, respectively. In our
previous work, the slope of WO3/PANI nanocomposites with 10.0
and 20.0% WO3 nanoparticles is 12.21 and 3.43, respectively, and
the slope for WO3/polypyrrole nanocomposites with 40.0 and 60.0%
WO3 nanoparticles is 14.35 and 18.21, respectively.3 The slope at
290 K of 5.0 wt% graphene/PANI, 5.0 wt% carbon nanofiber/PANI
and 5.0 wt% carbon nanotubes/PANI nanocomposites is 36.95, and
114.80 and 54.57, respectively.10 The slope of 10.0 wt% TiO2/PANI
nanocomposites is higher than all the above samples except 5.0 wt%
carbon nanofiber/PANI nanocomposites. The TiO2/PANI nanocom-
posites shows an enhanced MR sensitivity, and the MR values (0.5 T)
for pure PANI, the nanocomposite with a 2.0 wt% nanoparticle load-
ing, and the nanocomposites with a 10.0 wt% nanoparticle loading, are
−3.233, −6.904 and −9.797% at 290 K, as well as −0.5091, −0.350
and −0.376% at 130 K, respectively. These results indicate that 10
wt% TiO2/PANI nanocomposites display the highest sensitivity at
290 K, however, pure PANI shows the highest sensitivity at 130 K.
It is worth noting that materials that exhibit a high MR sensitivity
to an external magnetic field can be used as potential magnetic field
sensors.5

The negative MR value was further evaluated using forward in-
terference model, which is generally implemented by considering
the effect of interference among various hopping paths. The hopping
paths are composed of a sequence of scattering of tunneling electrons
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due to the impurities located within a cigar-shaped domain of length
rh(hopping distance) and width (rh a0)1/2.1 The R(B,T)/R(0,T) ratio
correlated to the interference effects can be described by an empirical
Eq. 8:2

R(B, T )/R(0, T ) ≈ 1/{1 + Csat [B/Bsat ]/[1 + B/Bsat ]} [8]

where the fitting parameters Csat is constant and Bsat is called effective
saturation magnetic field. By fitting R(B,T)/R(0,T)∼H via Eq. 8 using
Polymath software, the Csat values thus obtained for the pure PANI
and the nanocomposites with 2.0 and 10.0% wt% TiO2 loadings are
4.0865542, 0.9164445, and 0.8350201, respectively.

Meanwhile, Bsat can be calculated by Eq. 9,56 according to the
Mott VRH electrical conduction mechanism.

Bsat ≈ 0.7

(
8

3

)3/2( 1

a0
2

)(
h

e

)(
T

T0

)3/8

[9]

In Eq. 9, h indicates the Planck’s constant, e is electron charge, and T0

represents the Mott characteristic temperature (K). Furthermore, Eq.
8 can be simplified to Eq. 10, when the low-field limit is imposed:44

R(B, T )/R(0, T ) ≈ 1 − Csat [B/Bsat ] [10]

The MR values can be therefore calculated by substituting Eq. 9 into
Eq. 10, as described in Eq. 11:

M R = R(B, T ) − R(0, T )

R(0, T )
≈ −Csat [B/Bsat ]

= −Csat
B

0.7
(

8
3

)3/2
(

1
a0

2

) (
h
e

) (
T
T0

)3/8 [11]

The calculated a0 values of pure PANI are 2.07, 2.00, 1.57 and 1.53
nm at B of 0.5, 1, 5 and 9 T, respectively. The calculated a0 values
for the nanocomposite with a 2.0 wt% TiO2 loading are 6.40, 5.56,
3.70, and 3.40 nm at B of 0.5, 1, 5 and 9 T, respectively. When the
TiO2 loading is increased to 10.0 wt%, the calculated a0 values are
7.98, 6.93, 4.35, and 3.94 nm at H of 0.5, 1, 5, and 9 T, respectively.
The calculated a0 values for both the pure PANI and its TiO2/PANI
nanocomposites were further summarized in Tables S1, S2 and S3,
and the relationship between localization length and magnetic field
is demonstrated in Figure S4. The above calculation results clearly
demonstrate that the a0 value has a trend to decrease with increas-
ing the strength of the applied magnetic field. In addition, the MR
value was found to decrease with increasing the TiO2 nanoparticle
loading from 2.0 to 10.0 wt%. Meanwhile, the calculated a0 value of
2.0 wt% TiO2/PANI nanocomposites is lower than that of 10.0 wt%
TiO2/PANI nanocomposites. Compared with the previous work, the
PANI synthesized by the Cr (VI) as oxidant or doped by H3PO4 shows
a different positive MR, and the a0 is larger than that of the PANI we
synthesized.5,9,44 The above observation suggests that the oxidant and
doped acid show a significant effect on the MR behavior of PANI, and
the H3PO4 doped PANI with positive MR shows larger a0 than that
of PANI with negative MR. However, It is interesting to note that the
MR behavior of pure PANI is different from our previous work even
with the same oxidant (APS) and doped acid (PTSA). The largest MR
of PANI at 290 K is about 53% with aniline polymerization time of
8 hours, the MR of PANI at 290 K could be about 25% with ani-
line polymerization time of 1 hour. And the synthesized PANI was
washed by methanol to remove the oligomer.2,10,13 In this work, the
largest MR of PANI at 290 K is −34% with aniline polymerization
time 1.5 hour, and the PANI is not treated by methanol. When the
MR measurement temperature changed from 290 to 130 K, the MR
signal changed significantly. In summary, the polymerization time,
oligomer and temperature had significant effects on the MR behavior
to be studied for the future.

Conclusions

The conductive TiO2/PANI nanocomposites with various loadings
were successfully synthesized through a facile SIP method. The re-

sults of SEM and HRTEM show that the Fe3O4 nanoparticles have
been successfully embedded in conductive PANI matrix. The results
from XRD indicate that the presence of TiO2 nanoparticles exerts
a significant influence on the crystallization of PANI. All the fab-
ricated samples show a positive permittivity, which decreases with
increasing the frequency within the measured frequency. The optical
properties of TiO2/PANI nanocomposites indicate that the adding of
TiO2 nanoparticles into the PANI matrix has little effect on the Eopt

g of
PANI. The resistivity of pure PANI and its nanocomposites decreases
with increasing the temperature, as observed in typical semiconduc-
tors. Mott VRH model was also used to understand the electrical
conduction mechanism of the pure PANI and its TiO2 nanocompos-
ites. The results thus achieved suggest a quasi 3-d VRH mechanism
for the TiO2/PANI nanocomposite systems. A negative MR was also
observed in pure PANI and its TiO2 nanocomposites and the experi-
mental results were discussed using the orbital magnetoconductivity
theory. Overall, this study provides new insights into the enhanced
negative magnetoresistance of the TiO2/PANI nanocomposites, which
were conveniently prepared using the SIP method.
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