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ABSTRACT: Highly efficient electromagnetic field absorp-
tion at gigahertz (GHz) was reported in the novel magnetic
polymer nanocomposites (MPNCs) with in-situ synthesized
Fe@Fe,0, core@shell nanoparticles (NPs) or their decorated
multiwall carbon nanotubes (MWNTs) dispersed in the
polypropylene (PP) matrix through a one-pot bottom-up
method. PP grafted maleic anhydride (PP-g-MA) with different
molecular weights served as surfactant to stabilize the in-situ-
formed NPs and simultaneously as compatibilizer to enhance
the bonding at the PP—filler interfaces. Because of the strong
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magnetization of the PP MPNC s filled with 20.0 wt % Fe@Fe,O; NPs stabilized by PP-g-MA (M, = 800), a minimum reflection
loss (RL) of —31.5 dB was observed at 18.0 GHz, and the frequency bandwidth with RL lower than —10.0 dB was 3.1 GHz
(from 16.9 to 20.0 GHz) in the MPNC sample with a thickness of 5.5 mm. However, due to the lack of magnetic loss, only a
weak RL of 4.3 dB was found at frequency of 16.8 GHz for the PP/PP-g-MA (M, = 800)/1.0 wt % MWNTs nanocomposites
sample with a thickness of 5.5 mm. When the PP MPNCs filled with Fe@Fe,O; NPs decorated MWNTs (sample thickness of
5.0 mm) in the presence of low molecular weight PP-g-MA (M, = 800), the RL of —24.5 dB at 20.0 GHz was observed. Through
simply changing M, of PP-g-MA from 800 to 8000, more oxidized iron resulted in a decreased permeability and smaller RL in the
high frequency range. The in-situ-formed nanofillers significantly reduced the flammability of PP for potential wide applications.

1. INTRODUCTION

Electromagnetic interference (EMI) is an undesirable and
uncontrolled offshoot of both the explosive growth of
electronics such as wireless cell phones with gigahertz (GHz)
high energy (E = hf, where h is Planck’s constant and f is
frequency) EM field and the widespread use of transient power
sources."”” Human beings raised concerns over exposure to EM
radiation in our modern lives.”* Embedding magnetic nano/
microstructures into polymer matrix for EM wave absorption is
one of the most effective approaches for EMI shielding.>°
Theoretically, magnetic nanostructures such as iron nano-
particles (NPs) can provide high absorption over a wide
frequency range as a result of their high ma.gnetization,7’8 high
Snoek’s limit, and quantum size effect.” Magnetic NPs are ideal
to serve as EM absorbers because of their small size'® and large
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specific surface area,'' leading to an interface polarization'” and
effective usage of active metals.'> However, high frequency (i.e.,
in GHz range) permeability of the metallic magnetic materials
can be drastically decreased due to the ferromagnetic
resonance'*'® and eddy-current losses (a source of energy
loss in alternating current inductors, etc.) induced by the EM
wave.'®"” The decreased permeability will significantly reduce
the EM wave absorption efliciency at GHz. For example,
dendritic nanostructured a-iron (Fe) in paraffin was reported
with a minimum reflection loss (RL) of 32.3 dB at ~10.0 GHz
at a relatively high loading (70 wt %)."® The reason for such a
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strong EM wave absorption is explained by the high-frequency
resonance derived from large coercive field (H,, larger than 200
Oe) of the dendritic nanostructure.'® Even though high
response frequency of minimum RL value was observed, the
increased permittivity and the relatively low dielectric loss are
the major drawbacks for the metallic iron as EM absorbers at
even higher frequency.

Another type of EM wave absorption material is the polymer
composites filled with carbon-based nanofillers.'”>® For
example, strong microwave absorbing intensities of —64.4 dB
at 10.59 GHz were reported in the poly(vinylidene fluoride)
(PVDF)—graphite intercalated composites (GIC).>” However,
the filler loading of 9.0 wt % was relatively high, which
inevitably increased the permittivity. It is well acknowledged
that the dielectric permittivity and magnetic permeability are
typically out of balance for the polymer composites with
carbon-based nanofillers,” a high propensity to reflect rather
than absorb the EM wave would be a major drawback arising
from the lack of magnetic loss in these carbon materials.
Though carbon materials like graphene in polymer foam matrix
are reported to absorb rather than reflect EM wave,** high
absorption effectiveness lower than —20 dB with a wide
frequency range is still a challenge.”****® Therefore, the
combination of magnetic and dielectric materials in one unit is
desirable for highly effective EM field absorption in a broad
frequency range with controllable permittivity and permeability
matched with those of free space.6’28’30 For example, carbon
nanotubes (CNTs) decorated with magnetite (Fe;O,)
particles® ™ and reduced graphene oxide decorated with
Fe,0, or Fe;0, NPs**7% have demonstrated an enhanced EM
absorption. In addition, Fe;O,-coated carbon nanorods show a
strong dielectric loss at high-frequency range and strong
magnetic loss at low-frequency range.”” However, impendence
mismatch remains as the major hindrance for effective EM wave
absorption. For example, iron confined in CNTs displayed an
enhanced EM absorption (lower than —25.0 dB RL at a
frequency of ~11.0 GHz) mainly arising from the magnetic
rather than dielectric loss.*®

The reported methods to prepare hierarchical nanostructures
include direct blending’® coprecipitation,®® and solvothermal
method.* Besides, the bottom-up wet chemistry method is one
of the most powerful approaches to synthesize different
nanostructures including magnetic NPs with well-defined
dispersion quality and assembly patterns with the aid of small
molecular surfactants.**~* Physical mixing,ﬁ’34’3’6’39’44’45 and
emulsion polymerization®® have been reported to disperse
those aforementioned ex-situ-formed hierarchical nanostruc-
tures in the polymer matrix to prepare EM wave absorbing
polymer composites. Though the majority of the above works
are to synthesize EM absorbing polymer composites through
the ex-situ method, magnetic polymer nanocomposites
(MPNCs) with one-pot in-situ-formed hierarchical nanofiller
architectures (combining both magnetic and carbon materials)
have not been reported yet. Herein, in this work, a facile one-
pot in-situ method was reported to prepare polypropylene (PP)
MPNCs filled with both Fe@Fe,O; core—shell NPs and
multiwall carbon nanotubes (MWNTs) decorated with Fe@
Fe,O; NPs in the presence of PP grafted maleic anhydride (PP-
gMA). The EM field absorption of these MPNCs was
evaluated by the reflection loss considering the relative
permeability and permittivity. The hierarchical magnetic NPs
decorated MWNTSs for EM wave absorption behaviors was
studied and compared with the sole magnetic NPs and

MWNTs. Meanwhile, the surfactant molecular weight depend-
ent frequency selective EM wave absorption performance was
demonstrated by using two different molecular weight PP-g-
MAs. In addition, the flammability of these MPNCs was
evaluated by microscale combustion calorimetry.

2. EXPERIMENTAL SECTION

2.1. Materials. The PP used in this study was supplied by
Total Petrochemicals USA, Inc. (M, =~ 40 500). Two PP-g-MAs
(provided by Baker Hughes Inc.) were utilized. The first of PP-
gMA (M, = 800, denoted as “S”) was a gel-like copolymer with
one maleic anhydride (MA) group at one terminal through the
Alder—ENE reaction® and the other MA group grafted on the
main chain. The second of PP-g-MA (M, = 8000, denoted as
“L”) was solid homo-PP with two MA groups (structures
shown in Scheme 1). Iron(0) pentacarbonyl (Fe(CO)s, 99%)

Scheme 1. Chemical Structures of PP-g-MA, S, and L
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was purchased from Sigma-Aldrich. The multiwall carbon
nanotubes (MWNTs) used here were COOH-functionalized
tubes (—COOH content: 0.47—0.51 wt %; purity: >95%;
average outer diameter of 50—80 nm, inner diameter of 5—15
nm, and length of 10—20 ym) supplied by Nanostructured and
Amorphous Materials, Inc., Houston, TX. The solvent xylene
(laboratory grade, p = 0.87 g/cm®) was purchased from Fisher
Scientific. All the chemicals were used as-received without any
further treatment.

2.2. Synthesis of Polymer Nanocomposites. The brief
procedures for preparing the PP MPNCs with in-situ-formed
hierarchical nanostructures (MWNTs decorated with Fe@
Fe,0; NPs) are as follows. The PP pellets (7.4 g) and 100 mL
of xylene added into a 500 mL three-neck round-bottom flask
were heated to reflux at ~140 °C in order to dissolve PP. At the
same time, 0.5 g of PP-g-MA (type “S” or “L”) was dissolved in
20 mL of xylene in a 100 mL beaker under ~140 °C, in which
0.1 g of MWNTSs was added. The mixture was further placed in
the ultrasonication bath for 1 h to form a colloidal solution.
The MWNTSs/PP-g-MA mixture solution was transferred into
the flask, which was heated to reflux and then cooled down to
around 120 °C. Then, 7.0 g of Fe(CO)s was injected into the
flask to obtain a 20.0 wt % Fe-PP MPNCs (calculation was
based on pure Fe element weight fraction). The solution
immediately turned from transparent to brown and then
gradually black during refluxing for an additional 4 h at 140 °C.
The reflux speed was controlled at approximately 1—2 drops/s
to maintain a smooth reaction. Finally, the solution was cooled
down to room temperature and then poured into a large glass
container to evaporate solvent in the fume hood. The black
powders were then dried in a vacuum oven at room
temperature. The PP/20.0 wt % Fe MPNCs (7.5 g of PP, 0.5
g of PP-g-MA (S), and 7.0 g of Fe(CO); without MWNTs),
and PP/5.0 wt % PP-g-MA/1.0 wt % MWNT's composites were
also prepared as control using the same procedures. The Fe
loading was fixed at 20.0 wt % for all the MPNCs, and the
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Figure 1. (a) TEM, (b) HRTEM images, (c) SAED pattern of PP/5.0% PP-g-MA(S)/20.0% Fe MPNCs, and (d) TEM image of the PP/5.0% PP-g-

MA(S)/1.0% MWNTSs PNCs.

loading of MWNTSs was 1.0 wt % except the one without
MWNTs.

The desired samples were prepared from the final powders
using a hot press molding machine (Carver 3853-0). The
concise procedures were as follows. The powders were added
into a cylinder-shaped mold, which was placed between the two
panels in the molding machine. The mold was then heated to
180 °C at a heating rate of 20 °C/min under a pressure of 10
MPa and maintained at 180 °C for 5—10 min to ensure the
formation of compact samples. Finally, the sample was cooled
down naturally to room temperature in the mold.

2.3. Characterization. A transmission electron microscope
(TEM) was used to characterize the particle morphology of the
as-prepared PP MPNCs in a FEI TECNAI G2 F20 microscope
at a working voltage of 200 kV. The samples were prepared
from the hot solution of the PP MPNC:s at the end of synthesis
process. One droplet of the diluted hot solution containing NPs
was dropped on a 400-mesh carbon-coated copper grid
(Electron Microscopy Sciences). The average particle size was
measured by software named “Nano Measurer” based on
approximately 60—100 particles in the obtained TEM images.

Scanning electron microscopy (SEM, JEOL JSM 6700R in
high-vacuum mode) was further utilized to demonstrate the
dispersion of the NPs in the PP matrix in the presence/absence
of PP-g-MA. The samples were mounted on an aluminum stub
by using carbon tape. Then, the samples were sputtered
(Hummer 6.2 system, 15 mA AC for 30 s) to form
approximately 1 nm thick film of Au for better imaging. X-
ray diffraction (XRD) analysis was carried out with a Bruker
AXS D8 Discover diffractometer operating with a Cu Ka
radiation source. The XRD patterns were recorded at 26 from
5° to 70°.

24786

The Mossbauer spectrometer was set to produce a high
precision Doppler velocity modulation of the source y
radiation. The effects of the Doppler velocity modulation on
the absorption of y radiation were recorded synchronously in
the 1024 channels of the multichannel analyzer. The result was
1024 numbers representing registered gamma quanta (repre-
senting a singular quantum) passing through the absorber
under the condition of different Doppler velocity. A separate
calibration procedure was used to establish the exact
correspondence channel velocity. (Spectrometer calibration
was performed by measuring a standard a-Fe absorber, which
produces a well-known six-line spectrum. The whole velocity
range was calibrated using these six velocity points.) The shape
of the absorption spectrum was fitted to a theoretical model
line shape, which was a superposition of singlets, doublets, and
sextets (*’Fe case) of a Lorentzian form. The result was
investigated by chi” criterion, and the theoretical line shape was
tailored to fit experimental spectrum by the adjustment of
spectral parameters like isomer shift, quadrupole splitting,
hyperfine magnetic field, etc.

The magnetic property measurements of all the PP MPNCs
were carried out in a 9 T physical properties measurement
system (PPMS) by Quantum Design at room temperature.

The relative complex permeability (4 = p' + u”) and
permittivity (¢ = ¢ + ¢”) were measured using a network
analyzer (Agilent Technologies model N5232A) based on the
transmission line technique. A donut-shaped specimen was cut
from the as-prepared composite thin sheet (~2.5 mm) after hot
press. The outer and inner diameters of the specimen were 7.00
and 3.04 mm, respectively. The specimen was polished by a
320-grit SiC abrasive paper on a granite flat until a smooth and
uniform surface was achieved. The specimen was then placed in
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Figure 2. TEM images and SAED of (a, b, c) PP/1.0 MWNTSs/5.0% PP-g-MA(S)/20.0% Fe MPNCs and their elemental mapping of (d) carbon, (e)
Fe (green) + oxygen (red), (f) carbon (blue) + Fe (green) + oxygen (red), and (g, h, i) PP/5.0% PP-g-MA(L)/1.0 MWNTSs/20.0% Fe MPNCs.

a sample holder, which was located between the rigid beaded
airline (APC-7) and the flexible coaxial airline (APC-7) that
were connected to the network analyzer. The frequency of
electromagnetic waves tested ranged from 100 MHz to 20
GHz. The permeability and permittivity were directly read by
the software.

A high-resistance meter (Agilent 4339B) equipped with a
resistivity cell (Agilent, 16008B) was used to measure the
volume resistivity after inputting the sample thickness. This
equipment allows resistivity measurement up to 10'® Q. The
source voltage was set at 100 mV and the current was set at 500
HA for all the tested samples. The reported values represented
the mean value of five measurements with a deviation less than
10%.

Microscale combustion calorimetry (MCC) was utilized to
evaluate the fire hazards by measurin§ combustion behaviors
through using milligram-sized samples.””** To be specific, heat
release related parameters including heat release rate (HRR) at
different temperatures, peak heat release rate (PHRR),
temperature at PHRR (Tpppg), and total heat release (THR)
were obtained from MCC. Meanwhile, full width at half-height

(FWHH) was calculated. Here, the data were recorded using a
“MCC-2” calorimeter manufactured by Govmark Inc. according
to the standard method ASTM D7309-2007 (method A). In a
typical measurement, about 3—5 mg of sample was heated from
90 to 600 °C using a heating rate of 1 °C/s in a continuous
stream of nitrogen flowing at 80 mL/min. The thermal
decomposition products (also called as “fuel gases”) were
mixed with a 20 mL/min stream of oxygen before entering a
900 °C combustion furnace to complete the nonflaming
combustion.

3. RESULTS AND DISCUSSION

3.1. Morphological Characterization. Without any
external magnetic field, a self-assembled nanochain consisting
of head-to-tail arranged particle building blocks (average
particle size 17.7 nm) is observed in the in-situ-synthesized
PP/5.0% PP-g-MA(S)/20.0% Fe MPNCs (Figure 1a). The
high-resolution TEM (HRTEM) image (Figure 1b) shows a
core—double shell NPs, ie, crystalline metallic Fe core
(indicated as a 2.03 A lattice spacing, corresponding to a-Fe
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(110) plane, PDF# 06-0696), y-Fe,O; inner shell with a 2.09 A
lattice spacing (y-Fe,O; (400) plane, PDF# 39-1346), and
outer thin layer of graphitized carbon shell with a lattice fringe
of 3.50 A (002). The selected area electron diffraction (SAED)
patterns (Figure 1c) further confirm the existence of Fe and y-
Fe,0; in the formed nanochain as evidenced by the ring
patterns corresponding to Fe (110), y-Fe,O; (220), (311),
(400), (511), and (440). In addition, Fe;C (115), PDE# 00-
003-0400, is also observed in the SAED pattern. Therefore, it
suggests the coexistence of Fe;C with the core—shell Fe@y-
Fe,0; NPs in the as-synthesized PP/5.0% PP-g-MA(S)/20.0%
Fe MPNCs. When adding only 1.0 wt % MWNTs into the PP
matrix in the presence of 5.0% PP-g-MA(S), dispersed
nanotubes are observed (Figure 1d).

While adding 1.0 wt % MWNTs to the PP/5.0% PP-g-
MA(S)/20.0% Fe MPNCs, y-Fe,O; NPs decorated on the
MWNTs are observed in the TEM images (Figure 2a,b) and
the SAED patterns (Figure 2c, ring patterns corresponding to
(220), (311), (400), (511), and (440) planes of y-Fe,O,, PDF#
39-1346). The average size of the decorated y-Fe,O; is about
7.1 nm. In addition, the elemental mappings of carbon, Fe +
oxygen, and Fe + oxygen + carbon are demonstrated in Figure
2d,e/f, respectively, confirming the existence of MWNTSs coated
with Fe,O; NPs. In addition, when changing the PP-g-MA from
“S” to “L”, similar morphology of y-Fe,O; NPs decorated
MWNTs is also observed with an average particle size of 8.3
nm (Figure 2gh,i).

3.2. XRD Analysis. Wide-angle X-ray diffraction (XRD)
patterns were further studied to identify the crystalline structure
of the Fe fillers and the PP matrix (Figure 3). In spite of its

e Fe

Intensity (a.u.)

L v I N T -

" 40 50 60 70
20 (°)

Figure 3. XRD patterns of (a) PP/5.0% PP-g-MA(S)/20.0% Fe, (b)
PP/5.0% PP-g-A(S)/1.0 MWNTSs/20.0% Fe, and (c) PP/5.0% PP-g-
MA(L)/1.0 MWNTSs/20.0% Fe MPNCs. Inset: XRD pattern of PP/
5.0% PP-g-MA(S)/1.0 MWNTs composites.

10 20 30

simple chemical component, PP with sole hydrocarbons shows
remarkable complexity in the crystalline phases. The mainly
reported crystalline phases of PP include a- and y-phases.*”*°
Each phase has its own characteristic peaks and intensity
difference in the XRD patterns. Specifically, the intensity of the
first peak at 26 of 14.1° (110) is always stronger than that of
the second peak at 260 of 16.9° (040) for the a-PP; however,
this is not true when containing the y-phase.*’ The y-phase PP
is usually identified from the peak at 20 of 20.1° (117), while
the peak at 26 of 18.5° (120) is the typical characteristic of a-

phase PP. Previous study has proven that the ratio of y- to a-
phase PP can be determined by the relative peak intensity at 26
of 20.1° for y-phase and 26 of 18.5° for a-phase.*” Other peaks
at 20 of 21.2°, 21.9°, and 25.4° (Figure 3) correspond to the
(131), (041), and (060) crystalline planes of a-phase PP. As
shown in Figure 3, all the prepared PP MPNCs are
demonstrated with a stronger second peak (040) than the
first one (110) except the PP/5.0% PP-g-MA(S)/20.0% Fe
MPNCs without MWNTs, indicating less y phase PP in the PP
MPNCs without MWNTs. Moreover, compared with the
higher peak intensity of (117) than that of (120) for the pure
PP matrix, the relatively less intensive peak at 20.1° (117) than
that of the peak at 18.5° (120) after incorporating either the Fe
NPs or the MWNTSs suggests a reduced amount of y-phase
during the crystallization process.

Earlier studies suggest that PP is inclined to crystallize to y-
phase at a lower cooling rate.*’ Here, the in-situ-formed Fe NPs
or the MWNT's decorated with Fe NPs in the PP matrix create
a pathway for better heat transfer, and thus the cooling rate is
much faster for the MPNCs as compared to that of pure PP.
This eventually favors the better energy dissipation when the
MPNCs are used for absorbing EM energy.

For the in-situ-synthesized NPs in the PP MPNCs without
MWNTs, the XRD pattern (Figure 3a) shows the diffraction
peaks at 20 of 35.6° and 43.2° corresponding to (311) and
(400) crystalline planes of y-Fe,O; (PDF# 39-1346). In
addition, metallic Fe (110) plane (26 of 44.7°, PDF# 06-
0696) and Fe;C (013) plane (26 of 44.3°, PDF#00-003-0411)
are also observed. This agrees well with the observed core—
shell Fe@y-Fe,O; NPs in TEM images (Figure 1b). For the
PP/5.0% PP-g-MA(S)/1.0 MWNTs, due to the lack of
magnetic components, only characteristic XRD peaks of PP
matrix are observed (inset of Figure 3). For the PP/5.0% PP-g-
MA(S)/20.0% Fe/1.0 wt % MWNTs MPNCs, similar peaks to
those of the PP/S.0% PP-g-MA(S)/20.0% Fe were also
observed (Figure 3b), indicating the existence of core—shell
Fe@y-Fe,0; NPs as well as Fe;C after adding MWNTs in the
PP/PP-g-MA/Fe MPNCs. When changing the PP-g-MA from
“S” to “L”, only the characteristic peaks of y-Fe,Oj [including
(311), (400), (511), and (440) planes] are observed (Figure
3c), suggesting the oxidization of Fe NPs in the PP matrix.

3.3. Mossbauer Spectra Analysis. Room temperature
’Fe Mossbauer spectra were investigated to further confirm the
chemical environments of the as-obtained NPs and to
determine the composition of these NPs. The spectra curves
are shown in Figure 4, and the detailed data are listed in Table
1. For the MPNCs filled with only magnetic NPs in the
presence of PP-g-MA (“S”), four components are observed after
the curve fitting (Figure 4a). The main component is metallic
Fe (44%) as evidenced by isomer shift (IS) of 0 mm/s and the
corresponding hyperfine field (HI) of 329 kOe (29%)%°" and
IS of 0.05 mm/s with the corresponding HI of 320 kOe (15%).
The second component (23%) is located at a IS of 0.38 mm/s
and quadrupole splitting (QS) of 1.20 mm/s (Figure 4a),
indicating the Fe’" in a distorted octahedral oxygen environ-
ment. 32% cementite is also identified as the third component
with IS of 0.2 mm/s and its corresponding HI of 205 kOe.**
The last component (1%) located at a IS of 0.65 mm/s and QS
of 1.80 mm/s (Figure 4a) indicates the presence of Fe*** in a
distorted octahedral oxygen environment.**

For the MPNCs filled with magnetic NPs decorated
MWNTs in the presence of PP-g-MA (S), three Fe chemical
environments are observed (Figure 4b). The main iron
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Figure 4. Mossbauer spectra of PP MPNCs with (a) 5.0% PP-g-
MA(S)/20.0% Fe, (b) 5.0% PP-g-A(S)/1.0 MWNTs/20.0% Fe, and
(c) PP/5.0% PP-g-MA(L)/1.0 MWNTSs/20.0% Fe.

Table 1. Room Temperature Mossbauer Spectral Data of the
Measured Samples

composition (%)

sample code Fe Fe¥* Fe™* Fe,C
a 44 23 1 32
b 18 74 8
c 8 92

“PP/5.0% PP-g-MA(S)/20.0% Fe. °PP/5.0% PP-g-A(S)/1.0
MWNTSs/20.0% Fe. “PP/5.0% PP-g-MA(L)/1.0 MWNTs/20.0% Fe
MPNCs.

component in the MPNCs is changed from metallic Fe to oxide
(Fe®*, 74%) after adding 1.0 wt % MWNTs, which is evidenced
by Fe’* in the distorted octahedral oxygen environment (IS of
0.35 mm/s and QS of 0.90 mm/s).>**>> The second rich species
of Fe here is metallic Fe (18%, IS of 0 mm/s with the
corresponding HI of 329 kOe). The last component is 8%
cementite (IS of 0.10 mm/s and HI of 202 kOe). It can thus be
concluded that further oxidation took place when adding 1.0
MWNTs into the PP/5.0 wt % PP-g-MA (S)/20.0 wt % Fe
MPNCs.

Different Fe chemical environments are observed when
changing the PP-g-MA. Here, for PP/1.0 wt % MWNTs/5.0 wt
% PP-g-MA (“L”)/20.0 wt % Fe MPNCs, two components are
observed after the curve fitting (Figure 4c). The main
component is 92% Fe®" in the distorted octahedral oxygen
environment (IS of 0.35 mm/s and QS of 0.83 mm/s). The
second species is metallic Fe (8%, IS of 0.06 mm/s with the
corresponding HI of 327 kOe). Hence, the molecular weight of
PP-g-MA plays an important role on the oxidization of Fe NPs
in the synthesized MPNCs.

Under constant heating in the PP/PP-g-MA/xylene solution,
Fe(CO); underwent a series of thermal decomposition
reactions and formed metallic Fe NPs upon releasing carbon
monoxide.””*"*® Oxidization took place on the surface of Fe
NPs, and iron oxides were formed during the open air synthesis
condition. In our previous work, PP-g-MA was found to be
chemically bound onto the oxide shell of these in-situ-formed
core—shell NPs.>” Moreover, the high concentration chemical
bonding of PP-g-MA on the surface of these magnetic NPs can
prevent further oxidization of the core—shell NPs.”” Here, the
short chain PP-g-MA (S) has more MA groups than its long
chain counterpart (L), which are believed to be responsible for
the stronger stability of thus formed Fe@y-Fe,O; NPs against
further oxidation.”® However, for the PP-g-MA (L), it is not
effective enough to passivate the shell against further
oxidization of the magnetic Fe core. Therefore, more metallic
Fe components are observed in the PP MPNCs with PP-g-MA
(S) as evidenced by the Mossbauer spectra analysis.

3.4. Magnetic Property. Room temperature magnetic
property reveals that the PP/5.0 wt % PP-g-MA (S)/20.0 wt %
Fe MPNCs exhibit a saturation magnetization (M) of 20.5
emu/g-composites (Figure S). In addition, a clear magnetic
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Figure 5. Magnetic hysteresis of (a) PP/5.0% PP-g-MA(S)/20.0% Fe,
(b) PP/5.0% PP-g—A(S)/l.O MWNTs/20.0% Fe, and (c) PP/5.0% PP-
g—MA(L)/l.O MWNTs/20.0% Fe MPNCs.

hysteresis loop with a large coercivity (H,) of 285.4 Oe (inset
of Figure S) is observed, indicating a hard ferromagnetic
behavior (material with H, greater than 200 Oe is defined as
hard ferrornaggnetic, and soft ferromagnetic has H, smaller than
200 Oe).>”"” Nonetheless, both decreased M, (from 20.5 to
12.5 emu/g) and H, (from 285.4 to 136.3 Oe) are observed
when adding 1.0 wt % MWNTs into the PP/5.0 wt % PP-g-MA
(8)/20.0 wt % Fe MPNCs. For the PP/1.0 wt % MWNTs/20.0
wt % Fe MPNCs in the presence of 5.0 wt % PP-g-MA (L),
even lower M of 5.7 emu/g-composites with H_ of 106.2 Oe is
observed (Figure S). As for the difference in H,, magnetically
hard behavior becomes magnetically soft after adding MWNTs
into the MPNCs even though the fact that higher H_ should be
obtained from higher anisotropic effect of the Fe@Fe,O; NPs
decorated on MWNTs.

It is clear that the parameters to cause the difference in
magnetic properties for all the as-obtained PP MPNCs are
mainly attributed to the two aspects, ie., the addition of
MWNTs and the variation in the molecular weight of PP-g-MA.
Without adding MWNTSs, the Fe NPs in the PP matrix are very
well passivated by the PP-g-MA (S) due to the strong chemical
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20.0% Fe, and (d) PP/5.0% PP-g-MA(L)/1.0 MWNTSs/20.0% Fe MPNCs.

bonding of the MA groups on the surface of Fe NPs as proven
in our previous works.*® As a result, 44% of the metallic Fe
remains in the PP matrix, leaving a core—shell Fe @Fe,O; NPs
in the tightly wrapped PP matrix as shown in the TEM images
(Figure 1b) and SEM images (Figure 6a). However, compared
with the small sized Fe NPs, the addition of bigger MWNTSs
introduced more free volume in the PP matrix as evidenced by
the SEM images in Figure 6b—d.%° Therefore, more air can
penetrate into the PP matrix and contact the surface of the in-
situ-formed Fe NPs, leading to further oxidization of metallic
Fe core. This explains well with the decreased metallic Fe
percentage and the corresponding lower M, after adding the
MWNTs into the PP/5.0 wt % PP-g-MA (S)/20.0 wt % Fe
MPNCs. When further varying the molecular weight of PP-g-
MA in the PP MPNCs filled with both MWNTSs and Fe NPs,
the oxidization of Fe NPs becomes more severe when higher
molecular weight PP-g-MA (from type S, M,, = 800 to type L,
M, = 8000) is used. This is probably due to the fact that fewer
MA functional groups are bounded onto the Fe NPs, leaving
more possibility for air to attack the Fe NPs for oxidization.®
3.5. Microwave Absorption. Figure 7 shows the
frequency-dependent real part (¢’) and imaginary part (&)
of the relative complex permittivity (¢, = &’ + i¢”) and the real
part (¢') and imaginary part (u”) of the relative complex
permeability (i, = u’ + iu") for the as-obtained PP MPNCs. As
observed in Figure 7a, for the PP/S.0 wt % PP-g-MA(S)/20.0
wt % Fe MPNCs, the ¢, ', and p” values all experience a slight
decrease (¢’ from 6.0 to 4.5, ' from 1.7 to 1.2, and p” from 0.5
to —0.02), while ¢” has demonstrated a slight increase (from
0.5 to 2.0) within the frequency ranging from 100 MHz to 20

GHz. When incorporating 1.0 wt % MWNTs into the PP
matrix in the presence of 5.0 wt % PP-g-MA (S), the ¢ and p
curves exhibit different patterns. Both &’ and ¢” are decreased
(¢’ from 4.7 to 2.8, &¢” from 1.3 to 0.3) within the frequency
range from 100 MHz to 20 GHz, while y is maintained as 1
and p” is maintained as O since there is no magnetic
components in the PP/1.0 wt % MWNTSs composites (Figure
7b). In addition, one peak at 16.8 GHz is observed in both the
€' and €” curves. When incorporating 1.0 wt % MWNTs into
the PP/5.0 wt % PP-g-MA (S)/20.0 wt % Fe MPNCs, both the
€ and p curves exhibit similar trends to those of the PP/5.0 wt
% PP-g-MA (S)/20.0 wt % Fe MPNCs. In addition, both &” and
" are decreased (&’ from 4.4 to 4.2, ¢” from 0.1 to 0.3), while
u’ and p” are increased slightly (4’ from 2.1 to 1.2 and p” from
0.9 to 0.2) within the frequency range from 100 MHz to 20
GHz (Figure 7c). For the PP/S5.0 wt % PP-g-MA (L)/1.0 wt %
MWNTSs/20.0 wt % Fe MPNCs, the € and p also show slight
difference (¢’ from 4.7 to 3.7, ¢” from 0.4 to 0.2, 4’ from 1.9 to
1.0, and p” from 0.8 to 0.1) within the frequency range from
100 MHz to 20 GHz (Figure 7d). As confirmed from TEM,
XRD, and Mossbauer spectra, the variation in the Fe
composition on the MWNTs in each of the aforementioned
four MPNCs is responsible for the difference in the relative
permittivity and permeability.

To further determine the EM wave absorption quantitatively,
the RL is calculated based on transmission line theory.®" The
RL of the EM radiation under normal wave incidence at a single
layer material surface backed by a perfect conductor can be
defined as®
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lz,, — 1l
lz;, + 11 (1)

Zy,= \/E tanh(—iznfd
€ c ()

where Z;, 4, €, f, d, and ¢ represent the input impedance at the
interface of free space and tested specimens, complex
permeability, complex permittivity, frequency of EM wave,
thickness of the specimen, and the velocity of EM waves in free
space, respectively.'®

The RL of the PP/S.0 wt % PP-g-MA (S)/20.0 wt % Fe
MPNCs with the sample thickness varied from 3.0 to 7.5 mm
was calculated (Figure 8a). The minimum RL reaches —31.5 dB
at 18.0 GHz at a thickness of 5.5 mm. Moreover, the bandwidth
with the RL below —10 dB is up to 3.1 GHz (from 16.9 to 20.0
GHz), while the bandwidth with the RL below —20 dB is up to
0.8 GHz (from 17.7 to 18.5 GHz). When calculated with a
sample thickness of 7.5 mm, the minimum RL reaches —22.3
dB at 13.6 GHz, and the bandwidth with the RL below —10 dB
is up to 2.2 GHz (from 12.3 to 14.5 GHz), while the bandwidth
with the RL below —20 dB is up to 0.6 GHz (from 13.1 to 13.7
GHz). The RL of the PP/5.0 wt % PP-g-MA (S)/1.0 wt %
MWNTs MPNCs with the sample thickness varied from 3.0 to
7.5 mm was calculated (Figure 8b). The minimum RL reaches
—27.2 dB at 16.8 GHz at a thickness of 7.5 mm. Moreover, the
bandwidth with the RL below —10 dB is 1.0 GHz (from 16.2 to
17.2 GHz), while the bandwidth with the RL below —20 dB is
0.2 GHz (from 16.7 to 16.9 GHz). The RL of the PP/5.0 wt %

RL = —20log

)

24791

PP-g-MA (S)/1.0 wt % MWNTs/20.0 wt % Fe MPNCs with
the sample thickness varied from 3.0 to 7.5 mm was also
calculated (Figure 8c). The minimum RL reaches —16.7 dB at
19.6 GHz at a thickness of 5.5 mm. Moreover, the bandwidth
with the RL below —10 dB is up to 1.5 GHz (from 18.5 to 20.0
GHz). When calculated with sample thickness of 5.0 mm, there
is no minimum RL, and the lowest RL at the highest testing
frequency (20.0 GHz) reaches —24.5 dB. This suggests for
potential lower RL beyond 20 GHz, which is unavailable due to
the frequency limit of the testing instrument. Similarly, for the
PP/5.0 wt % PP-g-MA (L)/1.0 wt % MWNTs/20.0 wt % Fe
MPNCs, there might be a potential minimum RL beyond 20
GHz even though the lowest RL at thickness of 5.0/5.5/7.5
mm is quite smaller than that of the PP MPNCs without
MWNTs (Figure 8d).

For the PP/MWNTSs composites, the dielectric loss mainly
attributes to the relaxation process (may include interfacial
polarization, electronic dipole polarization, and orientational
polarization) and is the mechanism of the EM absorption.®®
However, as for the PP MPNCs with magnetic NPs decorated
MWNTs, the MWNTs may play a negative role on the
microwave absorption behaviors of the PP MPNCs within the
tested frequency range. The probable reasons for the resulted
smaller RL value by introducing MWNTSs to form the PP/
MWNTs/Fe MPNCs include (1) the decreased M resulting
from the addition of MWNTs into the PP MPNCs, (2) the
eddy current effect, (3) conductivity difference, and (4)
geometrical effect of the EM absorbing nanofillers. Low M;
will decrease the magnetic permeability, while eddy current loss
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20.0% Fe, and (d) PP/5.0% PP-g-MA(L)/1.0 MWNTSs/20.0% Fe MPNCs.

effect deteriorates the permeability within the high frequency
range. High conductivity will certainly prefer the EM wave
reflection, while the geometrical effect like aligned nanostruc-
tures will favor the strong EM wave absorption.

For the EM wave absorption applications, the high initial
permeability (1;) of an EM wave absorber is favorable, and the

permeability of ferromagnetic materials can be expressed as eq
36465

M 2
po=
akHM, + bA&

©)

where a and b are two constants determined by the material
composition, A is the magnetostriction constant, and & is an
elastic strain parameter of the crystal.®* Meanwhile, K is a
constant to decide the direction of easy axis, which can be
expressed as®*

K = kHM; )
It is obvious from the above equations that higher M, is
favorable to the increase of y;, which in turn enhances the EM
wave absorption. Therefore, among all the as-prepared
MPNCs, the highest M, of the PP MPNCs without MWNT's
should give the highest RL, which can be confirmed in Figure 8.

For the ferromagnetic absorber, the EM absorption proper-
ties are usually subjected to degradation caused by the eddy
current effect in the high frequency region. The eddy current
loss can be evaluated by eq 5:'°

u' o~ 2, (') od’f /3 (s)

24792

where p” is the imaginary permeability and p’ is the real
permeability of the absorber, ¢ (S m™) is the electrical
conductivity, o (H m™) is the permeability in a vacuum, d is
the thickness of the absorber, and f is the frequency. If the RL is
attributed from the eddy current loss effect, the value of C, [C,
= p”"(u')7*f '] is independent of the variation of the testing
frequency. As shown in inset of Figure 9, the C, as a function of
frequency curves clearly indicates that the PP/S5.0 wt % PP-g-
MA (S)/20.0 wt % Fe MPNCs with MWNTs have a significant
eddy current effect as evidenced by the almost constant C,
values within the frequency range from 5.0 to 20.0 GHz. In
addition, a reduced eddy current effect is observed in the
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Figure 9. C, curves as a function of frequency for the PP MPNCs.
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MPNCs without MWNTs, which is confirmed by the
frequency-dependent C, values (Figure 9).

Figure 10 further demonstrates the volume resistivity (R,) of
the as-prepared PP MPNCs. The PP/20.0 wt % Fe/5.0 wt %
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Figure 10. Resistivity of all the as-obtained PP MPNCs.

onto these materials, leading to the improved EM wave
absorption. The head-to-tail arrangement of Fe@Fe,O; core—
shell NPs in the PP matrix without MWNT's may also have this
geometrical effect. Compared with the reported paraffin wax
composites incorporated with 25.0 wt % graphene@Fe;O,
(maximum RL of 11.7 dB at a sample thickness of 2.0 mm
and EM absorption frequency bandwidth at RL values under
the 10 dB is 1.1 GHz) and graphene@Fe;0,@SiO, hierarchical
nanofillers (the maximum RL of 22.1 dB and the frequency
bandwidth at RL values under 10 dB is 2.2 GHz),” our in-situ
one-pot formed PP MPNCs exhibit better EM wave absorption
performance with lower filler loading. Meanwhile, even
compared with the carbon nanotubes encapsulated with
metallic iron filled epoxy composites (16.7% filler loading),”*
the as-prepared PP MPNCs also demonstrate the advantages
such as easiness of composites fabrication and lower RL.

3.6. Combustion Behavior and Fire Hazard. MCC was
utilized to further evaluate the fire hazards’>”> of pure PP and
its MPNCs. Figure 11 depicts the HRR vs temperature curves,

PP-g-MA (S) MPNCs exhibit a R, of ~5 X 10"* ohm-cm (Q-
cm), while the PP/5.0 wt % PP-g-MA (S)/1.0 wt % MWNTs
composites have a R, of 9.4 X 10" Q-cm. In addition, R, is
decreased to ~2 X 10'2 Q-cm for the PP/1.0 wt % MWNTs/
20.0 wt % Fe/S5.0 wt % PP-g-MA(S) MPNCs. When further
changing the PP-g-MA from “S” to “L”, a similar R, of 6.8 X
10" Q-cm is observed. This suggests that with 1.0 wt %
MWNTs, 20.0 wt % Fe@Fe,O; NPs, and 1.0 wt % MWNTs
decorated with 20.0 wt % Fe@Fe,O; NPs/Fe,O; NPs, the
obtained PP nanocomposites remain insulated, probably due to
the tightly covered nonconductive PP-g-MA on the surface of
these nanofillers to prevent the direct contact among the NPs.
Usually, the EM wave absorption efliciency of the polymer-
based composites depends on many factors, including the
electrical conductivity, dielectric constant, and magnetic
permeability.”' Also, ideal performance of one EM wave
absorbing material (consisted of both magnetic and dielectric
components) is mainly attributed to two factors: impedance
matching and EM wave attenuation. The ideal condition for a
perfect absorber is that the conductive component decorated
with relatively insulating magnetic component can lower the
permittivity of the absorber and improve the equality between
permittivity and permeability to facilitate the balance of
impedance matching.***> While the permittivity is correlated
to the conductivity (resistivity),>"*® the impedance match is the
reason that better EM wave absorption of the PP/Fe MPNCs
than the PP/MWNTSs/Fe MPNCs. The lower R, observed for
the PP MPNCs without MWNTSs can provide better
impedance match between magnetic loss and the dielectric
loss. This also explains why the presence of MWNTSs in the
PP/MWNTs/Fe MPNCs triggered the observed eddy current
loss effect.

For the EM wave absorption, apart from the dielectric loss
and magnetic loss, the EM wave may also be absorbed due to
the geometrical effect, as found in the Ni nanowires®’ and
MWNTSs composites.”> When the thickness (d) of absorber
satisfies the equation d = nd,/4 (n=1, 3, 5, ...), where 4, is the
wavelength in the absorber at some specific frequency, the
incident and reflected waves in the absorber are out of phase
180° and thus the reflected waves at the free space—absorber
interface are totally canceled.” Here, the alignment of magnetic
NPs into well-defined rod- and chain- like structures is believed
to increase the geometrical effect when an EM wave radiated
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Figure 11. HRR as a function of temperature for pure PP and the PP
MPNCs.

Table 2. MCC Data of the Measured Samples

PHRR PHRR Tyme  THR  FWHH
composition  (w/g) reduction (%) (°C) (KJ/g) (s)
PP 1513.0 490.4 40.6 242
a 890.6 41.1 488.8 33.1 312
b 872.3 42.3 491.8 334 334
c 867.2 42.6 489.8 30.8 31.3

“PP/5.0% PP-g-MA(S)/20.0% Fe. "PP/5.0% PP-g-A(S)/1.0
MWNTSs/20.0% Fe. “PP/5.0% PP-g-MA(L)/1.0 MWNTs/20.0% Fe
MPNCs.

and Table 2 lists the corresponding heat release parameters.
HRR is the single most important parameter to assess the fire
hazard of one flammable material.”* The higher PHRR one
material generates under a specific heat flux, the more
dangerous it will become under a fire accident. Pure PP is a
highly flammable material with an observed PHRR of 1513.0
w/g and THR of 40.6 kJ/g. Meanwhile, the initial thermal
decomposition and Tpypg are ~400 and 490.4 °C, respectively.

For the PP/5.0 wt % PP-g-MA/20.0 wt % Fe MPNCs, the
PHRR is decreased from 1513.0 to 872.3 W/g (~42.3%
reduction), THR is decreased from 40.6 to 33.4 W/g, and the
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initial decomposition temperature is increased from 490.4 to
491.8 °C upon adding the Fe NPs (Table 2). Apparently, with
excluding the dilution of combustible PP through the 20.0 wt %
non-hydrocarbon nanofillers, an additional 22.3% decrease in
PHRR indicates a flame retardancy effect of these in-situ-
formed Fe NPs on the PP matrix. More precisely, a barrier
effect from these Fe NPs was believed to be responsible for this
flame retardancy as suggested by the delayed initial
decomposition temperature. During the thermal decomposi-
tion, heat and mass transfers between gas and condense phases
were slowed down by forming an insulating layer from the in-
situ-formed Fe NPs when the MPNCs were exposed under
heat, and thus fast decomposition of polymeric PP matrix was
suppressed.”” In addition, the FWHH of the PP/5.0 wt % PP-g-
MA/20.0 wt % Fe MPNCs is increased to 33.4 compared with
that of 24.2 s for pure PP, further suggesting a flame-retardant
mechanism with longer heat release duration.®® No significant
PHRR reduction is observed when either adding 1.0 wt %
MWNTs or varying the molecular weight of PP-g-MA in the
PP/Fe MPNCs (Table 2). Unlike the catalytic effect of cobalt—
cobalt oxide core—shell NPs and PP-g-MA on reducing the fire
hazards of PP,*” the as-prepared Fe@Fe,O; core—shell NPs
here did not show any catalytic effect on PP. Nonetheless, these
in-situ-formed NPs in the PP matrix obviously have
demonstrated the advantage by shielding the polymeric matrix
from fast thermal degradation at high temperatures.

4. CONCLUSION

An in-situ one-pot method is developed to prepare the PP
MPNCs reinforced with either Fe@Fe,O; core—shell NPs or
MWNTs decorated with Fe@Fe,O; core—shell NPs in the
presence of surfactant PP-g-MA, which is promising for high
efficiency EM wave absorption application with controllable
frequency range at GHz. Moreover, the significantly reduced
flammability of these MPNCs (compared with pure PP) is
good for making safer EM wave absorber to satisfy stringent
industrial and federal standards. The PP MPNCs without
MWNTs clearly have demonstrated promising EM wave
absorption without suffering from eddy current loss effect. A
minimum —31.5 dB RL corresponding to more than 99.9% EM
wave can be reached and different reflection loss frequency
range can be achieved by simply varying the absorber thickness.
It is also interesting to discover that the addition of small
amount of MWNTs (ie., 1.0 wt %) during the fabrication of
PP/Fe MPNCs plays a negative role on improving the RL due
to the reduced magnetization and the eddy current loss effect.
Nonetheless, the PP MPNCs with MWNT's show potential for
high-frequency EM wave absorption as indicated by its low
reflection loss below —20 dB at 20.0 GHz. Therefore, the
prevention against the oxidation of the as-prepared iron NPs
can favor the further enhancement in the microwave absorption
performance, ie., the RL frequency bandwidth under 10 dB.”
The preparation of MPNCs with the in-situ-formed hierarchical
nanostructure fillers can also be applied to synthesize other
fillers such as graphene decorated magnetic nanostructures and
other binary components such as iron oxide/barium titanate for
hlig}717 };erformance lightweight EM wave absorption materi-
als.”™”
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