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1.  Introduction

The rapid increase in high frequency (8–18 GHz) based electrical/electronic devices has resulted in 
electromagnetic interference (EMI). EMI pollution becomes a serious issue for modern telecommunications, 
robotics, unmanned vehicles as well as microwave engineering [1–3]. The demand of polymeric shielding 
materials is increasing as these are more flexible and lightweight compared to metals. Further, these materials 
are less prove to corrosion, can be easily coated onto any substrate (especially organic nanoelectronic devices) 
and relatively inexpensive [1–5]. Mechanistically, EMI shielding takes place mainly due to reflection and 
absorption [1]. However, the design of high EMI shielding due to absorption material/film is important. 
Intrinsic conducting polymer (ICP) and its composites especially polyaniline (PANI) have been proposed as 
excellent EMI shielding materials [6–8]. PANI-carbon nanotube (CNT)/graphene composite [9], PANI-silicon 
rubber composites [10], PANI-silver nanowire composites [11] etc are found to be useful for EMI shielding 
applications. The emaraldine salt (ES) form of PANI powder can be used as a filler in the polymer matrix for 
preparing EMI shielding polymeric sheets [12]. However, filler content should be high and thickness should be 
large for EMI shielding effectiveness (30 dB).

According to the literature [12], the most effective ~26.7 dB EMI SE at 8.8 GHz can be achieved for 1.9 mm thick 
PU-PANI (PU: aniline ratio was 1:1) composite sheet with an average SE of ~10 dB in the X-band (8.2–12.4 GHz).  
Similarly, Saini et al [13] reported ~24 dB EMI SE of PANI-multiwall CNT dispersed PS (30 wt%) composite 
(1 mm) in Ku-band (12.4–18 GHz). Further, they reported that by increasing thickness to 2 mm, 40–45 dB EMI SE 
can be reached in the same frequency range. Hong et al [14] investigated the EMI SE of PANI ES film in the wide 
frequency range (50 MHz–13.5 GHz). They reported PANI ES (90 µm) film shows ~18 dB EMI SE (EMI SE due 
to absorption, SEA ~ 12 dB and EMI SE due to reflection, SER ~ 6 dB).

The factors that influence EMI shielding (far field source) are complex permittivity, complex permeability, 
conductivity, EM attenuation loss and skin depth of the materials [1, 2]. The external factor includes thickness of 
the shield and source to shield distance [2]. In case of conducting polymer film, EMI shielding depends on both 
ε′ and ε″ i.e. absolute value of complex permittivity. At high frequency (GHz), electrical loss plays a key role and 
high dielectric loss containing metal oxides based composites are of interest for EMI shielding due to absorption 
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Abstract
The polymer nanocomposite thin film is of interest due to many advantages for electromagnetic 
interference (EMI) shielding. In this work, low temperature (−30  ±  2 °C) in situ synthesized 
polyaniline (PANI)–MnO2 nanorod composite (PMN) were solution processed, followed by 
acid vapor treatment for preparing free standing films and EMI shielding effectiveness (SE) were 
investigated in the frequency range i.e. X-band (8.2–12.4 GHz) and Ku-band (12.4–18 GHz). As 
prepared PMN film (169  ±  2 µm) shows most effective EMI SE ~ 35 dB (EMI shielding due to 
absorption, SEA ~ 24 dB and EMI shielding due to reflection SER ~ 11 dB) in the X-band which was 
observed to be ~39 dB (SEA ~ 29 dB and SER ~ 10 dB) in the Ku-band. The variations of conductivity, 
penetration depth, EM attenuation constant of the PMN film in the X-band and Ku-band were also 
investigated along with dielectric study.
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[15]. Anisotropic nanoparticles, especially, rod shape metal oxides are reported as most suitable for microwave 
absorption. The microwave antenna absorption mechanism is proposed for nano tree/fibre and rod shaped metal 
oxides [15–17].

Among the metal oxides, manganese dioxide (MnO2) is known for catalysis, antioxidant and antibacterial 
properties along with supercapacitor application [18–22]. However, recently, MnO2 has drawn attraction for 
microwave absorption due to many advantages such as natural abundance, easy synthesis, thermal stability and 
inexpensive precursors [23, 24]. Among the various crystalline states of MnO2 (α, β, γ, ε), α-MnO2 is reported as 
a better microwave absorber (especially anisotropic α-MnO2) [24]. Song et al [25] reported that 30 wt% β-MnO2 
nanorod containing paraffin wax can show a reflection loss (RL) up to  −10 dB (~11 GHz) at 2.75 mm thickness. 
According to the literature [26], the low temperature annealed α-MnO2 nanorods has better microwave absorp-
tion capability. They reported ~  −13.5 dB RL (18 GHz) paraffin-MnO2 nanocomposite (thickness 2 mm, 30 wt% 
MnO2). Lv et al [16] studied the paraffin/β-MnO2 nanorods composite, paraffin-Fe coated β-MnO2 nanorods 
and paraffin-graphene Fe coated β-MnO2 nanorods composites for microwave absorption [16]. According to 
their results, the latter is promising that shows  −15 dB RL at 12 GHz for a thickness of 3 mm (paraffin:graphene-
Fe-MnO2 nanorods is 1:1).

The room temperature MnO2 polymerized aniline shows a promising conductivity of PANI ES which can be 
further increased by controlling temperature/crystallinity [27]. The low temperature (−30  ±  2 °C) synthesis of 
PANI is known for high molecular weight, high crystallinity and higher conductivity [28]. The in situ synthesized 
PANI-MnO2 nanocomposite has been reported for supercapacitor application [29]. Gemeay et al [30] reported the 
in situ synthesis of PANI-MnO2 nanorod composite. Bisanha et al [31] studied the reaction conditions of PANI-
MnO2 nanocomposite and showed that low temperature synthesis results in uniform, homogeneous and thicker 
coating of PANI over MnO2 nanoparticles.

Hence, PANI-MnO2 nanorod composite film can be expected as a novel EMI shielding coating material. 
The objective of the present work was to study the EMI shielding behaviour of in situ synthesized PANI-MnO2 
nanorod composite film. The EMI SE was investigated in the X and Ku-band and the effect of various parameters 
that influence the shielding was determined.

Figure 1.  (a) and (b) Surface morphology synthesized MnO2 nanorods, (c) diameter histogram of synthesized nanorods (d) x-ray 
diffraction pattern of synthesized nanorods.

Mater. Res. Express 4 (2017) 025013
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2.  Experimental

The MnO2 nanorods were synthesized according to the procedure described in the literature [26]. The in situ 
synthesis of PANI-MnO2 hybrid nanocomposite was performed at  −30  ±  2 °C under nitrogen. In the typical 
synthesis, 0.25 g of the as-synthesized MnO2 nanorods were dispersed in 50 ml DI water at  −30  ±  2 °C. The 
freezing point was controlled by adding 6 M LiCl. In the second step, 1 ml double distilled aniline was added to the 
50 ml 1 M HCl solution (also containing 6 M LiCl) at  −30  ±  2 °C under stirring. The molecular weight of PANI 
obtained was ~912 000 [28]. This solution was slowly added to the pre-cooled MnO2 nanorods dispersed solution 
and the reaction was allowed to proceed for another 6 h at  −30  ±  2 °C. After 6 h, obtained dark green product 
was filtered and washed several times with ethanol and DI water and deprotonated by stirring in 4 wt.% NH4OH 
for 8 h. The obtained composite was again washed with DI water and ethanol repeatedly and was vacuum dried at  
50 °C for 12 h. The freestanding films of as synthesized composite were prepared by solution processing. 
Optimally, 3 wt.% of synthesized PANI-MnO2 powder was added very slowly to the dimethyl-propylene urea 
(DMPU) solvent under stirring and further stirred for 12 h. The resulting solution was poured on to glass 
moulds and placed in an oven under a dynamic vacuum of 400 mm Hg at 65 °C for 12 h. Thus resulting film was 
again treated with 1 M HCl solution (vapour) for 72 h to achieve stable conductivity. The prepared films were 
named as PMN film.

2.1.  Characterizations
Surface morphologies of the synthesized materials and films were analysed using high resolution FESEM (Carl 
Zeiss) of the sample coated over carbon tape, sputter coated with gold. The thicknesses of the sample films were 
measured using Dektek. The x-ray diffraction pattern of the synthesized materials were studied by using Rigaku 
x-ray diffractometer using Cu Kα radiation (λ  =  1.540 598 Å) in scattering range (2θ) of 10–80°. The EMI SE of the 
prepared PMN film was measured by waveguide method using a vector network analyser (VNA, Agilent NS201). 
A full standard two port calibration (thru-reflect-line, TRL) was performed for the X-band (8.2–12.4 GHz) and 
Ku-band (12.4–18 GHz). The sample films were clamped in between two waveguides and complex S-parameters 
(S21, S11, S12, S22) and, hence, reflectance (R), transmittance (T) and absorbance (A) were measured. The 
measurements of sample films were carried out three times. The complex permittivity ″ε ε ε= −′∗ i(   ) of the PMN  
film was determined from the obtained S-parameters [32].

Figure 2.  (a)–(c) Cross sectional surface morphology of PMN film in different regions, (d) cross sectional edge morphology of 
PMN film.

Mater. Res. Express 4 (2017) 025013
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3.  Results and discussion

3.1.  Surface morphology and XRD of synthesized PMN composite and film
The surface morphology and XRD pattern of the as synthesized MnO2 nanorods is shown in the figures 1(a) and 
(b), respectively. Obtained morphology shows the formation of MnO2 nanorods having average diameter range 
40–50 nm and the average length ~1.2 µm. The x-ray diffraction (figure 1(d)) pattern of as synthesized MnO2 
nanorods suggests the formation α-MnO2 phase [16, 26]. Figures 2(a)–(c) shows the surface morphology of the 
prepared PMN film. As aniline was polymerized by α-MnO2 nanorods itself, hence, grafting of PANI takes place 
over the MnO2 nanorods and thus can improve the effective permittivity of the medium.

3.2.  EMI SE and shielding mechanism of PMN film
The EMI shielding property of a material is measured in terms of shielding effectiveness (SE) and 30 dB EMI SE 
corresponds to 99.99% shielding [1, 2]. In terms of power, the EMI shielding refers logarithmic output power (Po) to 
input power (Pi) and it takes place due to absorption, reflections and multiple reflections (correction factor), i.e. [2],

= − = + +P PSE dB 10 log SE SE SEo i A R M( ) ( / )� (1)

SEA, SER and SEM represents the EMI shielding due to absorption, reflections and multiple reflections respec-
tively [1, 2]. The EMI SE can be directly obtained from the S-parameters, i.e. EMI SE (dB)  = S21  [33]. Here, S21 
corresponds to the power transmitted from port 2 to port 1 of the VNA. The SEA, SER and SEM can be obtained 
from the measured transmittance (T), reflectance (R) and absorbance (A) using following relations [19, 34],

= − − RSE dB 10 log 1R( ) ( )� (2)

= − − = −
−

A
T

R
SE dB 10 log 1 10 log

1
A eff( ) ( )� (3)

Figure 3.  Variation of (a) EMI SE, (b) EMI shielding due to absorption (SEA) and EMI shielding due to reflection (SER) of PMN film 
in the X-band (8.2–12.4 GHz).

Mater. Res. Express 4 (2017) 025013
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Where, A R T R1 1eff ( )/( )= − − −  is the effective absorbance of the materials and

= − −
−

SE dB 20 log 1 10M
SE

10
A( ) ( )� (4)

The contribution of SEM to the total EMI SE can be neglected if SE ~ 10 dB [13]. The obtained EMI SE of 
prepared PMN films in the X-band (8.2–12.4 GHz) were shown in figure 3(a). The effective EMI SE ~ 35 dB was 
obtained for 169  ±  3 µm thicker PMN film in the X-band. The SEA value of this film was found to be ~24 dB  
and corresponding SER was ~11 dB (figure 3(b)). At high frequency, Ku-band (12.4–18 GHz), the most effec-
tive EMI SE of this PMN film reaches ~39 dB (figure 4(a)). The corresponding EMI SEA and SER values were 
obtained ~29 dB and ~10 dB respectively (figure 4(b)). For most of the practical applications, ~20 dB EMI SE 
is considered as an optimum level. This can be easily achieved by using PMN film at minimum coating thick-
ness. For 81  ±  3 µm thicker PMN film shows effective EMI SE ~ 28–24 dB (SEA ~ 18–16 dB and SER ~ 10–8 
dB) and ~26 dB (SEA ~ 17 dB and SER ~ 9 dB) in X-band and Ku-band respectively (figures 3 and 4). Thus, the 
observed EMI shielding results suggests that the contribution of EMI shielding due to absorption is intrinsi-
cally dominant in the PMN film. The observed EMI SE of PMN film was compared with recently developed 
materials and films in the table 1.

As synthesized α-MnO2 nanorods show excellent electromagnetic wave absorption property at high frequency 
especially in 8–18 GHz due to high dielectric loss [16]. The incident electromagnetic wave generates an electric 
field over the conducting PMN composite surface opposite to applied field. The high electrical loss (dissipation 
current) takes place along the PANI grafted MnO2 nanorods and high EM attenuation loss takes place in PMN film 
and shows excellent EMI SE (SEA). The present PMN system is a hybrid polymer nanocomposite where dielectric 
MnO2 nanorods were dispersed. Therefore, effective permittivity also plays a key role of enhancing EMI shielding 
through absorption. The incident electromagnetic wave falls perpendicularly to the PANI-MnO2 nanorod medium 
and electric field polarization takes place along the MnO2 nanorods. As shown in figure 5, the MnO2 nanorods can be 
considered as an uniaxial dielectric. As the host matrix is conducting polymer (PANI), interactions of extraordinary 

Figure 4.  Variation of (a) EMI SE (dB), (b) EMI shielding due to absorption (SEA) and EMI shielding due to reflection (SER) of 
PMN film in the Ku-band (12.4–18 GHz).

Mater. Res. Express 4 (2017) 025013
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plane waves (E 0Z≠ ) with wave vector (qx, qy, qz)T is high [39]. Here, phase constant (qz) is along the Z-axis. Therefore 
electric field (Ez) can be expressed as (Helmholtz equation),

x y
k q E 0z z2 2

2 2( )
⎧
⎨
⎩

⎫
⎬
⎭

∂
∂
+
∂
∂
+ − =

with the boundary condition E 0z =  on the MnO2 nanorods. According to the literature [39], it should pos-
sess a very strong spatial dispersion effect at microwave frequency which results in the enhancement of effective 
permittivity and EMI shielding [39].

The incident electromagnetic wave propagates through a material by changing its time average power [40] 

i.e. ( )∫= × ∗P E H Sdav
1

2
 (where E is the electric field value and H is the associated magnetic field value, asterisk 

Figure 5.  Schematic illustration of PMN film.

Table 1.  A comparison of the average total EMI SE, shielding due to absorption (SEA) and shielding due to reflection (SER) of various 
reported materials with present work under optimal conditions.

Material Filler loading 

(wt%)/ratio

Frequen-

cy (GHz)

SE (dB) SEA (dB) SER 

(dB)

Thickness Reff

PANI–nano-Mn0.2Ni0.4Zn0.4Fe2O4 20:80 8.2–12.4 ~50 ~49–47 ~1–3 2.5 mm [36]

PANI–Mn0.5Zn0.5Fe2O4 Aniline:filler 3:2 8.2–12.4 ~36 ~31 ~5 2 mm [37]

PU-PANI PU:aniline 1:1 8.2–12.4 ~10 1.9 mm [12]

Polystyrene/PANI-CNT 30 wt% 12.4–18 ~24 ~18 ~6 1 mm [13]

PVB/PANI nanofiber 10 wt% 8.2–12.4 ~26 ~21 ~5 0.78  ±  0.02 mm [34]

12.4–18 ~30 ~26 ~4

PANI ES – 0.5–13.5 ~18 ~12 ~6 90 µm [14]

PANI/Co-FAC – 12.4–18 ~30 ~28 ~2 89  ±  3 µm [35]

PVB/PANI-Ni-FAC 10 wt% 8.2–12.4 ~23 ~20 ~3 259  ±  2 µm [4]

Screen printed PANI nanofiber – 8.2–18 ~13 ~10 ~3 50 µm [38]

Screen printed graphene-PANI nanofiber Aniline: filler 4:1 8.2–18 ~17 ~12 ~5 50 µm [38]

Paraffin wax/β-MnO2 nanorods 30 wt% 8.2–12.4 ~21–22 ~16.5–18 ~5–4 2 mm [25]

Graphene nanoribbons /α-MnO2 53 wt% 12.4–18 ~11 ~8.6 ~2.4 0.5 mm [41]

Paraffin/MnOOH@CNT 1:1 8–18 ~13–18 ~9–14 ~4–3 2 mm [42]

PANI-MnO2 nanorods Aniline:MnO2 

nanorod 4:1

8.2–12.4 ~35 ~24 ~11 169  ±  3 µm This work

12.4–18 ~28–24 ~18–16 ~10–

8

81  ±  3 µm

~39 ~29 ~10 169  ±  3 µm

~26 ~17 ~9 81  ±  3 µm

Mater. Res. Express 4 (2017) 025013
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Figure 6.  Variation of real (ε′) and imaginary (ε″) part of complex permittivity (   )″ε ε ε= −′∗ i  in the (a) X-band and (b) Ku-band.

Figure 7.  Variation of tangent loss ( δ = ″
′
ε
ε

tan e ) of PMN film in the (a) X-band and (b) Ku-band.

Mater. Res. Express 4 (2017) 025013



8

P J Bora et al

indicates complex conjugate and it travels by exponentially decreasing its magnitude) and for an electrically thick 
conductor, SER and SEA can be expressed as [1, 2, 40],

( ) ( )  
ωε µ

= −
−
′

⎧
⎨
⎩

⎫
⎬
⎭�

R
SE dB 10 log

1

16
R� (5)

( )
δ

σωµ
= − = −

′
⎜ ⎟
⎛
⎝

⎞
⎠

t
e tSE dB 20 log 8.68

2
A

s
1
2� (6)

f2ω π= , is the angular frequency, εo is the permittivity of free space (8.854 × 10−12 Fm−1), t is the thickness 

of the shield and δ is the skin depth (penetration depth) of the shield 2 0 s( ) /    δ µ µ ωσ= ′  [1, 2, 40]. Here, μ0 is 

the permeability of free space (4π × 10−12 H) and � ″σ ωε ε=s  is the frequency dependent shield conductivity. The 
variation of real (ε′, corresponding to polarization and storage capability of electric energy) and imaginary (ε″, 
corresponding to electric loss or dissipation of electric energy) parts of complex permittivity ″ε ε ε= −∗ i(   )΄  of 
PMN film in the X-band and Ku-band is shown in figures 6(a) and (b), respectively. It was observed that both ε′ 
and ε″ decrease with frequency. In X-band, ε′ was found to be 270–250 whereas it was observed to be 297–200 in 
Ku-band. Similarly, ε″ was found to be 2490–1790 and 1793–1300 in the X-band and Ku-band, respectively. The 
variation of tangent loss (tanδe  =  ε″/ε′) of the PMN film in the X-band and Ku-band is shown in figures 7(a) 
and (b), respectively. The tanδe value of PMN film was found to be 9–13 and 5–12 respectively in the X-band and  
Ku-band. As MnO2 nanorods have high dielectric loss and microwave absorption property, the observed high 
tanδe of PMN film is due to presence of MnO2 nanorods in PANI matrix. Figures 8(a) and (b) shows the variation 
of shield conductivity of the PMN film in the X-band and Ku-band, respectively. The σs value of PMN film was 
found to be 1125–1201 S m−1 in the X-band that increased to 1192–1338 S m−1 in the Ku-band (figure 8(b)). The 
correlated barrier hopping of charge takes place over the PANI grafted MnO2 nanorods and thus dielectric loss 
and shield conductivity was found to be high for PMN film.

Figure 8.  Variation of shield conductivity of the PMN film in the (a) X-band and (b) Ku-band.

Figure 9.  Variation of skin depth (penetration depth, δ) of the PMN film in the (a) X-band and (b) Ku-band.

Mater. Res. Express 4 (2017) 025013
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Figures 9(a) and (b) shows the variation of skin depth (penetration depth) of the PMN film in the X-band 
and Ku-band respectively. The calculated skin depth of PMN film was found to be ~165 µm at 8.2 GHz which 
exponentially decreased to ~133 µm (at 12.4 GHz). Similarly, in the Ku-band, δ value also exponentially decreases 
from ~133 µm to ~105 µm (figure 9(b)).

According to the transmission line theory, the real part of the propagation constant (γs) js s sγ ωµ σ=  gives 

the EM attenuation of incident electromagnetic wave [2]. The equation of EM attenuation constant (α) is [34]

( ) {( ) ( ) }   ″ ″ ″ ″ ″ ″α
π

µ ε µ ε µ ε µ ε µ ε µ ε= × − + − + +′ ′ ′ ′ ′ ′
⎡
⎣⎢

⎤
⎦⎥

f

c

2 2 2
1
2

1
2� (7)

For conducting polymers and its composite films, the EM attenuation constant is the intrinsically dominant 
factor for EMI shielding as it depends on both ε′ and ε″. Variation of α value of PMN film in X-band and Ku-band 
is shown in figures 10(a) and (b) respectively. In the X-band, the obtained α value of PMN film was 5698–7230 
that increased to 7000–8900 in the Ku-band. Thus it suggests the excellent EM attenuation loss and EMI shielding 
property (SEA) of PMN film in the X-band and Ku-band.

4.  Conclusions

The in situ synthesis of PANI-MnO2 nanorods composite (PMN) was carried out at  −30  ±  2 °C and free standing 
films were prepared by solution processing. EMI shielding property of the prepared PMN films was studied in the 
X-band and Ku-band frequency range. An excellent EMI SE was observed for PMN films in both the frequency 
bands. In X-band, ~35 dB (169  ±  3 µm) and ~26 dB (81  ±  3 µm) EMI SE was obtained for PMN film and that 
was increased to ~39 dB and ~27 dB in the Ku band. EMI shielding due to absorption of PMN film was found to be 
dominant for both bands. Further, enhancement of shield conductivity and EM attenuation constant of the PMN 
film also bolsters the excellent EMI shielding property.
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