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ABSTRACT: The polypyrrole (PPy)-coated multiwalled
carbon nanotubes (MWCNTs) were prepared by in situ
chemical oxidative polymerization of pyrrole on the sur-
face of MWCNTs for the novel electromagnetic interfer-
ence (EMI) shielding materials. The oxygen plasma
treatment on MWCNTs introduced the hydrophilic func-
tional groups resulting in uniform distribution of
MWCNTs and higher interfacial affinity between PPy and
MWCNTs. The uniform coating of PPy was formed on
MWCNTs due to the effects of oxygen plasma treatment.

The thermal stability of PPy-coated MWCNTs was
improved by incorporation of MWCNTs. Absorption was
the main mechanism of EMI shielding for the PPy-coated
MWCNTs. The average EMI shielding efficiency of PPy-
coated MWCNTs increased from 21.5 to 28.3 dB by oxygen
plasma treatment of MWCNTs. VC 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

The use of the electrical and electronics devices has
been grown rapidly and it causes emitting of the
electromagnetic energy in the same frequency bands
with other electric devices resulting in the malfunc-
tion. As a result, it leads to the significant losses in
time, energy, and resources. Electromagnetic inter-
ference (EMI) can also harm human bodies by caus-
ing diseases such as leukemia and breast cancer.
Therefore, it becomes essential to limit and shield
the electronic equipments against all sources of
interference.1–3

Metals and metal oxides have usually been used
as EMI shielding materials. However, they have dis-
advantages of not only cost and weight but also the
secondary EMI from reflection. The application of
polymers for housing of electronics device has many
advantages due to light weight, flexibility, and rela-
tively less cost. However, polymers are electrically
insulating and transparent to electromagnetic radia-
tion. Their inherent EMI shielding efficiency (SE)
is practically zero. The incorporation of electrically
conductive fillers in polymer matrices has been con-
sidered extensively to improve the EMI SE.4–7

The electrically conducting polymer-based compo-
sites were also investigated for EMI shielding appli-
cations. Polypyrrole (PPy) is one of the conducting
polymers which have been studied extensively. PPy
shows good conductivity, oxygen resistance, thermal
and environmental stabilities, relative ease of synthe-
sis, and innoxious characteristics, which are favor-
able for the various applications.8,9 Carbon nano-
tubes (CNTs) have attracted interest as the
electromagnetic wave-absorbing material among the
electrically conductive fillers. CNTs possess high
permittivity, which results in the high EMI SE. The
high permittivity of CNTs is attributed to the well-
organized carbon-graphite structure. The polymer
composites containing a certain level of CNTs
showed the electrical conductivity.2,3,10–13 The inter-
face affinity between polymer and hydrophobic
CNTs plays an important role in the formation of
polymer-based conducting composites.
Since the 1960s, plasma technology has quickly

evolved into a valuable technique to engineer the
surface properties without alteration of the bulk
compositions.14 Compared to other chemical modifi-
cation methods, plasma treatment has the advan-
tages of shorter reaction time, nonpolluting process-
ing, and providing a wide range of functional
groups depending on the plasma parameters. The
plasma treatment is favored for the improvement in
the interfacial affinity of composites because it modi-
fies only the top few nm of the surface uniformly
and it leaves the bulk properties of the material
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unchanged.14,15 Oxygen plasma treatment provides
the various polar functional groups such as CAO,
C¼¼O, O¼¼CAO on the polymer surface, which alters
the surface energy of materials and enhances the
interfacial adhesion.16–19

In this study, the oxygen plasma treatment was
employed to solve the poor dispersion and the lack
of interfacial adhesion in the conducting polymer
complex by introducing the functional groups on
MWCNTs. A simple procedure of in situ chemical
oxidative polymerization was carried out for the
fabrication of PPy-coated MWCNTs. The effect of
oxygen plasma treatment of MWCNTs on the EMI
shielding behavior of PPy-coated MWCNTs was
investigated in terms of permittivity, permeability,
EMI SE, and EMI shielding mechanism.

EXPERIMENTAL

Materials

Pyrrole monomer (99%), ammonium persulfate
(APS), and MWCNTs were purchased from Sigma–
Aldrich. The diameter of MWCNTs was between
110 and 170 nm and the purity of MWCNTs was
higher than 90%. Sodium dodecyl sulfate as surfac-
tant was obtained from ICN Biomedicals. Hydrogen
peroxide (H2O2) was purchased from Kanto
Chemical.

Oxygen plasma treatment of MWCNTs

Plasma treatment was performed in a cylindrical
discharge chamber. The system was pumped to a
few Pascals by an oil rotary pump. Plasma was
formed by an inductively coupled radio frequency
generator, operating at a frequency of 13.56 MHz
and a nominal power of about 100 W. Oxygen
was introduced to the plasma instrument at the flow
rate of 10 mL min�1. The pressure was fixed at
200 mTorr. MWCNT samples were treated with oxy-
gen plasma for various periods of time as 0, 5, 10,
and 20 min and they were named hereafter as C0,
C5, C10, and C20, respectively.

Synthesis of PPy-coated MWCNTs

PPy-coated MWCNTs were synthesized using in situ
chemical oxidative polymerization on the oxygen
plasma-treated MWCNT templates. The polymeriza-
tion of pyrrole was carried out in the distilled water
using H2O2 as oxidant and APS as initiator for pyr-
role. A total of 0.3 g of oxygen plasma-treated
MWCNTs was dispersed in the aqueous surfactant
solution and ultrasonicated over 1 h. A total of 0.045
mol of pyrrole monomer was dropped into the
MWCNTs dispersion slowly and the dispersion was
stirred continuously for 10 min. Then, a total of
0.045 mol of H2O2 was added in the dispersion and

a total of 0.8 g of APS dissolved in 10 mL distilled
water was slowly added in the dispersion. The
polymerization was carried out at 0�C for 6 h with
constant mechanical stirring. The synthesized PPy-
coated MWCNTs were filtered and rinsed several
times with the distilled water, methanol, and ace-
tone, respectively. PPy-coated MWCNTs were dried
under vacuum at 40�C for 24 h. PPy-coated
MWCNTs are classified as PC0, PC5, PC10, and
PC20, respectively, depending on the time period of
oxygen plasma treatment on MWCNTs.

Characterization

The X-ray photoelectron spectroscopy (XPS) spectra
of oxygen plasma-treated MWCNTs were obtained
with a MultiLab 2000 spectrometer (Thermo Scien-
tific, England) to determine the chemical changes on
the surface of MWCNTs caused by the oxygen
plasma treatment. Al Ka (1485.6 eV) X-rays were
used with a 14.9 keV anode voltage, a 4.6 A filament
current, and a 20 mA emission current. All samples
were treated at 10�9 mbar to remove impurities. The
survey spectra were obtained with a 50 eV pass
energy and a 0.5 eV step size. Core level spectra
were obtained at a 20 eV pass energy with a 0.05 eV
step size.
UV spectrometry (Optizen 2120 UV, Mecasys,

Korea) was used to investigate the dispersion stabil-
ity of oxygen plasma-treated MWCNTs in distilled
water. The measurement was carried out following
the general method presented by other groups.20,21

UV transmittance was obtained as the average from
five measurements at 635 nm after sonication for
1 h.
Field emission scanning electron microscopy (FE-

SEM, S-5500, Hitachi, Japan) was used to investigate
the surface morphology. Images were taken without
prior treatment to ensure the acquisition of accurate
images.
The functional groups of PPy, MWCNTs, and

PPy-coated MWCNTs were investigated by Fourier
transform infrared spectrometer (FT-IR, Nicolet,
Magna IR550) to confirm the formation of PPy on
the surface of MWCNTs.
Thermogravimetric analysis (TGA) was performed

under air flow (25 cm3 min�1) at a heating rate of
10�C min�1 using Perkin Elmer TGA5OH thermog-
ravimetric analyzer.

EMI SE measurement

Permittivity, magnetic permeability, and EMI SE
were obtained according to the ASTM D-4935-99
method using a network analyzer (E5071A, Agilent
Technologies, USA) equipped with an amplifier and
a scattering parameter (S-parameter) test set over a
frequency range of 800 MHz to 3 GHz.22–24 Annular
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disks were prepared with a punching machine and
were installed into the test tool as shown in Scheme
1. The PPy-coated MWCNTs powders were pressed
by a punching machine at 30 bar for getting a annu-
lar disk-typed sample. The detailed dimensions of a
sample are presented in Scheme 1(b). EMI SE was
calculated using S parameters with the use of equa-
tions found in the literatures.22–24

RESULTS AND DISCUSSION

Introduction of functional groups on MWCNTs by
oxygen plasma treatment

The elemental survey data of the pristine and the
oxygen plasma-treated MWCNTs are shown in Fig-

ure 1. The small O1s peak for the pristine MWCNTs
represented the oxygen atoms from the partially oxi-
dized MWCNTs in ambient atmosphere. Both C1s
and O1s peak intensities varied depending on the
treatment time of oxygen plasma.
C1s peaks were deconvoluted to several pseudo-

Vogit functions (sum of Gaussian–Lorentzian func-
tion) to investigate the chemical structures in detail
using a peak analysis program obtained from Uni-
press, USA. The pseudo-Vogit function is given by25:

FðEÞ ¼ H ð1� SÞ exp � lnð2Þ E� E0

FWHM

� �2
 !"

þ S

1þ
�

E�E0

FWHM

�2
3
75 ð1Þ

where F(E) is the intensity at energy E, H is the peak
height, E0 is the peak center, FWHM is the full
width at half maximum, and S is the shape function
related to the symmetry and Gaussian–Lorentzian
mixing ratio. The assignments of C1s components
and the surface compositions of oxygen plasma-
treated MWCNTs are listed in Table I. The details
about C1s deconvolution were presented in our pre-
vious papers.26,27

Figure 2 shows the deconvoluted C1s peaks. C(1)
peak corresponds to nonfunctionalized sp2 carbon
atoms which come from the aromatic carbons of
MWCNTs.28 The concentration of C(1) decreased
from 90.3 to 73.5% by increasing the oxygen plasma
treatment time. Oxygen reacted with the carbons in
MWCNTs during plasma treatment resulting in the
breakage of sp2 carbon aromatic structure. C(2) and
C(3) components were assigned to CAO and C¼¼O,
respectively. The intensities of these peaks increased
by increasing the oxygen plasma treatment time.
The total content of carbon-oxygen single and dou-
ble bonds increased up to 10.5 and 8.6% for C20,
respectively. These carbon-oxygen bonds contributed
to the improvement in surface hydrophilicity of
MWCNTs. O1s deconvolution data coincide well
with C1s deconvolution results as shown in Figure 3
and Table II.

Scheme 1 Structure of the EMI SE holder (a) and the
shape and dimensions of EMI SE test specimen (b).

Figure 1 XPS spectra of various oxygen plasma-treated
MWCNTs; (a) C0 (pristine), (b) C5, (c) C10, and (d) C20.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

TABLE I
C1s Assignments and Surface Compositions of Oxygen

Plasma-Treated MWCNTs

Component

Peak
position
(eV) Pristine C5 C10 C20

C(1), CAC 284.73 90.3 85.5 79.3 73.5
C(2), CAOH 286.55 9.7 11.4 11.1 10.5
C(3), C¼¼O 287.90 0 2.2 5.7 8.6
C(4), COOH 289.26 0 0.9 3.9 7.5
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Improvement in dispersion stability of MWCNTs
by oxygen plasma treatment

The dispersion stability of MWCNTs in aqueous
media was investigated by measuring the transmit-

tance variations depending on time as shown in Fig-
ure 4. The variation of UV transmittance of aqueous
MWCNTs dispersion should be decreased for the
highly stable MWCNTs dispersion because of less

Figure 2 C1s deconvolution curves of various oxygen plasma-treated MWCNTs; (a) C0 (pristine), (b) C5, (c) C10, and
(d) C20.

Figure 3 O1s deconvolution curves of various oxygen plasma-treated MWCNTs; (a) C5, (b) C10, and (c) C20.
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coagulation of MWCNTs in aqueous media. Even
though this method is an indirect method for evalu-
ating the dispersion stability, it is widely used for
the evaluation of dispersion stability due to the sim-
ple procedure and reasonable precision.20,21 The
transmittances of aqueous dispersions containing the
pristine and the plasma-treated MWCNTs were
measured at 635 nm. The improved stability of
MWCNTs dispersion was confirmed by the lesser
variations in transmittance. The dispersion stability
of MWCNTs was improved by increasing the oxy-
gen plasma treatment time because the hydrophilic
functional groups formed on MWCNTs alleviated
the coagulation of MWCNTs in aqueous media
effectively. The improved dispersion stability of
MWCNTs is very beneficial for uniform coating of
PPy on MWCNTs because polymerization of pyrrole
on MWCNTs is carried out in aqueous dispersion
condition.

Morphology variations of PPy-coated MWCNTs
by oxygen plasma treatment

The morphologies of PPy-coated MWCNTs were
investigated by SEM to investigate the effect of oxy-
gen plasma treatment on MWCNTs as shown in Fig-
ure 5. PPy was coated uniformly on MWCNTs for
both PC10 and PC20, in which MWCNTs were
modified with oxygen plasma for a relatively long

TABLE II
O1s Assignments and Surface Compositions of Oxygen

Plasma-Treated MWCNTs

Component Peak position (eV) C5 C10 C20

O(1), C¼¼O 532.33 15.3 27.7 32.3
O(2), CAOH 532.89 78.5 53.5 39.4
O(3), COOH 533.59 6.1 18.8 28.3

Figure 4 Dispersion stability of various oxygen plasma-
treated MWCNTs; (a) C0 (pristine), (b) C5, (c) C10, and (d)
C20.

Figure 5 SEM micrographs of various PPy-coated MWCNTs. TEM micrograph of PC20 is inserted in (d).
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time. However, PC0 and PC5 samples showed the
discrete PPy clusters of 200–400 nm in the space
between MWCNTs instead of forming the PPy-coat-
ing on MWCNTs due to the poor interfacial affinity
between PPy and the hydrophobic MWCNTs. The
shorter exposure to the oxygen plasma was not
enough to modify the surface of hydrophobic
MWCNTs resulting in the ineffective template for
the polymerization of pyrrole. The morphology of
PPy-coated MWCNTs varied obviously depending
on the oxygen plasma treatment time. The portion of
segregated PPy clusters decreased noticeably and
the more uniform coating of PPy on MWCNTs was
produced by using more hydrophilically modified
MWCNTs as in case of PC20 due to the improved
interfacial affinity. This morphological feature was
also confirmed by TEM images shown in the
inserted picture of Figure 5(d).

FT-IR spectra of PPy-coated MWCNTs

The formation of polypyrrole on the surface of
MWCNTs was confirmed by FT-IR spectra in Figure
6. There is no significant peak found in the pristine
MWCNTs but the new peaks were observed at 1550,
3100–3130, and 3400–3410 cm�1 indicating the C¼¼C,
CAH, and NAH peaks, respectively, which were
usually observed in PPy.29,30 These peaks were also
observed clearly in PPy-coated MWCNTs. This
result supports the SEM images which showed the
PPy formed on the surface of MWCNTs.

Thermal stability of PPy-coated MWCNTs

Thermal stability of PPy-coated MWCNTs was
investigated by thermogravimetric analyzer as
shown in Figure 7. MWCNTs are well known as the

scavengers of free radicals.31,32 Therefore, MWCNTs,
which are dispersed uniformly in the polymer matri-
ces, can retard the thermal decomposition of poly-
mer effectively. Although PPy alone showed the
poor thermal stability with initial decomposition
stage around 100–250�C and secondary decomposi-
tion stage over 250�C, PPy-coated MWCNTs showed
the obvious improvement in thermal stability due to
the incorporation of MWCNTs. There was no notice-
able difference found in thermal stability among var-
ious PPy-coated MWCNTs depending on the oxygen
plasma treatment time. The MWCNTs contents in
PPy-coated MWCNTs were measured from TGA
data. The contents of MWCNTs were around 53 6 2
wt % in all PPy-coated MWCNTs samples.

Permittivity and permeability of
PPy-coated MWCNTs

Permittivity of PPy-coated MWCNTs is illustrated in
Figure 8. The real permittivity was improved dra-
matically by introducing the hydrophilic functional
groups on MWCNTs via oxygen plasma treatment.
The real permittivity of sample is mainly associated
with the polarization degree of the materials. There-
fore, the polarization of PPy-coated MWCNTs
seemed to increase due to the incorporation of
hydrophilically modified MWCNTs. Compared with
the permittivity of PC0, the permittivity of PC20
increased by � 70%. The imaginary permittivity also
showed the similar trend as the real permittivity
because the change of imaginary permittivity was
strongly related to the change of real permittivity.
The imaginary permittivity of PC20 increased about
three times in comparison with that of PC0.
The permeability of PPy-coated MWCNTs is pre-

sented in Figure 9. The general trend of permeability

Figure 6 FT-IR spectra of (a) pristine MWCNTs, (b) PPy,
and (c) PC20. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 7 TGA thermograms of various PPy-coated
MWCNTs; (a) C0 (pristine), (b) PC0, (c) PC5, (d) PC10, (e)
PC20, and (f) PPy. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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variation was similar as permittivity behavior of
PPy-coated MWCNTs. The real permeability of PC20
increased about 60% over that of PC0. The increased
hydrophilic functional groups on MWCNTs were re-
sponsible for the improved permeability of PPy-
coated MWCNTs samples. Therefore, PPy-coated
MWCNTs containing the hydrophilically modified
MWCNTs were effective as the EMI shielding mate-
rials. The improved permittivity and permeability of
PPy-coated MWCNTs are mainly attributed to the
electrical and magnetic properties of MWCNTs33,34

and the surface treatment effects for the uniform dis-
tribution of MWCNTs as conductive templates.

EMI shielding efficiency of PPy-coated MWCNTs

EMI SE is a number that quantifies the amount of
attenuation of electromagnetic wave. EMI SE can be
expressed as:

EMI SE ¼ 10 logðPI=PTÞ ¼ 20 log jEI=ETj (2)

where PI (EI) and PT (ET) are the power (electric
field) of the incident and transmitted electromag-
netic waves, respectively.22–24

Figure 10 shows the EMI SE of PPy-coated
MWCNTs in the frequency range of 850–3000 MHz.
The general trend in EMI SE of various PPy-coated
MWCNTs looked similar as permittivity and perme-
ability of those. EMI SE of PC20 increased around
40% over that of PC0. The hydrophilic functional
groups on the surface of MWCNTs contributed to
the improved interfacial affinity between PPy and
MWCNTs for the formation of uniform distribution

of MWCNTs in PPy matrices resulting in the higher
EMI SE of PPy-coated MWCNTs. EMI SE decreased
gradually at higher frequency ranges for all the sam-
ples due to the enhanced dielectric and magnetic
losses in those frequency ranges.35

To investigate the contribution of both absorption
and reflection to the total EMI SE of samples, S pa-
rameters were measured.36 Transmittance (T), reflec-
tance (R), and absorbance (A) coefficients were
obtained using the S parameters.37

1 ¼ Aþ Rþ T (3)

T ¼ jET=EIj2 ¼ jS12j2ð¼ jS21j2Þ (4)

Figure 9 Permeability of various PPy-coated MWCNTs.
PC0, PC5, PC10, and PC20 represent the real permeability
and PC00, PC50, PC100, and PC200 represent the imaginary
permeability, respectively. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

Figure 8 Permittivity of various PPy-coated MWCNTs.
PC0, PC5, PC10, and PC20 represent the real permittivity
and PC00, PC50, PC100, and PC200 represent the imaginary
permittivity, respectively. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

Figure 10 EMI SE of various PPy-coated MWCNTs.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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R ¼ jER=EIj2 ¼ jS11j2ð¼ jS22j2Þ (5)

In this study, the multiple reflection effects were
not considered separately because the measured
reflection power includes not only the power that
has been reflected from the external surface but also
the positive contribution from internal surface reflec-
tion and the negative contribution from multiple
reflections.38 As a result, shielding efficiencies by
reflection (SER) and absorption (SEA) were calculated
by the following equations.39,40

SER ¼ 10 log
I

I � R
(6)

SEA ¼ 10 log
I � R

T
(7)

SE ¼ SER þ SEA ¼ 10 log
I

T
(8)

Shielding efficiencies by absorption were calcu-
lated with above equations as 86, 89, 93, and 95% for
PC0, PC5, PC10, and PC20, respectively. The shield-
ing efficiency by absorption increased by incorporat-
ing the MWCNTs treated with oxygen plasma for
longer time due to the excellent electrical conductiv-
ity of MWCNTs and the enhanced interfacial adhe-
sion between MWCNTs and PPy matrices. The uni-
form coating of PPy on MWCNTs by controlling the
surface properties also played a crucial role in
increasing the electrical conductivity of PPy/
MWCNT mixtures effectively resulting in the signifi-
cant improvement of EMI SE.41

CONCLUSIONS

PPy-coated MWCNTs were prepared for the effec-
tive EMI shielding materials by in situ chemical oxi-
dative polymerization. Hydrophilic functional
groups formed on the surface of MWCNTs by oxy-
gen plasma treatment were confirmed by XPS analy-
sis. Hydrophilic functional groups on MWCNTs
were responsible for the higher interfacial affinity
between PPy and MWCNTs. The dispersion stability
of MWCNTs in aqueous media was improved by
oxygen plasma treatment. PPy could be uniformly
coated on MWCNTs by increasing the oxygen
plasma treatment time. The improved thermal stabil-
ity of PPy-coated MWCNTs was confirmed by
TGA analysis. The permittivity, permeability,
and EMI SE of PPy-coated MWCNTs were signifi-
cantly improved by introduction of hydrophilic
functional groups on MWCNTs via oxygen plasma
treatment. The average EMI SE of PPy-coated
MWCNTs increased from 21.5 to 28.3 dB by incorpo-
rating the oxygen plasma-treated MWCNTs in PPy
matrices.
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