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ABSTRACT: Polyaniline (PANI) nanocomposites incorpo-
rating different loadings of graphene and various other carbon
nanostructures including carbon nanotubes (CNTs) and
carbon nanofibers (CNFs) have been synthesized using a
surface-initiated polymerization (SIP) method. Transmission
electron microscopy (TEM) results indicate that the graphene
has been exfoliated into a few layers (typically one, two, and
three layers) during polymerization and has been uniformly
dispersed in the PANI matrix. The graphene layer dispersion
degree is quantified by a free-path spacing measurement (FPSM) method based on the TEM microstructures. The SIP method
also demonstrates its feasibility for coating PANI on one-dimensional (1D) CNFs and CNTs without introducing additional
surface functional groups. The effects of graphene size, loading level, and surface functionality on the electrical conductivity and
dielectric permittivity of their corresponding nanocomposites have been systematically studied. The temperature-dependent
conductivity behavior revealed a quasi-3D variable range hopping (VRH) electron transport mechanism for all the
nanocomposites. Giant magnetoresistance (GMR) at room temperature is observed in pure PANI, which can be enhanced by the
incorporation of a high loading of graphene (5%) due to the π−π stacking-induced efficient electron transport at the PANI/
graphene interface. More interestingly, negative permittivity is found in each composite which can be easily tuned by adjusting
the filler loading, morphology, and surface functionality.

1. INTRODUCTION
Graphene is a two-dimensional (2D), single carbon atomic
thick sheet of sp2-hybridized carbon arranged as a honeycomb
lattice. Its honeycomb network is the basic building unit of
other important carbon allotropes, which can be stacked to
form 3D graphite, rolled to form 1D nanotubes, and wrapped
to form 0D fullerenes. Long-range π-conjugation in graphene
yields extraordinary thermal, mechanical, and electrical proper-
ties, which have long been the interest of many theoretical
studies and more recently became an exciting area for
experimentalists.1,2 CNTs can be regarded as a sheet of
graphite that has been rolled into a tube. Each carbon atom has
three nearest neighbors. CNTs have been known for their
remarkable electrical and mechanical properties.3,4 Recently,
CNTs have been incorporated into a polymer matrix to explore
their potential applications in stimuli-responsive materials,5

mechanically strong composites,6 and gas sensors.7 Vapor-
grown CNFs have caused great interest because they are much
less expensive than graphene and CNTs and because they are
suitable for applications that require the ability to discharge

electrostatic potentials, provide sufficient conductivity for
electrostatic painting, or even shield the radiofrequency
interference or lightening strike.
Conductive polymer nanocomposites (PNCs) have received

tremendous attention due to their striking advantageous
properties such as lightweight, easy processability, flexibility,
and multiple functionalities.8−10 Polyaniline (PANI) is one of
the most promising conjugated polymers due to its readily
controlled conductivity through doping/dedoping processes,
which have been investigated for their wide potential
applications including gas sensors,11 solar cells,12 and electro-
chromic devices.13 More recently, researchers are interested in
the integration of different carbon nanostructures with PANI
using different synthetic methods and investigation of their
electrochemical performances. For example, PANI/graphene
PNCs have been fabricated using a chemical polymerization
method, and a high specific capacitance of 1126 F/g was
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obtained with a retention life of 84% after 1000 cycles.14 On the
basis of the same material, Wang et al. reported a PANI/
graphene flexible electrode using an in situ anodic electro-
polymerization method that possessed a stable electrochemical
capacitance of 233 F/g.15 The PANI/CNT nanocomposites
have been widely studied for use in electronic devices,16

supercapacitors,17 and electrochemical sensors for the low-
potential detection of the reduced β-nicotinamide adenine
dinucleotide.18 PANI/graphene/CNT three-phase nanocom-
posites have been fabricated using an in situ polymerization
method, which shows a significantly higher cycle stability than
that of the PANI/graphene and PANI/CNT PNCs due to the
maintenance of a highly conductive path as well as mechanical
strength of the electrode during the doping/dedoping
processes.19 The fast development in this field requires a better
understanding of the underlying physics regarding the electron
transport within these nanostructured composite materials.
Especially, a systematic study revealing the difference in
electron transport behavior in PNCs induced by different
carbon nanostructures (CNS) and surface functionalities is still
lacking and is really in urgent demand for rational material
design.
Unique physical properties arising from the unusual electron

transport phenomena in these CNS have attracted great
interest. Giant magnetoresistance (GMR), first discovered in
alternating ferromagnetic iron and nonferromagnetic chromium
layers,20 is defined as a large change in resistance when the
relative orientation of the magnetic domains in adjacent layers
is adjusted from antiparallel to parallel under an applied
magnetic field. Currently, most research focuses on the MR
property of CNS. For example, graphene has been studied with
a MR value of up to 100% from theoretical calculation21 and
∼80% MR at room temperature from experimental observa-
tion.22 Meanwhile, owing to the unusual electronic band
structure, great interest has been directed toward the
exploration of CNS plasmon dispersion, which is the most
important characteristic in these metamaterials. Metamaterials
are of great interest because of their unique negative physical
properties such as refractive index and permittivity. Recently,
our group discovered negative permittivity in conductive
polymer-based nanocomposites (PNCs),8 CNFs/elastomer
PNCs,23 and graphene.24 These materials have a promising
future for application in cloaking, superlens, wave filters, remote
aerospace, and superconductors.25,26 The physical properties
from the combination of different CNS and conductive
polymers could be interesting. However, few reports have
appeared on GMR and negative permittivity in conductive
PNCs.
In this work, different carbon nanostructures (CNS)

including graphenes with different dimensions and surface
functionality, CNFs, and CNTs are incorporated into a PANI
matrix using a surface-initiated polymerization (SIP) method.
The dispersion quality of different CNS in PNCs has been
evaluated by the free-path spacing measurement (FPSM)
method from TEM observations. Temperature-dependent
resistivity behavior of the PNCs is studied to investigate the
electron transport mechanism. Magnetoresistance (MR) at 130
K and 290 K and room temperature dielectric properties of the
PNCs have been investigated and correlated to the resistivity of
the PNCs. The thermal stability of the PNCs with different
loadings of graphene and different CNS is also investigated.

2. EXPERIMENTAL SECTION
2.1. Materials. Aniline (C6H7N), ammonium persulfate (APS,

(NH4)2S2O8), and p-toluenesulfonic acid (PTSA, C7H8O3S) were all
purchased from Sigma Aldrich. Graphene with different dimensions
was supplied by Angstron Materials Inc., Dayton, OH (N008-100-P-
10, XY: 5−10 μm, Z: 50−100 nm, BET surface area: ∼15 m2/g; N008-
100-P-40, XY: ≤44 μm, Z: 50−100 nm, BET surface area: ∼15 m2/g;
N006-010-P, XY: ≤14 μm, Z: < 40 nm, BET surface area: ∼28 m2/g.
For brevity, Gra-10, Gra-40, and Gra-P were used to represent these
three materials, respectively). Vapor-grown carbon nanofibers (CNFs,
grade PR-24-XT-LHT, Pyrograf Products, Inc.) were heat treated at
about 1500 °C to convert the deposited carbon present on the fiber
surface to a short-range ordered structure, aiming to provide higher
electrical conductivity (σ). The CNFs were reported to have an
average diameter of 100 nm, length of 50−200 μm, and BET surface
area of 25−35 m2/g. Carbon nanotubes (CNTs, SWeNT SMW100;
average diameter: 6−10 nm; length: >1 μm; BET surface area: 300−
330 m2/g) were provided by SouthWest NanoTechnologies, Inc. All
the chemicals were used as received without any further treatment.

2.2. Synthesis of Pure PANI and Its Nanocomposites. The
carbon nanostructures (CNS) were initially mixed with the solution of
PTSA and APS with a fixed ratio of 30 mmol:18 mmol in 200 mL of
deionized water, following by 1 h sonication in an ice−water bath. The
aniline solution (36 mmol in 50 mL of deionized water, molar ratio of
PTSA:APS:aniline = 5:3:6) was mixed with the above CNS-suspended
solution at 0 °C and then sonicated for an additional 1 h in an ice−
water bath for further polymerization. The product was filtered using
vacuum and washed with deionized water until the filtrate was
transparent. The DI water was used to remove any unreacted PTSA
and APS. The solid product was washed with methanol to remove any
possible oligomers. The obtained powders were dried completely at 50
°C. Pure PANI was fabricated following the same procedures without
adding CNS. The specific weight of Gra-10 is 2.4, 12.1, 24.4, 74.7, and
127.1 mg for the PNCs with a carbon loading of 0.1, 0.5, 1.0, 3.0, and
5.0 wt %, respectively. PNCs containing 5 wt % (127.1 mg) Gra-40,
Gra-P, CNFs, and CNTs were also synthesized following the same
procedures for comparison.

2.3. Characterization. The morphologies of different carbon
nanostructures (CNS) and their corresponding PNCs were charac-
terized by a FEI Tecnai G2 F20 transmission electron microscopy
(TEM) with field emission gun, operated at an accelerating voltage of
200 kV. The TEM samples were prepared by drying a drop of the
ethanol suspension on carbon-coated copper TEM grids.

The dielectric properties were measured by a LCR meter (Agilent,
E4980A) equipped with a dielectric test fixture (Agilent, 16451B) at a
frequency of 20 Hz to 2 MHz. Pure PANI and its PNCs powders were
pressed into the form of disk pellets with a diameter of 25 mm by
applying a pressure of 95 MPa in a hydraulic presser (Carver 3853-0),
and the average thickness was about 0.5 mm. The same sample was
used to measure the electrical resistance by a standard four-probe
method within the temperature range of 50−290 K. The temperature-
dependent resistivity was used to investigate the electron transport
mechanism in the PANI and its PNCs. The magnetic field-dependent
resistance measurement was carried out using a standard four-probe
technique operated in 9-T Physical Properties Measurement System
(PPMS) by Quantum Design.

3. RESULTS AND DISCUSSION
3.1. Microstructure Investigation. Technologies to

exfoliate graphite into single or a few layer graphenes have
been extensively developed including mechanical peeling off,27

electrochemical exfoliation,28 and deposition.29 The exfoliation
and dispersion of different sized graphenes in PANI matrix is
characterized by TEM, Figure 1a−c. The distribution pattern of
the graphenes is observed to be strongly related to their
dimension. The Gra-10 is exfoliated, and most of the sheets are
oriented along the arrow direction in Figure 1a. With increasing
graphene size, the distribution pattern of the graphene sheet
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becomes curvy and even circles are observed with one to three
layers stacking together, Figure 1b. The Gra-P exhibits a
random distribution in the PANI matrix due to its relatively
smaller size, Figure 1c. To evaluate the dispersion quality of
these different sized graphenes in the PANI matrix is still a
challenge. Recently, Luo et al. developed an effective method,
named as free-path spacing measurement (FPSM), to quantify
the layer dispersion degrees of layer structured materials from
TEM observations.30,31 This method is mainly designed for
exfoliated and intercalated microstructures. For the exfoliated
structures in Figure 1, this FPSM method is able to distinguish
their dispersion degrees because it is based on their spacing
measurement. The FPSM analysis reveals that the dispersion of
PANI/Gra-10 is the highest and follows by PANI/Gra-P and
PANI/Gra-40 (Figure 2). The details of the analysis are
provided in Supporting Information S1.
The same SIP method is applied to 1D CNFs and CNTs,

and the TEM microstructures of the nanocomposites are
compared in Figure 3. The diameter of the CNFs is in the
range of 50−150 nm (Figure 3a), and more interestingly, all the
CNFs are coated by a rough PANI layer. The high resolution
TEM reveals the core−shell structure of the CNFs with an
amorphous carbon core and crystallized graphite shell, Figure
3b. After the SIP synthesis process, the CNFs are coated by a
rough layer of amorphous PANI (thickness: 20−30 nm), Figure
3b. The CNTs are observed to have a hollow structure with a
diameter of around 10 nm, and a similar coating behavior is
observed on CNTs, Figure 3c,d. A PANI layer (about 1−2 nm)
on CNTs, which is thinner than that on CNFs (20−30 nm), is
observed from HRTEM, Figure 3d, which is due to the much
larger specific surface area of the CNTs, and thus less PANI is
distributed on each nanotube. The measured lattice fringe of
3.50 Å corresponds well to the d-spacing of graphite, and the
thickness of the tube, about 5 nm, indicates the multiwalled
nature of the CNTs.32 This one-pot SIP approach to synthesize
the conductive PANI coating on CNTs shows great
convenience as compared to other reported methods. For
example, Wei et al. directly sulfated the acid-oxidized CNTs in
the presence of concentrated sulfuric acid and then assembled a
PANI layer on the modified CNT surface.33 Furthermore, Wu

Figure 1. TEM microstructures of (a) PANI/Gra-10, (b) PANI/Gra-
40, and (c) PANI/Gra-P with 5 wt % filler loading. (d) An example of
a TEM image divided by 10 × 10 grid lines for the dispersion
qualification along the grid lines; the distance between two adjacent
graphene layers is recorded as xi which can be measured either from
the horizontal or the vertical grid lines.

Figure 2. Spacing frequency distribution with log-normal fitting (the
smooth curve) of (a) PANI/Gra-10, (b) PANI/Gra-40, and (c)
PANI/Gra-P. The arrow indicates the mean spacing value, which is
0.692, 1.118, and 0.958 nm for a, b, and c, respectively.

Table 1. Quantified Dispersion of Gra-10, Gra-40, and Gra-P
in the PANI Matrix

normal distribution
log-normal
distribution

sample μ/σ D0.1 D0.2 D0.1 D0.2

5% Gra-10 2.7340 0.2155 0.4154 0.2204 0.4306
5% Gra-40 1.3284 0.1057 0.2098 0.1132 0.2283
5% Gra-P 1.8034 0.1431 0.2819 0.1496 0.2991
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et al. reported an in situ polymerization method for
synthesizing the PANI/MWCNT nanocomposites based on
carboxylic group-grafted MWCNTs.34

3.2. Electrical Conductivity and Electron Conduction
Mechanism. Figure 4a shows the resistivity as a function of
temperature for pure PANI and its PNCs with Gra-10 loading
of 0.1, 0.5, 1.0, 3.0, and 5.0 wt %, respectively. The resistivity is
observed to decrease with increasing temperature, indicating a
semiconducting behavior from 40 K to 290 K.35 The resistivity
of the PNCs is very similar to each other, which is decreased by
larger than 103 times with an increasing temperature from 40 K
to 290 K. Figure 4b compares the resistivity of the PNCs filled
with graphene of different dimensions and other CNS (CNFs
and CNTs) at a loading of 5 wt %. The results indicate that the
resistivity is strongly related to the CNS morphology.
Generally, the resistivity curve can be divided into two groups
according to the resistivity difference especially at low
temperatures. One group with 2D structured graphene shows
relatively higher resistivity, and the other group incorporating
1D fiber-structured CNFs/CNTs presents lower resistivity. The
curves for each group are almost overlapped below 100 K and
separate from each other above 100 K until 290 K. At 290 K,
the highest resistivity of 28.90 ohm·cm is obtained in the
PANI/Gra-10 PNCs, and the lowest resistivity of 11.27
ohm·cm is obtained in the PANI/CNT PNCs. The lower
resistivity of the PNCs filled with 1D CNFs or CNTs compared
with that of the PNCs filled with 2D graphenes is due to the
more efficient electron transport derived from the CNS
percolation network. In other words, CNFs and CNTs
constructed a more efficient electron transport network due
to the significantly larger number of the joint points between
1D CNS. However, the microsize graphene sheets are relatively
difficult to provide an efficient channel for electron transport
due to the spatial restricted plane−plane contacting mode.
Even though the as-received graphene has a specific surface area
(∼30 m2/g) much lower than that of CNFs and CNTs before
compounding with PANI, the full exfoliation of graphene (one
to three layers) after surface-initiated polymerization allows an
estimated surface area of about 1000 m2/g (2630 m2/g of a

single graphene sheet36). The multiwall CNTs show a typical
6−14 layer structure (refer to Supporting Information S2,
Figure S1). Taking the average value of 10 layers, the measured
specific surface of 300−330 m2/g is very close to 10% of the
theoretical results. This substantially higher specific surface area
of graphene compared with that of CNTs does not contribute
to a higher conductivity in composites, which further confirms
that 1D CNS are more efficient in constructing a conductive
percolation network. Note that the thermal stability of the
PNCs is slightly enhanced by a high loading of graphenes, while
different CNS show a negligible effect on thermal stability of
their corresponding PANI nanocomposites, Figures S3 in
Supporting Information.
To better understand the electron transport behavior within

these conducting PNCs. The electron transport mechanism is
elucidated by investigating the temperature-dependent σ, eq 1:

σ σ= −⎜ ⎟
⎡
⎣
⎢⎢

⎛
⎝

⎞
⎠

⎤
⎦
⎥⎥

T
T

exp
n

0
0

1/

(1)

where T0 is the characteristic Mott temperature related to the
electronic wave function localization degree and σ0 is the
conductivity at the high temperature limit. The n value of 4, 3,
and 2 is for three-, two-, and one-dimensional systems,
respectively. The best fits (standard deviation less than 0.02)
for each sample are obtained with n = 4 in the temperature
range of 10−290 K. The linear relation between ln(σ) and
T−1/4 obtained from the experimental results, Figure 5a,b,
indicates a quasi-3D variable range hopping (VRH, the low

Figure 3. (a) HRTEM of PANI/CNF nanocomposite. (b) Enlarged
interfacial area of the PANI/CNFs. The area between the yellow
dashed lines indicates the graphitized carbon on the CNF surface. The
left area is the amorphous carbon core of the CNFs, and the right part
is the PANI coating layer. (c) HRTEM of PANI/CNTs. (d) Enlarged
single CNT coating with the PANI layer. The lattice fringe is 3.50 Å
for both CNFs and CNTs, indicating their graphitized carbon
structure.

Figure 4. Resistivity vs temperature of (a) pure PANI and PNCs with
different loadings of Gra-10, and (b) PNCs with the same loading of
different carbon nanostructures.
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temperature behavior of the resistivity in the strongly
disordered systems where the states are localized). The T0
and σ0 for each sample are summarized in Table 2. The

relationships of T0 vs magnetoresistance (MR) and T0 vs
permittivity (ε′) have been explored and discussed in section
3.4. Generally, a larger T0 implies a stronger localization of the
charge carriers, which is often accompanied by an increase in
resistance at low temperatures. A small T0 implies a weak
localization.37

3.3. Magnetoresistance (MR). MR is calculated using eq
2:

= − ×R H R
R

MR(%)
( ) (0)

(0)
100

(2)

where R(0) and R(H) are the resistance at zero field and any
applied field H, respectively. The MR results for pure PANI and
its PNCs at 130 K and 290 K are shown in Figure 6. A small
negative MR (<1%) for all the samples is observed at 130 K,
Figure 6a,c, while significantly larger positive MR (15−30%) is
observed at 290 K, Figure 6b,d. The large difference in the MR
behavior indicates different electron transport modes at 130 K
and 290 K. At lower temperature, the negative MR is often
interpreted in terms of the quantum interference effect among
many possible paths in the magnetic field,38 which has been
reported recently in CNTs films/pellets39 and Ln2O3−x films

40

below 180 K. Figure 6a shows the negative MR of pure PANI
and PANI/Gra-10 PNCs with various loadings at 130 K. All the
samples, except 1 wt % Gra-10/PANI, exhibit a sharp increase
in negative MR from 0 to −0.3 to −0.6% at low field and then
further increase slightly with increasing magnetic field until 9 T.
With 0, 0.1, and 0.5 wt % Gra-10 loadings, the MR curves are
similar to each other, showing the highest negative MR among
all the samples. As the Gra-10 loading is further increased to
1.0, 3.0, and 5.0 wt %, the MR tends to be stabilized and shows
field-independent MR behavior at high fields.
Much larger positive MR is observed at 290 K for all the

samples, Figure 6b. A sharp increase in positive MR from 0 to
5−10% is observed at low magnetic field, which is due to the
hopping conduction arising from the contraction of the
localized state function and the subsequent increased hopping
length.41 With increasing magnetic field, the MR curve
increases exponentially toward high field. The Gra-10 loading
significantly affects the MR behavior of the PNCs. Lower
loadings (0.1, 0.5, and 1.0 wt %) of Gra-10 present a relatively
lower MR value compared with that of pure PANI, while the
MR value is comparable when the Gra-10 loading is increased
to 3 wt % and even higher than that of pure PANI at a loading
of 5 wt %. This filler loading-dependent MR behavior could be
explained from the percolation phenomenon (or so-called
threshold), which is often introduced in the composites to
interpret the switching physical phenomenon.42 The lower MR
observed in PNCs with 0.1, 0.5, and 1.0 wt % Gra-10 is due to
the interfacial interference effect of Gra-10 on the electron
hopping within the PANI matrix. Once the percolation
threshold has been reached at a loading of 3.0 and 5.0 wt %,
the MR behavior of the PNCs is dominated by Gra-10, where
Gra-10 has been reported to exhibit a much higher MR value of
70% at 9 T.43 Note that the π−π stacking of PANI and Gra-10
facilitates the electron transport at the interface and thus
improves the electrical conductivity of the nanocomposites. In
addition, larger specific surface area is available after
incorporating Gra-10 sheets, because the surface-initiated
polymerization exfoliates Gra-10 into a few layers (typically
one to three layers). Therefore, with the enlarged specific
surface area and improved interfacial property, the PANI/Gra-
10 PNCs exhibit better MR performances.
Below the field of 1.5 T, the PNCs filled with 2D graphenes

(except Gra-P) show larger negative MR at 130 K, which is
around 0.45%, Figure 6c. With the same loading of 1D filler
(CNTs and CNFs), the MR is relatively smaller at ∼0.3% even
though the MR in CNT and graphene nanoribbons is
comparable, which strongly depends on their chirality and
slightly on the aspect ratio.44 The higher MR of the PNCs filled
with 2D filler is probably due to the larger specific surface area-

Figure 5. ln(σ)−T−1/4 curves of (a) pure PANI and PNCs with
different loadings of Gra-10, and (b) PNCs with the same loading of
different carbon nanostructures.

Table 2. T0 and σ0 for Pure PANI and Its Nanocomposites

samples To × 107 (K) σ0 × 103 (S/cm)

PANI 1.00 115.15
0.1% Gra-10 1.20 84.29
0.5% Gra-10 1.46 132.99
1% Gra-10 1.18 82.21
3% Gra-10 0.96 40.42
5% Gra-10 0.79 16.39
5% Gra-40 1.09 76.04
5% Gra-P 1.05 50.82
5% CNFs 0.23 0.84
5% CNTs 0.40 5.57
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induced charge delocalization at the interface of the PANI
matrix and 2D CNS. In addition, the slightly larger MR of the
PANI/CNT PNCs compared with that of the PANI/CNF
PNCs would be attributed to the same reason. At higher field
(>1.5 T), it is difficult to compare the results because of the
large fluctuation in the measured data points. A similar pattern,
where 2D CNS-filled PNCs possess a higher MR value
compared with that of 1D CNS-filled PNCs, is still observed at
290 K. The lowest MR in PANI/Gra-P at both 130 K and 290
K is attributed to the alkyl chain segmentation of surfactant
SDBS on the graphene surface, which disturbs the charge
delocalization and thus decreases the MR.
3.4. Dielectric Properties. 3.4.1. Loading Effect. Figure 7a

shows the real permittivity (ε′) of pure PANI and its PNCs
with different Gra-10 loadings within the frequency range of 20
to 2 × 106 Hz at room temperature. The ε′ shows large negative
values (on the order of −104) starting from 20 Hz until 102−
103 Hz and at higher frequency it becomes positive. The
positive ε′ values within the frequency range of 5 × 103 to 2 ×
106 Hz are plotted, inset of Figure 7a. The ε′ is relatively stable
within the frequency range of 5 × 103 to 105 Hz, and the
decrease in the ε′ at high frequency is induced by the well-
known dielectric relaxation phenomena,45 suggesting that the
charge carrier localization is not stable and is easily affected by
external frequency disturbances. The ε′ increases with
increasing Gra-10 loading and reaches a maximum value of
∼2500 at a loading of 0.5 wt %. This is due to interfacial
polarization, where the charge carriers are accumulated at the
internal interfaces originated from the Maxwell−Wagner−
Sillars polarization effect.46 With further increase in the loading

to 1.0, 3.0, and 5.0 wt %, the ε′ decreases significantly and even
lower ε′ is observed with 5 wt % Gra-10 as compared to that of
pure PANI. These results are highly consistent with the
observations in the MR, Figure 6b, but in an opposite way.
Recently, our group has found that the negative permittivity

can be easily tuned by controlling the loading and morphology
of the semiconductive WO3 nanostructures using the SIP
method.8 To explore more details about the negative ε′ of
PANI and its PNCs filled with different loadings of Gra-10,
Figure 7b is plotted and the effect of the Gra-10 loading on the
switching frequency (where ε′ switches from negative to
positive) is investigated. Results show that the switching
frequency increases with increasing Gra-10 loading from 0.1 to
3.0 wt %, while it slightly decreases as the loading increases to
5.0 wt %. Pure PANI shows a switching frequency of 47 Hz,
and 208, 254, 423, 1127, and 971 Hz are observed in the PNCs
with a Gra-10 loading of 0.1, 0.5, 1.0, 3.0, and 5.0 wt %,
respectively. The negative permittivity arises from the unique
electronic energy dispersion, i.e., surface plasmons. The unusual
electron transport phenomena arise from the freely tunable
Fermi energy in graphene, which can be affected by an external
electromagnetic field.47 Classical 2D plasmon behavior is given
by w0 ∝ n1/2, where w0 (plasmon frequency) is defined as w0 =
(gsgve

2EF/2k)
1/2, n is the carrier (electron and hole) density, gs

and gv are the spin and valley degeneracies, EF is the Fermi
energy, and k is the background lattice dielectric constant of the
system.48 In graphene, however, the density-dependent
plasmon frequency shows a w0 ∝ n1/4 behavior. This unique
behavior would lead to a relatively larger plasmon frequency as
observed in graphene disks.43 The π−π stacking of PANI/

Figure 6.MR behavior of pure PANI and its PNCs as a function of Gra-10 loading at (a) 130 K and (b) 290 K; MR behavior of the PNCs filled with
5% weight loading of different carbon nanostructures at (c) 130 K and (d) 290 K.
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graphene at the interface facilitates the accumulation of charge
carrier at the interface and further transport to graphene
surface, which well explains the shift of switching frequency to
higher values.
Figure 7c shows the dielectric loss (tan δ, where tan δ = ε′′/

ε′) curves of pure PANI and its PNCs as a function of
frequency. All the curves rise from the lowest frequency (20
Hz) and then reach a peak value at different frequencies
depending on the filler loadings. These frequency values
correspond well to the switching of permittivity from negative
to positive due to the induction of the polarization at high
frequencies. After that, all the curves decrease monotonically

toward high frequency. The sharp peak in 0.5 wt % Gra-10
PNC sample indicates the transition from isolation to
percolation that induces the conduction of localized charge
carriers, which is consistent with the results as indicated in
Figure 8. The significantly higher dielectric loss of PNCs with

5.0 wt % loading compared with other loadings within the
whole frequency range could be attributed to the completely
constructed electron transport channel.
To better understand the filler loading-dependent MR and ε′

behavior, a correlation between MR, ε′, T0, and filler loading is
constructed and plotted in Figure 8. It is interesting to observe
that with the increase in Gra-10 loading, ε′ and T0 change
following a similar pattern while MR and T0 change in an
opposite way. The larger T0 indicates a strong localization of
charge carriers within the PNCs, which well explains the
observed higher positive ε′.9,37 However, the restricted motion
of charge carriers leads to a decrease in the conductivity. For
the MR in a strong magnetic field of 9 T, the magnetic field-
induced increase in the resistivity would be more obvious in the
PNCs containing a larger amount of free charge carriers (less
charge localization). Therefore, the highest MR is obtained in
the PNCs that exhibit the lowest T0. Even though the network
formation of Gra-10 is directly observed with a loading of 5.0
wt % from the TEM image, Figure 1a, the percolation is
characterized as low as 1.0 wt % with evidence of the crossover
of MR and ε′ in Figure 8. The formed Gra-10 network creates
an additional pathway for electron transport and thus increases
the MR. Meanwhile, the enhanced electron transport weakens
the charge carrier localization, which leads to a decreased ε′ in
the Gra-10/PANI PNCs.

3.4.2. Shape and Species Effect. The dielectric behavior of
the PNCs is related to the charge carrier motion within the
matrix as well as the interface between the filler and matrix,

Figure 7. Frequency-dependent (a) ε′ from 100 to 2 × 106 Hz, (b) ε′
from 200 to 104 Hz, and (c) dielectric loss (tan δ) of pure PANI and
PNCs with different loadings of Gra-10.

Figure 8. The correlation between (a) MR, (b) ε′, and (c) T0 and Gra-
10 loading. The MR value is taken at 9 K and 290 K, ε′ is taken at 105

Hz, and T0 values are summarized in Table 1.
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while the latter is more significant in the PNCs.49 To be more
specific, the interfacial properties, determined by the filler
morphology, dimension, surface functionality, and intrinsic
physiochemical nature of the fillers, affect the dielectric
properties in different ways. Two-dimensional graphene
nanostructures with different dimensions (Gra-10 and Gra-
40) and surface functionality (Gra-P), as well as 1D fibrous
CNS (CNFs and CNTs), are comparatively investigated.
The PANI/CNT PNCs exhibit the largest negative ε′ value

of −9.8 × 104 at 20 Hz, which is larger than that of the PANI/
CNFs PNCs (−1.7 × 104 at 20 Hz). The PNCs filled with Gra-
40 exhibit the highest negative value among these 2D
graphenes (Gra-10, Gra-40, and Gra-P). With increasing
frequency, ε′ increases rapidly and becomes stabilized when
the frequency is larger than 5 × 103 Hz. The inset of Figure 9a
shows an enlarged graph with a relatively stable ε′ at high
frequency, and the results indicate that the PNCs filled with
CNTs show the highest ε′ at around 500 following by Gra-40
(400), CNFs (∼300), Gra-10 (250), and Gra-P (150). The
different dielectric behaviors of these PNCs arise from the
distinct morphology of different CNS, their corresponding
electronic properties (the electrical conductivity of CNFs: 103−
105 S/cm;50 CNTs: 104−107 S/cm;51 graphene: minimum
conductance from theory is 4e2/h; most measurements are 4e2/
πh or greater,52 where e is the elementary charge, 1.602 × 10−19

C, h is Planck's constant, 6.626 × 10−34 J·S), and the interfacial
interaction between the CNS and PANI matrix. The different
CNS significantly change the switching frequency of the PNCs,
Figure 9(b). The PNCs filled with 1D fibrous fillers (CNTs and
CNFs) exhibit higher switching frequency compared with that
of the PNCs filled with 2D graphenes due to the charge
delocalization at the interface arising from the excellent
interfacial interaction, Figure 3. The PANI/CNF PNCs show
the highest switching frequency at 1900 Hz. The switching
frequency is decreased to below 1000 Hz after incorporating
different graphenes. As the average dimension of graphene is
increased from 10 μm (Gra-10) to 40 μm (Gra-40), the
switching frequency is decreased from 960 to 930 Hz.
Comparing to the graphene with the smallest dimension, we
see even lower switching frequency of 720 Hz, which is due to
the “shielding effect” of the surfactant (SDBS on Gra-P) with a
blocked electron transport within the interface.42 According to
these observations, it is reasonable to conclude that the surface
functionality plays a role more important than dimension on
the switching property. Meanwhile, the different switching
frequency is also related to the different electron transport
behavior of these solid and hollow nanostructures.
Figure 9c shows the tan δ curves of the PNCs filled with

different CNS. Similar to the observations in the PNCs with
different Gra-10 loadings, all the curves increase from the
lowest frequency (20 Hz) and then reach a peak value at
different frequencies depending on the filler species. Note that
the PANI/CNT PNCs exhibit the smallest peak intensity and
lowest tan δ within the whole frequency range. The lower tan δ
means less energy loss (normally in the form of heat) of the
dielectric materials in the electric field. Therefore, the PNCs
reinforced with 1D CNTs obtain the greatest potential
advantages, which could be used in supercapacitors.53

4. CONCLUSION
Conductive polyaniline nanocomposites with different carbon
nanostructures, including 2D graphene and 1D CNFs/CNTs,
dispersed in the hosting polyaniline matrix have been

successfully synthesized by a facile surface-initiated polymer-
ization (SIP) method. The microstructure investigations reveal
that the graphene has been exfoliated during polymerization
and dispersed uniformly with a few layers stacked together
while a smooth coating layer surrounding the 1D CNFs/CNTs
is observed. The better dispersion quality of graphene can be
achieved using smaller dimension graphene without surfactant
on its surface. The conducting behaviors of the PNCs with
different loadings of Gra-10 and with different carbon
nanostructures (CNS) have been comparatively studied and
illustrated in terms of electron transport within the PNCs. The

Figure 9. Frequency-dependent (a) ε′ from 100 to 2 × 106 Hz, (b) ε′
from 200 to 104 Hz, and (c) dielectric loss (tan δ) of PANI PNCs with
the same loading of different CNS.
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improved electrical conductivity of the PNCs after the addition
of CNS attributes to the excellent interface interaction between
the hosting PANI and CNS. The electron transport mechanism
has been interpreted as a quasi-3D variable range hopping
(VRH) behavior. Enhanced magnetoresistance of the PNCs
filled with 5 wt % Gra-10 and 5 wt % Gra-40 compared with
that of pure PANI is observed at room temperature. Negative
permittivity is found in each composition and can be controlled
by adjusting the filler loading, morphology, and surface
functionality. All these conductivity, magnetoresistance, and
dielectric properties of the PNCs have been found to be
strongly related to the electron transport behavior within the
PNCs, which could be explained in terms of electron
localization at the interface and percolation threshold formation
with increasing the filler loading.
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