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Abstract: PAA/polyaniline/MWCNT nanocomposites are synthesised. Aniline is taken as monomer whereas; 

MWCNT is used as additive. Prepared nanocomposites are synthesized by chemical oxidation method. XRD, FTIR, 

and UV-Visible, FESEM with EDS, HRTEM, DC conductivity and magnetoresistance techniques are used to 

characterize the prepared nanocomposite as well as raw materials. Room temperature DC conductivity, temperature 

dependent (presence and absence magnetic field) of above-mentioned nanocomposites is estimated by linear four-

probe technique. DC conductivity are found to be xxxx S/cm (of PAA/PANI/MWCNT (0.1 wt%) nanocomposites), 

xxx S/cm (of PAA/PANI/MWCNT (3 wt%) nanocomposites), xxx S/cm of PAA/PANI/MWCNT (0.3 wt%) 

nanocomposites. Magnetoresistance of PAA/PANI/MWCNT (0.5 wt%) nanocomposite, xxx S/cm (of 

PAA/PANI/MWCNT (1.0 wt%) nanocomposites) at room temperature.  DC conductivity is a function of 

temperature. It is also studied with and without magnetic field. Conduction process of materials is followed Mott 

3D-VRH model. Magnetoresistance (MR) is also estimated and shows positive MR.  

Keywords: Acrylic Acid, Electrical Conductivity, Magnetoresistance, Mott 3D-VRH model, MWCNT , and 

Polyaniline. 

I.   INTRODUCTION 

In last decades, researchers/scientist are focused more attention on carbon nanotubes (CNT) based polymer nanocomposite. 

It is new class of multidirectional materials having improved mechanical, electrical, and thermal properties if compared 

with pure polymers [1-14]. Extensive reviews are studied on these CNT/polymer composite materials [1]. Nylon 6 

composite fibers/SWCNT is prepared. Improved results is obtained by loading of SWCNT (0.5 wt %) [2]. SWCNT/poly 

(3-hexylthiophene) nanocomposite is prepared. From the results of as prepared material is characterized by electrical 

bistability and memory phenomenon. Single-walled CNT/polyurethane nanocomposites show strong microwave absorption 

(2-18 GHz) [3] Pradhan et al.3]. Aligned CNT based polymer composite films show high flexible, high transparency, and 

outstanding conductivity [5]. Polypyrrole with CNT based nanocomposite films is prepared. It shows better charge storage 

capacities. This is applied in supercapacitors and secondary batteries [6]. Prepared CNT loaded poly(3-octylthiophene) 

nanocomposite is tested (organic photovoltaic cells) and results is highly encouraging [7]. CNT loaded with polymer matrix. 

Nanocomposite is prepared by interfacial interactions between them and is indicated improved physical and chemical 

properties [1, 2, 8].  
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Mainly, magnetoresistance (MR) studies on polyaniline (PANI)/CNT nanocomposites and polypyrrole/CNT 

nanocomposites have been reported [12–14]. Temperature-dependent MR of this nanocomposite has not been reported [12-

14]. Magnetoresistance at low temperature region explore hopping systems (e.g., CNT/conducting polymer 

nanocomposites). For doped semiconductors at low temperature region, Mott’s theory is applicable [15–17]. On application 

of magnetic field orbit of a donor electron is shrieked. Hence, hopping integrals decreases.  So, large positive MR (at 

sufficiently low temperatures) is generally expected for hopping process. This type of positive MR is found in inorganic 

and polymeric semiconductors [18-24].  

In current work, preparation, morphology (surface and bulk) chracterization, DC conductivity in room temperature and low 

temperature (with and without magnetic field), and magnetoresistance of PAA/PANI/MWCNT nanocomposites is focused.   

II.   EXPERIMENTAL 

MATERIALS 

Multi-wall carbon nanotubes (MWCNT), acrylic acid, ammonium persulphate (APS) aniline, are used during preparation 

of PAA/PANI/MWCNT nanocomposite. All are 99% assay and synthetic grade except MWCNT. Acrylic acid, ammonium 

persulphate (APS) aniline are procured from Merck India. Distilled water is used. Purpose of using MWCNT is to improve 

conducting property. 

PAA/PANI/MWCNT NANOCOMPOSITE(S) SYNTHESIS 

Three PAA/PANI/MWCNT nanocomposites are synthesised. Chemical oxidation method is adopted to synthesize 

PAA/PANI/MWCNT nanocomposites [25, 26]. Two purposes are employed for taking Acrylic acid (AA). One is doping 

purpose. Other one is making PAA and it gives stability to the polyaniline. Appropriate amount AA is taken in requisite 

quantity of water and stirred continuously (for 15 minutes). Reaction is carried out at room temperature and is formed a 

colourless solution.  

Liquid aniline (as monomer) is put on colourless acrylic acid solution and is made aniline solution. Furthermore, MWCNT 

is added on acrylic acid/aniline solution. Such solution is stirred continuously (for 1 h). 

Ammonium persulphate (APS) is a water soluble oxidant. Such oxidant is participated (in solution form) to convert 

monomer to polymer. Freshly APS solution is prepared by taking 0.01 mol APS and 50 mL water.  

Freshly APS solution is added through a funnel drop by drop (slowly) to the acrylic acid/aniline/MWCNT solution and 

stirred continuously (6 h) for completion of polymerization reaction. Polymerization color changes from colourless to deep 

green. Product is stayed to 12 h for completion of polymerization. 

Polymerization product is filtered using Buckner funnel. It is washed with distilled water several times for getting colourless 

filtrate. It is dried under vacuum at 60 °C for 6 h to get desired materials (i.e., PAA/PANI/MWCNT nanocomposite). Two 

other PAA/PANI/MWCNT nanocomposites are synthesised in similar way. 

III.   CHARACTERIZATION METHODS 

MICROSCOPY 

Field emission scanning electron microscopy (FESEM) is showed by pallet samples. Before FESEM testing, pallet samples 

are dried at 60 ⁰C in a vacuum for 2 h. Gold coating is done by sputtering technique. Gold coated sample is placed in FESEM 

instrument. Name of FESEM instrument is Carl Zeiss Supra 40. Materials surface study is made by FESEM. FESEM 

instrument operating parameter is kept fixed i.e., operating voltage is to be 30 kV. 

High resolution transmission electron microscopy (HRTEM) is essential to analysis bulk (i.e. inside) structure of microtone 

cutting samples. Such cutting samples are placed to carbon coated copper grid. LEICA Microsystem, GmBH, A-1170 

instrument is employed to cut the test samples. JEM-2100 HRTEM, JEOL, Japan HRTEM instrument is used to do the 

HRTEM test. Internal structure, dispersion status, and amorphous or crystalline nature, of the prepared are made from the 

test.   
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DC CONDUCTIVITY MEASUREMENT 

DC-conductivity of as-prepared pallet samples is measured by linear four-probe fixing method. Test specimen is made 

contacts (i.e., four) with silver paste and is dried by air (for 1 h). Keithley 2400 programmable current source is employed 

to estimate conductivity. In four probe system, two terminal leads is allowed to pass a constant current from a current 

source.  Inner two probes are measured voltage (V) across using a multimeter. Keithley 2000 digital multimeter is used to 

measure voltage. In four point-probe technique, resistivity (ρ) is calculated. For such calculation, expression [27] is as 

follows; 

  .................................. (1) 

Where; 

S is probe spacing in centimetres (cm). Probe spacing is constant 

I is supplied current in milliamperes  (mA) 

Obtained voltage V is measured in millivolts (mV).  

 

Conductivity (σ) is calculated and the relation is mentioned below; 

 ……………………………….(2) 

In addition, resistivity is measured with temperature variation. In two ways, temperature variation resistivity is determined 

with and without magnetic field. In both cases, resistivity measured using a linear four-probe technique. Highest room 

temperature resistivity PANI-ES/PAA/MWCNT nanocomposite sample is tested for low temperature resistivity 

measurement (with and without magnetic field). Temperature controller (Lake shore 331) is used. In low temperature 

resistivity measurement, a computer controlling measuring system is used. Keithley 220 programmable current source is 

allowed to pass current through two terminals probes and voltage (V) is measured two inner probes. For voltage 

measurement, a multimeter (2182 NANOVOLTAMETER Keithley) is used. 

Magnetoresistance (MR) is investigated using a Helium Compressor (HC) (model HC-4E1)–sumitomo cryostat (model 

Ganis research CO, INC) equipped with 0.8T superconducting magnet (Lake shore electromagnet). Magnetoresistance 

(MR) measurements are performed (Upto 0.8 tesla). .  

IV.   RESULTS AND DISCUSSION 

DC CONDUCTIVITY 

 

 

 

 

 

 

 

 

 

Figure 1 DC-Conductivity indicated materials 
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MWCNT is a good conductor of electricity [41,42] and also PANI has conductivity value. PAA is an insulator and have 

conductivity value. Both MWCNT and Acrylic acids are used for doping purpose as well as improve flexibility of 

conducting polyaniline. Acrylic acid is a weak dopant [28-30]. Medium of polymerization reaction is water (not inorganic 

acid solution). Therefore, DC-conductivity does not increase more. There is a bar diagram is plotted between DC-

conductivity and MWCNT (wt%) (Figure 1). It displays a percolation threshold at a MWCNT (wt%) . Percolation effect 

indicates good dispersion of MWCNT in PAA/PANI/MWCNT nanocomposite system. Figure 1 shows DC-Conductivity 

indicated materials i.e., PAA/PANI/MWCNT nanocomposite system. at lower concentration and at a 0.3 wt% MWCNT 

system shows highest DC conductivity value among MWCNT nanocomposite system [31].  

Various reports of equivalent nanocomposite systems are available on lowering the DC conductivity [28-31]. In present 

work, DC conductivity is lower group in comparison of pure PAA/PANI composite. There is no particular reason for this 

lowering DC conductivity property.  

It is believed that PAA is non-conducting and becomes supramolecularly linked with MWCNT SG. Because of the above 

reason, conducting paths decreases. This supramolecularly interacted SG/PVA PAA/PANI/MWCNT complex organizes 

into fibrils, dendrites or rods. So MWCNT is not dispersed properly in the composite system. Hence, PAA/PANI/MWCNT 

nanocomposite is found lower DC conductivity.  

 

Figure 2 MWCNT (A) (lower magnification) and MWCNT (B) (Higher magnification) 

 

 

 

 

 

 

 

 

 

Figures 2 indicate FESEM morphology of polyaniline. It looks-like compacted closely tangled fibrillar morphology (Figure 

2) with spaced. Figures 2A and 2B display FESEM images of MWCNT (lower magnification, A) and MWCNT (lower 

magnification, A). Figure 2A and 2B show tangled fiber-shaped morphologies. Its diameter ranges from 20-40 nm.  

 

 

 

 

 

 

 

 

 

 

Figure 3 Pure PANI (A) and PAA/PANI-CNT (0.3%)  nanocomposite (B) 
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Surface topography of PAA/PANI-CNT (0.3%) nanocomposite is shown in Figure 3(A and B). This image indicates 

compacted crystal. Crystals are connected to each other. This may happen due to bonding with dopant (Acrylic acid), 

MWCNT, PAA, and polyaniline. They are contributed in closering polyaniline Chains and it becomes higher ordered state. 

New morphology may arise due to self-organization of PAA/PANI/MWCNT (0.3 wt%). Self-organization is a type of 

supramolecular complex (PAA and PANI). Nature of supramolecular complex and its self-organization may depend on 

variation of interfacial interaction among them. 

Figure 4A indicates HRTEM micrographs of MWCNT nanomaterial. Figure 4A looks-like entangled fibers. Diameter 

entangled fiber of MWCNT nanomaterial is found to be 20-40 nm. Figure 4B displays SAD partten of MWCNT 

nanomaterial.  It shows equally spaced light-spots in a line. These spots are signified crystalline nature of MWCNT 

nanomaterial.  

 

 

 

 

 

 

 

 

 

 

Figure 4 MWCNT image (A) and SAD parrten  of MWCNT (B) 

Bulk image is studied by TEM results analysis. Bulk image of PAA/PANI/MWCNT (0.3 wt%) nanocomposite is shown in 

Figure 5A. Entangled MWCNT nanomaterials are well dispersed in the PAA/PANI matrix.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5 PAA/PANI/MWCNT (0.3 wt%) (A) and SAD pattern of PAA/PANI/MWCNT (0.3 wt %) (B) 

SAD partten of PAA/PANI/MWCNT (0.3%) nanocomposite is shown in Figure 5B. There is not found equally spaced 

light-spots in a line in Figure 5B. Therefore, this SAD partten of PAA/PANI/MWCNT (0.3%) nanocomposite is signified 

amorphous nature. It may happen that MWCNT fibers enter into PAA/PANI inter-lamellar amorphous zone causing an 

increase of amorphous over layer thickness of PAA/PANI.  
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TEMPERATURE DEPENDENT DC-CONDUCTIVITY  

Temperature dependent DC resistivity of PAA/PANI/MWCNT nanocomposite is pointed in Figure 6 (Absence of magnetic 

field). Figure 6 shows resistivity is a function of temperature. On increasing temperature resistivity decreases (vide-Figure 

6). Such nature is similar to the behaviour of inorganic semiconductor [25-27]. Hence, PAA/PANI-ES/MWCNT 

nanocomposite is called organic semiconductor [31]. This prepared materials show semiconducting behavior upto 300 K. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Temperature Dependent  resistivity of indicated materials without field 

It is clear that for PAA/PANI/MWCNT nanocomposite reveals semiconductor in the absence of magnetic field. Similar 

nature of PAA/PANI/MWCNT nanocomposite is observed from Figure 7 with field (at 0.8 Tesla). Resistance of 

PAA/PANI/MWCNT nanocomposite decreases upto 150 kelvin and then, it is saturated upto 300 kelvin (Figure 7). There 

is lowering resistance value in the presence of 0.8 tesla upto 150 kelvin. This lowering resistance may be happened due to 

presence of magnetic field. On increasing temperature, presence of electrons on the organic semiconductor 

(PAA/PANI/MWCNT nanocomposites) gains energy. Therefore, electrons jump from valency band to conduction band 

easily through Fermi level (upto 150 kelvin). Other aspect is gaining energy. There is possibility of scattering of moving 

electrons. Therefore, electron density is decreased. Hence, conductivity value decreases upto 150 kelvin. In the presence of 

magnetic field, all the electrons are conduction path. Hence, temperature dependent conductivity is more [].  

 

 

 

 

 

 

 

 

 

 

Figure 7 Temperature Dependent  resistivity of indicated materials with field (0.8 Tesla) 
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Variable range hoping (1D, 2D, 3D), Arrhenius model, etc are supported to understand conduction mechanism of 

conducting polymers. This study is made below room temperature i.e., 50 K to 300 K. 3D Mott’s variable range hoping 

(Mott’s VRH) model supports to hooping mechanism and is shown in Figure 8.. Arrhenius model is also plotted and is 

displayed in Figure 9. It explains the thermal activation process. Deciding factor is regression value. Regression value is 

obtained by linearly fitted plot.  

 

 

 

 

 

In Mott’s 3D-VRH model, Graph is plotted between resistivity (ρ) and temperature range (50-300 K) and is fitted linearly 

using above equation [25-27]. T0 is Mott characteristic temperature, whereas ρ0 is limiting value of resistivity at infinite 

temperature. ‘r’ is dimensionality of transport process.  Expression for dimensionality of transport process ‘r’ is as follows; 

r=[1/(1+d)] 

Here; d=1, 2 and 3 represent the one, two and three dimension, respectively. Figure xxxx shows Mott’s 3D VRH plots.  

 

 

 

 

 

 

 

 

 

 

 

Figure 8 3D-VRH plot for PAA/PANI/MWCNT nanocomposite 

Arrhenius model is used to determine activation energy. Figure 9 shows the Arrhenius plot. Such graph is plotted between 

temperature ranges (in Kelvin scale) and logarithmic of DC conductivity. Arrhenius model is as follows; [27-30]  

 

 

 

Here; Ea is thermal activation energy and σa is a parameter which is obtained from Arrhenius model and is signified the 

semiconducting nature. Higher regression value (after linear fit) of Mott’s 3D-VRH model and Arrhenius model obey the 

conduction process. Transport process is either Mott’s VRH model or Arrhenius model [25-27]. Regression values (both 

Mott’s 3D-VRH model and Arrhenius model) are mentioned in the Figures 8 and 9. From the above Figure xxx and xxx, it 

is clear that better regression value is obtained in Mott’s 3D-VRH model (0.99856). Therefore, transport phenomenon 

follows Mott’s 3D-VRH model [25-27]. So, charge carrier can hop both in between the chains, i.e., interchain hopping and 

along the chain [25-27].  
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Figure 9 Arrhenius plot for PAA/PANI/MWCNT nanocomposite 

In Mott 3D-VRH model, Tmott can be estimated from resistivity data among localized states and is described by following 

relation [25-30]; 

 

 

 

 

 

 

Density of states at the Fermi level is determined by equation xxx  

Here; KB is Boltzmann constant 

 N(E)F is density of states at the Fermi level 

L3
loc is localization length  

Localization length Lloc is estimated from temperature dependent conductivity at particular magnetic field (0.5 T) data 

(Figure 10) and expression is mentioned below [25-30] 

 

 

 

Here; t = 5/2016, 

LH = magnetic length = (hc/2πeH)1/2 

c = velocity of light (3 × 1010 cm/s) 

h = Planck’s constant (6.62 x 10-27 erg.sec) 

e = electronic charge (1.6 × 10-19 C)  

Applied magnetic field (H) = 0.8 tesla (T)  
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Figure 10 Plots of [ln ρ(H)/ρ(0)] vs T−4/3 for PAA/PANI/MWCNT 

Magnetoresistance (MR) 

Magnetic Field dependent MR of results PAA/PANI/MWCNT nanocomposite (0.3wt %) is displayed in Figure 11 at 

different temperatures (i.e., 50K, 100K, 200K, and 300K). MR determined from 0.0 Gauss to 8.0 kilogauss. Figure 11 A 

shows MR of PAA/PANI/MWCNT nanocomposite (0.3wt %) at 50 kelvin. All cases, Magnetoresistance are magnetic field 

dependent. From 0.0 Gauss to 8.0 kilogauss, MR increases up to 1.0 kilogauss and then decreases (upto 8.0 kilogauss). 

Estimated MR (up to 8.0 gauss) is found to be positive for all 50K, 100K, 200K, and 300K. Figure 11B indicates MR 

decrease upto 4.0 kilogauss and then increases upto 8.0 kilogauss and MR values are positive. At 100 K, it shows metallic 

to the insulating regime (M-I) transition [31-45]. Figure 11C displays MR of PAA/PANI/MWCNT nanocomposite (0.3wt 

%) at 200 kelvin. It’s MR value is positive. Figure 11D displays MR PAA/PANI/MWCNT nanocomposite (0.3wt %) at 

300 kelvin. It’s MR value is positive and is depended non-linearly.  

Estimated positive MR value is due to influence of electron–electron interactions on low-temperature region and follows 

hopping conduction [31-45].   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 Magnetic field variation resistance at different temperature for PAA/PANI/MWCNT (0.3 wt%) 
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Positive MR is due to contraction of wave functions of electrons with increasing distance from the impurity center.15–17 

This agrees to a large positive MR at low temperatures. 18. In high temperature regions, the positive MR value decreases 

due to increase overlap of wave functions of localized states. 

V.   CONCLUSIONS 

PAA/PANI/MWCNT nanocomposite (0.3wt %) displays distinct morphology (surface and bulk) if compared with base 

material. This is due to supramolecular organization. Room temperature DC conductivity, Temperature variation DC 

resistivity, and Magnetic field dependent DC resistance of PAA/PANI/MWCNT nanocomposite (0.3wt %) are indicated. 

DC conductivity at room temperature decreases due to weak dopant and percolation effect. DC resistivity is a function of 

temperature. This results show three dimensional (3D) variable ranges hopping in conduction process. Magnetic field 

dependent resistance exhibits positive value of magnetic resistance. DC magnetic resistance studies in different 

temperatures (50 K, 100K, 200K, and 400K). More positive value of magnetic resistance founds in 50 kelvin temperature 

with variation of magnetic field (0.1 tesla to 0.8 tesla). Positive magnetic resistance value is due to shrinkage effect of wave 

function in hopping conduction mechanism.  

In conclusion, such magnetoresistance Positive magnetic resistance value in PAA/PANI/MWCNT nanocomposite (0.3wt 

%) is controlled by a random network of inter-fibril structures. 
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