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ABSTRACT: We report a synthetic strategy for coating multiwalled carbon
nanotubes (MWCNTs) with cross-linked octa-methacrylate-polyhedral oligomeric
silsesquioxane (MA-POSS) by direct, in situ free-radical polymerization in a
controlled manner. This strategy resulted in a core−shell structure with an
MWCNT center. The shell thickness could be varied from ∼7 nm to 40 nm by
choosing different initiators, solvents, and weight ratios of MWCNT and octa-MA-
POSS. Coated MWCNT hybrids had controlled electrical performance depending
on the coating layer thickness and were well-dispersed in the polymer matrix.
POSS-coated MWCNTs were compounded with poly(vinylidene fluoride) to
obtain a composite with high dielectric permittivity and low dielectric loss.
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■ INTRODUCTION

Carbon nanotubes (CNTs) have attracted considerable
attention since their discovery,1 because of their unique
electronic, optical, mechanical, thermal, and structural proper-
ties.2−4 However, the strong interactions between CNTs limit
their use. Researchers have proposed several methods to
overcome this problem, including chemical modification,5−7

physical absorption,8 Friedel−Craft acylation prereaction,9 and
wrapping with polymers.10−13 Unfortunately, these methods
cannot achieve the desired results with a simple process. One of
the main methods used to functionalize CNTs is to introduce
carboxylic acid groups to the CNT surface by oxidation with
concentrated HNO3 and H2SO4 and subsequent conversion of
these acids into other functional groups.14−17 Although this
method is popular and efficient, it has several disadvantages,18

including pollution, low yield, and the additional reactions that
are required. While ozone technology may introduce some
functional groups to CNTs, exfoliation of CNT bundles or
networks is difficult, because of the gas-phase reaction.19

Radical polymerization is a common method in chemistry,20

because it requires a simple process and is applicable to a wide
array of monomers. Thus, many researchers have used free-
radical initiators to modify the CNT surface.
Functionalizing CNTs with free radicals has been studied

extensively. Ying et al.21 first reported using benzoyl peroxide
(BPO) to functionalize single-walled CNTs. Free radicals
generated by decomposing BPO with alkyl iodides were used to
derivatize small-diameter, single-walled CNTs. The degree of
functionalization, which was estimated by thermogravimetric

analysis (TGA), was as high as one in five C atoms in the
nanotube framework, and the derivatized CNTs had improved
solubility in organic solvents. Peng et al.22 reported that CNTs
and their fluorinated derivatives react with organic peroxides
such as BPO and lauroyl peroxide to produce phenyl and
undecyl sidewall-functionalized CNTs, respectively. Several
researchers have used peroxy23−27 and azo derivatives28−31 to
modify CNTs. Modified CNTs have been further processed
with satisfactory results.32,33 However, these previous studies
mainly focused on grafting CNTs with small molecules or linear
or branched macromolecules. In our previous work, we
reported a strategy to coat CNTs with cross-linkable material
by combining Diels−Alder cyclo-additions with atom transfer
radical polymerization (ATRP).34 Here, we introduce a direct
radical reaction to obtain controllable surface thickness on
electrically conductive CNTs. This reaction is convenient,
energy-efficient, and has great industrial potential.
Polyhedral oligomeric silsesquioxane (POSS) is an organic−

inorganic hybrid nanoparticle with a high melting point, low
volatility, and good stability at 300 °C.35,36 POSS also has a low
dielectric constant and can improve the polymeric breakdown
voltage.37,38 Given its excellent properties and chemical
structure, POSS is a good interface layer and insulative filler
material. The electrical properties of the conductive filler can be
controlled by adjusting the insulating interface layer, such as by

Received: June 10, 2014
Accepted: October 22, 2014
Published: October 22, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 18635 dx.doi.org/10.1021/am503633t | ACS Appl. Mater. Interfaces 2014, 6, 18635−18643

www.acsami.org


applying a polymer/CNT composite dielectric material.39

Introducing an insulating barrier layer between conductive
CNTs and the polymer matrix prevents percolation after
conductive particles make direct contact in the composite
dielectric. Consequently, the dielectric constant improved and
percolation within the material of the compound leakage
current decreases. The dielectric constant of the composite
material is stable with various filler contents and improves the
breakdown voltage of the composite material.
In the present study, we report a synthetic strategy to coat

multiwalled carbon nanotubes (MWCNTs; POS@CNTs) with
cross-linked octa-methacrylate-polyhedral oligomeric silses-
quioxane (MA-POSS) efficiently using direct in situ free-radical
polymerization in a homogeneous system. Two typical radical
initiators were used: BPO and an FeSO4/K2S2O8 compound.
Unlike conventional functional techniques, our chemical
method does not require any acid treatment of CNTs. The
POS@CNTs had excellent dispersion and controlled electrical
properties, thereby expanding the possible applications of
polymeric composites.

■ EXPERIMENTAL SECTION
Materials. Multiwalled CNTs (MWCNTs, 30−45 nm in diameter

and 5−15 um long, purity >98%) were purchased from Chinese
Academy of Sciences Chengdu Organic Chemicals Co., Ltd. Octa-
methacrylate POSS (MA-POSS) ((C7H11O2)n(SiO1.5)n, where n = 8)
was purchased from Hybrid Plastics America, as shown in Figure 1.

BPO was purchased from Beijing Chemical Reagent Co., Ltd. and
recrystallized with chloroform. FeSO4 and K2S2O8 were purchased
from Beijing Chemical Reagent Co., Ltd. and recrystallized with
deionized water. Ethanol, dimethyl sulfoxide (DMSO), dimethylfor-
mamide (DMF), acetone, and chloroform, all >99.5% purity, were
purchased from Beijing Chemical Factory and used as received.
Poly(vinylidene fluoride) (PVDF) was purchased from Alfa Aesar
(CAS No. 24937-79-9).
Synthesis of POS@CNTs. In a typical experiment, MA-POSS (250

mg) was dissolved in 100 mL of solvent (when the radical initiator was
BPO, the solvent was DMF; when the radical initiator was FeSO4/
K2S2O8, the solvent was DMSO). The solution was poured into a
three-necked round-bottom reaction flask with 50 mg of MWCNTs.
After ultrasonic dispersion in an ultrasonic bath at 700 W and room
temperature for 30 min, the initiator was added, the composition of
which is shown in Table 1. The temperature was kept at 80 °C for
BPO and 60 °C for FeSO4/K2S2O8 for 6 h under a nitrogen
atmosphere. The mixture was then cooled to room temperature;
filtered through a 0.22-μm polytetrafluoroethylene (PTFE) mem-

brane; and washed with dimethylformamide (DMF), dimethylsulf-
oxide (DMSO), H2O, C2H5OH, and CHCl3 to remove impurities.
The purified product was dried to a black powder in a vacuum oven at
45 °C overnight. The samples were named as shown in Table 1.

Preparation of POS@CNT/PVDF Composites. Different
amounts of POS@CNTs were blended with PVDF (1 g) in DMAc.
Both POS@CNTs and PVDF were mixed with 40 mL of DMAc,
separately packed in a 100-mL flask, covered with parafilm, and stirred
at room temperature for 4 h. A solution containing POS@CNTs was
added to the PVDF solution and stirred for another 4 h. The final
mixture was dried in a vacuum oven at 70 °C overnight night to
remove the solvent. Pure MWCNT/PVDF was used as a reference
sample.

Characterization. Fourier transform infrared (FT-IR) spectra
(Bruker Tensor 27) were used to characterize the functional groups on
the CNT surface. The samples were embedded in KBr disks. X-ray
photoelectron spectroscopy (XPS) was recorded on an ESCALAB 250
spectrometer (Thermo Electron Corp.) in fixed analyzer transmission
mode with the Mg Kα X-ray source and a magnetic lens system that
yielded high spatial resolution and high sensitivity. The pressure in the
analysis chamber was 2 × 10−10 mbar. Raman spectroscopy (inVia
model, Renishaw plc) at 514 nm with a 1.5 cm−1 resolution was used
to confirm the POS@CNT structure. Thermogravimetric analysis
(TGA) was conducted using a TGA system (Netzsch, Model
TG209F3) in a nitrogen atmosphere. Samples were heated at a rate
of 10 °C/min from 50 °C to 600 °C to determine weight loss. The
morphologies of the coated MWCNTs were identified by transmission
electron microscopy (TEM) (Tecnai, Model G220). The samples were
dissolved in DMF and deposited dropwise onto a microgrid. The
electrical resistivity of the POS@CNTs was tested with a four-probe
tester (Model SZT-2, which was purchased from Suzhou Tong
Chuang Electronics Co., Ltd.). The test samples were placed directly
into the mold and pressed at room temperature with a manual bench
press machine (Model FY-30) at 20 MPa for 10 min. Prototype test
samples 10 mm in diameter and ∼1 mm thick were obtained.
Dielectric constant and dielectric loss (loss tangent, tan δ) were
measured (Agilent, Model 4294A with a Model 16451B fixture (40
Hz−110 MHz) at a temperature of 25 °C. Samples were prepared
using a flat die rheometer (Model BL-6170C, Dongguan Bao Lun
Precision Testing Instrument Co., Ltd., 4 HP) to ∼1 mm thick, and
three different areas were measured from 100 MHz to 30 MHz.

Figure 1. Molecular structure of MA-POSS.

Table 1. Composition of Reaction Mixtures

sample
MWCNT
(mg)

MA-
POSS
(mg)

MWCNT/
MA-POSS

BPO
(mg)

FeSO4/K2S2O8
(mg/mg)

POS@
CNT-B5

50 250 1:5 12.5 0

POS@
CNT-B10

50 500 1:10 25 0

POS@
CNT-B15

50 750 1:15 37.5 0

POS@
CNT-B20

50 1000 1:20 50 0

POS@
CNT-Fe2

50 100 1:2 0 10/15

POS@
CNT-Fe5

50 250 1:5 0 25/37.5

POS@
CNT-
Fe10

50 500 1:10 0 50/75

POS@
CNT-
Fe15

50 750 1:15 0 75/112.5

POS@
CNT-
Fe20

50 1000 1:20 0 100/150
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■ RESULTS AND DISCUSSION
POS@CNTs. The POS@CNT hybrids prepared by direct

free-radical polymerization were characterized by Fourier
transform infrared (FT-IR) spectroscopy, which can be used
to analyze the functional groups attached to the sidewalls of
MWCNTs (see Figure 2). When the initiator was BPO (Figure

2A), a peak indicating Si−O−Si stretching appeared at 1120
cm−1. The strength of this peak increased as the MA-POSS
ratio increased, which shows that MA-POSS is attached to the
MWCNTs. The CO vibration peak at 1730 cm−1

fit the MA-
POSS structure, which contains eight ester groups. Peaks from
2835 cm−1 to 3010 cm−1 were characterized as C−H stretching,
and their intensities increased greatly after functionalization,
compared with those of pristine MWCNTs. This phenomenon
may be explained by alkyl groups attached to the MWCNT
surface. When the initiator was the FeSO4/K2S2O8 redox
system, similar results were achieved (Figure 2B). With the
redox system, nearly all characteristic peaks were more obvious
than with the BPO system, which was attributed to the ability
of the initiators and solvents to trigger functionalization. This
phenomenon agrees with the TEM observations.
Attaching MA-POSS allowed us to directly observe the

coated MWCNTs using TEM (Figure 3). Figure 3a shows a
typical TEM image of pristine MWCNT, which has a clean and
uniform surface. The image of POS@CNT-B5 in Figure 3b
reveals that attaching MA-POSS produces MWCNTs with a

“bumpy” sidewall ∼7 nm thick. As the amount of MA-POSS
increased, the core−shell structure remained the same, but the
thickness of the coating layer increased to ∼15 nm (Figure 3c).
When the weight ratio of MA-POSS to MWCNT was <15, a
thin POSS layer coated the surface of the MWCNTs. The
thickness of the coating layer increased with the MA-POSS
ratio. When the weight ratio of MA-POSS to MWCNT was
≥15, no separate coated MWCNTs were obtained, because the
MA-POSS layers cross-linked with each other (image not
shown).
Figures 3d−f show TEM images of POS@CNTs obtained

with a FeSO4/K2S2O8 initiator. Similar to those with the BPO
system, MWCNTs had “bumpy” sidewalls, and the thickness of
the shell increased with increasing MA-POSS. However, at the
same weight ratio of MA-POSS to MWCNTs, the cross-linked
MA-POSS layer with FeSO4/K2S2O8 was thicker than that with
BPO. For example, as shown in Figure 3e, the POS@CNT-Fe5
layer was ∼40 nm thick, which was thicker than the POS@
CNT-B5 layer. At a MA-POSS to MWCNT ratio of 1:5, the
coating was ∼40 nm thick (Figure 3e). A core−shell hybrid of
that thickness could not be obtained with BPO, because of
cross-linking. As the amount of MA-POSS used increased
further, the coating thickness did not increase significantly. The
coating surface became rougher and MA-POSS cross-linking
occurred at an MA-POSS to MWCNT ratio of 1:10 (Figure
3f). Adjusting the ratios of reactants and initiators can regulate
the POSS thickness on the MWCNT surface to some extent.
To verify whether CNT surface modifications were covalent

or noncovalent, Raman spectroscopy was used to characterize
CNTs before and after radical functionalization (Figure 4). The
change from sp2 C to sp3 C induced by functionalization
increased the disorder band intensity. A covalent bond created
between a C atom on the nanotube surface and a functional
group modified the hybridization of the C atom, giving it
greater sp3 character. An increased number of surface “defects”
increased the changes in the D-band intensity.40 The Raman
spectra of MA-POSS-coated MWCNTs (Figure 4) showed a
large increase in the disorder-induced D-band at 1345 cm−1 and
a broader tangential G-band at 1570 cm−1, which can be
attributed to covalent interactions between radicals and
nanotube walls.
Considering the Raman spectra of the MWCNTs, two

intense features were assigned to the D-band at 1345 cm−1 and

Figure 2. FT-IR spectra of POS@CNTs with (A) BPO and (B)
FeSO4/K2S2O8 as initiators.

Figure 3. TEM images of (a) pristine MWCNT, (b) POS@CNT-B5,
(c) POS@CNT-B10, (d) POS@CNT-Fe2, (e) POS@CNT-Fe5, and
(f) POS@CNT-Fe10.
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the G-band at 1570 cm−1. The G-band was attributed to first-
order scattering of the E2g phonon of sp2 C atoms, whereas the
D-band was attributed to the sp3 states of the C atom. The
intensity ratios of the D- and G-bands (ID/IG) can be used to
show disruption of the aromatic π-electrons in CNTs.41 The
ID/IG ratios of the hybrids in Figure 4A were 0.896 for POS@
CNT-B5, 0.897 for POS@CNT-B10, 0.915 for POS@CNT-
B15, and 0.974 for POS@CNT-B20, all of which were larger
than that of the pristine MWCNTs (0.715). The ID/IG ratios of
the hybrids shown in Figure 4B were 0.895 for POS@CNT-F2,
0.911 for POS@CNT-F5, 0.987 for POS@CNT-F10, 0.954 for
POS@CNT-F15, and 0.958 for POS@CNT-F20, all of which
were larger than that of the pristine MWCNTs (0.715).
This result indicates that numerous sp2-hybridized C atoms

were converted to sp3-hybridized C atoms because MA-POSS
was covalently attached to the MWCNT sidewalls. Using
FeSO4/K2S2O8 as the initiator gave similar results. The results
show that MA-POSS and MWCNTs were connected by
covalent bonds.
Figure 5 shows the full and narrow scan Si 2p XPS spectra of

five different samples. As shown in Figure 5A, the C 1s (286.9
eV), O 1s (534.81 eV), and Si 2p (104.8 eV) peaks were
detected in all five samples. The oxygen concentration of
MWCNTs obviously increased when coated with MA-POSS
from 4.25 at. % for pristine MWCNTs to 7.57 at. % for POS@
CNT-B5, 22.83 at. % for POS@CNT-B10, 22.74 at. % for
POS@CNT-F2, and 20.28 at. % for POS@CNT-F5. The
increased oxygen content can be attributed to the production of
MWCNTs coated with MA-POSS. To further characterize the
POSS coating, the Si 2p peak area of POS@CNTs was

calculated and is shown in Figure 5B. The silicon concentration
of MWCNTs was 2.11 at. % for pristine MWCNTs, 4.40 at. %
for POS@CNT-B5, 8.99 at. % for POS@CNT-B10, 15.27 at. %
for POS@CNT-F2, and 13.65 at. % for POS@CNT-F5. The
fact that the silicon concentration in POS@CNTs was larger
than that in pristine MWCNTs demonstrates that the
MWCNTs were coated with POSSs.
TGA was used to determine the relative amounts of coating

polymer on POS@CNTs (see Figure 6), because modified
CNTs can be defunctionalized by thermal decomposition. The
POS@CNTs coating lost considerable weight from 300 °C to
600 °C, which corresponds to decomposition of the attached
MA-POSS. By contrast, the pristine MWCNTs only lost 1.3%
of their weight at 600 °C in a nitrogen atmosphere. Figures 6A
and 6B show that samples with different coating thicknesses
lost various amounts of weight upon heating to 600 °C. The
weight losses of modified MWCNTs (i.e., 11% for POS@CNT-
B5, 27% for POS@CNT-B10, 38% for POS@CNT-Fe2, and
45% for POS@CNT-Fe5) were consistent with the coating
thickness observed on TEM.
The results described thus far indicate that free-radical

initiators can induce multifunctional monomers that contain
CC bonds to functionalize MWCNTs, leading to control-
lable coating of the MWCNT surface. Ying et al.21 dispersed
single-walled CNTs in benzene via ultrasonication. They found
that alkyl iodides react with radicals via a diffusion-controlled
process to form alkyl radicals, which then combine with the
CNTs. In the present study, the initiators generated radicals
through decomposition. The MA-POSS combined with these
free radicals to form reactivity centers, which subsequently
reacted with the MWCNTs. Zhang et al.42 used a computer
simulation to theoretically infer that the double bond on the
CNT surface can be opened to participate in a polymerization

Figure 4. Raman spectra of POS@CNTs with (A) BPO and (B)
FeSO4/K2S2O8 as initiators.

Figure 5. XPS spectra of MWCNT and POS@CNTs: (A) full scan
spectra and (B) narrow scan spectra.
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reaction under certain conditions. They also found that suitable
initiators could attack the CNTs and form CNT radicals. These
new radicals are also reactive and could induce further reaction
with the monomers. Our experiments support these predictions
to a certain extent. We believe that the coating mechanism
occurs as follows. The initiators generate radicals through
decomposition. The free radicals then combine with MWCNT
or MA-POSS to form a new reactivity center. Finally, the MA-
POSS molecules react around the reactivity center to create an
MWCNT coating.
The electrical performance of POS@CNT hybrids correlated

with the thickness of the insulating POSS shell on coated
MWCNTs (Table 2). The electrical resistivity of pristine

MWCNTs (0.75 Ω cm) was smaller than that of POS@CNT
hybrids (3.69 Ω cm for POS@CNT-B5, 347.6 Ω cm for POS@
CNT-B10, and 2505 Ω cm for POS@CNT-Fe2). This result
shows that increases in electrical resistivity were caused by
larger bundles of dispersed tubes. These bundles decreased the
number of tube−tube contacts, which are required for
percolation. The thicker-insulating POSS layer on the surface
of the MWCNT also increased the electrical resistivity. When

the coating thickness exceeded 40 nm, the electrical
conductivity of the hybrids decreased beyond the range of
the four-probe tester used in this work.

Dielectric Properties of the POS@CNT/PVDF Compo-
sites. POS@CNT dispersion in the polymer matrix was
examined via SEM. The fractured surfaces of POS@CNT-B5/
PVDF composites (Figure 7) showed good dispersion of

MWCNTs coated with MA-POSS within the PVDF matrix. At
lower filling volumes (see Figures 7a and 7b), individual
MWCNTs were visible in the matrix. No agglomeration was
found throughout the observation field. Even at higher filling
volumes (Figures 7c and 7d), POS@CNT-B5 did not
agglomerate in the matrix. A large number of nanotubes with
broken ends were observed on the fracture surface, which
reveals that the POSS layer improved the dispersion of coated
MWCNTs within the PVDF matrix. SEM images clearly show
that coated POS@CNTs were well-dispersed, rather than
grafted, on the polymer matrix.
To increase the dielectric constant of a polymer by using a

small amount of filler, a strategy used to fabricate percolative
capacitors with conductive fillers was developed. As the volume
fraction ( f) of the conductive fillers approaches the vicinity of
the percolation threshold ( fc), where the fillers connect with
each other to form a continuous conducting path, the dielectric
constant (ε) of the composites can be enhanced as described by
the following power law:43

ε ε∝ | − |−f f s
m c

where εm is the dielectric constant of the matrix and s is an
exponent with a value of ∼1. Because of insulator−conductor
transitions at the percolation threshold, the dielectric loss of
percolative composites also increases in the vicinity of the
percolation threshold, which counteracts the benefits of
enhancing their dielectric constants.

Figure 6. TGA curves of POS@CNTs with (A) BPO and (B) FeSO4/
K2S2O8 as initiators.

Table 2. Electrical Resistivity of Pristine MWCNT and
POS@CNTs

sample log(electrical resistivity) (Ω cm)

MWCNT −0.125
POS@CNT-B5 0.567
POS@CNT-B10 2.541
POS@CNT-Fe2 3.399

Figure 7. SEM images of POS@CNT-B5/PVDF composites with (a)
1 wt %, (b) 3 wt %, (c) 5 wt %, and (d) 7 wt % POS@CNT-B5.
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In this work, we used an insulated coating POSS layer to
create a core−shell structured hybrid filler POS@CNT. POSS
layers can reduce the dielectric loss of percolative composite
capacitors by adding carbon nanotubes into polymer matrices.
The dielectric loss of these percolative composites is usually
high, because of insulator−conductor transitions near the
percolation threshold.
The dielectric properties of the MWCNT/PVDF and POS@

CNT-B5/PVDF composites are shown in Figure 8, as a
function of frequency at room temperature. In all percolative
polymer composites, the dielectric constant of both MWCNTs
and POS@CNT-B5 increased as the filler proportions
increased. CNTs formed a connection between the top and
bottom electrodes, and each interparticle junction can be
treated as a nanocapacitor.44 The presence of a large number of
nanocapacitors eventually forms a high dielectric composite.
The pure MWCNT-based composite had a larger growth trend
than the POS@CNT-B5/PVDF composite did, because the
CNT surfaces of the latter were coated with a POSS layer.
Although percolative polymer composites are reported to have
high dielectric constants, they are not effective for embedded
capacitor applications, because the conductive nature of the
filler results in high dielectric loss at high filler loading levels.
As the filler proportion of MWCNTs and POS@CNT-B5

increased, the dielectric loss of the composite increased, but
with different trends (see Figure 9). The dielectric loss of the
pure MWCNT/PVDF composite rapidly increased with

increasing filler proportion; at 3 and 5 wt % MWCNTs, the
dielectric losses were as high as 162.5 and 687.3, respectively, at
1 kHz. The dielectric loss of the POS@CNT-B5/PVDF
composite could be controlled to levels lower than that of the
pure MWCNT/PVDF composite. At 3 and 5 wt % POS@
CNT-B5, the dielectric losses of the resultant composites were
as low as 0.25 and 0.53, respectively, at 1 kHz. These low values

Figure 8. Dielectric constants and dielectric losses of (A) MWCNT/PVDF and (B) POS@CNT-B5/PVDF composites at different filler contents.

Figure 9. Dielectric loss of the POS@CNT-B5/PVDF composite at
different filler contents compared with that of pure MWCNT/PVDF
at 1 kHz.
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are beneficial for industrial applications of the composite
materials.
The dielectric losses of the POS@CNT-B5/PVDF and

MWCNTs/PVDF composites differ because of the presence of
the coating layer, which serves as a barrier between CNT
particles and prevents them from directly overlapping with one
another. The cross-linked octa-MA-POSS has a low dielectric
constant (∼1.85 at 1 MHz),37 which may also explain the
relatively low dielectric loss of the POS@CNT-B5/PVDF
composite. Interfaces with good integrity are desirable in
reducing dielectric loss, because they provide an efficient
insulating barrier to avoid quantum tunneling and suppress the
resulting current leaks. The presence of a coating layer allows
the dielectric loss to be controlled to low levels.
Filler/matrix interfaces play a completely different role in the

electrical and dielectric constant and dielectric loss of
percolative composites. Contact resistivity at the interface is
less desirable for enhancing electrical conductivity, consistent
with the electrical resistivity results, whereas high interfacial
resistivity suppresses tunneling between adjacent fillers and
leads to high-k, low-loss percolative composites.39

Unlike the dielectric of the POS@CNT-B5/PVDF compo-
site, the dielectric constant of the POS@CNT-Fe5/PVDF
composite grows slowly (Figure 10). At a filler proportion of 5
wt %, the dielectric constant of POS@CNT-Fe5/PVDF
composite at 100 kHz was 12.7 (vs 57.9 for POS@CNT-B5/
PVDF at the same filler proportion). Moreover, the dielectric
loss of the POS@CNT-Fe5/PVDF composite at 100 kHz was
only 0.065 (vs 0.55 for POS@CNT-B5/PVDF at the same filler
proportion). These findings indicate that thicker POSS layers

exert better barrier effects toward the CNTs than thinner POSS
layers do, and thicker layers prevent direct overlaps between
particles. Thus, the POS@CNT-Fe5/PVDF composite has a
lower dielectric constant and dielectric loss than does the
POS@CNT-B5/PVDF composite.44

The dielectric constant and dielectric loss for POS@CNT/
PVDF composites with different filler properties are shown in
Figure 11 at different frequencies. The dielectric loss of

MWCNT/PVDF was higher than that of POS@CNT/PVDF.
This result suggests that decreases in dielectric loss were related
to the thickness of the POSS layer. If the coating layer is thin,
the MA-POSS coating layer may act as an interface and help
MWCNTs disperse into the PVDF matrix to prevent them
from overlapping. Consequently, percolation is avoided and
dielectric loss is controlled within a relatively low range.

■ CONCLUSION
In this study, carbon nanotubes (CNTs) were successfully
functionalized by a fairly simple and low-cost approach
involving a one-step operation that is environmentally friendly
and energy-efficient. Pristine multiwalled carbon nanotubes
(MWCNTs) were successfully coated with a monomer
containing multiple CC bonds, MA-POSS, in a controlled
manner by direct in situ free-radical polymerization initiated by
either BPO or the FeSO4/K2S2O8 redox system. MA-POSS
coatings of various thickness were achieved by adjusting the

Figure 10. Variations in the dielectric constant and dielectric loss of
POS@CNT-Fe5/PVDF at different filler contents.

Figure 11. Relationship between the dielectric properties of POS@
CNT/PVDF composites and the thickness of the POSS layer covering
POS@CNTs at different frequencies and 5 wt % filler content.
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ratio of reactants or selecting an appropriate reaction system. At
a constant MA-POSS to MWCNT weight ratio, the thickness
of the cross-linked MA-POSS on the MWCNTs ranged from
∼25 nm to ∼40 nm in the FeSO4/K2S2O8 redox system, which
is higher than that achieved with BPO (∼7−15 nm). The
coated MWCNTs had controllable electrical performance that
varied according to the thickness of the POSS layer. The coated
MWCNTs were well-dispersed in a PVDF matrix, and the
PVDF composites had high dielectric constants and low
dielectric loss. The dielectric loss of composites was easily
controlled by adjusting the thickness of the POSS layer.
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