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ABSTRACT: Nanostructured polymeric dielectric composites, based on poly(vinylidene
ﬂuoride) (PVDF), conductive carbon black (CB), and an unsaturated ionic liquid (IL), 1vinyl-3-ethylimidazolium tetraﬂuoroborate ([VEIM][BF4]), were fabricated by melt
blending and electron beam irradiation (EBI) methods. Our strategy forms simultaneous
double nanophases in the PVDF matrix, that is, homogeneously dispersed CB
nanoparticles and organic PVDF-g-IL nanodomains. The organic nanodomains were
produced by microphase separation of the PVDF-g-IL chains from the PVDF matrix at
melt state in the electron beam (EB) irradiated PVDF/IL-CB nanocomposites.
Furthermore, the CB nanoparticles were fully adhered with these nanodomains, and
novel structures with nanodomains@CB nanoparticle were achieved. Such nanodomains@CB nanoparticle structures showed a synergetic nucleating eﬀect on the
PVDF crystallization and led to the formation of dominant nonpolar α phases in the
nano-PVDF/IL-CB composites. Because of the nanodomains adhesion of the CB
nanoparticles, the nano-PVDF/IL-CB composites displayed a drastic reduction in dc conductivity compared with that of PVDF/
CB and PVDF/IL-CB composites, respectively. Importantly, the resultant nano-PVDF/IL-CB composites exhibited signiﬁcantly
decreased losses relative to that of PVDF/CB, PVDF/IL, and PVDF/IL-CB composites. The structures of nanodomains@CB
nanoparticle can be well responsible for this improvement of dielectric performance due to the fact that nanodomains conﬁned
the ion movements of IL in electric ﬁeld and that their adhesion to the CB nanoparticle surfaces largely hindered the direct CB−
CB nanoparticle contacts, thus decreasing their leakage currents. Our strategy not only fabricates PVDF/CB dielectric materials
with good CB dispersion, higher dielectric permittivity, lower conductivity, and lower loss but also paves a new strategy for
fabricating nanocomposites with double nanophases in polymer matrix.

1. INTRODUCTION

possibility in industrial application. However, polymers are
commonly incompatible with inorganic nanoﬁllers due to the
poor interactions between them. As a result, CB agglomeration
occurs in the PVDF matrix when one fabricates PVDF/CB
dielectric materials. This, on the one hand, largely harms
mechanical properties of the PVDF and, on the other hand,
generates considerable leakage currents. Therefore, a homogeneous CB dispersion in the PVDF matrix is of great importance
for the PVDF/CB dielectric composites.
Ionic liquid (IL) has played important roles in polymer
modiﬁcation via spin coating,20 solvent casting,21,22 melt
blending,23 and electrospinning strategies.24 Because of their
high ionic conductivity25−27 and capacity against bacteria,28−30

Investigations into polymeric dielectric composites have
attracted signiﬁcant interest because of their potential uses in
energy storage ﬁelds.1−4 Poly(vinylidene ﬂuoride) (PVDF), in
this context, has usually acted as a precursor to be fabricated
into PVDF-based dielectric materials in view of its high
permittivity and favorable ﬂexibility. The permittivity of neat
PVDF has yet never met application requirements, and it needs
to be improved with the aid of integration of inorganic
nanoﬁllers with high dielectric constants. Therefore, the
investigations of incorporating inorganic nanoﬁllers into
PVDF to create dielectrics have attracted great attention in
the literature.5−9 In general, the nanoﬁllers for enhancing
PVDF permittivity can be categorized into two types: dielectric
ceramics5−7,10−13 and conductive nanoﬁllers.9,14−19 When it
comes to the latter, conductive carbon black (CB) nanoparticle
is fascinating because of its low cost, great constant, and high
© 2016 American Chemical Society
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ILs have turned out to be eﬀective as antielectrostatic agent23,24
and antibacterial agent31 for raw polymers. The high polarity of
ILs32,33 makes them very positive as a new generation of
plasticizers for common polymers.34−36 They oﬀer higher
plasticization eﬃciency, no bleeding, no volatility, and higher
thermostability in comparison with traditional plasticizers. For
the PVDF modiﬁcation, IL has acted as multiple roles in the
physically melt-blending PVDF/IL system, and the resultant
PVDF/IL composites displayed many intriguing features
including antieletrostatic, optically transparent, and toughened
properties and, importantly, presented dominantly polar γPVDF crystals.37 Good miscibility of PVDF with IL can well
account for such a successful modiﬁcation of PVDF.24,37 On the
other hand, IL was reported to help disperse carbon nanotubes
(CNTs) in polymer matrices.38−40 A physical modiﬁcation of
CNTs by the IL is based on the generally accepted cation−π
and/or π−π interaction between CNTs and IL.41−43 In view of
the graphene structures on CB particle surfaces,44,45 it is
feasible to modify CB nanoparticles by using ILs (just like the
combination of CNTs with IL) to obtain PVDF/IL-CB
nanocomposites with homogeneous CB dispersion. At this
point, ILs may act as binders to couple PVDF matrix with the
CB nanoparticles to improve the PVDF−CB interfaces and
compatibility because ILs not only can well interact with CB via
cation−π and/or π−π interaction but also are fully miscible
with PVDF molecular chains.24,37,40 However, IL, in such a
PVDF/IL-CB system, may also cause new leakage current due
to its ion migration in electric ﬁeld, although it can improve CB
dispersion.
Very recently, we reported that the dielectric loss in binary
PVDF/IL system can be largely suppressed by ﬁxing mobile
cations onto PVDF molecular chains by the electron beam
irradiation (EBI) method.46 In such IL grafted PVDF (PVDF-gIL) composites (i.e., irradiated PVDF/IL), the cations with
unsaturated double bonds of IL were chemically grafted onto
the PVDF amorphous chains, conﬁning their ion movements in
electric ﬁeld and thus reducing the dielectric loss of the
composites eﬀectively. Interestingly, the dielectric loss can be
further reduced in nanostructured PVDF/IL composites, where
both IL’s cations and anions were conﬁned within the PVDF-gIL nanodomains formed by microphase separation.47 However,
the improvement of dielectric constant for the nanostructured
PVDF/IL composites is still limited.47 On the basis of these
ﬁndings, we consider that it can be fabricated PVDF-based
dielectric composites with both homogeneously dispersed CB
nanoparticles and microphase-separated PVDF-g-IL nanodomains by the EBI strategy. We expect that such novel
nanocomposites exhibit enhanced permittivity and suppressed
dielectric loss by the good CB dispersion as well as the
conﬁnement of IL.
In the present study, PVDF nanocomposites with simultaneous double nanophases (organic PVDF-g-IL nanodomains
and inorganic CB nanoparticles), i.e., nano-PVDF/IL-CB
composites, were fabricated by following steps: (1) PVDF/
IL-CB nanocomposites were ﬁrst prepared by melt blending,
wherein IL was used to improve dispersion of CB nanoparticles
in PVDF matrix. (2) The ILs with double C−C bonds on the
side chains of cations were chemically grafted onto the PVDF
chains (forming PVDF-g-IL chains) when the PVDF/IL-CB
nanocomposites were exposed upon electron beam irradiation
(EBI) at an absorbed dosage of 45 kGy at room temperature.
Irradiated PVDF/IL-CB composites were thus obtained. (3)
The PVDF-g-IL chains were microphase separated from the

PVDF matrix in the melt of the irradiated PVDF/IL-CB
composites, and they formed PVDF-g-IL nanodomains. With
the presence of CB nanoparticles in the melt, novel structures
of nanodomains@CB nanoparticle were developed, and then
nano-PVDF/IL-CB composites with simultaneous organic
nanodomains and inorganic CB nanoparticles were prepared.
The nanocomposites with the nanodomains@CB nanoparticle
structures showed decreased electricity and thus improved
dielectric performances.

2. EXPERIMENTAL SECTION
2.1. Preparation of IL-CB Hybrids. To obtain homogeneous CB
dispersion in PVDF matrix, the CB nanoparticles were ﬁrst treated by
grounding with the unsaturated IL, 1-vinyl-3-ethylimidazolium
tetraﬂuoroborate ([VEIM][BF4]) in mortar with various CB/IL
mass ratios (in Table 1). The physical grounding induced the IL to
be coated onto the surface of CB and the IL coated CB was termed to
be “IL-CB” hybrid.

Table 1. Compositions of PVDF-Based Composites
samples
neat PVDF
PVDF/CB (100/1; 100/2; 100/4; 100/
6; 100/8)
PVDF/IL (100/16)
PVDF/IL-CB (100/16-1; 100/16-2;
100/16-4; 100/16-6; 100/16-8)
PVDF/IL-CB (100/1-2; 100/3-2; 100/
5-2; 100/7-2; 100/10-2; 100/16-2)

mass of
PVDF
(g)
50
50
50
50
50

mass of
CB (g)
0
0.5; 1;
2; 3; 4
0
0.5; 1;
2; 3; 4
1

mass of IL
(g)
0
0
8
8
0.5; 1.5; 2.5;
3.5; 5; 8

2.2. Preparation of PVDF/IL-CB Nanocomposites. The neat
PVDF was melt blended with the above IL-CB hybrids at 190 °C in a
Haake Polylab QC mixer to obtain ternary PVDF/IL-CB nanocomposites. IL is stable at the processing temperature because of the
high degradation temperature. Detailed information about the mass
ratios of PVDF, CB, and IL components in PVDF/IL-CB composites
was tabulated Table 1.
2.3. Preparation of Nanostructured PVDF/IL-CB (NanoPVDF/IL-CB) Composites. As our previous study on preparing
nanostructured PVDF/IL composites (nano-PVDF/IL),47 the nanostructured PVDF/IL-CB composites (nano-PVDF/IL-CB) were
fabricated as follows: ﬁlms of PVDF/IL-CB nanocomposites with
300 μm thickness were ﬁrst exposed upon electron beam irradiation
(EBI) at 45 kGy at room temperature. In this procedure, unsaturated
ILs were chemically grafted onto PVDF chains, producing PVDF-g-IL
molecular chains. A following extraction experiment was performed to
remove the possible excess IL monomers and/or poly(ionic liquid) in
CH3CN. The extracted PVDF/IL-CB ﬁlms were then melted at 210
°C (higher than PVDF melting temperature) for 20 min, and the
nanostructured samples were thus obtained. It is needed to note that
the diﬀerence between nano-PVDF/IL-CB composites (in section 2.3)
and physically mixed PVDF/IL-CB nanocomposites (in section 2.2)
lies in the presence of organic nanodomains (PVDF-g-IL nanodomains) in the former. So theses samples were entitled as a “nano-”
word.
2.4. Sample Characterization. Morphology Study. The
morphologies of samples were characterized by TEM (Hitachi HT7700) and SEM (JSM 6700) measurements. The TEM measurements
were performed at 200 kV on an ultramicrotomed section with a 70−
100 nm thickness. The SEM measurements were conducted at 3 kV
on the cross section of samples coated by a gold layer.
Thermal Behaviors. The crystallization and melting behaviors were
evaluated by using diﬀerential scanning calorimeter (DSC, TAQ2000). Each sample with 10−15 mg was experienced with a
heating−cooling−heating cycle. The ﬁrst cooling (from 210 to −90 °C
at 10 °C/min) and the second heating (from −90 to 210 °C at 10 °C/
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min) were recorded to determine the crystallization temperature (Tc)
and melting temperature (Tm), respectively.
Crystal Forms. The PVDF crystal forms of samples were
determined by using wide-angle X-ray diﬀraction (WAXD, BrukerD8). The XRD measurement was performed in the range of 2θ of 5°−
40°, with a scanning speed of 1°/min, at 40 kV and 40 mA,
respectively.
Crystal Long Period. The small-angle X-ray scattering (SAXS,
Shanghai Synchrotron Radiation Facility, China) patterns were
obtained using a monochromatic X-ray beam with a wavelength of
1.24 Å. A 1820 mm of sample−detector distance and a 200 s of
exposed time were used. X-ray scattering intensity patterns were
obtained by using a two-dimensional array with 2048 × 2048 pixels.
Raman Spectra. Raman spectra of IL-CB hybrids in section 2.1
were obtained by using a Raman system (Bruker, Senterra R200) with
a laser wavelength of 785 nm to excite the samples.
Electrical Properties. Both low-resistivity and ultrahigh-resistivity
meters were used to measure electrical properties (Rs: surface
resistivity; Rv: volume resistivity) of samples. A four-probe electrode
and a URS ring electrode probe were used in the low- and ultrahighresistivity meters, respectively. A direct-current voltage of 10 V was
used in the two meters. An average value was chosen for Rs and Rv of
each sample when at least ﬁve locations on each sample were
measured.
Dielectrical Properties. A novocontrol Alpha-N high-resolution
dielectric analyzer (GmbH Concept 40) was employed to evaluate the
dielectric properties of samples. Measurements were carried out in the
frequency range 100−106 Hz at an ac of 1.0 V at room temperature.
The both surfaces of each sample were evaporated by a layer of gold
with a disk shape to serve as electrodes before measurement.

the PVDF matrix because of their poor compatibility with the
PVDF matrix, and single CB nanoparticle was approximately to
be 50−65 nm in diameter. For the case of nano-PVDF/IL
(100/16) composite in Figure 1b, numerous nanodomains with
diameters of 20−40 nm were observed in the white PVDF
matrix, and they were in fact the PVDF-g-IL nanodomains
formed by microphase separation from the local PVDF
matrix.47 Obviously, inorganic CB primary nanoparticles were
larger than organic PVDF-g-IL nanodomains. Interestingly, a
simultaneous presence of CB nanoparticles and organic
nanodomains was observed in the case of nano-PVDF/IL-CB
(100/16-2), as shown in Figure 1c,d. Moreover, the organic
nanodomains were found to closely adhere to the CB
nanoparticles (Figure 1d). Such novel structures of nanodomains@CB nanoparticle exhibited rougher surfaces than that
of those of raw CB particles in Figure 1a.
Figure 2 shows similar nanodomains@CB nanoparticle
structures in the nano-PVDF/IL-CB composites with diﬀerent

3. RESULTS
3.1. Morphologies Study. Figure 1 shows TEM images of
PVDF/CB (100/2), nano-PVDF/IL (100/16), and nano-

Figure 2. TEM images of nano-PVDF/IL-CB composites with
diﬀerent CB contents: (a) nano-PVDF/IL-CB (100/16-1), (b)
nano-PVDF/IL-CB (100/16-6), and (c) nano-PVDF/IL-CB (100/
16-8).

CB loadings. With a small amount of CB content (1%, in
Figure 2a), abundant PVDF-g-IL nanodomains were clearly
seen in the matrix while CB nanoparticles were diﬃcult to
recognize due to the adhesion of PVDF-g-IL nanodomains.
With increasing CB contents to 6% (Figure 2b) and to 8%
(Figure 2c), nanodomains were becoming vague and rare. It is
clear that PVDF-g-IL nanodomains mainly existed on the
surfaces of CB nanoparticles with the increase in CB contents.
As a result, reductions in size and in number of nanodomains
were observed in the samples with large CB loadings.
To further conﬁrm the formation of nanodomains@CB
nanoparticles in PVDF matrix, the nano-PVDF/IL-CB (100/
16-2) sample was dissolved in DMF, and the solution was
dropped onto copper grids. Note that both CB and organic
nanodomains are not dissolved in DMF, but the PVDF can be
well dissolved in it.47 Larger CB primary nanoparticles were
observed in the PVDF/CB (100/2) composite, and they
showed clean surfaces (Figure 3a). In contrast, the surfaces of
reduced-size primary CB nanoparticles in the nano-PVDF/ILCB (100/16-2) sample were clearly seen with the adhesion of
swollen PVDF-g-IL nanodomains in Figure 3b. Besides, a single
nanodomain with a swollen size of about 50 nm was also found
in the PVDF matrix (as shown in the red circle), which is in
good agreement with our previous study showing that DMF
was not a benign solvent for PVDF-g-IL segmental chains.47
The result of Figure 3 is consistent with that of those in Figures
1 and 2, indicating again the formation of nanodomains@CB
nanoparticle structures in the nano-PVDF/IL-CB composites.
Figure 4 shows the FE-SEM images of nano-PVDF/IL-CB
samples with 1, 2, 6, and 8% CB contents. CB primary particles

Figure 1. Typical TEM images of (a) PVDF/CB (100/2) nanocomposite, (b) nano-PVDF/IL (100/16) composite, (c) nano-PVDF/
IL-CB (100/16-2) composite, and (d) nano-PVDF/IL-CB (100/16-2)
composite with larger magniﬁcation.

PVDF/IL-CB (100/16−2) composites. Diﬀerent types of
PVDF-based composites were prepared via corresponding
methods as described in the Experimental Section. For the
binary PVDF/CB nanocomposite, as shown in Figure 1a, CB
primary nanoparticles were found to be aggregated largely in
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synergetic crystallization phenomenon was found and a Tc of
152.5 °C was observed, 11.4 °C higher than that of neat PVDF.
In Figure 5b, the melting temperature (Tm) of PVDF crystal
was not inﬂuenced by addition of CB component in the
PVDF/CB (100/2) composite but decreased by the addition of
IL in the PVDF/IL (100/16) sample due to the good
miscibility of PVDF with IL.24,37,40,47 A similar decrease in
Tm value was also observed in the ternary PVDF/IL-CB (100/
16-2) composite. For the cases of nano-PVDF/IL and nanoPVDF/IL-CB samples, two Tm peaks were observed, which is
attributed to the two Tc peaks in these samples. It is considered
that in these samples the higher Tc temperature may be
ascribed to the nucleating eﬀect of PVDF-g-IL nanodomains,47
thus leading to crystals with a larger thickness. This resulted in
a higher Tm of PVDF crystals. Besides, the lower Tm peaks of
these samples were due to the typical melting of α-PVDF
crystals because these values were almost the same with that of
neat PVDF.
Figure 5c shows XRD patterns of the samples. Neat PVDF
and PVDF/CB (100/2) composite exhibited dominantly
nonpolar α crystal phase,48,49 suggesting that raw CB did not
aﬀect the PVDF crystal form due to its poor compatibility with
the PVDF matrix. In the PVDF/IL-CB (100/16-2) composite,
dominantly polar β crystals coexisted with a small amount of γ
crystals.48,49 The eﬀects of raw CB particle and IL-CB hybrid
on the crystal forms of PVDF were similar to that of raw CNTs
and IL-CNTs in our previous PVDF/CNTs and PVDF/ILCNTs systems.40 In this study it is also considered that IL-CB
hybrids played a role of “template function” in inducing the
formation of TTTT (β crystals) and/or TTTG (γ crystals)
conformations of PVDF crystals in the melts.24,40 It is noted
that a trace of γ crystals cannot be detected in the DSC heating
run in Figure 5b.37,40 In the cases of nano-PVDF/IL and nanoPVDF/IL-CB composites, PVDF showed dominant α crystals.
This is in good agreement with our previous study.47 It is
considered that a PVDF chain conformation transition is
caused by the PVDF-IL interaction and that no transition
happened when the IL molecules were fully conﬁned into the
nanodomains. This is the reason that both nano-PVDF/IL and
nano-PVDF/IL-CB composites presented a ﬁnal α crystals. In
Figure 5d, addition of CB into the PVDF caused a slight
increase in crystal long period (L) of PVDF (from 12.4 nm for
neat PVDF to 13.3 nm for PVDF/CB (100/2) composite). An
obvious increase in L value was observed in the PVDF/IL
(100/16) composite (14.0 nm), which can be ascribed to the
insertion of the IL into the amorphous region of PVDF.37,47
When adding IL-CB hybrid into PVDF, a further increase of L
value of 17.7 nm was found in the sample of PVDF/IL-CB
(100/16-2). In the cases of nano-PVDF/IL (100/16) and
nano-PVDF/IL-CB (100/16-2), the L values were 13.7 and
14.9 nm, respectively, which is attributed to the higher Tc of
PVDF in these samples. Generally speaking, the samples show
enhanced crystallinity and increased long period when
crystallized at high Tc. The crystallinity of nano-PVDF/IL-CB
(100/16-2) is 40.9% and that of nano-PVDF/IL (100/16)
39.1% from the DSC measurements. This is consistent with the
SAXS results.
3.3. Electrical Properties. Figure 6 shows dc electrical
resistivity of neat PVDF and PVDF-based composites. Both
electron-conductive CB particle (in the PVDF/CB (100/2)
sample) and ion-conductive IL (in the PVDF/IL (100/16)
sample) were able to reduce the surface resistivity (Rs) of
PVDF. Clearly, a large amount of IL (16%) is superior to CB

Figure 3. TEM images obtained from sample solutions of DMF: (a)
PVDF/CB (100/2) nanocomposite and (b) nano-PVDF/IL-CB
(100/16-2) composite.

Figure 4. FE-SEM images of nano-PVDF/IL-CB composites with
diﬀerent CB contents: (a) nano-PVDF/IL-CB (100/16-1), (b) nanoPVDF/IL-CB (100/16-2), (c) nano-PVDF/IL-CB (100/16-6), and
(d) nano-PVDF/IL-CB (100/16-8).

with good dispersion were found in all the samples, even in the
sample with 8% CB loading in Figure 4d. In addition,
nanodomains with 15−40 nm in diameter were found to
coexist with CB nanoparticles in these samples. The SEM
observation is in good agreement with the above TEM results.
3.2. Crystallization Behaviors. Figure 5 shows crystallization behaviors of neat PVDF and the ﬁve typical PVDFbased composites, including binary PVDF/CB (100/2),
PVDF/IL (100/16), nano-PVDF/IL (100/16), and ternary
PVDF/IL-CB (100/16-2) and nano-PVDF/IL-CB (100/16-2)
composites. In Figure 5a, neat PVDF showed a meltcrystallization temperature (Tc) at 141.1 °C, and it increased
to 144.9 °C in PVDF/CB (100/2) sample and decreased to
129.3 °C in the PVDF/IL (100/16) sample. The former
increase in Tc of PVDF was attributed to the nucleating eﬀect
of CB particle while the latter decrease was ascribed to the
good miscibility of PVDF and IL.24,37,47 When incorporated ILCB hybrid, PVDF exhibited a comprised Tc at 138.4 °C in the
PVDF/IL-CB (100/16-2) sample. In the case of nano-PVDF/
IL (100/16) composite, an increased Tc value and a broadened
crystallization process were ascribed to the nucleating eﬀect of
PVDF-g-IL nanodomains, which is in agreement with our
previous study.47 It is clear that the nucleating eﬃciency of
nanodomains for PVDF crystallization is superior to the
inorganic CB particles in this study. Interestingly, when it
comes to the case of nano-PVDF/IL-CB composite, a
1029
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Figure 5. Crystallization behaviors of typical samples including neat PVDF, PVDF/IL (100/16), PVDF/CB (100/2), PVDF/IL-CB (100/16-2),
nano-PVDF/IL (100/16), and nano-PVDF/IL-CB (100/16-2) composites: (a) DSC cooling scanning curves, (b) DSC heating scanning curves, (c)
WAXD patterns in the range of 10°−40°, and (d) SAXS patterns.

(2%) to improve the conductivity of PVDF due to its good ion
conductance in the PVDF matrix. A further decrease in log(Rs)
was found in the PVDF/IL-CB (100/16-2) sample, which can
be attributed to the improvement of CB dispersion in the
PVDF matrix with the aid of IL. Compared with the PVDF/IL
(100/16) sample, nano-PVDF/IL (100/16) exhibited a drastic
increase in Rs. This is due to the fact that free, mobile IL
molecules in the PVDF/IL system were fully conﬁned into the
PVDF-g-IL nanodomains in the nano-PVDF/IL (100/16)
sample. Decreased ion movement of IL resulted in reduction
of conductivity. Interestingly, to compare the resistivity of
PVDF/CB (100/2) sample with nano-PVDF/IL-CB (100/162) sample, the latter showed a 3 orders of magnitude increase
in Rs, despite their same CB contents relative to PVDF matrix.
Two reasons can be accounted for such drastic decrease in the
electrical conductivity. On the one hand, the use of IL in the
nano-PVDF/IL-CB (100/16-2) sample improved CB dis-

Figure 6. Electrical resistivity of neat PVDF, PVDF/CB (100/2),
PVDF/IL (100/16), PVDF/IL-CB (100/16−2), nano-PVDF/IL
(100/16), and nano-PVDF/IL-CB (100/16-2).

Figure 7. Frequency dependency of dielectric permittivity (a) and loss tangent (b) of typical samples.
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Figure 8. Schematic diagrams for the formation of PVDF-g-IL nanodomains@CB nanoparticle structures in nano-PVDF/IL-CB composites. In
detail, to obtain homogeneously dispersed CB nanoparticles, raw CB particles (a) were ﬁrst grounded with IL and the interaction of cations of IL
with the negatively charged graphene structures of CB surface resulted in IL-layer-coated CB hybrids (b, IL-CB hybrids). When melt-blended with
such IL-CB hybrids, PVDF dominantly crystallized into polar β phases with the aid of the IL-CB “templates” for PVDF all-trans conformation (c).
The PVDF/IL-CB nanocomposites ﬁlms were then exposed upon electron beam irradiation (EBI) at room temperature to produce IL-graftedPVDF/CB composites (d). In these samples, unsaturated ILs’ cations were locally chemically grafted onto PVDF amorphous chains (forming PVDFg-IL chains). The extraction treatments for the irradiated samples were performed to remove the ungrafted IL monomers and/or poly(IL). A
following melting and crystallization procedures for the extracted samples at 210 °C created the resultant nano-PVDF/IL-CB composites (e). In
melt states, the chains of PVDF-g-IL were microphase-separated from the PVDF matrix and formed PVDF-g-IL nanodomains (e). In the presence of
CB in the melts, these nanodomains were locally adhering to the CB surfaces, producing double nanophases structures of nanodomains@CB
nanoparticles (f).

was almost the same with that of nano-PVDF/IL (100/16)
sample. This means the loss from electrically conductive CB
nanoparticles almost disappeared in the nano-PVDF/IL-CB
(100/16-2) sample. Furthermore, a considerable increase in
permittivity was also observed in the nano-PVDF/IL-CB (100/
16-2) sample compared with nano-PVDF/IL (100/16) sample.
This phenomenon was rare in other PVDF composites with
conductive nanoﬁllers in the literature9,19 because conductive
nanoﬁllers can enhance dielectric permittivity of polymers, but
their leakage current was inevitable. In the present study, the
nano-PVDF/IL-CB (100/16-2) sample showed a larger
permittivity than the nano-PVDF/IL (100/16) sample because
of the addition of CB, yet the loss of CB almost disappeared.
The structures of nanodomains@CB nanoparticle in the nanoPVDF/IL-CB samples were responsible for this considerable
improvements of dielectric properties. On the one hand, the
PVDF-g-IL nanodomains largely suppressed the IL’s dipoles
and movements by conﬁning them in the nanodomains,
eﬀectively reducing the loss of IL; on the other hand, the
adhesion of these nanodomains to the homogeneous CB
nanoparticles considerably reduced the possibility of CB−CB
direct contact and thus reduced or even eliminated the CB−CB
leakage current. It should be noted that the structures of
nanodomains@CB nanoparticle had provided a strong CB−
nanodomain−PVDF interface, which is also responsible for the
improvement of dielectric properties of PVDF.

persion and disturbed CB networks, resulting in a reduction of
conductivity. On the other hand, the homogeneous CB
nanoparticles were considerably adhered with PVDF-g-IL
nanodomains (i.e., structure of nanodomains@CB nanoparticle
in Figures 1c,d and 3b) and the chance of CB-CB direct contact
considerably decreased. As a result, the nano-PVDF/IL-CB
(100/16-2) sample exhibited a lowest conductivity among the
all conductive samples.
3.4. Dielectric Properties. Figure 7 shows the eﬀects of
diﬀerent ﬁllers on the dielectric permittivity (Figure 7a) and
loss tangent (Figure 7b) of PVDF. Conductive CB particles
enhanced the PVDF permittivity moderately in the PVDF/CB
(100/2) composite, as shown in Figure 7a. Enhanced averaged
electric ﬁeld caused by addition of CB can be accounted for this
permittivity increase phenomenon. However, a maximal loss
tangent was observed for this sample in Figure 7b, which can be
attributed to large raw CB agglomerations in the PVDF matrix.
Such agglomeration results in considerable leakage current. To
suppress the CB-agglomeration-induced loss, IL was used to
help the dispersion of CB particles within the PVDF matrix in
the PVDF/IL-CB (100/16-2) sample, and a considerable
reduction in loss was found in this sample, as shown in Figure
7b. In the meanwhile, the PVDF/IL-CB (100/16-2) sample still
exhibited increased permittivity in Figure 7a compared with
that of PVDF/CB (100/2) sample. However, ion movement
and dipoles of IL46,47 in this PVDF/IL-CB sample induce large
dielectric loss, similar to the dielectric behavior of the PVDF/IL
(100/16) sample. In contrast, the loss of nano-PVDF/IL-CB
(100/16-2) composite was eﬀectively suppressed, and its value
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conformation “templates” for the formation of dominantly
polar β-PVDF crystals, as shown in Figures 8c and 9d. With
increasing the ratio of IL to CB, the more content of β crystals
was achieved. The variation of PVDF crystal forms was another
evidence for the interaction of CB with IL.
4.2. Formation of Nanodomains@CB Nanoparticle
Structures in Nano-PVDF/IL-CB Composites. As shown
in Figures 8c and 8d, PVDF/IL-CB nanocomposites (Figure
8c) were irradiated at room temperature by electron beam and
the ILs with double bonds were thus locally (in situ) grafting
onto the PVDF amorphous chains via radical reaction. The IL
grafting onto the PVDF chains was conﬁrmed by the 1H NMR
spectra (Figure S1), and the corresponding IL grafting yield of
samples is also provided in Figure S2. As a result, PVDF-b(PVDF-g-IL)-b-PVDF chains (Figure 8d), triblock copolymers,
were created in the irradiated samples. IL molecules grafting
onto PVDF chains was largely originated from the stripping of
outer ILs on the CB surfaces during shearing with PVDF in
melts. The grafting of IL onto the PVDF chains occurred only
in the amorphous regions of PVDF at room temperature, and
no micro/macrophase separation phenomenon occurred in
these as-irradiated samples.46,47 When the as-irradiated samples
were melted at a temperature above the Tm of PVDF,
microphase separation of PVDF-g-IL segments from the
PVDF matrix occurred, and this produced PVDF-g-IL nanodomains in the melts. With the presence of CB nanoparticles in
the melts, these nanodomains were adhering to the surfaces of
CB nanoparticles, and a ﬁnal structure of nanodomains@CB
nanoparticles was thus obtained. The following cooling
procedure resulted in the nano-PVDF/IL-CB composites
(Figure 8e). Additionally, due to the strong incompatibility of
PVDF-g-IL chains with the PVDF chains, PVDF segments may
be aligned near the interface of the nanodomains and the
matrix. Such ordered structure together with the presence of
homogeneous CB nanoparticles results in a synergetic
nucleating eﬀect for the crystallization of PVDF (as shown in
above Figure 5a).
4.3. Eﬀect of Nanodomains@CB Nanoparticle Structures on Crystal Forms and Physical Properties of PVDF.
Crystal Form. Figure 10 shows XRD patterns of nano-PVDF/
IL-CB composites with diﬀerent CB contents while ﬁxing the
IL loadings. All the nano-PVDF/IL-CB composites showed
dominantly α crystal phase, regardless of the ratio of IL to CB,
which is similar to the crystal forms of neat PVDF and PVDF/
CB (100/2), respectively. As above shown in Figures 8c and 9d,

4. DISCUSSION
Nano-PVDF/IL-CB composites displayed an interesting
morphology of organic conductive nanodomains@inorganic
CB nanoparticle, and such a novel structure provided the nanoPVDF/IL-CB composites with a series of new physical
properties, especially the dielectric performance. We have
made systematically investigation on the formation of such
morphology, and the schematic diagrams are presented in
Figure 8.
4.1. CB Modiﬁcation by Using IL and Its Eﬀect on the
PVDF Crystal Form. IL has been reported to disperse CNTs
by a cation−π interaction,41−43 and it was employed to modify
CB particles to improve their dispersion in the PVDF matrix in
the present study. As shown in Figures 8a and 8b, mechanically
grounding raw CB particles with IL can form IL layers on the
CB surfaces. The interaction of CB with IL can be conﬁrmed by
Raman spectra in Figure 9a. Typical G-band and D-band peaks

Figure 9. (a) Raman spectra of IL-CB hybrids with various mass ratios.
(b) TEM image for PVDF/CB (100/4) composite. (c) TEM image
for PVDF/IL-CB (100/16-4). (d) XRD patterns of PVDF/IL-CB
nanocomposites with the indicated ratios of IL to CB.

of CB in IL-CB hybrids were clearly observed, and a decreased
intensity ratio of D-band to G-band (ID/IG) was found with
increasing IL contents, suggesting the electronic properties of
CB surfaces were inﬂuenced by the coated IL molecules.50−54
In addition, improved CB dispersion (i.e., the eﬀective decrease
in CB agglomeration size) that leads to a strong resonance
enhancement eﬀect of CB can also be responsible for the
Raman intensity change (i.e., the increment of IG).53,54 Such ILcoated CB particles oﬀered an improved dispersion in the
PVDF matrix compared with raw CB. As shown in Figure 9b,
raw CB particles with 4% content in the PVDF matrix had
reached percolation threshold (will show in next section) and
formed CB−CB conductive networks in the PVDF matrix.
Large CB agglomeration was attributed to its poor compatibility with PVDF. The use of IL indeed improved the
dispersion of CB particles and reduced CB agglomerations in
size in Figure 9c. It is considered that IL had acted as a binder
between PVDF matrix and CB particles because of its good
miscibility with PVDF chains24,37,40 and its interaction with CB
nanoparticles. Additionally, the IL-CB hybrids acted as TTTT

Figure 10. XRD patterns of neat PVDF, PVDF/CB (100/2), and
nano-PVDF/IL-CB composites with the indicated ratios of IL to CB.
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Figure 11. (a) The dc electrical properties of nano-PVDF/IL-CB composites (ﬁxing IL content of 16%) and their counterparts including PVDF/CB
and PVDF/IL-CB composites (ﬁxing IL content of 16%) with various CB contents relative to PVDF matrix, respectively. (b) The ac conductivity of
nano-PVDF/IL-CB composites as a function of frequency.

Figure 12. Frequency dependency of dielectric permittivity (a) and loss tangent (b) of neat PVDF and nano-PVDF/IL-CB composites with the
indicated CB contents.

IL-CB hybrids provided long TTTT conformation “templates”
for β crystal formations. However, as for the structures of
PVDF-g-IL nanodomains@CB nanoparticle in the nanoPVDF/IL-CB composites, all ILs were fully conﬁned into
these nanodomains, no interactions of PVDF with IL occurred,
and PVDF then crystallized into nonpolar α crystals with the
most stable TGTG conformation. The formation of dominant
α crystals was the direct result of the formation of
nanodomains@CB nanoparticle structures in the nanoPVDF/IL-CB composites.
Electrical Properties. The dispersion states of conductive CB
nanoparticles (i.e., raw CB, IL-coated CB, and nanodomainadhered CB) had signiﬁcant eﬀects on the conductivity of
PVDF. As shown in Figure 11a (dc electrical properties),
conductivity of binary PVDF/CB system gradually increased
with increasing CB contents and reached a plateau when the
CB content was over 4%. This means that PVDF/CB (100/4)
sample had formed conductive CB networks (also as shown in
Figure 9b). The use of IL in the ternary PVDF/IL-CB
composites with 1 and 2% CB contents caused obviously
decreased log(Rs) values compared with that of PVDF/CB
composites with same CB contents. Good CB dispersion and
the ionic conductance of IL can be responsible for such
enhancement in conductivity. No signiﬁcant diﬀerence in
log(Rs) values was observed at high CB loadings (with 4, 6, and
8% CB contents) for the PVDF/CB composites with or
without use of IL, suggesting that the addition of IL did not

signiﬁcantly aﬀect the CB percolation networks at high CB
loadings. However, as for the nano-PVDF/IL-CB samples, two
diﬀerences were shown in the dc conductivity plot. First, a
popular increase in resistivity was found over the whole CB
content range compared with that of PVDF/CB and PVDF/ILCB samples, regardless of the formation of CB conductive
networks. The nanodomains@CB nanoparticle structures in
the nano-PVDF/IL-CB samples can be well responsible for
these reductions in conductivity. On the one hand, the
nanodomains partially suppressed conductivity by conﬁning
the ion movements of IL relative to that of PVDF/IL-CB
samples with free IL molecules. On the other hand, the surfaces
of CB nanoparticles were largely adhered with these nanodomains, and the lower conductive layers between CB
nanoparticles resulted in a further decrease in conductivity
compared with that of PVDF/CB samples. As a result, nanoPVDF/IL-CB samples (1 and 2% CB content) without the CB
networks formation showed similar values of both log(Rs) (in
Figure 11a) and ac conductivity (in Figure 11b). In addition, it
is interesting to ﬁnd that nano-PVDF/IL-CB sample with 4%
CB content did not fully reach a CB networks in Figure 11a, yet
it behaved as a conductor in Figure 11b. Moreover, dc
conductivity value increased with increasing CB contents for
the nano-PVDF/IL-CB composites with 6 and 8% CB
contents, whereas their ac conductivity values were almost
the same. The above phenomena were based on the fact that dc
conductivity is strongly dependent on the CB conductive
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to design the nanostructures of PVDF composites according to
the requirements of electric performance.

networks. It is believed that in spite of the formation of CB
networks in the samples with 4, 6, and 8 wt % CB contents,
electron jump between CB nanoparticles was severely hindered
by nanodomains on the surface relative to that of raw CB
particles, resulting in an obvious decrease in conductivity.
However, ac conductivity mainly relied on the electron
vibration, in particular at the cases without the formation of
conductive networks. Therefore, with a CB network, the ac
conductivity values did not signiﬁcantly increase with increasing
CB contents in Figure 11b.
Dielectric Properties. The dielectric properties of nanoPVDF/IL-CB composites were not only determined by the CB
states but also by their percolation behaviors, as shown in
Figure 12. Before CB percolation, CB nanoparticles were
adhered with nanodomains to form the nanodomains@CB
nanoparticle structures and the nanodomains@CB nanoparticles were individually dispersed in the PVDF matrix. As
a result, the dielectric permittivity value was not further
enhanced by increasing CB content, as shown the dielectric
permittivity of the 100/16-1 sample and the 100/16-2 sample
in Figure 12a. However, such nanodomains@CB nanoparticle
structures conferred so strong PVDF−CB interfaces that the
dielectric loss of samples of 100/16-1 and 100/16-2 was rather
comparative with that of nano-PVDF/IL (100/16) (shown in
Figures 7b and 12b). This means that the CB-induced loss can
almost completely disappear because of the adhesion of
nanodomains, which is of great importance for the dielectric
materials. When a CB conductive network was formed, for
instance, in the sample with 4% CB content, abrupt
enhancement in both permittivity and loss was observed. A
further CB content increase (i.e., 6 and 8%) resulted in
signiﬁcant increase in permittivity but considerable loss. It is
noted that the loss of samples with 6 and 8% CB contents was
similar to that of PVDF/CB (100/2) sample, indicating again
the eﬀective loss suppression eﬀects by the nanodomains@CB
nanoparticle structures in the nano-PVDF/IL-CB composites.
It can be therefore concluded that the formation of nanodomains@CB nanoparticle structures results in such unique
electrical and dielectric performances in the nano-PVDF/IL-CB
composites.

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.macromol.5b02429.
1
H NMR spectra of neat PVDF and nano-PVDF/IL-CB
(100/16-2) (Figure S1); IL grafting yield of the nanoPVDF/IL-CB composites (Figure S2) (PDF)

■

AUTHOR INFORMATION

Corresponding Authors

*E-mail yongjin-li@hznu.edu.cn; Tel 86-571-2886-7206; Fax
86-571-2886-7899 (Yongjin Li).
*E-mail jingyeli@sinap.ac.cn; Tel 86-571-2886-7206; Fax 86571-2886-7899 (Jingye Li).
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work was primarily supported by the National Natural
Science Foundation of China (51173036, 21374027) and
Program for New Century Excellent Talents in University
(NCET-13-0762).

■

REFERENCES

(1) Dang, Z.; Yuan, J.; Yao, S.; Liao, R. Adv. Mater. 2013, 25, 6334−
6365.
(2) Dang, Z.; Yuan, J.; Zha, J.; Zhou, T.; Li, S.; Hu, G. Prog. Mater.
Sci. 2012, 57, 660−723.
(3) Zhu, L.; Wang, Q. Macromolecules 2012, 45, 2937−2954.
(4) Huang, X.; Jiang, P. Adv. Mater. 2015, 27, 546−554.
(5) Dang, Z.; Xie, D.; Shi, C. Appl. Phys. Lett. 2007, 91, 222902.
(6) Li, Y.; Huang, X.; Hu, Z.; Jiang, P.; Li, S.; Tanaka, T. ACS Appl.
Mater. Interfaces 2011, 3, 4396−4403.
(7) Zhu, M.; Huang, X.; Yang, K.; Zhai, X.; Zhang, J.; He, J.; Jiang, P.
ACS Appl. Mater. Interfaces 2014, 6, 19644−19654.
(8) da Silva, A. B.; Arjmand, M.; Sundararaj, U.; Bretas, R. E. S.
Polymer 2014, 55, 226−234.
(9) Yuan, J. K.; Yao, S. H.; Dang, Z. M.; Sylvestre, A.; Genestoux, M.;
Bai, J. J. Phys. Chem. C 2011, 115, 5515−5521.
(10) Liu, S.; Xue, S.; Zhang, W.; Zhai, J.; Chen, G. J. Mater. Chem. A
2014, 2, 18040−18046.
(11) Luo, B.; Wang, X.; Wang, Y.; Li, L. J. Mater. Chem. A 2014, 2,
510−519.
(12) Liu, S.; Zhai, J. J. Mater. Chem. A 2015, 3, 1511−1517.
(13) Zha, J. W.; Meng, X.; Wang, D.; Dang, Z. M.; Li, R. K. Appl.
Phys. Lett. 2014, 104, 072906.
(14) Yu, J.; Huang, X.; Wu, C.; Jiang, P. IEEE Trans. Dielectr. Electr.
Insul. 2011, 18, 478−484.
(15) Wang, D.; Bao, Y.; Zha, J. W.; Zhao, J.; Dang, Z. M.; Hu, G. H.
ACS Appl. Mater. Interfaces 2012, 4, 6273−6279.
(16) Wang, D.; Zhou, T.; Zha, J. W.; Zhao, J.; Shi, C. Y.; Dang, Z. M.
J. Mater. Chem. A 2013, 1, 6162−6168.
(17) Wen, F.; Xu, Z.; Tan, S.; Xia, W.; Wei, X.; Zhang, Z. ACS Appl.
Mater. Interfaces 2013, 5, 9411−9420.
(18) Yang, K.; Huang, X.; Fang, L.; He, J.; Jiang, P. Nanoscale 2014,
6, 14740−14753.
(19) He, F.; Lau, S.; Chan, H. L.; Fan, J. Adv. Mater. 2009, 21, 710−
715.
(20) Wang, F.; Lack, A.; Xie, Z.; Frübing, P.; Taubert, A.; Gerhard, R.
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