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Abstract: Electricity transmission and power conversion devices are always associated with huge 

power losses and transformer is the primary element in electricity transmission system and power 

conversion devices. Moreover, it is the major constituent of the power losses because of retaining 

substantial core losses which are further disintegrated into hysteresis and eddy current losses. 

Consequently, there is an immediate need for innovating new materials for transformer core to 

minimize the losses. Besides low hysteresis losses, high power to weight ratio is also a key factor 

for fabricating efficient and light weight transformer core. In this direction, soft magnetic 

nanocomposites provide attainable solution by exhibiting low hysteresis losses. In present work it is 

first time reporting a light weight and highly efficient polypyrrole-magnetite nanocomposite based 

toroidal transformer core. Polypyrrole-magnetite based nanocomposites are synthesized by facile 

and cost-effective solution phase route and fabricated as toroidal cores to study the power losses at 

high frequencies for transformer applications. Vibrating sample magnetometer (VSM) study shows 

the decrement in hysteresis losses from 8576 erg/cm3 for bare Fe3O4 NPs to 6467 erg/cm3 for NC-

90(90:10; Fe3O4:PPy).Core losses measurement of composites at open circuit (no-load test) reveals 

reduction in loss values from 43.20 mW/cm3for bare Fe3O4 NPs to 30.72 mW/cm3 for NC-90 and 

from 30.35 mW/cm3 to 18.24 mW/cm3at 5 V and 3.5 V excitation voltages, respectively. Moreover, 

similar trends are also observed in broad range of frequencies ranging from 50 Hz to 50 kHz. 

Minimum core loss30.72 mW/cm3at 50 kHz has been reported by NC-90 nanocomposite. Low Core 

losses are the primary need of hour for miniaturization of future economical transformer devices. 
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1. Introduction: Power saving has become a 

primary challenge for today’s world due to fast 

deprivation of natural resources and emerging 

of deleterious environmental problems [1,2]. 

Transformers have major role for retaining the 

power owing to its vast applications in power 

and electronics industries such as power 

distribution and transmission systems, power 

converters in switching mode power supplies 

and as wide band and pulse transformers [3-5]. 

Core geometry, core material and the windings 

are the critical elements of the transformers that 

specify its efficiency, weight and cost [6]. 

Being the key parameter, core material plays 

the central role in power conversion in the 

transformer devices at global level. Electrical 

steel (Fe-Si alloy) and soft ferrites such as Mn-

Zn, Ni-Zn and Mg-Zn ferrites are the traditional 

base materials of transformer cores due to their 

high saturation magnetic induction and low 

power losses for low and high frequency 

applications, respectively [7,8]. Electrical steel 

has low corrosion resistance with high 

processing cost [9-11] and micro-magnetic soft 
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ferrites have large volume of magnetic 

components and high hysteresis losses [12-15]. 

However, lack of significant and desirable 

power losses in case of these materials, limit 

their commercial viability and technological 

feasibility [1]. Consequently, there is 

continuous strong urge across the world for 

novel materials to achieve the adequate power 

losses. The strategic goal is to carry out the 

research for the development of light weight 

and easily processed soft magnetic 

nanocomposite materials for the fabrication of 

transformer core for advance technologies at 

minimal cost. Owing to their negligible 

coercivity, superparamagnetic nanoparticles of 

single domain are extremely advantageous for 

producing low hysteresis losses [16,17]. Soft 

ferrite nanoparticles dispersed in conducting 

polymer matrix offer high saturation magnetic 

induction, low power losses with tunable 

properties, ease of manufacturing and high 

corrosion resistance [18,19]. As per literature, 

bulk soft ferrites exhibit 288 mW/cm3 power 

losses at high frequency of 50 kHz [20]. 

Recently, Zhou et al reported 450 mW/cm3 

power losses at 50 kHz frequency for 

composite core in which Fe-6.5wt% Si powder 

insulated with Mn-Zn ferrite nanoparticles [15]. 

Mori et al designed Ni-Zn-Fe ferrite coated 

with Fe-3.5 Si-4.5 Cr powder composite core 

showed 224 mW/cm3 power losses at 50 kHz 

[21]. In present work toroidal cores have been 

fabricated using nanocomposite material, 

synthesized through a universally recognized 

simple solution method taking magnetite 

nanoparticles (Fe3O4 NPs) and polypyrrole as 

starting precursors. Transformer cores have 

been constructed into toroidal geometry to 

allow the maximum magnetic flux enclosure 

and to provide supports on its edges which 

subsequently minimizes core stress [6,22]. 

Being less toxic with good magnetic properties, 

facile synthesis and chemical stability of Fe3O4 

NPs in conjunction with polypyrrole provided a 

unique platform of nanocomposites for the 

designing of highly efficient, light weight, cost 

effective core material with tunable 

functionalities and environmental benign 

synthesis protocols [23-28]. Synthesized 

nanocomposites exhibited good saturation 

magnetization with negligible coercivity. As a 

consequence, hysteresis losses were decreased 

due to reduction in surface anisotropy with the 

incorporation of polypyrrole as well as 

alternating current (AC) power losses  were 

comparatively lower than pure Fe3O4 NPs at 

high frequencies [29]. Low power losses as 

well as high saturation magnetic induction 

properties were obtained in nanocomposite 

cores with light weight, ease of processing and 

low cost also. To the best of our knowledge, no 

work has been published on the synthesis of 

nanocomposite (Fe3O4 NPs and polypyrrole) 

involving DMSO as a solvent by solution 

synthesis method. In fact, it is first report on the 

fabrication of transformer toroidal cores of 

magnetite–polypyrrole nanocomposite. 

 

2. Experimental Details 

 

2.1. Materials 

Ferrous chloride tetrahydrate (FeCl3.4H2O), 

ferric chloride hexahydrate (FeCl3.6H2O) and 

ammonia solution (25 %) of Merck were used 

in the experiments. Pyrrole and methanol were 

of analytical grade. Distilled water (DI water) 

was used for the experiments. 

 

2.2. Preparation of Fe3O4 NPs by co-

precipitation method 

Fe3O4 NPs were prepared by co-precipitation 

method. Firstly, FeCl3.4H2O and FeCl3.6H2O 

with molar ratio (2:1) were dissolved in DI 

water. Ammonia solution (30 mL) was added 

drop wise under stirring into the reaction 

solution at maintained temperature of 70 °C 

and pH value of solution was adjusted at 12. 

Reaction solution was stirred for next 10 

minutes. Prepared Fe3O4 NPs from reaction 

solution were washed with DI water and dried 

in vacuum oven at 60 °C for 8 hours. 
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2.3. Polymerization of Pyrrole by chemical 

oxidative polymerization method 

Chemical oxidative polymerization method was 

adopted for polymerization of pyrrole. Pyrrole 

was distilled under reduced pressure and stored 

in dark at 5 °C. FeCl3.6H2O oxidant (0.016 

molar) was dissolved in DI water and oxidant 

solution was degassed before use. Distilled 

pyrrole (0.50 mL) was added into oxidant 

solution under vigorous stirring in argon 

atmosphere and was continued for next 8 hours. 

Prepared PPy was washed with methanol and 

dried in vacuum oven at 50 °C for 24 hours. 

 

2.4. Formation of nanocomposites 

Solution method was used for the formation of 

nanocomposites. As-prepared Fe3O4 NPs and 

PPy were dispersed in di-methyl sulfoxide 

(DMSO) solvent separately with the aid of 

probe sonicator for 45 minutes and 15 minutes, 

respectively. Fe3O4 NPs and PPy solutions were 

intermixed with the aid of probe sonicator for 

20 minutes. Prepared nanocomposites solutions 

were mixed with water and then reaction 

mixture was separated from the DMSO and 

water solvent through magnetic decantation. 

Obtained reaction mixture was washed with DI 

water and dried in vacuum oven at 50 °C for 24 

hours. As a result, five samples of 

nanocomposites were prepared with loading of 

Fe3O4 NPs in different concentration (8.6 g, 

3.86 g, 2.24 g, 1.45 g and 0.967 g in DMSO 

solvent, respectively) in polypyrrole (0.967 g in 

DMSO solvent) matrix and samples were 

denoted NC-90 (90 % loading of Fe3O4 NPs in 

polypyrrole matrix), NC-80 (80% loading of 

Fe3O4 NPs in polypyrrole matrix), NC-70 (70% 

loading of Fe3O4 NPs in polypyrrole matrix), 

NC-60 (60% loading of Fe3O4 NPs in 

polypyrrole matrix) and NC-50 (50% loading 

of Fe3O4 NPs in polypyrrole matrix), 

respectively. Schematic representation of Fe3O4 

NPs, PPy and nanocomposites synthesis are 

shown in Figure 1. 

 

2.5. Characterization Techniques 

X-ray diffraction analysis of the samples was 

examined on Rigaku make X-ray diffractometer 

with CuKα (λ=1.54 Å) radiation source. CuKα 

radiation was produced at room temperature 

with power setting of 40 kV and 30 mA. 

Infrared spectra of the prepared samples using 

the KBr pellet were recorded on Fourier 

Transform Infrared spectrometer (IR infinity-I 

Shimadzu). Particle size and morphology of the 

Fe3O4 NPs and nanocomposite samples were 

determined from high resolution transmission 

electron microscopy (HRTEM, Technai G20-

stwin) at an accelerating voltage of 200 kV. 

Point and line resolution of HRTEM were 1.44 

and 2.32 Å, respectively. A small drop of 

diluted Fe3O4 NPs and nanocomposite samples 

(NC-50 and NC-90) in ethanol were dripped on 

TEM grids for performing the TEM analysis. 

Magnetic measurements of nanocomposite 

samples were performed at room temperature 

using vibrating sample magnetometer (VSM, 

Lakeshore 7404) at an applied maximum 

external magnetic field of 5 kOe. The electrical 

conductivity of polypyrrole and nanocomposite 

samples was measured using four-point probe 

method. Conductivity measurement was 

performed on circular pellets of samples having 

diameter of 10 mm and thickness of 1 mm, 

prepared by hydraulic press. An open circuit 

test (no-load test) was executed using power 

meter on nanocomposite based toroidal cores. 

Nanocomposite samples were compacted into 

toroidal shaped specimens using hydraulic 

press having following dimensions (outer 

diameter = 14 mm, inner diameter = 7 mm and 

height = 4 mm) with the aid of polyvinyl 

alcohol (PVA). 

 

3. Results and Discussion: 

Crystallographic structures of prepared samples 

are presented in Figure 2. Crystalline peaks of 

Fe3O4 NPs at 2θ = 30.1°, 35.6°, 43.1°, 53.6°, 

57.1° and 62.9° indexed to the (220), (311), 

(400), (422), (511) and (440) lattice planes, 

respectively which confirm the pure crystalline 

phase formation of Fe3O4 NPs (JCPDS-
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790417). Using Scherrer’s equation, the 

average particle size of Fe3O4 NPs is calculated 

9.27 nm. Polypyrrole XRD pattern shows broad 

scattering peak at 25.8° diffraction angle 

determined its amorphous phase which is the 

characteristics of doped polypyrrole [30]. The 

peaks at 2θ = 30.1°, 35.6°, 43.1°, 53.6°, 57.1°, 

62.9° and 25.8° reveal the presence of Fe3O4 

NPs and polypyrrole in the nanocomposite 

samples [31]. Figure 3 depicts the FTIR spectra 

of polypyrrole, Fe3O4 NPs and nanocomposite 

samples. The absorption band at 576 cm-1 is 

attributed to Fe-O bond stretching in the Fe3O4 

nanoparticles [32]. The characteristics peaks 

obtained at 3410 cm-1 and 1533 cm-1 are 

assigned to the N-H stretching and C-C 

stretching vibrations in the polypyrrole sample 

[33,34]. The absorption centered in the range 

(1250-1100) cm-1 is ascribed to the pyrrole ring 

vibration [26]. Peaks observed at 1294 cm-1 and 

1031 cm-1 denote the C-H in plane and out of 

plane deformation mode. C=C stretching 

vibration in polypyrrole is occurred at 894 cm-1 

[35]. The main absorption bands of polypyrrole 

and Fe3O4 NPs are appeared in the 

nanocomposite samples which confirm the 

existence of polypyrrole and Fe3O4 NPs. 

However, noticeable peak shifting is observed 

in the nanocomposite compared to bare 

magnetite nanoparticles and polypyrrole peaks. 

It may be attributed to non-covalent 

interactions such as columbic and 

Vanderwaal’s interactions between the 

magnetite and polypyrrole [29,36,37]. Surface 

dangling bonds of magnetite interact with ring 

electron density of the polypyrrole. Moreover, 

such interactions induce a synergy effect in the 

final nanocomposite and resulted into the 

reduced resistivity and power losses. Such 

surface interactions promote the uniform 

dispersion of magnetic nanoparticles in 

polymer matrix observed in HRTEM images. 

HRTEM images of Fe3O4 NPs are shown in 

Figure 4 (a) and 4 (a′). Fe3O4 NPs are of 

spherical shape with average diameter of 9 nm 

similar to XRD crystallite size [31]. Figure 4 

(b) and 4(b′) show the HRTEM micrographs of 

the NC-50 sample and Figure 4(c) and 4(c′) 

represent the HRTEM images of the NC-90 

sample. A uniform dispersion of Fe3O4 NPs is 

observed in polypyrrole matrix [38]. 

Magnetization and flux density curves at room 

temperature are plotted as a function of 

magnetic field to study the magnetic properties 

of the prepared samples shown in Figure5(a) 

and 5 (b). Images of the flux density curves at 

low magnetic field are also incorporated in 

Figure 5 (b). Magnetic properties of the Fe3O4 

NPs and nanocomposite samples are listed in 

Table 1. Magnetic properties such as saturation 

magnetization (Ms), coercivity (Hc), hysteresis 

area and magnetocrystalline anisotropy 

constant (K) of the nanocomposite samples 

were reduced because of the inclusion of non-

magnetic polypyrrole polymer content. 

Magnetic properties of the magnetic 

nanoparticles are greatly affected by the surface 

chemistry [39]. Reduced magnetization in 

superparamagnetic nanoparticles is described 

based on the presence of disordered spins at the 

surface and by the spin canting [40]. 

Additionally, saturation magnetization is 

reduced in the nanocomposite samples with the 

incorporation of polypyrrole molecules due to 

predominant diamagnetic nature of 

polypyrrole41.Furthermore, magnetic properties 

of magnetic NPs also depend on many 

anisotropy aspects. Dispersion of Fe3O4 NPs in 

polypyrrole matrix may influence surface 

anisotropy and interface anisotropy due to 

interfacial electrostatic and Vander-waals 

interactions [29]. The decrement in coercivity 

of the nanocomposite may be due to reduced 

surface anisotropy of Fe3O4 NPs by interfacial 

bonding of PPy ring electrons with its surface 

spins (dangling bonds). Using stoner-wohlfarth 

theory, the Hc of nanoparticles is calculated by 

the equation (1): 

Hc  =
2𝐾

𝜇𝑜𝑀𝑠
 …………….. (1) 

Herein, K is magneto crystalline anisotropy, μo 

is the permeability in free space and its value is 
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4п˟10-7 H/m and Ms is the saturation 

magnetization. The value of K is determined by 

the product of Hc and Ms. It can be inferred that 

K value is monotonically decreasing function 

with loading of polypyrrole resulting into 

reduction of Hc and Ms. Thus, coercivity value 

varies with change in surface anisotropy. 

Consequently, hysteresis losses reduced. Figure 

6 represents the conductivity values of the 

nanocomposite samples and polypyrrole. 

Conductivity decreases with increasing 

concentration of Fe3O4 NPs in the 

nanocomposite samples. Conduction 

mechanism in the conducting polymer arises 

due to transport mechanism of anions, 

bipolarons and hopping of electrons in its 

conjugated system. Charge carrier scattering 

and blockage of conduction path, both are 

enhanced with the inclusion of the Fe3O4 NPs in 

the polypyrrole matrix as well as free surface 

charge is decreased due to physical interaction 

between polypyrrole and Fe3O4 magnetic NPs. 

Consequently, conductivity is reduced [42-45]. 

Figures 7 and 8 demonstrate the power losses 

density curves of the samples as a function of 

frequency from 50 Hz to 50 kHz at two 

sinusoidal exciting voltages 5 V and 3.5 V, 

respectively. Power losses are segregated into 

three components: hysteresis losses (Ph), eddy 

current losses (Pe) and residual losses (Pr). 

Residual losses predominate only at very high 

frequencies and at low magnetic flux density 

levels [46]. It is approximated to zero in the 

power applications of the soft magnetic 

materials [47,48]. Hysteresis losses are 

appeared due to high coercivity of the magnetic 

materials and surface anisotropy determines the 

coercivity factor as above discussed [22,39,49]. 

With the incorporation of polymer content in 

the Fe3O4 magnetic NPs, coercivity was 

reduced and hysteresis losses were decreased. It 

can be validated by the calculated values of the 

coercivity and hysteresis area as displayed in 

Table 1. On the other side, eddy current losses 

are increased due to decrement in resistivity 

with the addition of polymer content [22]. 

Resistivity of the nanocomposite samples is 

decreased with the inclusion of higher 

concentration of polypyrrole and it is shown in 

Figure 6. Eddy current losses are comparable to 

the hysteresis losses at normal line frequency 

(50 Hz/60 Hz) [22]. Pe is directly proportional 

to the square of frequency while Ph is directly 

proportional to the frequency. Accordingly, 

eddy current losses are abruptly enhanced than  

hysteresis losses with the increased excitation 

frequency [50]. Consequently, power losses are 

almost constant till 1 kHz frequency and 

increased beyond 1 kHz frequency as shown in 

Figures 7 and 8. Power loss density values at 50 

Hz frequency were decreased from 37.80 

mW/cm3 for Fe3O4 magnetic NPs to 24.58 

mW/cm3 for NC-90 sample at 5 V and also 

reduced from21.41 mW/cm3to 14.71 mW/cm3 

at 3.5 V. Power loss density values at 50 kHz 

decreased from 43.20 mW/cm3 (Fe3O4 magnetic 

NPs) to 30.72 mW/cm3 (NC-90 sample) at 5 V 

and it is reduced from 30.35 mW/cm3 to 18.34 

mW/cm3 at 3.5 V excitation voltages. Power 

loss density values were further increased from 

24.58 mW/cm3 and 14.71 mW/cm3 (NC-90) to 

34.45 mW/cm3 and 18.99 mW/cm3 (NC-50 

sample) at 5 V and 3.5V excitation voltages, 

respectively at 50 Hz frequency. Power losses 

density values were also further increased from 

30.72 mW/cm3 and 18.34 mW/cm3 (NC-90 

sample) to 40.40 mW/cm3 and 29.93 mW/cm3 

(NC-50 sample) at 5 V and 3.5V excitation 

voltages, respectively at 50 kHz frequency, but 

still less than the Fe3O4 magnetic NPs. It might 

be increased due to enhancement of eddy 

current losses with the decrement in resistivity. 

Resistivity is reduced with the loading of 

polypyrrole in nanocomposite due to induced 

synergy effect via non covalent interaction 

between ring electron density of the 

polypyrrole and surface dangling bonds of 

magnetite. Additionally, conduction takes place 

with the inclusion of conducting polypyrrole 

phase in nanocomposite. Consequently, eddy 

current gets conduction path easily and eddy 

current losses are enhanced rapidly. 
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4. Conclusions 

This work reports an eloquent approach for 

reducing core losses at high frequencies by 

nanocomposite of Fe3O4 NPs and PPy. At high 

frequency of 50 kHz, power loss density values 

decreased from 43.20 mW/cm3 (Fe3O4 magnetic 

NPs) to 30.72 mW/cm3 (NC-90 sample) at 5 

Vand it reduced from 30.35 mW/cm3 to 18.34 

mW/cm3at 3.5 V excitation voltages. Reduction 

in core losses in nanocomposite is the result of 

decrease in coercivity of nanocomposite. Core 

losses monotonically increased with 

polypyrrole concentration. Therefore, the core 

losses were increased in NC-50 sample 

comparatively to NC-90 sample. Enhancement 

in eddy current losses may be the reason for 

increased core losses because the conductivity 

is increased with the addition of polypyrrole 

phase in nanocomposite. Trivial hysteresis 

losses obtained in nanocomposite due to 

reduced surface anisotropy by interfacial 

surface interaction of PPy and Fe3O4 NPs. 

Nanocomposite sample (NC-90) with less 

inclusion of PPy matrix exhibited minimum 

core loss at high frequency, which is most 

suited for switching mode power supplies. 
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Table 1 

 

 Saturation 

magnetization (Ms) 

(emu/g) 

Saturation 

flux density 

(Bs)(Gauss) 

 

Coercivity  

(Hc) 

(Oe) 

Hysteresis losses 

(erg/cm3) 

K˟μo 

 Fe3O4NPs       56.6      5,600      6.87    8576 388 

 NC-90       46.7      5,500      5    6467 233.5 

 NC-80       42.7      5,400      4    5367 170.8 

 NC-70       33.2      5,300      3.74    4558 124.16 

 NC-60       24.1      5,200      2.93    3751 70.613 

 NC-50       21.9      5,100      2.28    2455 

 

 

49.932 
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