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Core-shell single wall carbon nanotube (SWCNT)/ polyaniline (PANI) nanocomposites were chemically synthesized and their structural, morphological, and dielectric properties were investigated as a function of the nanofiller content. X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM) images confirm the core-shell nanostructural features of the composites. Broadband dielectric spectroscopy allows the detection of an interfacial dielectric relaxation mechanism which is quite dependent on the dispersion of nanoparticles into the semi-conducting polyaniline matrix. Furthermore, the relaxation process analysed through Kohlrausch-William-Watts (KWW) model, is found to take place at lower nanofiller loading but progressively fades away on increasing the amount of SWCNT, yielding relaxation spectra which gradually resemble that of a pure conductor. In addition, it is found that competing processes between electrical percolation and interfacial capacitance effects are inherently dependent on the carbonfiller content. Such a behaviour is ascribed to charge trapping and de-trapping phenomena occurring at core-shell interfaces. The possibility of tuning the composition of the nanocomposites in order to trigger an interplay between capacitance and dcelectrical conduction can be envisioned for their application in the next generation of organic-based supercapacitor or gate memory devices.

INTRODUCTION

The past decade has witnessed the development of binary nanocomposites derived from combining carbonaceous nanofillers dispersed in various polymer matrices. Owing to their interesting electrical, thermal and mechanical properties [START_REF] Spitalsky | Carbon nanotube-polymer composites: Chemistry, processing, mechanical and electrical properties[END_REF][START_REF] Shahil | Graphene-Multilayer Graphene Nanocomposites as Highly Efficient Thermal Interface Materials[END_REF][START_REF] Coleman | Small but strong: A review of the mechanical properties of carbon nanotube-polymer composites[END_REF], these materials have attracted enormous attention because of their potential widespread commercial applications or use in specialized advanced technology. For example, it has been recently reported that the incorporation of graphene nanofillers in polymers enhances the performance of piezoresistive sensors [START_REF] Costa | High-performance graphene-based carbon nanofiller/polymer composites for piezoresistive sensor applications[END_REF] and multilayer graphenes/polymer composites can function as highly efficient thermal interface materials [START_REF] Shahil | Graphene-Multilayer Graphene Nanocomposites as Highly Efficient Thermal Interface Materials[END_REF]. More recent research with the use of carbon nanotubes/polyaniline(PANI) reveals that the composite materials can be used, e.g., as robust flexible electronic gas sensors [START_REF] Xue | Flexible polyaniline/carbon nanotube nanocomposite film-based electronic gas sensors[END_REF], a chemosensors [START_REF] Liao | Carbon nanotube/polyaniline composite nanofibers: Facile synthesis and chemosensors[END_REF], or pseudocapacitive materials with high cycling stability [START_REF] Liu | Crosslinked carbon nanotubes/polyaniline composites as a pseudocapacitive material with high cycling stability[END_REF]. In recent development on improved energy conversion and energy storage of prototypical devices, it has been found that a) SWCNT/polymer fillers can be used as charge storage elements when incorporated in the floating gate of a metal-insulator semiconductor [START_REF] Alba-Martin | Improved memory behaviour of single-walled carbon nanotubes charge storage nodes[END_REF] b) PANI nanowire arrays grafted on reduced graphene oxide exhibits enhanced electrochemical behaviour and are promising nanocomposites for use in high performance supercapacitors [START_REF] Wang | Hierarchical nanocomposites of polyaniline nanowire arrays on reduced graphene oxide sheets for supercapacitors[END_REF] c) self-aligned reduced graphene oxide/epoxy nanocomposites are capable of high charge accumulation at the filler/matrix interface and they present excellent electromagnetic shielding properties [START_REF] Yousefi | Highly aligned graphene/polymer nanocomposites with excellent dielectric properties for high-performance electromagnetic interference shielding[END_REF] d) CNTs and graphene composites demonstrate good conductivity and high volumetric energy density [START_REF] Kim | Activated graphene-based carbons as supercapacitor electrodes with macro-and mesopores[END_REF] and e) battery electrodes, derived from combining diverse porous carbons with structurally designed PANI, present superior power density as compared to their Li-ion counterparts [START_REF] Wang | Review on Carbon/Polyaniline Hybrids: Design and Synthesis for Supercapacitor[END_REF].

In general, the characteristics of the nanocomposite materials are greatly dependent on their methods of preparation/protocols of synthesis and the dimension (O, 1 or 2D) of the nano-carbonaceous filler which affects the kinetics of crystallization process of the polymer [START_REF] Xu | Low-dimensional carbonaceous nanofiller induced polymer crystallization[END_REF]. The properties (e.g. mechanical, thermal and electrical [START_REF] Xu | Low-dimensional carbonaceous nanofiller induced polymer crystallization[END_REF][START_REF] Bhattacharya | Polymer Nanocomposites-A Comparison between Carbon Nanotubes, Graphene, and Clay as Nanofillers[END_REF]) of the resulting materials and their performance are controlled through crucial parameters such as, the amount and quality of the filler dispersion, the morphology of their interfacial spacing, and the conducting filler/host interactions etc. For example, it has been shown that a) definite amounts of reduced graphene oxide (RGO) in PANI [START_REF] Islam | Transport and thermoelectric properties of polyaniline/reduced graphene oxide nanocomposites[END_REF] or CNTs in PMMA [START_REF] Bonnet | Thermal properties and percolation in carbon nanotube-polymer composites[END_REF] can play a synergistic role in effecting 2D or 3D electrical and thermal percolations in the nanocomposites, b) complex micro/nano interfacial effects are instrumental in controlling the charge and phonon transport mechanisms in composites like RGO/PANI [START_REF] Islam | Evidence of interfacial charge trapping mechanism in polyaniline/reduced graphene oxide nanocomposites[END_REF] or in graphene multi-layered graphene composites [START_REF] Shahil | Graphene-Multilayer Graphene Nanocomposites as Highly Efficient Thermal Interface Materials[END_REF].

In addition, the effect of effective interfacial resistance on thermal conductivity in hybrid system has recently been reported [START_REF] Pratap | Effect of air confinement on thermal contact resistance in nanoscale heat transfer[END_REF]. While methods of improvement of electrical conductivity in CNTs/PANI have been reviewed [START_REF] Mariano | Electrical properties of self-assembled films of polyaniline/carbon nanotubes composites[END_REF][START_REF] Gull | Effect of different oxidants on polyaniline/single walled carbon nanotubes composites synthesized via ultrasonically initiated in-situ chemical polymerization[END_REF][START_REF] Qu | A novel hydrophilic pyridinium salt polymer/SWCNTs composite film for high thermoelectric performance[END_REF][START_REF] Ibrahim | A comparative study of polyaniline/MWCNT with polyaniline/SWCNT nanocomposite films synthesized by microwave plasma polymerization[END_REF] and there are numerous reports describing the capacitance effect in these composites [START_REF] Wang | Review on Carbon/Polyaniline Hybrids: Design and Synthesis for Supercapacitor[END_REF][START_REF] Che | Porous polyaniline/carbon nanotube composite electrode for supercapacitors with outstanding rate capability and cyclic stability[END_REF][START_REF] Liu | Recent advancements of polyaniline-based nanocomposites for supercapacitors[END_REF], nevertheless, we believe that further research related to the competing nature of the electrical vs. interfacial capacitance effect is warranted.

More specifically, in this work, we discuss a competition between interfacial capacitance and electrical percolation in core-shell SWCNT/PANI composites. It has been reported that the fabrication of the above composites can be achieved via different methods such as electrochemical polymerization, template polymerization, enzymatic polymerization, photo-polymerization, plasma polymerization, or chemical polymerization [START_REF] Che | Porous polyaniline/carbon nanotube composite electrode for supercapacitors with outstanding rate capability and cyclic stability[END_REF]. Since in situ chemical polymerization process for the preparation of SWCNT/PANI are known to provide fairly homogeneous polymer composites because growing PANI chains in solution can easily combined with fillers to form hybrids resulting in further improved functional properties [START_REF] Che | Porous polyaniline/carbon nanotube composite electrode for supercapacitors with outstanding rate capability and cyclic stability[END_REF][START_REF] Philip | Polyaniline/carbon nanotube composites: Starting with phenylamino functionalized carbon nanotubes[END_REF]. We have adopted and modified this method by carrying it under sonication in hope to disentangle to some extent and better disperse the SWCNT during polymerization.

Field Emission Scanning Electron Microscopy (FE-SEM) and Transmission

Electron Microscopy (TEM) were employed to confirm the composite core-shell structures. Complex dielectric permittivity spectra obtained from Broadband dielectric spectroscopy (BDS) are analyzed within the framework of the Kohlrausch-Williams-Watts (KWW) model. The relaxation process and dc-electrical conductivity are evaluated as a function of the SWCNT loading. The relationship between charge capacitance and percolation behavior of dc-electrical conductivity is investigated according to charge trapping and de-trapping processes taking at core-shell SWCNT/PANI interfaces.

Materials and methods

Most chemicals used were obtained from Aldrich Chemical except the single-walled carbon nanotube (>90% purity; containing 3.96% OH) which were purchased from Times Nano (China). SWCNT/PANI nanocomposites were synthesized through an in situ chemical polymerization method combining aniline monomers, SWCNT, ammonium peroxydisulfate (APS) (oxidizing agent) and 1.0 M (aq.) HCl as dopant.

Nanocomposites with various weight fractions of SWCNT, (ranging from 0.034 vol-% (0.01 wt-%) to 12.25 vol-% (17 wt-%)) were prepared. A typical procedure is as follows for the synthesis of pure PANI and a PANI composite with 0.068 vol-% SWCNT:

A)

Synthesis of Pure PANI Into a 30-ml beaker containing a magnetic stir bar was placed a solution of 0.347 g (3.726 mmol) aniline in 18.0 ml of 1.0M HCl (aq). This mixture was magnetically stirred for 1h at room temperature. To this vigorously stirred solution was then added (dropwise, via pipet) a solution of 0.913 g (4.001 mmol) APS in 7.0 ml of 1.0M HCl (aq). Magnetic stirring of the resulting solution was continued for another 24h at room temperature. The deep green solid product was then suction filtered, and then washed sequentially with copious amounts of de-ionized water (to rid of the excess HCl (aq), anilinium monomers and residual APS), acetone (to remove aniline oligomers and organic by-products) until a colourless filtrate was obtained. The composites were further rinsed with hexanes to remove the residual acetone after which it was dried (50.0 °C; 12 h) under high vacuum and then stored in a desiccator containing CaCl2 as drying agent.

B) Synthesis of SWCNT/PANI composites

Into a glass test tube was sequentially added 3.50 mg (0.292 mmol) SWCNT, 0.347g (3.726 mmol) aniline and 18.0 ml of 1.0 M HCl (aq.) The tube was then placed into a sonicator (Branson ultrasonic cleaner, model CPX 3800 H-E; 5.7 litter tank) and the mixture was sonicated for 1 hour at room temperature. It was then transferred into a beaker, and a solution of 0.913g (4.001 mmol) APS in 7.0 ml of 1.0 M HCl (aq.) was added. The resulting mixture was magnetically stirred for 24 h at room temperature. The composites formed was suction filtered and then sequentially washed with de-ionized water, acetone (until a colourless filtrate was obtained) and further rinsed with hexanes. They were then high vacuum dried and stored as describes above.

Pellets of the as-prepared Pure PANI and nanocomposites were prepared from pulverized powder with the use of a hydraulic press (450 MPa) which provided test samples having a diameter of 13 mm and a thickness of 270±20 μm.

X-ray diffraction (XRD) measurements were carried out via a curved multidetector INEL-CPS 120 set up. Lindeman glass capillary tubes (diameter 0.70 mm) was used to place the samples and irradiated with a collimated monochromic beam (λ = 0.154056 nm). Samples were rotated around the vertical axis of the goniometer head. FE-SEM (Hitachi S4700 operating at 6 kV) and TEM (FEI Technai G2 operating at 20 kV) were employed to investigate the morphological and structural characteristics of SWCNT/PANI composites. The pellets were then placed between aluminium electrodes and dielectric permittivity measurements were carried out at room temperature on a Modulab-MTS test system (Solartron Analytical-Amtek) in the frequency (ƒ) range of 1Hz-1MHz with an amplitude of the oscillating voltage set at 100 mV. The dielectric spectra were fitted with the Grafity software [START_REF]Focus software is[END_REF]. crystal plane [START_REF] Liu | Highly dense and perfectly aligned single-walled carbon nanotubes fabricated by diamond wire drawing dies[END_REF][START_REF] Qiu | High performance asymmetric supercapacitors with ultrahigh energy density based on hierarchical carbon nanotubes@NiO core-shell nanosheets and defect-introduced graphene sheets with hole structure[END_REF][START_REF] Chatterjee | Polyaniline-single walled carbon nanotube composite-a photocatalyst to degrade rose bengal and methyl orange dyes under visible-light illumination[END_REF]. Pure PANI XRD analysis exhibits that a broad peak is observed from 2θ ~ 10° to 2θ ~ 30° indicating amorphous PANI along with a sharper peak at 2θ ~ 25° which is assigned to the (110) reflection of crystallographic plane of the orthorhombic structure reported for semi-crystalline PANI [START_REF] Islam | Transport and thermoelectric properties of polyaniline/reduced graphene oxide nanocomposites[END_REF][START_REF] Pouget | X-ray Structure of Polyaniline[END_REF]. For SWCNT/PANI composites, the peak (2θ ~ 26.2°) of SWCNT and the peak of PANI (2θ ~ 25°) are overlapped and the peak is shifted towards higher 2θ. The result is in good agreement with the previous result of PANI/SWCNT composites reported by N. G. Gull et al. [START_REF] Gull | Effect of different oxidants on polyaniline/single walled carbon nanotubes composites synthesized via ultrasonically initiated in-situ chemical polymerization[END_REF].

Results and discussion

In case of SWCNT/PANI composites with 12.25 vol-% SWCNT content, the peak is appeared at 2θ ~42.8° which confirm the presence of SWCNT into the composites. It is believed that the mechanism of the encapsulation process involves a preliminary stretching step of the molecular chain of PANI followed by its pairing with the SWCNT and wrapping of the latter with the polymer host until an equilibrium is achieved [START_REF] Datta | Controlled functionalization of single-walled carbon nanotubes for enhanced ammonia sensing: a comparative study[END_REF]. Such a core-shell feature is favoured by good aromatic basal ring π-π interactions between PANI and SWCNT [START_REF] Lordi | Molecular mechanics of binding in carbon-nanotube-polymer composites[END_REF][START_REF] Yu King | Carbon nanotube-polyaniline nanohybrids: Influence of the carbon nanotube characteristics on the morphological, spectroscopic, electrical and thermoelectric properties[END_REF][START_REF] He | A large area, flexible polyaniline/buckypaper composite with a core-shell structure for efficient supercapacitors[END_REF]. In this process, the aromatic rings of PANI are envisioned to gradually orient such that their planes are parallel to those of SWCNT, thereby favouring good intermolecular interactions. It is also observed that with increasing SWCNT loading the diameter of core-shell composites is reduced from ca. 180±30 nm (for 2.06 vol-% SWCNT) to ca. 75±15 nm (for a sample with 12.25 vol-% SWCNT)

i.e., the diameter of PANI nanofibers is reduced with increasing inclusion of fillers into matrix. The imaginary part (ε′′) of the complex permittivity vs frequency recorded at room temperature for PANI and SWCNT/PANI composites of various compositions is depicted in Fig. 3. The imaginary part of the complex permittivity ε* = ε′ + jε′′ is related to the real part of the complex electrical conductivity σ* = σ′ +jσ′′ through the following relation [START_REF] Papathanassiou | Universal frequencydependent ac conductivity of conducting polymer networks[END_REF]:

σ′ = 2πfε0ε′′ (1) 
where f denotes the frequency of the externally applied harmonic voltage and ε0 is the permittivity of free space. We observe that ε′′( f) values increase with increasing SWCNT loading, which is related with the subsequent increase of the dc conductivity.

Also, the gradual increase of the amount of SWCNT resulted in a relaxation process which appears in the range of 10 3 -10 5 Hz. Thus, the relaxation mechanism which is absent in the behaviour of the pristine PANI, is attributed to the presence of SWCNT. In the MHz region, the low-frequency tail of an additional relaxation mechanism is observed, with its maximum located beyond the upper detection limit of our impedance analyzer; we ascribe it to a transmission line effect and its study is beyond the scope of the present work. To gain further insights into the spectrum of imaginary part (ε′′) of complex permittivity, the experimental data were analyzed via the following a function:

ε′′ (f) = ε1′′ (f) + ε2′′ (f) (2) 
Eq. 2 deals with the low-frequency region of the spectrum where the ac conductivity is frequency independent and is equal to the dc-conductivity (σdc) which is defined as :

ε1′′ (f) = σdc/ ε0(2π f) n ( 3 
)
where n is a fractional exponent close to 1. Furthermore, in the high-frequency dispersive region a dielectric loss is observed; this phenomenon is interpreted via the Fourier transform of the Kohlrausch-Williams-Watts (KWW) stretched exponential functions given by the equation [START_REF] Williams | Non-symmetrical dielectric relaxation behaviour arising from a simple empirical decay function[END_REF] :

ε ′′(t) = ∆ε e ( ) (4) 
where ∆ε is the relaxation strength, τ is the KWW-relaxation time, and β is the stretching exponent (0<β≤ 1) which reaches unity for ideal Debye systems. We wish to point out that the KWW function is usually employed in the literature to fit dielectric loss peaks in conducting polymers and composites [START_REF] Hasnaoui | Electric Modulus Analysis of Carbon Black/Copolymer Composite Materials[END_REF][START_REF] Alzari | Study of polymeric nanocomposites prepared by inserting graphene and / or Ag, Au and ZnO nanoparticles in a TEGDA polymer matrix, by means of the use of dielectric spectroscopy[END_REF]. Because this function has allowed us to analyse and successfully interpret dielectric and electrical phenomena in composites made of PANI/graphene oxide, we have decided to use it in this study [START_REF] Islam | Evidence of interfacial charge trapping mechanism in polyaniline/reduced graphene oxide nanocomposites[END_REF][START_REF] Islam | On the sign of the relaxation activation energy for interfacial polarization in reduced graphene oxide-based nano-composites[END_REF]. We are particularly interested in determining the relationship between % SWCNT content and capacitance effects (expressed through ∆ε ) upon

SWCNT, rather than the shape parametrs of the fitting function. which produces a relaxation peak. On increasing the SWCNT loading, spacing between the semi conducting PANI and SWCNT is reduced, thereby the density of interfaces is increased. This change favours an enhancement in charge trapping and as a result, the intensity of the relaxation peak decreases upon raising the SWCNT fraction (Fig. 5a), while σdc increases (Fig. 5c). ). In addition, it can be seen that the relaxation peak maximum retrieved from the KWW function are increased with SWCNT fraction rises (Fig. 5b). Therefore, the topology and conduction efficiency of the percolation network of the composites is optimized on increasing SWCNT loading and an increase of the dc conductivity is subsequently observed. The relaxation mechanism observed in the nanocomposites is lacking in neat PANI. Its presence is therefore correlated with the heterogeneous structure of the composites. Moreover, the relaxation dynamics depends on SWCNT content: in Fig. 5b, the relaxation peak maximum fmax shifts towards higher frequencies vs the volume fraction of SWCNT. To a first approximation, the nanocomposites can be simulated as if they are made of a two phase system. Indexes 1 and 2 indicate the host PANI and dispersed SWCNT phases, respectively. Sillars [START_REF] Van Beek | Dielectric behavior of heterogeneous systems[END_REF] considered the case of dispersed spheroid inclusions of axes a and b, respectively and calculated the relaxation time = 1/ in terms of the dc conductivity σdc,i and (relative) dielectric constant εi (where i=1, 2), as well as the volume fraction υ2 of the dispersed phase:

= !" # ($ %)( & ) ' (), !" # ($ % & )(' (),& ' (), ) (5) 
Where A0 is a shape parameter factor, which is a positive number less than unity. If SWCNT are considered approximately as oblate spheroids with a>>b, A0=[ln(2a/b)-1](b/a) 2 [START_REF] Van Beek | Dielectric behavior of heterogeneous systems[END_REF] PANI, the host phase 1, is a good semiconductor, while SWCNT, phase 2, is highly conductive, i.e., , σdc,2>>σdc, 1 and ε1>>ε2. Subsequently, for prolate conducting spheroid inclusions, (given that = 1/ ), eq. (A1) can be written:

≅ [$ " # ($ % & ) ' (),& " # ($ % & ) (6) 
Differentiating Eq. ( 6) with respect to the SWCNT volume fraction υ2, we get:

-./0 123 -% & ≈ ($ % & ) & " # ($ % & )!$ ($ % & )% & (7) 
Since 1>υ2>0 and (1-υ2) 2 -Α0(1-υ2)+1 >0 (provided that 1>υ2>0) , we get dlnfmax/dυ2>0. Fig. 5b indicates that log fmax shifts towards higher frequencies on increasing volume fraction υ2. This finding is indeed, in accord with the above mentioned predictions of the Sillars model for elongated prolate conducting spheroids dispersed into a semiconducting matrix.

The dc conductivity values obtained by fitting Eq. 2 to the data points of Fig. 3, are plotted against the volume fraction (φ) of SWCNT content. The result is depicted in Fig. 5c. It has been described that percolation theory for systems consisting of conducting inclusions dispersed into an insulating matrix requires a critical volume fraction φ 5 needed for the transition from an insulator state to a conducting one.

Accordingly, the dc conductivity at constant temperature is given by the equation:

σ 67 (φ)∝8φφ 5 :

;

where r is a (model-dependent) universal constant, ranging roughly from 1 to 2 (i.e, r is 2 and 1.3 for 3D and 2D systems, respectively) [START_REF] Stauffer | Introduction to Percolation Theory[END_REF][START_REF] Grimaldi | Theory of percolation and tunneling regimes in nanogranular metal films[END_REF]. The fitting equation 8 with φc=0.004±0.002 and r=1.0±0.1 indeed indicates the occurrence of a percolation network. Above φc, with higher φc, a transition from the semi-insulating to a conducting state takes place.

It is known that the electric charge transport within a homogeneously disordered solid, where disorder is space-invariant (i.e., a carrier senses the same degree of disorder of the surrounding environment), is capable to induced charge localization, depending on the frequency of the external electric field. This phenomenon eventually is accompanied by the appearance of a dielectric loss peak. In this case, σdc is correlated to fmax and Δε, according to the Barton -Nakajima -Namikawa (BNN) [START_REF] Namikawa | Characterization of the diffusion process in oxide glasses based on the correlation between electric conduction and dielectric relaxation[END_REF]:

σdc=2πpε0Δεfmax, where p is an empirical parameter and is roughly equal to 1.7 [START_REF] Papathanassiou | Hopping charge transport mechanisms in conducting polypyrrole: Studying the thermal degradation of the dielectric relaxation[END_REF]. Fig. 5b depicts an evaluation of fmax as a function of SWCNT content. However, the results indicate that the BNN relation cannot be applied in our case, indicating that the relaxation peak does not stem from the motion of free carriers in a homogeneously disordered matrix rather, a relaxation may occur due to charge trapping at the interfaces of PANI and SWCNT. According to the latter scenario, percolation competes with interfacial charge trapping, as evidenced by the reduction of Δε (which is a measure of the density of trapped charge) upon raising the φ value [START_REF] Papathanassiou | Interfacial and space charge dielectric effects in Polypyrrole/Zinc Oxide composites[END_REF]. As seen in Figure 5d, where logσdc is plotted vs logΔε for all nanocomposites, a systematic enhancement of macroscopic dc conductivity takes place at the expense of charge trapping which is speculated to be caused by the structural and electrical heterogeneity of the composites.

Further analysis by FTIR, RAMAN, XRD is required to alternatively support the electrical results. For example, in comparison to pure PANI, the XRD pattern of hybrid SWCNT/PANI nanocomposites (shown in Fig. 1) detect noticeable differences in the sharpness of the peaks, which is correlated to the crystallinity of nanocomposites. The effective electrical properties of the nanocomposites can be correlated to the changing behaviour of the crystallinity in the nanocomposites.

Conclusions

In conclusion, chemically synthesized core-shell single wall carbon nanotubes/ polyaniline nano-composites were synthesized and characterized in relation to the carbonaceous nano-filler content. XRD, FE-SEM and TEM images confirm the coreshell nano-structured features of the SWCNT/PANI composites. Frequency-domain dielectric studies reveal an interfacial dielectric relaxation mechanism associated with the presence and amount of the dispersed nano-particles in the semi-conducting polyaniline matrix. Depending on the filler content, percolation competes with interfacial capacitance effects. The electric charge percolation critical volume fraction obtained by fitting eq. ( 8) to the data points depicted in Fig. 5c, is φc=0.4 %. Above this critical fraction, the intensity ΔεKWW of relaxing trapped carriers drops significantly.

Therefore, a φc of 0.4% is the optimal fraction of SWCNT needed to produce highly conductive composites, with minimal SWCNT loading. We ascribed our results to a charge trapping and de-trapping phenomenon, which is believed to take place at coreshell interface of the nanocomposites. By tuning the SWCNT composition, a balance between capacitance and dc-electrical conduction is possible and the results could be applied in the fabrication of promising materials of tunable conductivity and charge storage capability, which can be used in energy storage and gate memory devices.

Fig. 1

 1 Fig. 1 depicts XRD spectra of pure PANI, pure SWCNT and SWCNT/PANI composites. As shown in Fig 1, XRD pattern of pure SWCNT exhibits characteristic diffraction peaks at 2θ ~ 26.2° and ~42.8°, which are correspond to (002) and (100)
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 1 Fig. 1. XRD pattern of pure PANI, pure SWCNT, and SWCNT/PANI composites.

Fig. 2 .

 2 Fig. 2. Images observed by FE-SEM for (a) pure PANI, and SWCNT/PANI nanocomposites with (b) 2.06 vol-% and (c) 8.50 vol-% SWCNT respectively and (d) HR-TEM image for SWCNT/PANI nano-composites with 12.25 vol-% SWCNT.

Fig. 3 .

 3 Fig. 3. Imaginary part (ε") of the complex dielectric permittivity vs frequency for pure PANI, and SWCNT/PANI composites containing 0.034, 0.068, 0.34, 1.37, 2.06, 3.46, 4.88, 8.50, and 12.25 vol-% SWCNT, respectively.

Fig. 4 .

 4 Fig. 4.Imaginary part ε״ of the complex dielectric permittivity vs frequency for (a) pure PANI, (b) 0.034 vol-% SWCNT/PANI, (c) 1.37 vol-% SWCNT/PANI, and (d) 12.25 vol-% SWCNT/PANI. Symbols are experimental data point, whereas red lines are the best fitting curves of a conductivity line (black color) with slope -1 , KWW peak (blue colour).

Fig. 5 .

 5 Fig. 5. Dependence of the fitting parameters of the KWW model on SWCNT loading: (a): peak intensity and (b): the logarithm of the peak maximum ƒmax, (c) dc conductivity vs vol-% SWCNT (symbols are experimental data point, whereas red line is the best fit of the percolation model) and (d) competition of logσdc against logΔε (the SWCNT content balances dc conductivity versus capacitance effects).
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