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Abstract

Ferrocene-based polypyrrole (PPyFc) composites containing multi-walled carbon nanotube (MWCNT), reduced graphene
oxide (RGO) and carbon black (CB) have been prepared by chemical oxidative polymerization. The prepared PPyFc/
MWCNT, PPyFc/RGO and PPyFc/CB composites have been characterized by SEM, TEM, FTIR, XRD, XPS and TGA.
Electrical conductivity of the PPyFc/MWCNT, PPyFc/RGO and PPyFc/CB composites has been tested by a typical four-
probe method. Furthermore, the electromagnetic interference shielding effectiveness (EMI SE) of the PPyFc/CB, PPyFc/
RGO and PPyFc/MWCNT composites has been measured through a coaxial method in the S-band frequency range. The EMI
SE achieved for PPyFc/CB, PPyFc/RGO and PPyFc/MWCNT composites was — 11.08 dB, — 11.44 dB and — 23.74 dB,

respectively.
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1 Introduction

The extensive use of electronic and communication gadgets
such as laptops, tablets, cell phones, and smart television,
generates severe electromagnetic (EM) radiation [1]. The
EM radiation has a harmful effect on the environment and
performance of commercial, civil, military appliances [2—4].
Moreover, the continued EM radiations may also interfere
with the operation of sensitive electronic equipment [5-7].
These problems can be reduced and can save society and
precious electronic equipment from such a hazardous effect
of EM radiations using highly effective shielding materials
[8]. To deal with these critical problems, traditional metal-
based shielding materials are by far the most common mate-
rials for electromagnetic interference (EMI) shielding [9],
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owing to their excellent electrical conductivity. However,
they suffered from a lot of disadvantages such as expensive
processing, high mass density and complexity in manufac-
turing techniques [10]. On the other hand, most common
eco-friendly polymer-based composites containing conduc-
tive fillers have gained enormous attention as EMI shielding
materials from both the scientific community and industry
[11], because of their remarkable properties like easy-to-
fabricate, excellent electrical, thermal and EMI shielding
properties [12]. These properties are essential to provide
promising applications of EMI shielding field especially in
the areas of electronics, aerospace, aircraft, wearable devices
and automobiles, etc. [13-16].

In recent years, most of the researchers have focused
on the conductive polymer composites containing car-
bon materials such as carbon nanotubes (CNTs) [17-23],
reduced graphene oxide (RGO) [24-28] and carbon black
(CB) [29, 30] are the most used materials within the insu-
lating and conductive polymer and have been studied for
the applications of EMI shielding [31]. Among other con-
ductive polymers, polypyrrole (PPy) has attracted a great
deal of interest owing to its good electrical conductivity,
easy synthesis, porous nature and environmental stability
[32]. Moreover, PPy has been used in various applications
such as batteries, electrochromic devices, supercapacitors,
anti-corrosive materials, sensors and electrostatic charge
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dissipation [33]. Interestingly, due to its remarkable prop-
erties, PPy has gained enormous attention and has been
widely used as EMI shielding materials, nowadays [34,
35].

Organometallic compounds have also gained consider-
able interest due to their attractive properties such as high
chemical, magnetic, and better redox activity [36, 37]. Even
so, ferrocene is an organometallic compound which con-
tains the iron present between two cyclopentadienyl rings. In
addition, ferrocene-based polymers are hot areas of research
from its discovery until now [38, 39]. In our previous work,
we fabricated ferrocene-based polythiophene (PTFc) com-
posites containing multi-walled carbon nanotubes (MWC-
NTs), RGO and CB, respectively, and investigated their
EMI shielding properties. In that work, we provided a
simple method to fabricate good electrical conductive and
EMI shielding materials. In the present work, we introduced
polypyrrole (PPy) for further improvement of EMI shielding
property and it is expected that introducing PPy can enhance
the EMI shielding property.

For this purpose, ferrocene-based polypyrrole (PPyFc)/
carbon material composites have been prepared by chemi-
cal oxidative polymerization, respectively. We introduced
PPyFc which is useful for EMI SE because PPyFc contains
the properties of polypyrrole and ferrocene groups which
have the ability to transfer electron on the carbon materi-
als and excellent redox properties, respectively. PPyFc may
promote conductive properties of the composites which are
essential for EMI shielding performance. This kind of poly-
mer composites has potential applications in a number of
important areas such as satellite communication, wireless
networking devices and home-based consumer electronics.
The EMI shielding property of the composites has been
measured through the coaxial method in the S-band fre-
quency range.

2 Experimental section
2.1 Materials

Dichloromethane (DCM), chloroform (CHCl;), sodium car-
bonate (Na,COs;), ferrocene carboxylic acid, ethylenediami-
netetraacetic acid (EDTA) and anhydrous iron trichloride
(FeCl;) were purchased from Sinopharm Chemical Reagent
Co. Ltd. N-(2-Cyanoethyl) pyrrole was supplied by J&K
Scientific. Co. Ltd. MWCNTs were obtained from Sigma-
Aldrich. Natural graphite powder was provided by Alfa
Aesar. CB was provided by the Chemical Industry (China).
CHCI; was used after drying with 4A molecular sieves.
DCM was distilled in the presence of calcium hydride. Other
chemicals were used directly as received.

@ Springer

2.2 Synthesis of 1-(3-aminopropyl) pyrrole
ferrocene (PyFc)

Firstly, 1-(3-aminopropyl) pyrrole (Py) was synthesized by
catalytic reduction of N-(2-cyanoethyl) pyrrole according
to the previously reported procedure [40]. Subsequently,
PyFc was prepared by the reaction between ferrocene car-
bonyl chloride and Py. Briefly, Py (5.9568 g, 48.09 mmol)
was taken in a flask and dissolved in freshly distilled DCM
(20 ml). Afterward, ferrocene carbonyl chloride solution
(12.0010 g, 48.09 mmol) prepared in freshly distilled DCM
(60 ml) was added dropwise to the Py solution. Pyridine
(4.2 ml, 52.89 mmol) was added to the previous solution.
Then the resulting solution was refluxed for 30 h. The
resulting solution was washed by a saturated solution of 5%
Na,COj; (200 ml x 3 times) and distilled water (200 ml X 3
times), respectively. The organic layer was dried with
MgSO, overnight, filtered and the solvent was evaporated.
The product (PyFc) was dried under vacuum oven at 40 °C.

2.3 Synthesis of ferrocene-based polypyrrole
(PPyFc)

PyFc was polymerized to prepare PPyFc according to the
reported method [41]. In a typical procedure, anhydrous
FeCl; (1.9269 g, 11.88 mmol) was added in a flask and then
was dried under vacuum. Afterward, 70 ml of CHCl; was
added to the dried FeCl;. The obtained mixture was vigor-
ously stirred to get a homogenous suspension. In another
flask, the monomer PyFc (0.9997 g, 2.97 mmol) was dis-
solved in 30 ml of CHCl;. The PyFc solution was added
slowly to the obtained FeCl; suspension and the resulting
mixture was stirred for 8 h at 25 °C. The obtained mixture
was concentrated and then the concentrated mixture was pre-
cipitated in methanol. The precipitated solid was collected
through centrifugation. The obtained solid was added to
20 ml of CHCl; and then the resulting mixture was refluxed
with 50 ml of 14.7 M ammonia solution for 1 h. Afterward,
separate the organic layer, washed with 50 ml of 14.7 M
ammonia solution, 100 ml of 0.5 M EDTA solution and dis-
tilled water, respectively. The solvent was evaporated and
the product (PPyFc) was dried under vacuum oven at 40 °C.

2.4 Preparation of PPyFc/carbon material
composites

The oxidative polymerization has been used to prepare
PPyFc/carbon material composites. In a typical procedure,
anhydrous FeCl; (1.9274 g, 11.88 mmol) was added in a
flask and then was dried under vacuum. Afterward, 70 ml of
CHCl; was added to the dried FeCl;. The obtained mixture
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Fig.2 The synthetic route for the synthesis of PPyFc

was vigorously stirred to get a homogenous suspension.
0.2501 g MWCNT was dispersed in 30 ml of CHCI; using
an ultrasonicator for 1 h. The suspension of MWCNT was
added to the obtained suspension of FeCl; and mixed thor-
oughly. Afterward, the PyFc solution (1.0005 g, 2.97 mmol)
prepared in 30 ml of CHCIl; was added slowly to the obtained
FeCl; and MWCNT suspension and the resulting mixture
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was stirred for 8 h at 25 °C. The obtained mixture was con-
centrated and then the concentrated mixture was precipitated
in methanol. The precipitated solid was collected through
centrifugation. The obtained solid was added to 20 ml of
CHCI; and then the resulting mixture was refluxed with
50 ml of 14.7 M ammonia solution for 1 h. After completing
the reflux, the precipitates were separated from the result-
ing mixture through filtration. Then, the filtered solid was
washed with 50 ml of 14.7 M ammonia solution, 100 ml

(1) FeCl,, CHCl,, 25 °C, 8 h

of 0.5 M EDTA solution and distilled water, respectively.
Finally, the powdery composite was dried under vacuum
oven at 40 °C. In the overall experiment, the mass ratio of
MWCNT and PyFc was chosen 1:4, and the molar ratio of
FeCl; and PyFc was kept at 4:1. In the above similar process,
PPyFc composites with RGO and CB have also been pre-
pared and the composites have been abbreviated as PPyFc/
MWCNT, PPyFc/RGO and PPyFc/CB, respectively.

(2) Ammonia solution, reflux 1 h

(1) FeCl,, CHCl;, 25°C, 8 h

RGO PyFc
’ 0]
“"M‘;‘““?&”{ 21 % Fe _NH
e Cals =>
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Fig.4 Schematic illustration of the preparation of PPyFc/carbon material composites
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2.5 Characterization

The 'H NMR spectrum of the synthesized monomer was
obtained from a Bruker Advance NMR spectrometer
(600 MHz, Model DMX-400). The surface morphology
of the samples was observed using a scanning electron
microscope (Model JEOL-6700F, SEM) and a transmis-
sion electron microscope (Model JEOL-1200EX, TEM).
Fourier transform infrared (FTIR), X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) spectra were
studied using a Nicolet-5700 IR spectrometer, XPert PRO
(CuKa, 1=1.54 A), VG ESCALAB MKII XPS system,
respectively. Thermogravimetric analysis (TGA) was per-
formed using TA-Q500 (Mettler-Toledo) at a heating rate
of 10 °C/min under a nitrogen atmosphere in the range of
50-800 °C. The electrical conductivity was tested by a
SB100A/2 four-probe conductivity meter (Shanghai Qian-
feng Electronic Instrument Co. Ltd. China). For conductivity
measurement, the powder of the samples was pressed using
a manual hydraulic press machine and the thin film was
prepared. The EMI SE of the samples was measured using
a vector network analyzer (Agilent, E5S071C) through the
coaxial method. For EM measurement, the powder samples
with 50 wt% were uniformly mixed with paraffin. Coaxial
specimens were prepared in toroid-shaped samples with an
inner diameter of 3.04 mm, the outer diameter of 7.0 mm
and the thickness of about 3.0 mm.

3 Results and discussion
3.1 Synthesis of PyFc and PPyFc

PyFc was successfully synthesized by the amidation reaction
of ferrocene carbonyl chloride and Py as shown in Fig. la.
The structure of PyFc was confirmed by 'H NMR as shown
in Fig. 1b. It shows peaks with following chemical shifts
(DMSO, 6 in ppm): 1.81-1.84 (2H, Hy), 3.05-3.08 (2H, H,),
3.85-3.88 (2H, H,), 4.07-4.10 (5H, H,), 4.25-4.28 (2H, H)),
4.69-4.72 (2H, Hy), 5.90-5.93 (2H, H, ), 6.70-6.73 (2H,
H, ¢ and 7.69-7.72 (1H, Hy) ppm.

PPyFc was synthesized through oxidative polymeriza-
tion of PyFc with anhydrous FeCl;. The synthetic route
of PPyFc is given in Fig. 2. The structure of PPyFc was
confirmed by FTIR. In the PyFc spectrum (Fig. 3), a
broad peak appears at 3303 cm™! which is due to the N—-H
stretching vibration. The peak at 3097 cm™ is assigned to
the C_—H stretching vibration of the pyrrole ring. But after
polymerization of PyFc, the N-H stretching vibration peak
observed at 3423 cm™', whereas the characteristic peak at
3097 cm™! for C ~H stretching vibration of the pyrrole
ring is completely disappeared. The disappearance of a
C,—H stretching vibration in the PPyFc confirmed that the

Table 1 Details of the synthesis of PPyFc, PPyFc/MWCNT, PPyFc/RGO and PPyFc/CB

Step 6

Step 5

FeCl;: PyFc

Step 4

Step 3

Step 2

Step 1

Sample

Ammonia T/t

solution®

Tyt

T,

CHCl,

PyFc

Tyt

Tt

CHCI,

Carbon material

Tt

CHCI,

FeCl,

°C/h

°C/min  mmol: mmol °C/h ml

ml

mmol

°C/min g

°C/h

ml

g

°C/h

ml

mmol

40/1

50
50
50
50

25/8

RT/10  4:1

30
30
30
30

2.97
2.97
2.97
2.97

0.9997
1.0005
1.0012
1.0008

RT/10

RT/0.5

70

11.88
11.88
11.88
11.88

1.9269
1.9274
1.9272
1.9280

PPyFc

40/1

25/8

4:1

RT/10

RT/10

RT/1
RT/1
RT/1

30
30
30

0.2501 (MWCNT)
0.2529 (RGO)
0.2526 (CB)

RT/0.5

70

PPyFc/MWCNT
PPyFc/RGO
PPyFc/CB

40/1

25/8

4:1

RT/10

RT/10

RT/0.5

70

40/1

25/8

4:1

RT/10

RT/10

RT/0.5

70

2The concentration of ammonia solution is 14.7 M
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polymerization has occurred on an a position of the pyr-
role ring [42, 43]. The rest of the characteristic peaks of
PyFc and PPyFc are almost similar.

3.2 Preparation of PPyFc/carbon material
composites

The PPyFc/MWCNT, PPyFc/RGO and PPyFc/CB compos-
ites have been prepared via oxidative polymerization. The
PyFc was polymerized on the carbon materials surfaces with
anhydrous FeCl;. Usually, in the oxidative polymerization,
the monomers were oxidized forming the radical cations
[44]. These radical cations adsorbed on the carbon mate-
rial surface via 7 — & stacking interactions and initiated the
oxidative polymerization of PyFc. Finally, PPyFc/MWCNT,
PPyFc/RGO and PPyFc/CB composites were obtained. The
obtained percentage of PPyFc on carbon fillers was around
81.8% for PPyFc/MWCNT, 83.5% for PPyFc/RGO and

84.4% for PPyFc/CB. The schematic illustration of the prep-
aration of PPyFc/carbon material composites as depicted in
Fig. 4. The synthetic details are presented in Table 1.

3.3 Characterization of PPyFc and PPyFc/carbon
material composites

The structure and morphology of the prepared samples
were investigated using various characterizations. Figure 5
shows the SEM images of MWCNT, RGO, CB, PPyFc/
MWCNT, PPyFc/RGO and PPyFc/CB.

Figures Sa exhibits the pristine morphology of CNT and
can be observed that CNT tend to form bundles and entan-
gled with each other. Figure 5b exhibits the random distri-
bution of CNT throughout the PPyFc. Pristine RGO sheet
shows a flake sheet with the wrinkled surface as shown in
Fig. 5c. Figure 5d shows that the surface of the RGO sheet is
densely covered by PPyFc. The CB looks like round-shaped

Fig.5 SEM images of a MWCNT, b PPyFc/MWCNT, ¢ RGO, d PPyFc/RGO, e CB and f PPyFc/CB

@ Springer
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Fig.6 TEM images of a MWCNT, b PPyFc/MWCNT, ¢ RGO, d PPyFc/RGO, e CB and f PPyFc/CB

particles as shown in Fig. 5e. The CB particles are uniformly
dispersed throughout the PPyFc as shown in Fig. 5f. SEM
result of PPyFc/carbon material composites reveals that
PPyFc is entrapped within the MWCNT, RGO and CB sur-
face, respectively.

TEM images of MWCNT, RGO, CB, PPyFc/MWCNT,
PPyFc/RGO and PPyFc/CB are shown in Fig. 6. The long
and slender tubes of the MWCNT, highly wrinkled sheet
of RGO and a small cluster of grapes of CB particles were
found, as shown in Fig. 6a, c, e. While in the composites
case, it can be seen in Fig. 6b, d, f exhibits the random
distribution of PPyFc on MWCNT, RGO and CB surface,
respectively.

The FTIR spectra of the MWCNT, RGO, CB, PPyFc,
PPyFc/MWCNT, PPyFc/RGO and PPyFc/CB are shown in

Fig. 7. The FTIR spectra of carbon materials are shown in
Fig. 7a, it can be seen that the characteristic peak present at
1635 cm™! is attributed to C=C stretching vibration in benze-
noid ring [45-47]. The FTIR spectra of PPyFc and their com-
posites are shown in Fig. 7b. In the spectra, the broad peak
located at about 3423 cm™! is related to the N—-H stretching
vibration [48], and the characteristic peaks present at 2919 and
2847 cm™! are attributed to the aromatic C—H stretching vibra-
tions, while the peaks at 1635 and 1534 cm™! are assigned to
the C=C and C-C stretching vibrations of the ring, respec-
tively [49, 50]. The peaks at 1359 and 1258 cm™' are due to
the stretching vibration of C-N, whereas the peaks at 1098
and 1027 cm™! are caused by N-H in-plane deformation of
the pyrrole unit [51]. The peaks present at 815 and 723 cm™!
are belonged to the C—H wagging [52, 53] and 486 cm™ is

@ Springer
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Fig.8 XRD spectra of a MWCNT, RGO, CB and b PPyFc, PPyFc/MWCNT, PPyFc/RGO and PPyFc/CB

related to the stretching vibration of ferrocene which is present
in the PPyFc [41]. The peak present at 1690 cm™" is attrib-
uted to the stretching vibration of the carbonyl group of the
amide. The characteristic peaks of the pure PPyFc can be seen
in PPyFc/MWCNT, PPyFc/RGO and PPyFc/CB composites
spectra, which indicated that PPyFc were synthesized on the
MWCNT, RGO and CB surface, respectively.

@ Springer

The XRD spectra of the MWCNT, RGO, CB, PPyFc,
PPyFc/MWCNT, PPyFc/RGO and PPyFc/CB are shown in
Fig. 8. In the XRD spectra of carbon materials (Fig. 8a),
the two main diffraction peaks located at around 24° and
42° [54-56]. Whereas, the broad diffraction peaks of PPyFc
appeared at 8.45° and 16.73°, which shows its amorphous
nature [57]. As shown in Fig. 8b, the diffraction peaks pre-
sent in PPyFc have also been observed in their composites,
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Fig.10 TGA curves of MWCNT, RGO, CB, PPyFc, PPyFc/
MWCNT, PPyFc/RGO and PPyFc/CB

which indicated the presence of PPyFc in the PPyFc/
MWCNT, PPyFc/RGO and PPyFc/CB composites.

The information regarding the elemental components of
the PPyFc, PPyFc/MWCNT, PPyFc/RGO and PPyFc/CB
were determined from the XPS analysis, and the related
spectra are presented in Fig. 9.

Fig. 11 Photographs to dem-
onstrate the PPyFc/MWCNT,
PPyFc/RGO and PPyFc/CB
composites containing conduc-
tive film circuit with a battery
and LED light

@ Springer

From the XPS survey spectra as shown in Fig. 9a, the
PPyFc, PPyFc/MWCNT, PPyFc/RGO and PPyFc/CB are
made up of C, O, N and Fe elements. The binding energy
(BE) peaks at around 285 and 532 eV are ascribed to C-1 s
and O-1 s, respectively, as shown in Fig. 9b, ¢ [58]. The BE
peaks at around 400 eV are ascribed to N-1 s, which is come
from the nitrogen of the pyrrole ring, as shown in Fig. 9d
[59, 60]. Similarly, the Fe-2p spectra (Fig. 9¢) have shown
four peaks, two are located at the BE around 708 and 711.5
which are associated to the Fe-2p5,, whereas the rest of two
peaks at the BE around 720.9 and 724.9 eV corresponds to
Fe-2p,,, [61, 62], all these peaks of Fe-2p are ascribed to
the iron of ferrocene units. The XPS analysis also confirmed
that the PPyFc/carbon material composites were success-
fully prepared.

The TGA curves of the MWCNT, RGO, CB, PPyFc,
PPyFc/MWCNT, PPyFc/RGO are shown in Fig. 10. It can
be seen that the MWCNT, RGO and CB materials are ther-
mally stable and almost no decomposition has been observed
[63, 64]. However, for pure PPyFc, three steps weight loss
occurred at different stages. The first weight loss appeared
at~210 °C, which is due to the degradation of ferrocene
[65]. Afterward, the second and third weight loss observed
at~350 °C and ~ 560 °C has been ascribed to the decompo-
sition of the PPyFc chain. The total weight loss in the pure
PPyFc is ~50%. Whereas, the PPyFc/MWCNT, PPyFc/RGO
and PPyFc/CB composites exhibited a total weight loss
of ~40%.
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Fig. 12 Schematic illustration showing the possible EMI shielding
mechanism [68]

The conductivity of the PPyFc, PPyFc/MWCNT, PPyFc/
RGO and PPyFc/CB has been measured using Formula (1)
[66]:

1

Conductivity = ——m8 ———,
’ 453 (¥)xd M
where I, V and d are current, voltage and thickness of the
film, respectively. The conductivity value of the pure PPyFc
is 2.57 S/cm while in the case of PPyFc/CB, PPyFc/RGO
and PPyFc/MWCNT composites are 4.64 S/cm, 5.11 S/cm
and 7.52 S/cm, respectively, which are more conductive
than that of pure PPyFc. The improvement in the electrical
conductivity of PPyFc/MWCNT, PPyFc/RGO and PPyFc/
CB composites is due to the loading of carbon materials.
In addition, we connected the prepared film of the compos-
ites to a battery and LED light. As can be seen in Fig. 11,
the LED light was off within the open circuit because there
was no pathway for the current flow, whereas the LED light
was turned on within a closed circuit. These images result
indicated that PPyFc/MWCNT, PPyFc/RGO and PPyFc/CB
composites are good conductive materials.

3.4 EMI shielding property measurement

The EMI SE is the ability of a material to attenuate EM
radiations. It is well known that the EM wave passes in the
shielding material such as incident power (P;) on the shield-
ing material is divided into reflected power (P,), absorbed
power (P,) and transmitted power (P,). Therefore, the inci-
dent power (P;) of the shielding material can be described
as Formula (2) [67]:

P,=P.+P +P,. )

Besides, shielding material controls the radiated EM
waves and indicates that less of EM waves are transmit-
ted, but most of them are reflected or absorbed through
the shielding material. The general schematic representa-
tion of the attenuation of propagated EM waves produced
through the shielding material is shown in Fig. 12.

As we know that the total shielding effectiveness (SEr)
mainly consists of three parts, namely, shielding reflection
(SER), shielding absorption (SE,) and shielding multiple
reflections (SEyz) of the EM radiation and the value of
EMI shielding is typically measured in decibel (dB). Even
so, the SE} of the materials can be defined as the sum of
SEg, SE, and SEyz. Additionally, the SE can also be
calculated from the logarithm of P; and P, ratio of the EM
waves. So the SE; can be expressed as Formula (3) [69]:

P.
SE(dB) = SE; + SE, + SEy;zx = 10log <Fl> (3)
t
The effect of SE,;z of the material is negligible when
SE of the material is > — 10 dB. Hence, SE can be
expressed as Formula (4) [70]:

SE;(dB) = SE; +SE,. 4)

The EMI shielding property of the composites has been
measured through the coaxial method and the instrumental
setup for measuring EMI SE as shown in Fig. 13.

In EMI shielding, reflection and absorption are the main
mechanisms of EM radiations. For the reflection of EM
radiations, the materials must have mobile charge carriers,
while the absorption of radiations depends on the electric
and magnetic dipoles, which interact with the EM field in
the radiation. As a result, shielding materials need to be
electrically conductive. It is also very important to have
good connectivity within the conduction path [71, 72]. In
general, when the EMI SE values reached — 10 and — 20 dB,
the material is capable of blocking ~90% and ~99% of the
incident EM waves, respectively [73-75]. Figure 14 shows
the EMI SE values of PPyFc/CB, PPyFc/RGO and PPyFc/
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Fig. 13 EMI SE measurement setup
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Fig. 14 EMI SE of neat wax, PPyFc/MWCNT, PPyFc/RGO and
PPyFc/CB composites in the 1-4.5 GHz
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MWCNT composites and achieved — 11.08 dB, — 11.44 dB
and — 23.74 dB, respectively.

Furthermore, ~99% attenuation of the EMI radiation
was achieved by PPyFc/MWCNT (- 23.74 dB). In con-
trast, ~90% attenuation of the EMI radiation was achieved
by PPyFc/RGO (— 11.44 dB) and PPyFc/CB (— 11.08 dB).
In addition, it is also worth noting that there is no EMI SE
of neat wax which we used as a support. As we see that the
conductive property of the PPyFc/MWCNT, PPyFc/RGO
and PPyFc/CB composites increased, which is due to the
addition of carbon materials. It means that carbon material
as conductive filler played a significant role in improving
the conductive pathway of the PPyFc composites which is
good for the EMI shielding performance.



Electromagnetic interference shielding properties of ferrocene-based polypyrrole/carbon...

Page 130f 15 749

4 Conclusion

In this study, PPyFc composites containing MWCNT,
RGO and CB were prepared via oxidative polymerization
and characterized by SEM, TEM, FTIR, XRD, XPS and
TG techniques. The PPyFc/MWCNT, PPyFc/RGO and
PPyFc/CB composites showed good electrical conductive
properties which were tested by a four-probe method. EMI
SE of the PPyFc/MWCNT, PPyFc/RGO and PPyFc/CB
composites was measured through a coaxial method in the
1-4.5 GHz. The EMI SE achieved for PPyFc/CB, PPyFc/
RGO and PPyFc/MWCNT composites was — 11.08 dB,
— 11.44 dB and — 23.74 dB, respectively. Finally, our
results suggest that the PPyFc/MWCNT composite is a
good shielding material for EMI applications because the
achieved EMI SE value (— 23.74 dB) of PPyFc/MWCNT
composite corresponds to ~99% attenuation of the inci-
dent waves. Furthermore, the PPyFc/MWCNT composite
also completed the demand for commercial application
(~20 dB). This work provides an easy way to prepare a
new generation of eco-friendly and highly efficient EMI
shielding materials.
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