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Abstract

A solid wastematerialfly ash cenosphere (FAC)was nickel coated and polyaniline in situ polymerized

at−30 ± 2 °C in nitrogen atmosphere. A thinfilm of this compositematerial was prepared by solution

processing and surfacemorphology/topographywas studied.High electromagnetic shielding

effectiveness (SE)was obtained for thisfilm; 59 ± 4 μmand 133 ± 4 μmfilms show an average of 38

and 60 dB SE, respectively, in the frequency range 8.2–12.4 GHz (X-band). Unlike PANIfilm, the SE

of these composite films is high at high frequency. The presence ofmagneto dielectricmicrosphere

(Ni-FAC) increases the heterogeneity of the composite film in an efficient way for EMI shielding by

changingfilm topography and increasing ac conductivity and permeability.

1. Introduction

In recent times, due to rapid use of radio ormicrowave frequency in electronics and electrical engineering,

electromagnetic interference (EMI) has been amajor problem [1, 2]. Intrinsic conducting polymers (ICP) are

reported as suitable shieldingmaterials due tomany advantages over traditionalmetallic sheets such as being

lightweight, flexible, soft etc [3]. Among the ICPs, polyaniline (PANI) has received special attraction due to the

tunable conductivity, adjustable permittivity/permeability, bulk level easy synthesis, lowdensity and non-

corrosiveness properties [3–5]. Enhancement of EMI shielding effectiveness (SE) of PANIfilm atminimum

thickness is valuable as SE is directly related to thickness [6].

Fly ash cenospheres (FACs) are solid-waste by-products of power generating thermal plants and are

pollutants [7]. Silica (SiO2) and alumina (Al2O3) are themajor constituents of FACs [7, 8]. They are formed

fromhotmolten salt at high temperature in the absence of oxygen at room temperature. Typically these are

hollowmicrospheres having lowdensity and nontoxicity with good thermal and dielectric properties.

Furthermore, FAC is highly dispersive in the polymermatrix.Metal coated FAChas been reported formany

potential applications includingmicrowave absorption [8–10]. In the present effort, FACwasNi coated and

doped in PANI. The thinfilm of this compositematerial was prepared and EMI SEwas investigated by

waveguidemethod [11] by using a vector network analyzer for X-band frequency (8.2–12.4 GHz).

2. Experimental

2.1. Compositematerial synthesis andfilmpreparation

FACwas obtained fromNational Thermal PowerCorporation (NTPC), India, with particle size range

10–50 μm, cleaned conventionally and nickel coated by heterogeneous precipitation thermal reductionmethod

[13]. A sufficient amount (2.5 g in 100 ml) of nickel coated FACorNi-FACwas dispersed in 1MHCl solution,

followingwhich 6 ml double-distilled aniline was slowlymixed at−30± 2 °C. To reduce the freezing

temperature of the reactionmixture, 6 M lithium chloridewas added. The pre-cooled solution of ammonium

persulfhate (APS, 0.6 M) also inHCl and lithium chloridewas added at a rate of 3 ml min−1using an external
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pump to the aniline solution. The reactionwas allowed to proceed for 6 h at−30± 2 °Cunder nitrogen

environment. The resulting polyaniline composite (PANI/Ni-FAC) precipitates were washed repeatedly with

de-ionizedwater and deprotonated by stirring in 4weight% ammonia solution for 8 h at 25 °C.Obtained

precipitates (PANI in emeraldine base form)was againwashedwith de-ionizedwater andmethanol repeatedly

and vacuumdried at 50 °C for 12 h.

4weight%of synthesized PANI/Ni-FACwas added very slowly to dimethyl-propylene urea (DMPU)

solution under stirring and further stirred for 6 h. After that, this solutionwas poured on to specialmoulds and

vacuumdried at 60 °C for 12 h. Thus, the resultingfilmswere acid vapor treated (1 MHCl) under vacuum for

72 h to achieve stable conductivity and dielectric constant. Finally, theywere dried under ultra-pure nitrogen.

Thisfilmwas denoted PNiCfilm. This procedure was repeated again for PANI but this timewithoutNi-FAC.

The average thicknesses of thefilmsweremeasured by optical profilometry.

2.2.Dielectric and dc conductivitymeasurements

Complex permittivity and permeability (μ′) was obtained by using cavity perturbation technique [12]. Here,

samplefilmswere cut at rectangular shape, 2 × 0.5 cm2 and placed in the specific positions of the resonance

cavity corresponding to complex permittivity (electric field is at itsmaximum) and permeability, μ′ (magnetic

field is at itsmaximum) for themeasurements. The height of the cavity is 1 cm and length is 30 cm. It was

connectedwith a vector network analyzer (Agilent, NS230A) and operated using swept frequency option of the

analyzer. The following formulawas used for the calculations,
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In equations (1)–(3),Vo andVsdenote the sample and cavity volume respectively. f0 andQ0 are resonance

frequency and the quality factor of the empty cavity and fs andQs are corresponding parameters for the

perturbed case. The length, width, and resonantmode of the cavity are denoted as l, a, and n, respectively.

The dc conductivity wasmeasured by collinear four probemethod. The four probe setupwas placed on the

samplefilm surface and proper contact was checked by amicroscope. It was connected to theKeithley dc current

source (Keithleymodel 6221 ac) and to a nanovoltmeter (Keithleymodel 2182 A). The deltamodewas

employed and resulting average resistance (R) was taken and the resistivity (ρ) of the samplewith thickness (th)

was calculated as,

ρ
π

= ×R t
ln 2

(4)h⎜ ⎟
⎛
⎝

⎞
⎠

The conductivity (σ) is the reciprocal of the resistivity, therefore,σ =
ρ

1
was calculated.

3. Characterizations and EMI SE results

Surfacemorphology of the obtainedfilmwas studied under SEMat 20 kV (figure 1). TheNi-FACmicrospheres

were embedded in the PANImatrix and the exposed surfacewas grafted by thick PANI layer. The procedure

followed here results in highmolecular weight PANIwith long polymeric chain [14].However, a few small

agglomerated regionswere also observed due to the some defect bearingNi-FACpieces andmagnetic dipole

interactions between themicrospheres. Observed topography as shown infigure 2 of PNiCfilm consists of a

large number of sharp projections. These sharp-projections-like structures could help in electromagnetic

interference shielding as conventionally the apex of the cone direction fromwhich anticipated EMIwill arrive

[15]. The rootmean square (rms) surface thickness of this filmwas obtained as∼0.11 μm.

Obtained complex permittivity (ε ε ε= ′ − ″j )details are tabulated in table 1. It was observed that in the

presence ofNi-FAC, both the real (ε′) and imaginary (ε″) part of the complex permittivity of PANIfilm

increases. The decrease of dielectric loss (tanδε) was also observed, obtained tanδεwere 0.96 and 0.83 for PANI

and PNiCfilm, respectively.

Obtained permeability (μ′) for PNiCfilm is∼10. The dc conductivity (σdc) was obtained as 8.4 S cm
−1 and

15.73 S cm−1 for PANI (thickness 52 ± 2 μm) and PNiCfilm (thickness 133± 4 μm), respectively. As in the case

of conducting/conjugated polymers polaron/bipolarons are themovable charge species along the chain, the

2
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presence ofNi-FAC increases heterogeneity of the system and increases orientation and space charge

polarization [16].Moreover, some polaron/bipolarons are trapped on the surface. Further dielectric loss of FAC

constituents also contributes to the total dielectric loss of the PNiC composite. Themagneto–dielectric loss

occurs due to the three components, namely hysteresis loss (Ph), eddy current loss (Pec) and anomalous losses

(Panom) [17].Panom depends on domain structure, the hysteresis loss and eddy current losses contribute

Figure 1. Surfacemorphology of (A) fly ash cenosphere (FAC), (B) nickel coatedfly ash cenosphere (Ni-FAC), (C)Cross sectional
view ofNi-FAC, (D)Ni-FACdoped polyaniline (PNiC) film.

Figure 2.Topography of (a) PANIfilm and (b)Ni-FACdoped PANI (PNiC) film.
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efficiently in the radio frequency (RF) regions. The hysteresis loss depends on coercivity (Hc) and it is difficult to

minimize. The eddy current losses for spherical structure are formulated as [17], =
π

ρ
P ,

B d f
ec 20

m
2 2 2

where,Bm, d, f

and ρ are the amplitude ofmagnetic induction, diameter, frequency and resistivity, respectively. SinceNi

naoparticles are coated over hollow ceramicmicrospheres (FACs) and grafted by PANImatrix, there results

minimum Pec.

3.1. Electromagnetic interference (EMI) shielding

The EMI attenuation arises due to reflection (R), absorption (A) andmultiple reflections (M). The total EMI

shielding effectiveness ismeasured in terms of complex scattering parameter (S-parameter) [3, 11] and it is

expressed in dB.Mathematically,

= − = −( ) ( )SE dB S S( ) 10 log 10 log (5)21
2

12
2

Where S21, S12 is dimensionless. 30 dB SE corresponds to 99% shielding. The factors that affect EMI attenuation

are frequency, conductivity, distance between the shielding and interfering source, shield thickness and shield

materials. The EMI shielding due to absorption (SEA) depends on skin depth (δ), total conductivity

(σ σ σ= + ),T ac dc permeability (μ′) and surface scattering aswell.

Mathematically [1, 16],

δ σωμ
ρ

π μ
= ′ =

′f
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δ
σωμ= = ′SE dB

t
e t( ) 20 log 8.68 2 (7)A

h
h

Where, th is the thickness,ω π= f( 2 )is the angular frequency and ρ is the resistivity.

Frequency and thickness dependence of SE of the PANI andNi-FACdoped PANI (PNiC)film is shown in

figure 3. It was observed that PNiCfilms exhibit high shielding effectiveness, especially at high frequency

(∼12 GHz). For PANIfilm of average thickness 52 ± 2 μmobserved SE is∼17 dB. Interestingly, in the case of

PNiCfilm (average thickness 59 ± 4 μm)obtained average SE value is 38 dB.

While thickness increased tomore than twice (133 ± 4 μm), SE increased to∼61 dB above 12 GHz. Thus,

this reveals the suitability of PNiC film for EMI shielding at high frequency. Due to the presence ofNi-FAC,

resistivity of PNiCfilm decreases and ac conductivity (σ ε ωε= ″
°

)ac increases (47.6 to 62.1 Sm−1). Further, skin

depth (δ) also decreases from∼78 nm to∼63 nm.Conducting PANI surface is supporting normal electric field

and embeddedNi-FAC is supporting tangentialmagnetic and electric field components of incident

electromagnetic wave [15]. Since themagneto dielectricmicrospheres (Ni-FAC) are dispersed optimally,

electromagnetic wave has to pass through the space between themicrospheres by scattering that results in the

increase of SE and it can be expressed as [1, 18],

∞ −SE b f20 log( . ) (8)

Where, b is themicrospheres spacing and f is the frequency. As the rms thickness of PNiC film is higher than skin

depth by three orders, scattering takes place in high order. In otherwords, it is an effectively low intense

homogenous chiralfilm.Moreover, the presence ofNi-FACmicrospheres decreases the relativemass of PANI in

the PNiCfilmwhich leads to low loss of reflection loss of electromagnetic radiation at high frequency [19].

4. Summary

In summary, PANI and nickel coated fly ash cenosphere (Ni-FAC) doped PANI composite freestanding films

were prepared by solution processing and EMI SEwasmeasured in the frequency range 8–12.4 GHz.

Enhancement of SEwas observed for PNiC composite film andmaximum61 dB SEwas obtained for 133 ± 4 μm

Table 1.Real (ε′) and imaginary (ε″) part of complex permittivity of free
standing PANIfilm (thickness 52 ± 2 μm) andNi-FACdoped PANI (PNiC)
film (thickness 133 ± 4 μm).

Sample (film) Frequency (GHz) ε′ ε″ δ =ε
ε

ε

″

′
tan

PANI 8.7 110 99.2 0.96

11.7 103 51.9 0.5

PNiC 8.7 140 117 0.83

11.7 123 56.8 0.46
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film. Further, unlike PANI film, its shielding effectiveness increases with increasing frequency and thus it shows

better SE at high frequencies.

Acknowledgments

The authors gratefully acknowledge the financial support byDepartment of Science andTechnology SB/S3/ME/

51/2012 and technical support from IISc advanced characterization centre andCeNSE for this work. Kishore

would like to place on record the AICTE for offering an Emeritus position and Professor G SGupta of

Department ofMaterials Engineering, IISc for providing administrative support.

References

[1] Qin FX, PengHX, PankratovN, PhanMH, Panina LV, IpatovM, ZhukovaV, ZhukovA andGonzalez J 2010 J. Appl. Phys. 108

044510

[2] Huang Y, Li N,MaY,Du F, Li F,HeX, LinX,GaoHandChenY 2007Carbon 45 1614

[3] TongXC2008AdvancedMaterials andDesign for Electromagnetic Interference Shielding (Boca Raton, Fl: CRCPress)

[4] Saini P, Choudhary V,VijayanN andKotnala RK 2012 J. Phys. Chem.C 116 13403

[5] Joo J and Epstein A J 1994Appl. Phys. Lett. 65 2278

[6] Joo J and LeeCY 2000 J. Appl. Phys. 88 513

[7] Kumar A 2006 Industrial Pollution: Problems and Solutions (NewDelhi: Daya PublishingHouse)

[8] Kolay P and SinghD 2001Cem.Concr. Res. 31 539

[9] DouZ,WuG,HuangX, SunD and Jiang L 2007Compos. Part Appl. Sci.Manuf. 38 186

[10] YuX and ShenZ 2009 J.Magn.Magn.Mater. 321 2890

[11] Yang Y,GuptaMC,DudleyK L and Lawrence RW2005Nano Lett. 5 2131

[12] Yang RB, TsayCY,HungD S, LiangWF, Yao YD andLinCK2009 J. Appl. Phys. 105 07A528

[13] MengX, LiD, ShenX and LiuW2010Appl. Surf. Sci. 256 3753

[14] Ramamurthy PC,Mallya AN, JosephA,HarrellWR andGregory RV2012Polym. Eng. Sci. 52 1821

[15] Grimes CA andGrimesDM1993 IEEEAerosp. Appl. Conf. 1993Dig. (1993) pp. 217–26

[16] SinghAP, Chandra A andDhawan SK 2011AIPAdv. 1 022147

[17] Parsons P,DuncanK,Giri AK, Xiao JQ andKarna S P 2014 J. Appl. Phys. 115 173905

[18] Huang J-C 1995Adv. Polym. Technol. 14 137

[19] Huang Y, XuZ, Shen J, Tang T andHuangR 2007Appl. Phys. Lett. 90 133117

Figure 3.EMI SE of free standing PANI and PANI/Ni-FAC (PNiC) film. The average thicknesses werewritten inside bracket.

5

Mater. Res. Express 2 (2015) 036403 P J Bora et al


	1. Introduction
	2. Experimental
	2.1. Composite material synthesis and film preparation
	2.2. Dielectric and dc conductivity measurements

	3. Characterizations and EMI SE results
	3.1. Electromagnetic interference (EMI) shielding

	4. Summary
	Acknowledgments
	References

