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Abstract Highly conductive nanocomposites were prepared by in situ polymeri-
zation of polyaniline (PANi) and multi-walled carbon nanotubes (MWCNTSs) as
electromagnetic interference shielding materials. y-Fe,O5; nanoparticles were also
incorporated in the nanocomposites to improve the ferromagnetic properties. SEM
and TEM images showed the uniformly coated PANi on the surface of MWCNTs
and y-Fe,O3. XRD peaks also confirmed the presence of MWCNT and y-Fe,O; in
the nanocomposites. The nanocomposites showed significant improvement in per-
mittivity, permeability, and electromagnetic interference shielding efficiency due to
the conductive effect of MWCNTs and the magnetic effect of y-Fe,Os. The elec-
tromagnetic interference shielding efficiency of nanocomposites increased up to
34.1 dB due to the synergetic effect of reflection and absorption of electromagnetic
interference by MWCNTs and y-Fe,O; additives.

Keywords Electromagnetic interference shielding - Polyaniline -
Carbon nanotubes - Maghemite - Nanocomposite

Introduction

The proliferation of electronics and instrumentation in commercial, industrial,
healthcare, and defense sectors has led to new pollution known as electromagnetic
interference (EMI) [1]. It is caused by the interference effects induced by electric and
magnetic fields, emanating from wide range of electrical circuitry [2]. The interference
among business machines, process equipments, consumer products, and other
instruments may lead to either disturbance of normal performance or complete
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malfunction. The disturbances across communication channels, automation, and
process control may lead to loss of time, energy, resources, and human health. Therefore,
the EMI shielding materials are studied extensively. Although metals were the most
common materials for EMI shielding traditionally, their disadvantages include high
density, susceptibility to corrosion, complex, and uneconomic processing [3, 4].

Polymer/inorganic nanocomposites have attracted the attention as EMI shielding
materials due to the combined nature of flexibilities, improved processability of
polymers, high modulus, transparency, surface hardness, and heat resistance [5].
The composites of conducting polymer containing magnetic nanoparticles have
attracted interests due to the unique combination of magnetic, electric, and optical
properties. They have many potential applications in EMI shielding, electrochromic
device, and non-linear optical system [6—8]. Among various conducting polymers,
polyaniline (PANi) has been regarded as the candidate for EMI shielding because of
its various structures, special doping mechanism, excellent environmental stability,
favorable solution processability, and wide applications as electronic materials
[9, 10]. Among inorganic nanoparticles, iron oxides have received great attention as
EMI shielding materials due to the magnetic properties as well as extensive
applications such as color imaging, recording media, and ferrofluids.

Carbon nanotubes (CNTs) also attract the increased attention from material
scientists. CNTs have been used to improve the mechanical and thermal properties
of composites. CNTs also impart the electrical conductivity to the composite even at
lower content, which is an important factor in the composites for EMI shielding.
The difficulty in using CNTs as conductive additive is the poor dispersion of CNTs
in composite, resulting in the interior electric and mechanical properties [11-13].

In this study, highly conductive PANi and multi-walled carbon nanotubes (MWCNTs)
nanocomposites were prepared by in situ polymerization for electromagnetic interference
shielding. y-Fe,O; nanoparticles were incorporated to improve the ferromagnetic
properties of the nanocomposites. The surface treatment of MWCNTs was carried out
using oxyfluorination to improve the dispersion of MWCNTSs in the composite based on
previous works [14]. The synergetic effects of using these magnetic and conductive
ingredients were investigated based on morphology and EMI shielding behavior.

Experimental

Materials

Aniline, ammonium persulfate (APS), and hydrochloride (HCI) were obtained from
Aldrich. Aniline was distilled in vacuum before use. y-Fe,O3; (<50 nm, Aldrich) and
MWCNTs (average diameter: 20-50 nm, Aldrich) were used as functional additives
for nanocomposites.

Preparation of PANI/MWCNT/y-Fe,03 nanocomposites

Oxyfluorination of MWCNT was carried out to modify the surface properties of
MWCNTs. Oxyfluorination was carried out at 1 bar for 3 min with the oxygen to
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fluorine gas ratio of 8:2. The hydrophobic surface of MWCNTs was modified to
carry the hydrophilic functional groups by oxyfluorination resulting in the improved
dispersion of MWCNTs in hydrophilic media. PANi/MWCNT/y-Fe,O3 nanocom-
posites were prepared by the oxidation of aniline hydrochloride dissolved in ethanol
with an aqueous solution of ammonium peroxide in the presence of oxyfluorinated
MWCNTs and y-Fe,Os;. In typical synthetic process, equal volumes of HCI
solutions containing 5 wt% oxyfluorinated MWCNTSs, 7-Fe,Os;, and aniline
monomer were sonicated for 2 h to form the uniform suspensions. APS dissolved
in HCl solution was added slowly into the aniline solution to initiate the
polymerization. The reaction mixture was reacted for 6 h at 4 °C with stirring to
have aniline fully polymerized. The synthesized PANi/MWCNT/y-Fe,O5; nano-
composites were filtered and rinsed several times with distilled water, acetone, and
methanol, respectively. Various nanocomposites are classified in Table 1.

Characterization

Field emission scanning electron microscopy (FE-SEM, Hitachi, S-5500) was used
to investigate the surface morphology. Images were taken without prior treatment to
ensure the acquisition of accurate images. The diameter of nanofiber and the size of
cluster were measured by the software program installed in the FE-SEM. The
morphology of nanocomposites was also examined using field emission transmis-
sion electron microscopy (FE-TEM, Tecnai G* F30 S-TWIN). FE-TEM samples
were prepared by dispersing the nanocomposites in isopropanol under sonication
and placing small drops of suspension on the carbon-coated copper grids.

The presence of MWCNT and y-Fe,O3; in nanocomposite was confirmed by
X-ray diffraction (XRD, Rigaku, D/MAX-2200 Ultima/PC) in scattering range (20)
of 10°-60° with a scan rate of 0.02° s~ and slit width of 0.1 mm.

The magnetic measurements of the samples were performed using the vibrating
sample magnetometer (VSM, Lakeshore Cryotronics, model 7304) with a maximum
magnetic field of 1.2 T. The sample was placed in Perspex sample holder which was
vibrated horizontally with the frequency of 76 Hz.

The electrical conductivity of the samples was measured using a four-probe
method. The samples for measuring the resistance were prepared by applying
pressure of 1000 psi without any binder. The sample was pellet type with about
10 mm in diameter and 2 mm in thickness. The pellet type samples were cemented
with silver paint to Pt leads which were printed on an alumina plate to avoid the
contact resistance. The resistance was measured three times with a four-probe

Table 1 Classification of

PANi/MWCNT/)-Fe,05 Abbreviation Compositions
nanocomposites Aniline 7-Fe,03 MWCNT
PANi (¢} - -
PF o (6} -
PC o - (6]
PCF (¢} (6} (6]
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method at room temperature with the probe head station and the ASTM F1529-97
method. The electrical conductivity (o) was calculated using the following
equations [15]:

p=Rs xt(Qcm)
o= 1/p (3/cm)

where p and ¢ are the bulk resistivity and the thickness of sample, respectively.

Permittivity, magnetic permeability, and EMI shielding efficiency (SE) were
obtained according to the ASTM D-4935-99 method using a network analyzer
(Agilent, E5071A) equipped with an amplifier and a scattering parameter (S-
parameter) test set over the frequency range of 800 MHz-2.5 GHz. Annular disks
were prepared with a punching machine and installed into a test tool as depicted in
previous work [15]. EMI SE was calculated using S parameters with the equations
found in the literatures [16-18].

Results and discussion
Morphology

Figures 1a and 2a show SEM and TEM images of PANi prepared from aniline
solutions. The formation of self-assembled micelle structure of PANi was suggested
for the aniline polymerization with acidic dopant by several researchers [19-21] and
it was confirmed by Fig. 1a, b. Figure 1b illustrates the PANi-coated MWCNTSs of
core—shell morphology. The uniform deposition of PANi on the surface of
MWCNTs is also confirmed by TEM in Fig. 2b. Aniline could be easily adsorbed
on the surface-modified MWCNTs resulting in the template polymerization [22].
The formation of PC nanocomposite is represented schematically in Scheme 1a.
PF nanocomposites were prepared by in situ polymerization to reduce the
agglomeration of y-Fe,O3; nanoparticles. The color of reactant solution changed to
green upon polymerization of aniline in the presence of y-Fe,Oj;. y-Fe,O;
nanocomposites showed the morphology of uniformly dispersed y-Fe,O3 nanopar-
ticles in PANi as shown in Fig. 2c¢, d. The formations of PF and PCF nanocomposites
are represented schematically in Scheme 1b, c, respectively. PF and PCF nanocom-
posites were found to show the magnetic response in the applied magnetic field.
Therefore, these nanocomposites could be separated from the suspension by magnet.

X-ray diffraction analysis

XRD studies were carried out to identify y-Fe,O3; and MWCNT in the nanocom-
posites as shown in Fig. 3. PF and PCF nanocomposites showed the y-Fe,O3; peaks
clearly demonstrating that the structural changes did not occur in y-Fe,O5 during in
situ polymerization. XRD peak at 26.5° is attributed to the graphite-structured
carbons (002) of MWCNTs. PANi also showed the peak at 26.5° indicating the
aromatic carbon rings.
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Fig. 2 Morphologies of a PANi, b PC, ¢ PF, and d PCF observed by TEM. Black and white arrows
indicate MWCNT and y-Fe,03, respectively
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Scheme 1 Schematic representation of formation of PC, PF, and PCF nanocomposites

Electrical and magnetic properties

Electrical and magnetic properties of nanocomposites are shown in Table 2 and
Fig. 4. When PANi was coated on MWCNTs, the conductivity increased
considerably from 3.08 to 15.39 S/cm. The improved conductivity of nanocom-
posites is mainly due to the effective combination of the intrinsic conductivities of
MWCNT and PANi [23, 24]. The conductivity of MWCNT pellets is usually much
lower than the intrinsic conductivity of the MWCNTs because the pellets of non-
coated MWCNTs contain mechanically disordered and entangled MWCNT masses
in which individual tubes are not packed efficiently to maximize the intertube
contact area. Intertube contact area of non-coated MWCNTSs is probably small
because MWCNTs resist the deformation under compression due to higher
mechanical strength [24]. PANi-coating on MWCNTs is favorable in increasing
the intertube contact area due to the increased tube diameter and the relatively softer
PANi phase. Entanglements among PANi chains on the surface of contacting
MWCNTSs may also shorten the circuit intertube tunneling pathways, providing the
conductive polymer paths bridging [24]. The decrease in conductivity of y-Fe,Os;-
contained nanocomposites is due to the decrease in the proton doping level and
blockage of conducting path by the y-Fe,O3; embedded in the PANi matrix.

The effect of y-Fe,O5; addition on the magnetization of nanocomposites was
investigated and variations in saturated magnetization (Ms) and coercive force (Hc)
are presented in Fig. 4 and Table 2. Pristine y-Fe,O5; had Ms of 21.1 emu/g and Hc
of 169 Oe, respectively. PF and PCF showed the obvious magnetic properties
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Fig. 3 XRD patterns of various nanocomposites

Table 2 Electrical and magnetic properties of nanocomposites

Sample Conductivity (S/cm) Ms (emu/g) Hc (Oe)
y-Fe,03 - 21.1 169.0
PANi 3.08 - -

PF 1.98 19.3 149.0
PC 15.39 - -
PCF 12.55 15.0 1155
MWCNT 10.12 - -

Ms saturated magnetization

Hc coercive force

although both Ms and Hc decreased somewhat due to the dilution effect.
M-H hysteresis loops were investigated for PF and PCF. Open-loop hysteresis
was observed for both PF and PCF, indicating the presence of well-dispersed
superparamagnetic nanoparticles in the nanocomposites [25-27]. The magnetization
property of PANi was too small to sense the effect of applied magnetic field. This
result is correlated well with the results presented by other groups [28, 29].

Thermal stability

The effect of MWCNTSs and y-Fe,O3 on the thermal stability of nanocomposites was
studied as shown in Fig. 5. The evaporation of moisture adsorbed on the
nanocomposites is observed below 100 °C. Major degradation of PANi occurred
below 200 °C [30]. However, the degradation rate decreased significantly by
incorporating y-Fe,O; and MWCNT in the nanocomposites indicating the favorable
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Fig. 4 M-H hysteresis loops of PANi, y-Fe,O3, PF, and PCF nanocomposites at room temperature
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Fig. 5 TGA thermograms of various nanocomposites

interactions with PANi. The adsorption of free radicals generated during degrada-
tion on MWCNTSs could also contribute to the thermal stability in some extent [31].

EMI shielding characteristics

The permittivities of nanocomposites are shown in Fig. 6. The real (¢;) and
imaginary permittivities (&) increased mainly by incorporating MWCNTSs in the
nanocomposites. The permittivity of PC increased more than twice compared with
that of PANi due to the high electrical conductivity of MWCNTs [32-35].
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Fig. 6 Permittivities of PANi, PF, PC, and PCF nanocomposites

The permeabilities of nanocomposites are presented in Fig. 7. The permeability
increased significantly for the nanocomposites containing y-Fe,Os; which has

excellent magnetic property.

EMI SEs of nanocomposites are presented in Fig. 8. EMI SE of nanocomposites
increased noticeably due to the contributions of higher permittivity of MWCNTSs
and higher permeability of y-Fe,Oj3, respectively. The contributions of MWCNTs
and y-Fe,O; to EMI SE are represented schematically in Scheme 2. The highly
conductive MWCNTs improve EMI SE by decreasing the electrical interference
effectively. On the other hand, the magnetic y-Fe,O3; improves EMI SE mainly by

decreasing the magnetic interference.
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Fig. 7 Permeabilities of PANi, PF, PC, and PCF nanocomposites
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EMI is generally shielded by reflection and absorption mechanisms [32]. EMI
SEs of various nanocomposites are specified by reflection and absorption in Fig. 9.
EMI SE is defined as following equations [32].

EMI SE; = EMI SEg + EMI SE,
EMI SEg = 20log(n,/4n;)

EMI SEg and EMI SE, stand for the EMI SE by reflection and absorption effects,
respectively. 1o is propagating domain and #; is intrinsic impedance of the shielding
material. EMI was shielded mainly by reflection for the 7y-Fe,Os;-contained
nanocomposites. However, the main mechanism of EMI shielding changed into
absorption for the MWCNTs-contained nanocomposites. Therefore, the use of both
MWCNTs and y-Fe,O5 together might give the synergetic effects in EMI shielding
as in the case of PCF.

Conclusions

PANi/MWCNT/y-Fe,03 nanocomposites were prepared by in situ polymerization.
PANi was coated uniformly on the surface of MWCNT/y-Fe,O5 as confirmed from
the morphology investigated with SEM and TEM. The prepared nanocomposites
showed the significant improvement in permittivity, permeability, and electromag-
netic interference SE due to the magnetic effects of y-Fe,O5; and the conductive
effect of MWCNTs. EMI SE increased from 28.2 to 34.1 dB by incorporating
MWCNT and y-Fe,O5; in PANi. These additives contributed a large share to the
synergetic improvement of EMI SE in both reflection and absorption mechanisms
and the thermal stability of nanocomposites. PANi/MWCNT/y-Fe,O3; nanocom-
posites could be applied as the hybrid conductive additives in various polymer
matrices as efficient EMI shielding materials.
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