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The electrical charge transport properties of the boric acid doped polyaniline with Fe3O4 nanoparticles composites have 
been investigated in the temperature range of 35 K to 300 K. The microstructure and electrical conductivity properties of the 
polymer nanocomposites were further analyzed by scanning electron microcopy (SEM) and atomic force microscopy (AFM). 
The electrical conductivity of the composites changes with Fe3O4 dopant. This suggests that interactions between the 
polymer matrix and Fe3O4 nanoparticles take place. The characteristic Mott temperature confirms the highest conductivity 
for the composite with 5%wt dopant. The charge transport mechanism of the composites varies from three dimensional 
hopping to tunneling mechanism. It is demonstrated that the boric acid doped polyaniline with Fe3O4 nanoparticles 
composites are typical organic semiconductors.  
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1.  Introduction 
 

Polymeric nanocomposites have potential applications 

in electrochromic devices [1], nonlinear optical systems 

[2], light emitting diodes [3], photodiodes and 

photovoltaic solar cells [4], gas and vapor sensors [5], and 

magnetic storage materials [6]. Polyaniline was one of the 

most important conducting polymers due to its ease of 

synthesis, environmental stability and simple 

doping/dedoping chemistry [7,8]. Among the inorganic 

magnetic nanoparticles, Fe3O4 nanoparticles had received 

great attention because of their interesting magnetic 

properties as well as extensive potential applications in 

color imaging, magnetic recording media, soft magnetic 

materials and ferrofluids [9–11]. A large number of 

articles have been published reporting on the polymeric 

nanocomposites, i.e., PANI or polypyrrole composites 

containing nanoparticles such as TiO2 [12,13] and Fe3O4 

[14–18], because, nanocomposites exhibit improved 

chemical and physical properties for technological 

applications.  

The aim of the present work is to synthesize polymer 

nanocomposites in which Fe3O4 are well dispersed at 

various concentrations to obtain new organic 

semiconductors. 

 

 

2. Experimental details 
 

2.1 Preparation of Fe3O4 particles 

 

For this study, aniline, boric acid, ammonium 

persulphate (APS), FeCl3·6H2O and FeCl2·4H2O were 

obtained from Aldrich. Aniline was distilled under reduced 

pressure.  

Fe3O4 particles were prepared by precipitation 

oxidation method according to the literature [19]. The 

detailed process could be described as follows. A mixture 

of 10.534 g of FeCl3·6H2O and 4.276 g of FeCl2·4H2O 

dissolved in 80 ml of deionized water was placed in a 250 

ml three-necked round bottom flask, following by the 

quick droplet-addition of 40 ml of an aqueous solution 

containing 25 ml ammonia. The reaction mixtures were 

stirred for 12 h at room temperature. The resulting black 

precipitate suspension was filtered and washed with water. 

Then it was dried under vacuum for 24 h at room 

temperature. 

 

Preparation and measurements of polyaniline-

magnetite composites 

 

In this study, different weight percentage of magnetite 

was used 5%, 8%, 10% and 50%wt, respectively. The 

magnetite particles were dispersed in 10 mL of distilled 

water by bath sonication for 2 h. Aniline (1 g) and 1 g of 

boric acid in 50 mL of water was added into the magnetite 
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containing mixture. The reaction content was dispersed by 

bath sonication for 1 h. Then, 3 g of ammonium persulfate 

in 40 mL of water was added dropwise (15–20 min 

interval) at 0 
0
C. The reaction mixture was kept for 24 hr 

at room temperature. The reaction mixture was filtered, 

washed with excess of water, and finally with ethanol. The 

samples were dried at room temperature under vacuum. 

The products were characterized by FT-IR. The main 

characteristic bands of doped polyaniline are assigned as 

follows: the bands at 1575 and 1492 cm
-1

 are attributable 

to C=N and C=C stretching mode for the quinoid and 

benzenoid rings. The bands at 1277 and 1240 cm
−1

 have 

been attributed to C-N stretching mode of benzenoid ring 

and band at 1112 cm
−1

 is due to a plane bending vibration 

of C-H. Through studying IR spectra of PANI/Fe3O4 

composites, Kryszewski and Jeszka [20] have pointed out 

that the bands at 783 and 878 cm
_1

 are due to OH groups 

bound to the surface of Fe3O4 particles. 

The synthesized polymer nanocomposites were 

prepared in the form of disc under 10 ton. Electrical 

conductivity was measured as a function of temperature by 

an alternating polarity method to eliminate electrical 

polarization, triboelectric and piezoelectric effects using 

KEITHLEY 6517A electrometer. 

 

 

3. Results and discussion 
 

3.1. Morphology of boric acid  

              polyaniline/magnetite composites 

 

Fig. 1 shows the scanning electron microcopy 

photograph. As seen in Fig. 1, the Fe3O4 nanoparticles are 

rarely dispersed in the polymer matrix. Also, we have 

investigated simultaneously the surface topography of the 

polymer and the local resistance distribution at room 

temperature by atomic force microscope (AFM). We have 

used an AFM Solver P47 from, NTMDT working in 

spreading resistance mode. In this mode a conductive 

AFM tip is in direct contact with the sample surface. A 

voltage bias is applied to the tip and the resulting current 

through the sample-tip junction is measured as a function 

of the tip position on the surface simultaneously with the 

topography of the sample. Silicon AFM probes 

(MikroMasch NSC14/Ti-Pt) were used for all reported 

data. The tips with nominal force constant of 

approximately 5 N/m have a Ti-Pt coating in order to 

perform the conductive measurements. The thickness of Pt 

coating is about 10 nm and the Ti under layer has a 

thickness of 20 nm and increase adhesion to the silicon 

cantilever. The resulting tip has a curvature radius of 40 

nm consequently the contact area between the tip and 

polymer is about 150 nm
2
. Fig. 2 shows the topography 

and current distribution in the surface of the polymer 

nanocomposite for 10%wt dopant. Fig. 2(a) is the 

topography recorded in contact mode. Fig. 2 (b) shows the 

current distribution when we apply a voltage bias of 5 

Volts between the AFM tip and the polymer surface. 

Bright areas of the picture correspond to higher current in 

the tip-polymer junction what means that the conductivity 

of the polymer is higher at this point. We have also 

investigated the current-voltage characteristics at different 

points on the polymer nano composite. In this case, we fix 

the position of the AFM tip in the point of interest while 

we sweep the voltage bias and record the current flowing. 

Fig. 3 shows the current-voltage characteristics of the 

polymer in one of the bright areas of Fig. 2 b. These 

current voltage characteristics are typical for 

semiconducting polymers. 

 

 
 

Fig. 1. Microstructure graph of the nanocomposite. 

 

 

 
a 

 
b 

 

Fig. 2. a) Topography of the polymer sample recorded by 

AFM in contact mode; b) current distribution (Vbias= 5 

Volts)  recorded  at  the  same  time  that  the topography  

                                        data. 
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Fig. 3. Current voltage characteristics of the polymer 

measured on one of the bright areas (high current) of the  

              current distribution shown in Fig. 2 b. 

 

 

3.2. Electrical conductivity properties of boric acid  

              polyaniline/magnetite composites 

 

Fig. 4 shows the plots of the electrical conductivity 

dependence of temperature of the composites at lower 

temperatures. The electrical conductivity of the 

composites decreases with decreasing temperature, which 

is the typical behavior of semiconductor materials. The 

electrical conductivity of the composites increases for 5% 

and 8%wt Fe3O4 dopants and then, decreases as we 

increase more the dopant concentration. For 5% magnetit 

dopant, the composite has the highest electrical 

conductivity. After 10%wt Fe3O4 dopant, the electrical 

conductivity of the composite is lower than that of boric 

acid doped polyaniline. The electrical conductivity of the 

5% and 8% composites are higher than that of the 

polymer. The electrical conductivity of the composites 

follow of the order of 

5%MAGN>8%MAGNA>0%MAGN>10%MAGN.>50%MAGN The 

electrical conductivity decreases for 10 and 50%wt 

dopants. The decrease in conductivity is due to the 

interactions between the polymer matrix and Fe3O4 

nanoparticles because these interactions increases the 

charge carrier scattering and therefore the conductivity of 

the nanocomposites decrease with increasing the Fe3O4 

content. 

As seen in Fig. 4, the conductivity plots indicate two 

linear regions having different slopes, suggesting that two 

charge transport mechanisms are possible for the polymer 

composites. For the first region, the variable hopping 

conductivity mechanism is defined as follows [21], 
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where n is a constant which is  related to the 

dimensionality of the process, 2 (one-dimensional variable 

range hopping), 3 (two-dimensional variable hopping), 4 

(three-dimensional variable hopping). o is the 

conductivity at finite temperature and To is the 

characteristic temperature that determines the thermally 

activated hopping among localized states at different 

energies [21]. It is evaluated that the first region indicates 

the existence of the three-dimensional hopping 

conductivity, but in second region conductivity is 

controlled by tunneling mechanism. The plots of lnT
1/2 

vs 

T
-1/4

 of the composites are shown in Fig. 5. The plots 

indicate linearity in the investigated temperature range. 

This suggests that the variable hopping mechanism (3D-

VRH) is dominant in the first region and thus, Eq. 1 can be 

rewritten for three dimensional hopping conductivity as 

follows, 
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where o and To are given by the following equations [21], 
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where LLoc is localization length and N(EF) is the density 

of states at Fermi level. The values of LLoc and N(EF) are 

found from solution of equations 3 and 4 as follows, 
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The average hopping distance Rhop between two sites 

and the hopping activation energy, Whop is given by, 
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Fig. 4. The variation of dc conductivity with temperature 

 of the composites. 

 

 

The electrical parameters of the three-dimensional 

hopping conductivity for the composites were determined 

via Fig. 5 and are given in Table 1. The obtained 

parameters confirm the presence of 3D-VRH mechanism 

in the composites. As seen in Table 1, the characteristic 

Mott temperature changes with Fe3O4 dopants. The 

nanocomposite for 5%wt dopant has the smallest value of 

To. This suggests that this composite has the highest 

conductivity. 
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Fig. 5. Plot of 3D-VRH conductivity of the composite. 

 

 

Table 1. The electrical parameters of the composites. 

 

Composite 0% MAGN 5% MAGN 8% MAGN 10% MAGN 50% MAGN 

T0 (K) 6.42x10
3
 5.82x10

3
 7.72x10

3
 6.05x10

3
 1.01x10

4
 

01 (S/cm) 8.44×10
3
 5.13×10

4
 1.38×10

6
 1.34×0

3
 4.34×10

5
 

LLoc (cm) 6.55×10
-8

 1.13×10
-8

 3.65×10
-10

 4.25×10
-7

 1.01×10
-9

 

N(EF) (eV
-1

 cm
-3

) 1.02×10
23

 2.185×10
25

 4.93×10
29

 3.97×10
20

 1.74×10
23

 

W (meV) at 100 K 6.28 6.13 6.57 6.19 125.8 

R(cm) at 100 K 7.18×10
-8

 1.21×10
-8

 4.18×10
-10

 4.59×10
-7

 2.21×10
-8

 

 

As point out by Mott [21], the probability that a 

carrier hops to spatially more distant but energetically 

closer sites increase as temperature is lowered, because the 

VRH is a phonon-assisted process. When the phonon 

energy is not enough to support hop to the nearest 

available site, the carrier will look further a field for an 

energetically closer site [21]. This event also decreases the 

activation energy for the hopping process. This mechanism 

is obtained by optimizing the hopping probability and 

assuming a slowly variation of the density of states (DOS) 

in the vicinity of the Fermi level. We have successfully 

tested a universal behavior of the conductivity in VRH 

regime and it is assumed the charge carriers move away 

along a path determined by the optimal rate of pair 

hopping from one localized state to another. Band 

conduction does not take place in this model as extended 

states are far away from the Fermi level. In the variable 

range hopping (VRH) process [22-24], it becomes 

favorable for an electron to jump from one localized state 

to another where there is an overlap of the wave functions. 

The difference in the eigen energies is compensated by the 

absorption or emission of phonons. When the temperature 

is low enough so that carriers cannot be excited into one of 

the allowed bands, in which carriers hop from occupied to 

unoccupied sites which are located within the band gap. 

Such a hopping mechanism may occur when the density of 

localized states is high enough to allow a non-negligible 

overlap of the individual wave functions. It is assumed all 

electronic states to be localized with phonon assisted 

transitions between them. Such a mechanism is consistent 

with the existence of a high density of states in the 

semiconductor energy gap [25]. At lower temperatures, 

<60 K, the tunneling contribution to the conductivity is 

dominant in the composites. This mechanism has been 

reported earlier for the other conjugated polymers [26-28]. 

 

4. Conclusions 
 

The electrical charge transport properties of the boric 

acid doped polyaniline with Fe3O4 nanoparticles 

composites have been investigated in the temperature 

range of 35 K to 300 K. The electrical conductivity of the 

composites changes with Fe3O4 dopant. The electrical 

conductivity of the composites is controlled by three- 

dimensional hopping and tunneling mechanism. The 

polymer nanocomposites exhibit semiconductor behavior.  
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