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Graphene Nanoplatelet/Multiwalled Carbon Nanotube/Polypyrrole
Hybrid Fillers in Polyurethane Nanohybrids with 3D Conductive
Networks for EMI Shielding
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GNP/MWCNT/PPy hybrid filler Internally

ABSTRACT: This work reports the preparation of graphene
nanoplatelet (GNP)/multiwalled carbon nanotube (MWCNT)/
polypyrrole (PPy) hybrid fillers via in situ chemical oxidative
polymerization with the addition of a cationic surfactant, hexadecyl-
trimethylammonium bromide. These hybrid fillers were incorporated
into polyurethane (PU) to prepare GNP/MWCNT/PPy/PU nano-
hybrids. The electrical conductivity of the nanohybrids was synergisti- — cvemwcNTPPyPU EMISE -
cally enhanced by the high conductivity of the hybrid fillers. '
Furthermore, the electromagnetic interference (EMI) shielding
effectiveness (SE) was greatly increased by interfacial polarization
between the GNPs, MWCNTs, PPy, and PU. The optimal formulation
for the preparation of GNP/MWCNT/PPy three-dimensional (3D)
nanostructures was determined by optimization experiments. Using
this formulation, we successfully prepared GNP/PPy nanolayers (two-dimensional) that are extensively covered by MWCNT/PPy
nanowires (one-dimensional), which interconnect to form GNP/MWCNT/PPy 3D nanostructures. When incorporated into a PU
matrix to form a nanohybrid, these 3D nanostructures form a continuous network of conductive GNP—PPy—CNT—PPy—GNP
paths. The EMI SE of the nanohybrid is 35—40 dB at 30—1800 MHz, which is sufficient to shield over 99.9% of electromagnetic
waves. Therefore, this EMI shielding material has excellent prospects for commercial use. In summary, a nanohybrid with excellent
EMI SE performance was prepared using a facile and scalable method and was shown to have great commercial potential.
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1. INTRODUCTION more, it has been shown that the EMI shielding efficiency (SE)
With the rapid development of electronic devices. these of a filler material is also significantly affected by its structural
P b ’ characteristics.

devices are finding applications in various fields, including
telecommunications, science, industry, the military, and daily
life. However, electromagnetic interference (EMI) can reduce
or degrade the performance of electronic devices and have
detrimental effects on human health. Therefore, researchers
have developed EMI shielding materials that attenuate the
most severe forms of electromagnetic radiation.' > Although
metals are excellent EMI shielding materials, they are
susceptible to corrosion, difficult to form, and heavy; thus,
they are unsuitable for many applications.” Lightness and
flexibility are important technical requirements for high-
performance EMI shielding materials, as they are essential
for flexible electronics, aircraft, and wearable devices.” For this
reason, EMI shielding polymer nanocomposites are often
prepared using conductive filler materials with excellent
dielectric and magnetic properties, such as carbon black,’
carbon nanotubes (CNTs),” graphene,”” metal nanopar-
ticles,'’ conductive polymers,'' and core—shell composites.'”
Many zero- (0D), one- (1D), two- (2D), and three-
dimensional (3D) materials have also been studied and
combined to create conductive filler materials.”*~"” Further-

The conductivity of polymer nanocomposites depends
strongly on the uniform dispersion of a hybrid filler in the
polymer matrix. The dispersed hybrid filler can form
conduction pathways in the polymer matrix, which can
contribute to the EMI SE."® One-dimensional CNTs and
two-dimensional graphene are outstanding hybrid filler
materials, as they have high aspect ratios and excellent
mechanical and electrical properties.'””" Therefore, many
researchers have attempted to combine these materials to form
highly electrically conductive networks in a polymer matrix.
Researchers have prepared 3D hybrid fillers by mixing CNT's
with graphene nanoplatelets (GNPs), where their z—x
interactions were exploited to inhibit aggregation and improve

Received: October 13, 2022
Accepted: November 25, 2022
Published: December 5, 2022

© 2022 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.2c06613

v ACS PUbl ications 45697 ACS Omega 2022, 7, 4569745707


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chih-Lung+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia-Wun+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan-Feng+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian-Xun+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chih-Chia+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chih-Wei+Chiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c06613&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06613?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06613?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06613?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06613?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06613?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/49?ref=pdf
https://pubs.acs.org/toc/acsodf/7/49?ref=pdf
https://pubs.acs.org/toc/acsodf/7/49?ref=pdf
https://pubs.acs.org/toc/acsodf/7/49?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c06613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

morphological dispersion. The conductivity was also enhanced
by maximizing the syner§istic electron transfer effect between
CNTs and graphene.”"”> High-performance polymer/CNT
composites have recently found widespread use in numerous
applications, including sensors, supercapacitors, and water
purifiers. Conductive polymers, in particular polypyrrole
(PPy), are especially interesting because of their high
conductivity, biocompatibility, low cost, and ease of syn-
thesis.”>~>* However, PPy is mechanically weak, susceptible to
thermal degradation, and somewhat unstable; consequently,
attempts have been made to improve its properties by addin%
other synergistic materials.”® For example, Zhang et al.”

constructed a nanocomposite 3D interconnected architecture
by sandwiching PPy nanowires between graphene nanolayers,
which enhanced the thermoelectric performance. Conductive
polymer/CNT composites may be synthesized by in situ
chemical oxidative polymerization, electrochemical polymer-
ization, or noncovalent functionalization.”®™*° Although
electrochemical polymerization yields composites that are
more conductive than those produced by chemical oxidative
polymerization, it is unsuitable for large-scale production.

Polyurethanes (PUs) are generally synthesized by reacting
isocyanate (—NCO) with polyols, which form the hard and
soft segments, respectively.”’ The resulting segmented
structure endows PUs with both high strength and excellent
elasticity. PUs are widely used in mechanical, medical, and
electronic applications. Many researchers have developed EMI
shielding materials by adding a hybrid filler to PU to create
polymer nanocomposites. For instance, Ramoa et al.>
reported an EMI SE of 22 dB at 8—12 GHz for a PU/CNT
composite with 10 wt % CNTs. Jia et al.** prepared a PU/
graphite fiber/MXene-wrapped ammonium polyphosphate
composite with a maximum EMI SE of 58.6 dB at 8.2—12.4
GHz. Avadhanam et al.>* reported an EMI SE of 11 dB at 8—
12 GHz for a single-walled CNT—polyaniline core—shell/PU
polymer composite with 3 wt % CNTs. Verma et al.” prepared
a GNP/CNT/PU composite with a maximum EMI SE of 47
dB at 8.2—12.4 GHz.

In this work, we report the successful synthesis of a 3D
GNP/multiwalled CNT (MWCNT)/PPy hybrid filler by in
situ chemical oxidative polymerization. The unique porosity of
MWCNTSs creates networks that enable electrolyte dispersion
through the material; when combined with PPy, it further
enhances the electrical conductivity and charge transfer
behavior of the composite.®® GNPs, which have high
conductivity and an excellent EMI SE,*” were also added to
the composite. It was coated with PPy, which improved its
dispersion. In the hybrid filler, the MWCNTSs served as
conductive bridges, which also increased the basal spacing
between GNP sheets.”® The GNP/MWCNT/PPy hybrid filler
was analyzed by field emission scanning electron microscopy
(FE-SEM), Raman spectroscopy, fast Fourier transform
infrared (FTIR) spectroscopy, UV—visible light (UV—vis)
spectroscopy, and resistivity tests. Finally, the GNP/
MWCNT/PPy hybrid filler was incorporated into a PU matrix
to form a nanohybrid with conductive 3D networks. A
comparative analysis was performed by conducting EMI
shielding tests on the nanohybrid, MWCNT/PPy/PU, and
GNP/PPy/PU.

2. EXPERIMENTAL SECTION

2.1. Materials. Pyrrole (Py) monomers (C,H,NH) were
purchased from Tokyo Chemical Industries Co., Ltd. Ferric

chloride hexahydrate (FeCly;:6H,0) and hydrochloric acid
(HCl) were purchased from Wako Pure Chemical Industries,
Ltd. Hexadecyltrimethylammonium bromide (CTAB)
(C19H4,BrN) was purchased from Acros Organics. Methanol
(CH;0H) was purchased from Zimi Chemicals Co., Ltd.
Dimethylformamide (DMF) was purchased from Sigma-
Aldrich Co., Ltd. Methyl ethyl ketone (MEK) was purchased
from Echo Chemicals Co., Ltd. PU with a molecular weight of
70,000 was purchased from Chia Yong Co., Ltd. The industrial
grade MWCNT s used in this study had diameters of 10—25
nm, a length of 10 um, a purity of at least 95%, and a
Brunauer—Emmett—Teller (BET) specific surface area of
110—250 m*/g. The GNPs used in this study had an oxygen
content of <3 wt %, average thickness (Z axis) of S nm,
average lateral sizes (X—Y plane) of Dgy = 11 + 3 ym and Dy,
< 25 pum, and a BET specific surface area of 20—30 mz/g.

2.2. Synthesis of Conducting Hybrid Fillers. Pure PPy
and the MWCNT/PPy and GNP/PPy hybrid fillers were
synthesized by in situ chemical oxidative polymerization.
Solutions (300 mL) of 0.1 M HCI and 0.03 M CTAB were
prepared in reaction flasks, which were magnetically stirred at
room temperature. MWCNTs and GNPs (0, 2, 4, and 8 g)
were added to these solutions, which were then ultrasonicated.
The Py monomer was then added dropwise to these solutions
with magnetic stirring, up to a concentration of 0.086 M. As a
FeCl,/Py ratio of approximately 2.3 is considered optimal,”
FeCl;-6H,0 was added dropwise up to a concentration of 0.2
M. Polymerization was then performed at 0—5 °C with stirring
for 4 h. The obtained MWCNT/PPy and GNP/PPy
precipitates were filtered out of the solution using a water
aspirator pump. The precipitates were washed several times
with distilled water and methanol, heated to 80 °C for 6 h, and
ground into a powder, which was then dried in a vacuum
furnace. To prepare the GNP/MWCNT/PPy hybrid filler,
MWCNTs and GNPs were mixed at weight ratios of 25/75,
33/67, 50/50, 67/33, and 75/25. Each mixture was added to a
separate aqueous solution of 0.03 M CTAB and 0.1 M HCL
These solutions were then ultrasonicated. In situ chemical
oxidative polymerization was performed by adding Py up to a
concentration of 0.086 M with stirring, followed by the
dropwise addition of FeCl;-6H,O up to 0.2 M. The solution
was stirred for 4 h at 0—5 °C to obtain GNP/MWCNT /PPy
precipitates. These precipitates were filtered out using a water
aspirator pump and repeatedly washed with distilled water and
methanol. They were heated at 80 °C for 6 h, ground to a
powder, and dried in a vacuum furnace. In addition, GNP/
MWCNT/PPy materials with higher PPy contents were also
prepared to obtain a GNP/MWCNT/PPy hybrid filler with
3D structure.

2.3. Preparation of GNP/MWCNT/PPy/PU Nanocom-
posites. A solvent consisting of DMF and MEK was prepared.
Butanone was added to lower its boiling point so that the
solvent could be fully volatilized at a temperature below the
melting point of PU. PU was dissolved in this solvent at room
temperature with stirring for 1 h. MWCNT/PPy, GNP/PPy,
and GNP/MWCNT /PPy hybrid fillers were added at various
ratios to the PU solution with stirring for 10 min at 300 rpm to
produce a homogeneous slurry. These slurries were then used
to prepare 1.5 mm thick nanohybrid sheets, which were dried
in an oven. Various GNP/MWCNT/PPy/PU nanocomposites
were obtained in this way.

2.4. Characterization and Instruments. EMI SE
measurements were performed according to the ASTM
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Figure 1. Illustration of the proposed adsorption mechanism, which explains the stable dispersion of GNP/MWCNT /PPy nanohybrids according
to their molecular interactions, and the formation of hybrid fillers with various dimensionalities by in situ chemical oxidative polymerization..

Table 1. Sample Parameters of Synthesized Hybrid Fillers and Nanohybrids Formed by Their Incorporation into a PU Matrix

hybrid fillers

sample GNPs ( g) MWCNTSs (g)
MWCNT/PPy (1:2) 0 2
MWCNT/PPy (2:2) 0 4
MWCNT/PPy (4:2) 0 8
GNP/PPy (1:2) 2 0
GNP/PPy (2:2) 4 0
GNP/PPy (4:2) 8 0
(GNP/MWCNT)(50/50)/PPy (2:2) 2 2
(GNP/MWCNT)(67/33)/PPy (3:2) 4 2
(GNP/MWCNT)(75/25)/PPy (4:2) 6 2
(GNP/MWCNT)(33/67)/PPy (3:2) 2 4
(GNP/MWCNT)(25/75) /PPy (4:2) 2 6
(GNP/MWCNT)(25/75)/PPy (4:3) 2 6
(GNP/MWCNT)(25/75)/PPy (4:4) 2 6

PPy (g) electrical conductivity (S/cm)” PU (g) EMI SE (dB)"
4.0 1.2 35 1-7
3.8 1.5 35 8—-13
4.1 1.8 35 15-20
4.2 2.1 35 1-5
4.4 2.5 35 5—-10
3.9 2.7 35 10—-15
3.8 17.5 35 4-9
42 232 35 10—-15
4.3 27.7 35 18-23
4.2 18.8 35 18—-22
3.9 21.7 35 25-30
6.2 4 35 27-32
83 7.7 35 35—40

“Electrical conductivity was measured by molding hybrid fillers into 10 mm X 0.5 mm disks using a compression molder operating at 300 kgf/cm?
and then performing conductivity measurements using a four-point probe. YA VNA was used according to the ASTM D4935-99 method to
determine the scattering parameters of the nanohybrids, which were then used to calculate the EMI SE. The measured frequency range was 30—

1800 MHz.

D4935-99 standard using a vector network analyzer (VNA;
Hewlett-Packard 8510c) and a flanged circular coaxial
transmission line holder. The frequency range was 30—1800
MHz. A four-point probe resistivity meter (Mitsubishi
Chemical Corporation, MCP-T600) was used to measure
the electrical conductivity of the hybrid fillers. Before these
measurements, a compression molder was used to compress
the hybrid filler samples at a pressure of 300 kgf/cm? into disks
with a diameter of 10 mm and thickness of 0.5 mm. FE-SEM
was performed (JEOL, JSM-6500F) at 10 kV to observe the
surface morphology of the hybrid fillers and nanohybrids.
Before FE-SEM analysis, each sample was fixed using a
conductive carbon paste and coated with a Pt film. The surface
morphologies of the hybrid fillers were also analyzed by
transmission electron microscopy (TEM) (FEI, Tecna G2 F-
20 S-TWIN) at 200 kV. For these measurements, the samples
were first diluted in pure water and dropped onto a carbon-
coated copper mesh, which was then dried for 12 h at 80 °C in

45699

an oven. Raman spectroscopy was performed at 600—2000
cm™' using a Horiba iHRSS0 Raman spectrometer with an
Olympus BX-41 microscope and a S mW, 532 nm laser source.
FTIR spectroscopy was performed at 600—2000 cm ™" using a
Jasco FT/IR-300E instrument; each FTIR spectrum was
obtained by averaging 16 scans. UV—vis spectroscopy
(Shimadzu UV-2450) was performed to analyze the trans-
mission characteristics of PPy, MWCNT /PPy, GNP/PPy, and
GNP/MWCNT/PPy at 250—800 nm. The hybrid filler

samples were dissolved in DMF for these measurements.

3. RESULTS AND DISCUSSION

3.1. Dispersion and Microstructure of GNP/MWCNT/
PPy Hybrid Fillers. We prepared various hybrid fillers with
different dimensionalities for two reasons. The first goal was to
optimize the synergistic effect between CNTs and PPy and
thus improve the electrical conductivity. To this end, a cationic
surfactant (CTAB) was added to various CNTs and sonicated,

https://doi.org/10.1021/acsomega.2c06613
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Figure 2. FE-SEM images of hybrid fillers: (a) PPy, (b) PPy with 0.03 M CTAB, (c) MWCNTs, (d) GNPs, (e) MWCNT/PPy (4:2), (f) GNP/
PPy (4:2), (g) (GNP/MWCNT) (75/25)/PPy (4:2), (h) (GNP/MWCNT) (25/75)/PPy (4:2), (i, j) (GNP/MWCNT) (25/75)/PPy (4:3) at
different magnifications, and (k, 1) (GNP/MWCNT) (25/75)/PPy (4:4) at different magnifications.

GNP/PPy

MWCNT/PPY <<__ % "

Figure 3. TEM images of hybrid fillers: (a) MWCNT/PPy (4:2), (b) GNP/PPy (4:2), and (c, d) (GNP/MWCNT) (25/75)/PPy (4:4) at
different magnifications.

and in situ chemical oxidative polymerization was performed to by combining MWCNTs (1D) with GNPs (2D) and PPy
prepare PPy/CNT hybrid fillers. The second goal was to
fabricate multidimensional hybrid fillers, that is, MWCNT/
PPy (1D), GNP/PPy (2D), and GNP/MWCNT/PPy (3D), Table 1 shows the formulations of the PU nanocomposites that

(OD). The nanodispersion process is illustrated in Figure 1.

45700 https://doi.org/10.1021/acsomega.2c06613
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Figure 4. Spectroscopic data of hybrid fillers: (a) Raman spectra, (b) FTIR spectra, and (c) UV—vis spectra. (d) Illustration of 3D nanostructure of
GNP/MWCNT/PPy and interactions between GNPs, MWCNTs, and PPy.

were formed by incorporating MWCNT/PPy, GNP/PPy, and
GNP/MWCNT/PPy hybrid fillers into a PU matrix.

Figure 2a shows an FE-SEM micrograph of PPy synthesized
by in situ chemical oxidative polymerization without CTAB. It
appears as tightly aggregated irregular spheres with an average
grain size of 300 nm. This result is consistent with the
appearance of PPy reported in previous studies.*” After CTAB
addition, the Py monomers become encapsulated in micelles,
which reduces the average grain size of the synthesized PPy,41
as shown in Figure 2b. Figure 2c shows the string-like structure
of the MWCNTSs, whereas Figure 2d shows that the GNPs
have a smooth, curved sheet-like structure. MWCNT/PPy,
GNP/PPy, and GNP/MWCNT/PPy hybrid fillers were
prepared by adding CTAB. Previous studies have demon-
strated that CTAB improves the dispersion of MWCNTSs and
GNPs and also the electrical conductivity of PPy.*>*’ In the
MWCNT/PPy (4:2) hybrid filler (Figure 2e), the smooth
MWCNT surfaces are covered by spherical PPy particles.
Therefore, the interaction between PPy and the MWCNTs is
strong enouigh to overcome inter-MWCNT van der Waals
interactions.”" In the GNP/PPy (4:2) hybrid filler (Figure 2f),
the surfaces of the GNP sheets are unevenly covered by PPy
particles, and the protrusions on the edges of the GNP sheets
(red arrows) are deposits formed by PPy particles.
Furthermore, the attachment of PPy particles weakens the
van der Waals interactions between the GNP sheets, thus
reducing GNP aggregation.45Figure 2gh shows the surface
morphologies of the (GNP/MWCNT) (75/25)/PPy (4:2)
and (GNP/MWCNT) (25/75)/PPy (4:2) hybrid fillers,
respectively. Here, the GNP surfaces are covered by a thin
layer of PPy. However, no MWCNT attachment was observed
in either sample. When the proportion of PPy was increased
(Figure 2i,j), microstructures containing interconnected
MWCNT/PPy nanowires (1D) and GNP/PPy nanolayers
(2D) began to appear. The surface morphology of the (GNP/

MWCNT) (25/75)/PPy (4:4) hybrid filler, which contains
the highest proportion of PPy, is shown in Figure 2k1l. Two-
dimensional GNP/PPy nanolayers are extensively covered by
1D MWCNT/PPy nanowires, which are interconnected to
form a 3D network. The MWCNT/PPy nanowires have
diameters of 30—100 nm, and they are clearly attached to the
GNP/PPy nanolayers (that is, they are not suspended at a
distance from the GNP/PPy surface). As mentioned above, the
deposition of additional PPy weakens the van der Waals
interactions of the MWCNTs and GNPs, increasing their
dispersion. Furthermore, the PPy, MWCNTs, and GNPs may
interact with each other via hydrogen bonds or 7—7 stacking,”’
resulting in the formation of a GNP/MWCNT/PPy 3D
network nanostructure.

Figure 3a shows a TEM micrograph of the MWCNT/PPy
(4:2) hybrid filler, which clearly shows the hollow structure
and crystalline sidewalls of the MWCNTs and the PPy
enveloping the MWCNTs in a classic core—shell structure.
The PPy layer on the MWCNT surface is <30 nm thick. Figure
3b shows the GNP/PPy (4:2) hybrid filler, where a layer of
PPy was clearly deposited on the GNP sheets. PPy nanorods
also appear around the edges of the GNP sheets. In Figure
3c,d, the GNP sheets are extensively covered by tightly
adhering PPy particles and MWCNT /PPy nanowires, where
the nanowires are up to a few microns long. Because of the
higher PPy content, the thickness of the PPy shell on the
MWCNTs increased to <80 nm. Therefore, it may be
concluded that the (GNP/MWCNT) (25/75)/PPy (4:4)
hybrid filler is an interconnected 3D structure formed by the
stacking of MWCNT/PPy nanowires (1D) on GNP/PPy
nanolayers (2D).

3.2. Structural Characterization of the GNP/MWCNT/
PPy Hybrid Filler and Its Intercomponent Interactions.
Raman, FTIR, and UV-—vis spectroscopy were used to
characterize the structure of the MWCNT/PPy, GNP/PPy,
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and GNP/MWCNT/PPy hybrid fillers and the interactions
between the MWCNTSs, GNPs, and PPy. Figure 4a shows the
Raman spectra of the MWCNTs, GNPs, PPy, and MWCNT/
PPy (4:2), GNP/PPy (4:2), and (GNP/MWCNT) (25/75)/
PPy (4:4) hybrid fillers. The MWCNT spectrum has two
strong peaks at 1332 and 1588 cm™'. The former is the
disorder (D) band, which represents crystal defects in the
CNTs, that is, sp® bonds. The latter is the graphite (G) band,
which indicates the crystallinity of the graphite layer, that is,
sp? bonds.*® The GNP spectrum has two peaks, one near the D
band at 1339 cm™' and a relatively strong peak near the G
band at 1576 cm™".*’ The main characteristic peak of the PPy
spectrum is the 931 cm™' peak, which represents C—H ring
deformation in the bipolaron structure. The peaks at 971,
1053, 1082, and 1238 cm™" represent C—H ring deformation
in the polaron structure, C—H in-plane bending in the polaron
structure, symmetric C—H in-plane bending in the bipolaron
structure, and N—H in-plane deformation, respectively. The
characteristic peaks at 1376 and 1583 cm™ are attributed to
C—N and C=C stretching, respectively. In the MWCNT/
PPy, GNP/PPy, and GNP/MWCNT/PPy spectra, the peaks
at 969 and 1054 cm ™" indicate a quinonoid polaronic structure,
whereas the 936 and 1082 cm™' peaks indicate a quinonoid
bipolaronic structure. Therefore, these structures possess some
bipolarity and also contain PPy (CI7). In contrast to those in
the MWCNTSs and GNPs spectra, the 1576 cm™ peak is blue-
shifted to 1583 cm™' in the MWCNT/PPy, GNP/PPy, and
GNP/MWCNT/PPy spectra. We speculate that this blue shift
is caused by n—r stacking between the C=C bonds of PPy
and those of the MWCNTSs and GNPs.*”*® Furthermore, the
D and G bands are both broader and more intense in the
MWCNT/PPy, GNP/PPy, and GNP/MWCNT/PPy spectra.
Because the intensity of the G band is proportional to the
planar crystallite size of graphite, this result indicates increased
polymer thickness due to the envelopment of GNPs by PPy.*

Figure 4b shows the FTIR spectra of the MWCNTs, GNPs,
PPy, and MWCNT/PPy (4:2), GNP/PPy (4:2), and (GNP/
MWCNT) (25/75)/PPy (4:4) hybrid fillers. The signal at
1623 cm™" in the MWCNTSs and GNPs spectra is attributed to
the O—H bending mode of water and C=C stretching
vibrations in the MWCNTSs and GNPs. The peak at 1453 cm™!
is due to CH or CH, bending vibrations, whereas the small
peak at 1050 cm™" is attributed to cyclic C—O—C bonds. The
main characteristic peaks of pure PPy are located at 1558 and
1474 cm™" and indicate antisymmetric and symmetric ring-
stretching modes, respectively. The other notable absorption
peaks in the PPy spectrum are located at 1330 cm™' (C—H
and C—N in-plane deformation), 1049 cm™" (C—H and N-H
in-plane deformation), 1197 cm™" (Py ring breathing), and 926
em™! (C—H out-of-plane deformation).”*™>° The main IR
absorption modes of the MWCNT/PPy, GNP/PPy, and
GNP/MWCNT/PPy hybrid fillers have analogous bands in
the FTIR spectra of pure GNPs, MWCNTs, and PPy.
Comparisons with the pure PPy spectrum reveal that the
intensity of the C—H band changed dramatically when
MWCNTs and GNPs were added during the synthesis of
PPy. Therefore, the PPy backbone could be interacting with
MWCNTs and GNPs via 7—x stacking.

Figure 4c shows the UV—vis spectra of Py, pure PPy,
MWCNT/PPy (4:2), GNP/PPy (4:2), and (GNP
/MWCNT) (25/75)/PPy (4:4). The main absorption peak
of Py is located at 290 nm.”" PPy, which is obtained by the
chemical polymerization of Py monomers, has a main

absorption peak at 261 nm. The location of this peak could
be attributed to the 7—z* transition of the aromatic ring. The
PPy spectrum also has a broad peak around 400—500 nm, with
a maximum at 460 nm. This peak represents the polaron state
of PPy, and it demonstrates that PPy was successfully
polymerized from Py monomers. In the spectra of the
MWCNT/PPy (4:2) and GNP/PPy (4:2) hybrid fillers, the
PPy peaks are blue-shifted (from 261 to 259 nm, and from 460
to 457 and 454 nm, respectively). This change indicates that
the band gap between the 7 and 7™ orbitals expanded because
of the strengthening of conjugated z bonds, which could be
caused by strong interactions between PPy and the MWCNTSs
and GNPs. In addition to the peak at 260 nm, the (GNP/
MWCNT) (25/75)/PPy (4:4) hybrid filler also has a
significant peak at 373 nm, which corresponds to a transition
from the valence band to the antibonding polaron state in PPy.
This peak can be attributed to the higher PPy content of this
hybrid filler.**>>

The Raman, FTIR, and UV—vis data indicate that in situ
chemical oxidative polymerization formed PPy doped with CI~
[PPy(CIl7)], which successfully adhered to the surfaces of
MWCNTs and GNPs. Therefore, MWCNT/PPy, GNP/PPy,
and GNP/MWCNT/PPy hybrid fillers were successfully
synthesized, and PPy may interact with MWNCTs and
GNPs via 7—rn stacking. According to Figures 2k] and 3c,d,
the 3D nanostructure of the GNP/MWCNT/PPy hybrid filler
consists of GNP layers (2D) that are extensively covered by
PPy (0D) and MWCNT /PPy nanowires (1D), which interact
via 7—7 stacking. An illustration of these interactions is shown
in Figure 4d.

3.3. Electrical Conductivity of the GNP/MWCNT/PPy
Hybrid Filler. The EMI SE of a nanohybrid can be improved
by increasing the electrical conductivity of its filler.”" The
electrical conductivities of the MWNCT /PPy, GNP/PPy, and
GNP/MWCNT/PPy hybrid fillers were measured using 10
mm X 0.5 mm disk samples of each filler obtained using a
compression molder (as shown in Figure Sa—c). A four-point
probe was used for the measurement; the results are shown in
Figure 5. The PPy prepared with added CTAB has an electrical

I PPy

204 I MWCNT/PPy

[ GNP/PPy

I (GNP/MWCNT)/PPy

10

Electrical conductivity (S/cm)

Mass ratio

Figure S. Electrical conductivities of PPy, MWCNT/PPy, GNP/PPy,
and GNP/MWCNT/PPy hybrid fillers with different formulations.
Insets show digital photographs of disk samples of (a) MWCNT/PPy
(4:2), (b) GNP/PPy (4:2), and (c) (GNP/MWCNT) (25/75)/PPy
(4:4).
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Figure 6. (a) Preparation of nanohybrids from hybrid filler—PU mixture using blade coating method. (b) FE-SEM micrographs of each hybrid filler
in PU matrix: (1) PPy/PU, (2) MWCNT/PPy (4:2)/PU, (3) GNP/PPy (4:2)/PU, and (4) (GNP/MWCNT) (25/75)/PPy (4:4)/PU.

conductivity of 0.37 S/cm. The electrical conductivities of
MWCNT/PPy and GNP/PPy were significantly higher
because of the high aspect ratios and specific surface areas of
GNPs and MWCNTs. This result can also be attributed to
n—r stacking between PPy and the MWNCTs and GNPs,
which provides a path for electrical conduction between these
molecules. Furthermore, the long conjugation lengths resulting
from the very slow polymerization rate facilitate electron
conduction along the PPy backbone.’”** In the MWCNT /PPy
and GNP/PPy hybrid fillers, higher MWCNT and GNP
contents generally resulted in higher conductivity. For
instance, the MWCNT/PPy (4:2) and GNP/PPy (4:2) hybrid
fillers have conductivities of 1.8 and 2.7 S/cm, respectively.
The electrical conductivities of the GNP/MWCNT/PPy
hybrid fillers (with a fixed PPy content) are 17.5 S/cm for
(GNP/MWCNT) (50/50)/PPy (2:2), 27.7 S/cm for (GNP/
MWCNT) (75/25)/PPy (4:2), and 21.7 S/cm for (GNP/
MWCNT) (25/75)/PPy (4:2). These values are much higher
than those of the MWCNT /PPy and GNP/PPy hybrid fillers
owing to z—r interactions between PPy and the MWCNTSs
and GNPs. However, when the PPy content was increased
further, the thickness of PPy coating on GNP and MWCNT
increased significantly. Therefore, the electrical conductivity
fell to 4.1 S/cm in the (GNP/MWCNT) (75/25)/PPy (4:3)
hybrid filler and then increased slightly to 7.7 S/cm in the
(GNP/MWCNT) (75/25)/PPy (4:4) hybrid filler. We
speculate that the reason could be the tendency of dispersion
to increase as MWCNT/PPy nanowires are deposited on the
GNP/PPy nanolayers, which improves the electrical con-
ductivity of the interconnected conductive network.

3.4. Surface Morphology and EMI SE of Nanohybrids
Formed by the Incorporation of GNP/MWCNT/PPy
Hybrid Filler into the PU matrix. The process by which

hybrid fillers are incorporated into PU to form a nanohybrid is
shown in Figure 6a. We used the blade coating method, a facile
method of nanocomposite preparation.”® The solution
containing the hybrid filler—PU mixture is first coated onto a
glass plate and then dried (with heating) to evaporate the
solvent. Finally, the material is peeled from the glass plate to
obtain a flat, uniform film. PPy/PU, GNP/PPy/PU,
MWCNT/PPy/PU, and (GNP/MWCNT)/PPy/PU nano-
hybrids were obtained in this way. FE-SEM was used to
observe the dispersion of each hybrid filler in the PU matrix. In
Figure 6b(1), the circular protrusions are pure PPy in the PU
matrix. MWCNT/PPy appears as aggregated small circular
white spots in the PU matrix [Figure 6b(2)], whereas GNP/
PPy appears as short white lines evenly dispersed in the PU
matrix [Figure 6b(3)]. In the FE-SEM micrograph of the
(GNP/MWCNT) (25/75)/PPy (4:4)/PU composite [Figure
6b(4)], the hybrid filler exhibits molecular stacking, which
could be caused by its 3D nanostructure and synergistic effects
between its components. Furthermore, a continuous and
electrically conductive network clearly formed in the PU
matrix.

Electromagnetic shielding is defined as the ability of a
material to shield an electronic device from the effects of
electromagnetic radiation. The EMI SE quantifies the
attenuation of electromagnetic radiation in decibels, and it is
given by

EMI SE = 10 log(P/P) = 20 log(E;/E,)

In this equation, P; (E;) and P, (E,) are the power (electric field
intensity) of the incident and transmitted electromagnetic
waves, respectively. Higher SE values (dB) indicate greater
attenuation of electromagnetic radiation. Furthermore, a 10 dB
increase in EMI SE indicates that scattering has increased by
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Figure 7. (a) EMI SE mechanism of GNP/MWCNT/ PPy/PU nanohybrid. EMI SEs of (b) MWCNT/ PPy/PU with different MWCNT contents;
(c) GNP/PPy/PU with different GNP contents; (d) (GNP/MWCNT)/PPy/PU with different MWCNT and GNP contents; and (e) (GNP/

MWCNT)/PPy/PU with different PPy contents.

an order of magnitude. For instance, SEs of 30 and 40 dB
indicate that 99.9% and 99.99% of the incident electromagnetic
waves are blocked, respectively. Shielding materials with an SE
of 30 dB are generally considered adequate for recent
commercial applications. The mechanism of the EMI SE
may be explained using transmission line theory,”” as shown in
Figure 7a. When an electromagnetic wave reaches the surface
of the shielding material, the wave is partially reflected, and the
rest of the wave propagates into the material. The propagating
electromagnetic waves are weakened by absorption by the
material, and they also undergo losses due to re-reflection and
multiple reflections between the front and rear interfaces of the
material. According to Schelkunoft theory, the EMI SE of a
material may be expressed as

SE(dB) = SE, + SE + SEy

In this equation, SE, is the absorption loss in the material, and
SEg and SEy; are the reflection and multiple reflection losses,
respectively.”*” In this study, the EMI SEs of the MWCNT/
PPy/PU, GNP/PPy/PU, and GNP/MWCNT /PPy/PU nano-
hybrids were derived from scattering parameters measured
using a VNA.

The EMI SE of the MWCNT/PPy/PU, GNP/PPy/PU, and
GNP/MWCNT/PPy/PU nanohybrids was measured at 30—
1800 MHz. The effect of MWCNT content on the EMI SE of
MWCNT/PPy hybrid fillers with a fixed proportion of PPy is
shown in Figure 7b. As expected, the EMI SE is positively
correlated with the MWCNT content. The optimal EMI SE
(15—20 dB) was found in the filler with 8 g of MWCNTs (the
highest MWCNT content). The improvement in EMI SE due
to higher MWCNT content may be attributed to the formation
of conductive networks in the PU matrix by the MWCNT/PPy
hybrid filler. As MWCNT s have high specific surface areas and
aspect ratios, they can combine with the conductive region of
PPy to form conductive bridges and thus increase the effective

permeability, which facilitates the formation of an extensive
conductive network. The effects of GNP content on the EMI
SE of GNP/PPy hybrid fillers with a fixed proportion of PPy
are shown in Figure 7c. These results qualitatively resemble
those of the MWCNT /PPy hybrid filler, as the EMI SE also
improved with increasing GNP content. The GNP/PPy hybrid
filler with 8 g of GNPs has EMI SEs of 10—1S5 dB. As the
number of electrically conductive networks in the PU matrix
depends on the GNP content, the EMI SE will naturally
improve with increasing GNP content. A comparison of the
EMI SEs of MWCNT/PPy and GNP/PPy reveals that
MWCNTs outperform GNPs for the same weight of carbon.
The EMI SEs of GNP/MWCNT/PPy hybrid fillers with
different GNP and MWCNT contents and a fixed proportion
of PPy are shown in Figure 7d. The EMI SE is positively
correlated with the carbon content. However, MWCNTSs
clearly have a more significant effect on the EMI SE, as the
EMI SEs of (GNP/MWCNT) (75/25)/PPy (4:2)/PU and
(GNP/MWCNT) (25/75)/PPy (4:2)/PU are approximately
18—23 and 25—30 dB, respectively. The electrical conductiv-
ities obtained by a four-point probe resistivity meter are 0.02
S/cm for (GNP/MWCNT) (75/25)/PPy (4:2)/PU, and 0.07
S/cm for (GNP/MWCNT) (25/75)/PPy (4:2)/PU. Although
(GNP/MWCNT) (25/75)/PPy (4:2)/PU, MWCNT/PPy
(4:2)/PU, and GNP/PPy (4:2)/PU have the same carbon
and PPy contents by weight, mixing GNPs with MWCNTs
significantly improves the EMI SE. We hypothesize that the
reason is synergies between GNPs, MWCNTs, and PPy, which
allow MWCNTs to form wide conjugated networks and fill
gaps between GNP sheets. PPy also suppresses the aggregation
of MWCNTs and GNPs. Interfacial polarization between
GNPs, MWCNTs, PPy, and PU may also enhance the EMI
SE.59‘6OFigure 7e shows the effects of increasing PPy content at
fixed GNP and MWCNT contents. (GNP/MWCNT) (25/
75)/PPy (4:4)/PU has the highest EMI SE, 35—40 dB. The
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result of the electrical conductivity test is 0.21S/cm, as shown
in Video S1. As the GNP/MWCNT/PPy 3D nanostructure
consists of MWCNT/PPy nanowires stacked on GNP/PPy
nanolayers, it has a very wide interfacial surface. Furthermore,
it forms a continuous network of GNP—PPy—CNT—PPy—
GNP paths in the PU matrix. Therefore, the resulting
nanohybrid has losses due to polarization, transmission,
multiple reflections, and scattering, which combine to increase
the reflectance and attenuation of electromagnetic waves.®! ¢

4. CONCLUSIONS

A facile and scalable method was used to prepare GNP/
MWCNT/PPy hybrid fillers. MWCNTs form an extensive
conjugated network that fills the gaps between GNP
nanolayers and forms conductive bridges. PPy prevents the
aggregation of MWCNTSs and GNPs while allowing electron
transmission through the PPy backbone. This synergy explains
why GNP/MWCNT/PPy exhibits much higher electrical
conductivity and EMI SE than GNP/PPy and MWCNT/
PPy. When (GNP/MWCNT) /PPy was prepared with a mass
ratio of (25/75)/4:4, the GNP/PPy nanolayers (2D) were
extensively covered by MWCNT/PPy nanowires (1D),
forming a hybrid filler with 3D nanostructure. The nanohybrid
was formed by incorporating the hybrid filler into a PU matrix.
Because of 7—r interactions between GNPs, MWCNTs, and
PPy, a continuous network of GNP—PPy—CNT—PPy—GNP
paths was formed within the PU insulator (as demonstrated by
FE-SEM analysis). This network greatly enhances the
reflectance and attenuation of electromagnetic waves. The
optimal obtained nanohybrid has an EMI SE of 35—40 dB at
30—1800 MHz; therefore, it can shield over 99.9% of all
electromagnetic waves within this frequency range. Therefore,
this nanohybrid has great potential for commercial applica-
tions.
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