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ABSTRACT: This work describes a ternary nanocomposite system,
composed of poly(vinylidene fluoride) (PVDF), NH,-treated graphene
nanodots (GNDs), and reduced graphene oxides (RGOs), for use in high
energy density capacitor. When the RGO sheets were added to PVDF matrix,
the B-phase content of PVDF became higher than that of the pristine PVDF.
The surface-treatment of GNDs with an ethylenediamine can promote the
hydrogen bonding interactions between the GNDs and PVDEF, which
promote the formation of f-phase PVDF. This finding could be extended to
combine the advantages of both RGO and NH,-treated GND for developing
an effective and reliable means of preparing PVDF/NH,-treated GND/RGO
nanocomposite. Relatively small amounts of NH,-treated GND/RGO
cofillers (10 vol %) could make a great impact on the @ — f phase
transformation, dielectric, and ferroelectric properties of the ternary
nanocomposite. The resulting PVDF/NH,-treated GND/RGO nano-
composite exhibited higher dielectric constant (¢ ~ 60.6) and larger energy density (U, ~ 14.1 J cm™) compared with the
pristine PVDF (¢’ ~ 11.6 and U, ~ 1.8 ] cm™).
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. INTRODUCTION (BaTiO,)' "#**72%*"% and lead zirconium titanate (PZT,
Pb(Zr,Ti)O,;)' "®** are known as the most representative
materials for transforming a-phase into f-phase of PVDF
crystals because of their significantly higher dielectric constants
(each & ~ 1 X 10°) than the other fillers. Despite their
excellent piezoelectric performances, these two materials still
suffer from several disadvantages: (1) The dielectric perform-
ances of the PVDF containing these two piezoelectric ceramics
remains low even after high filler contents are employed; (2)
The high filler contents of these two materials usually result in
deteriorated flexibility and breakdown strength of the PVDF
matrices; (3) Lead-containing materials including PZT usually

Polymer-based nanocomposites have attracted a great deal of
interest as high energy density capacitors, since these
heterogeneous materials make it possible to combine high
dielectric and ferroelectric properties of nanofillers with the
high breakdown strength, low dielectric loss, and lightness of
polymeric matrices. Among these polymer-based nanocompo-
sites, poly(vinylidene fluoride) (PVDF) is one of the most
extensively studied and attractive polymer matrices owing to its
fascinating virtues, such as piezoelectric, ferroelectric, and
dielectric properties.''® Because of its unique features, PVDF-
based nanocomposites have been widely used in a variety of

dielectric and ferroelectric devices, such as nonvolatile possess high toxicity, which makes them unsuitable for
memories,"'™** sensors,’>7*° actuators,’*™*' and energy matlsgizil_szé3i:14253c0—friendly energy-harvesting devi-
harvesters.'~***73* The PVDF-based nanocomposites provide ces.” T Thus, fillers that are more efficient, less
an efficient and facile way to obtain high-quality and brittle, nontoxic, highly flexible, and require smaller filler
ferroelectric thin films. In particular, a variety of fillers, such contents are highly desired for constructing high-performance
as metal oxides (MO,),'®'¢1722727353¢ o ducting polymers PVDF-based capacitors.
(CPs),' 7292830 arbon materials,®*! 3% ~*! ‘and their Graphene, a one-atom-thick planar sheet of sp>-bonded
mixtures,'”2%**7* have been suggested as active phases to carbon atoms, is an attractive replacement for the piezoelectric
significantly improve the intrinsic properties of the PVDEF.
These active phases induce the growth of -polymorphs within Received: February 13, 2015
the PVDF matrices, which provide electroactive properties of Accepted: April 22, 2015
the PVDF matrices.”'®*"32353% Barjum(IV) titanate Published: May 4, 2015
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Scheme 1. Overall Procedure for Fabricating Ternary PVDF/NH,-Treated GND/RGO Nanocomposite
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ceramics due to its outstanding electron mobility, thermal
stability, mechanical strength, and flexibility, 337~ +14748,74=76
Shang et al. incorporated graphene nanosheets (GNS) into the
PVDF matrix via an in situ reduction method.*®> Moreover,
Achaby et al. reported that the strong molecular interactions
between the —C=0 groups in GO and the —CF, in PVDF can
also promote the S-phase crystallization of PVDE.*" Therefore,
the increasing graphene content induced more $-phase content
of the PVDF crystals, resulting in the enhanced dielectric
permittivity and remnant polarization of the graphene-
incorporated samples.**?**%3*! Despite the significant
improvements in the dielectric and ferroelectric properties of
the graphene-incorporated samples, the PVDF/graphene nano-
composites usually suffer from higher dielectric losses and
lower breakdown strength voltages compared with nano-
composites employing the piezoelectric ceramics,” 8227263474
In addition, the graphene sheets behave as defects in the PVDF
matrices and tend to deteriorate the breakdown strength of the
nanocomposites. This indicates that the volume fractions of the
fillers in the PVDF should be reduced to maintain high
breakdown electric field and energy density.”"** Therefore, the
realization of PVDF/graphene nanocomposites having both
high dielectric and energy harvesting performances remains a
challenge.

Recently, graphene nanodots (GNDs), generally composed
of graphene sheets with lateral dimensions less than 100 nm in
single-, double-, and few- (3 to 10) layers, are of great interest
for developing materials in bioimaging and electronic devices
due to their fascinating chemical and physical properties that
arise from the quantum-confinement effect. ¥ In general, the
GNDs possess carboxylic acid moieties at the edge, making
them suitable for subsequent functionalization with a variety of
organic, inorganic, and biological species.49_62 The surfaces of
GNDs have been treated with various functional groups, such
as —OH,*"%® _COOH,” and —NH,,***' to improve its
surface functionality and compatibility with specific atoms or
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molecules. Moreover, it is well-known that the surface
functionality of fillers can significantly promote the formation
of the B-phase of the PVDF, which significantly improves the
resulting piezoelectric and ferroelectric performances of the
nanocomposites.zz_25 Despite the improvements in the
synthesis and surface-treatment of the GNDs, the effects of
surface-treated GNDs on the phase transformation, dielectric,
and ferroelectric properties of the PVDF matrices have seldom
been reported. Accordingly, a method for combining the
advantages of conventional graphene sheets with the GNDs is
highly desired for realizing the high energy density PVDF
capacitor device.

Herein, we present a novel and facile method for obtaining
PVDF/NH,-treated GND/reduced graphene oxide (RGO)
ternary nanocomposite to develop a high-performance energy
harvester. The synergetic effects from RGO sheets and NH,-
treated GNDs on the phase transition, dielectric, and
ferroelectric properties of the nanocomposites were systemati-
cally investigated. It was found that the RGO sheets having high
electroactivity promoted the f-phase formation while disrupt-
ing the nucleation of a-phase of the PVDF. Furthermore, the
NH, groups attached on the surfaces of GNDs effectively
interact with the PVDF, thereby offering stronger forces
necessary to retain the electroactive phases (ff or y) under
thermal energy, while suppressing the a-phase formation.
These structural changes of PVDF from a- to f-phase highly
affected the resulting dielectric and ferroelectric properties of
the nanocomposites. As a result of combining these RGO
sheets and NH,-treated GNDs as cofillers, the ternary
nanocomposites exhibited much higher dielectric constants,
lower dielectric loss, and larger energy density than the pristine
PVDF, PVDF/NH,-treated GND, and PVDF/RGO nano-
composites.
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Figure 1. TEM images of (a) NH,-treated GND, (b) RGO sheet, (c) PVDF/RGO (90:10, v/v), and (d) PVDF/NH,-treated GND/RGO (90:5:5,
v/v/v) nanocomposites. The concentration of fillers in PVDF/RGO and PVDF/NH,-treated GND/RGO is 10 vol % with respect to PVDF

nanocomposites.

. RESULTS AND DISCUSSION

Fabrication and Characterization of PVDF/NH,-Trea-
ted GND/RGO Nanocomposite. Scheme 1 describes the
overall fabrication procedure for PVDF/NH,-treated GND/
RGO nanocomposite. The GNDs were prepared via excessive
chemical oxidation of carbon nanofibers (CNFs), since the
CNFs can offer facile extraction and size control of the
synthesized GNDs.*’ 7" To produce the GNDs, the CNFs
were added into a mixture of H,SO,/HNO; (3:1, v/v) followed
by neutralization of the excess acid. The neutralized and
separated GNDs were treated with ethylenediamine (EDA) to
attach the —NH, groups onto the GNDs, leading to the
enhanced hydrogen bonding interaction with the —CF,—
dipoles of the PVDE.'"'? GO sheets were synthesized
according to modified Hummer’s method, and the RGO sheets
were prepared by the chemical reduction treatment of the GO
in a mixture of N,N-dimethylformamide/water (DME /water,
95:5, V/V).47'48’64 Under our experimental condition, the PVDF,
RGO, and NH,-treated GNDs were primarily dispersed in the
DMF, DMF/water, and water, respectively. According to
Hansen et al,, these solvent systems possess similar dispersion
(84), hydrogen bonding (8,), and polarity interaction (&)
parameters (Table S1).* 636% Furthermore, the EDA, a surface
modifier of the GNDs, has a similar J4 value to those of both
the water and the DMF. Thus, the stable dispersion of the
NH,-treated GNDs and the RGO sheets could be formed in
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the DMF/water mixed solvent. Accordingly, both the NH,-
treated GNDs and RGO sheets were highly compatible with
the PVDF matrices, which were dispersed in the DMF. As-
prepared ternary PVDF/NH,-treated GND/RGO nanocom-
posite solution was formed as a highly aligned and uniform thin
film via spin-coating method, leading to better distribution of
the charged species and enhanced electron transfer within the
nanocomposites.14

Figure 1a,b represents the transmission electron microscopy
(TEM) images of NH,-treated GND and RGO sheet, which
were utilized as cofillers in the PVDF. Average sizes of the
NH,-treated GNDs ranged from ~3—5 nm, indicating that the
cutting processes under the H,SO,/HNO; mixtures were
appropriately performed (Figure 1a).*~% The size of RGO
sheet used in the present work was ~1—2 pm, which is similar
to that of the graphene sheets obtained from conventional
Hummer’s method (Figure 1b).>"***%* To confirm the
successful introductions of the NH,-treated GNDs and RGO
sheets to the polymer matrix, TEM images of the PVDF/RGO
and the PVDF/NH,-treated GNDs/RGO nanocomposites are
shown in Figure lc,d, respectively. The size of RGO sheet
embedded in the PVDF matrix was similar to that of the TEM
image of RGO (Figure 1b,c). Furthermore, it was evident that
the NH,-treated GNDs were highly dispersed throughout the
PVDF/RGO surfaces (Figure 1d). These results indicate that
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Figure 2. POM images of PVDF nanocomposites containing different fillers after isothermal crystallization at 160 °C: (a) pristine PVDF, (b) GND,
(c) RGO, (d) NH,-treated GND, (e) NH,-treated GND/RGO. (f) Spherulite growth rate of nanocomposites containing different fillers after
isothermal crystallization at 160 °C for 10 min. The concentration of all fillers is 10 vol % with respect to PVDF nanocomposites.

both the GNDs and RGO sheets could be successfully
embedded in the PVDF nanocomposite.*”**

To observe the effects of NH,-treated GNDs and RGO
sheets on the crystalline behaviors of ternary PVDF/NH,-
treated GNDs/RGO nanocomposite system, the PVDF
nanocomposites employing different fillers were isothermally
crystallized at 160 °C for 10 min (Figure 2). After the addition
of these fillers into the PVDF matrices, the sizes of a-
spherulites decreased as follows: PVDF/NH,-treated GND/
RGO < PVDF/NH,-treated GNDs < PVDF/RGO < PVDF/
GND < pristine PVDF (Figure 2a—e, respectively). In addition,
the spherulite growth rates of the PVDF nanocomposites,
determined as functions of the crystallization temperature and
time, exhibited the same tendency as observed in the polarized
optical microscopy (POM) images (Figure 2f). Compared with
the nanocomposite filled with natural graphite having a size of
~20 pm, the spherulite size and the spherulite growth rate of
the PVDF/RGO was slightly higher than that of the PVDE/
graphite (Supporting Information, Figure S1). This may be
because the fillers with larger sizes can better reduce the chain
mobility of the PVDF that is present in the restricted spaces
between the fillers.” Nevertheless, the PVDE/NH,-treated
GND showed smaller spherulite size and slower spherulite
growth rate compared with the PVDF/graphite (Figure S1).
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This result suggests that the functional groups attached onto
the filler surfaces play an important role in interacting with
polymer matrix and, thereby, affect the spherulite growth of the
PVDE.>*"?’ Judging from the results, the movements of the
PVDEF chains, which mainly cause the dipole losses and f-
relaxations of the PVDF, were more effectively restricted by the
electroactive RGO sheets than the pristine GNDs, and the
—NH, groups on the GND surfaces provide stronger forces to
overcome the thermal energies tending to form the a-phase of
the PVDE. 72225323337

Raman spectroscopy was performed to confirm the structure
of the graphite, GO, RGO, CNF, GND, and NH,-treated GND
(Figure 3a). Two dominant peaks were found in the Raman
spectrum of every sample: D band (corresponding to structural
defects (1331—1352 cm™)) and G band (related to the
vibration of sp®-hybridized carbon (1572-1608
em™")). #3788 The intensity ratio of the D to the G band
(In/I) ratio of GO was higher than that of the graphite due to
the reduced size of the sp? domains, which is due to the
increase of the disordered structure in the graphene sheets
during the extensive oxidation of graphite.*””*~*" A shift of G
peak toward higher wavenumber in the spectrum of GO is
attributed to the formation of sp* carbon atoms, which resulted
from the oxidation of graphite.*””*™" After reduction of the
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Figure 3. (a) Raman spectra of graphite, GO, RGO, CNF, GND, and NH,-treated GND. (b) FT-IR spectra, (c) XRD patterns, and (d) DSC
thermographs of PVDF nanocomposites filled with NH,-treated GND/RGO (red), NH,-treated GND (blue), RGO (green), pristine GND
(yellow), and pristine PVDF (purple). The concentration of all fillers is 10 vol % with respect to PVDF nanocomposites.

GO, the I/I; of RGO increased from 0.92 to 1.06, which
implies decreased size of the sp? domains upon chemical
reduction of the GO.*”7>7878 In addition, the red shift of the
G peak in the RGO may be related to a change in the electronic
structure of GO by the hydrazine, which is consistent with the
previous work on nitrogen-doped graphene.*”3%7%7878
Compared with the CNF, the GND shows a higher Iy/I;
ratio, indicating a reduction in size of the sp> domains due to
the oxidation in the H,SO,/HNO; (3:1, v/v) mixture.*”**
Moreover, the higher I,/I; ratio of NH,-treated GND (0.77)
compared with the pristine GND (0.69) indicates a higher
degree of defects and disorders of NH,-treated GND, which
may be due to the interaction between the carbon and
nitrogen.”*”*° Judging from these results, the reduction of GO
sheets and the surface-treatment of GNDs were appropriately
carried out.

To confirm the chemical structures of the GO, RGO, pristine
GND, and NH,-treated GND, Fourier-transform infrared (FT-
IR) spectra were investigated (Supporting Information, Figure
S2a). Several distinctive bands for GO were observed at 1042,
1222, 2382, 1617, and 3440 cm™ in the FT-IR spectrum of the
GO (Table $2).° The peak intensities for oxygenated
functional groups of the GO significantly decreased with the
increasing reduction time of the GO from 0.3 to 24 h
(Supporting Information, Figure S2b). This indicates that the
possibility that hydrogen bonding interaction between the
RGO sheets and NH,-treated GNDs may decrease with the
reduction in degree of GO. For this reason, the RGO-1 sample,
which had been reduced for 1 h, was chosen as a component
for interacting with the NH,-treated GNDs and PVDF
matrix.*"5*7%7¢ In the FT-IR spectrum of pristine GNDs,
characteristic peaks of GNDs appeared at 835, 1240, 1359,
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1594, 1790, 2891, and 2967 cm™* (Supporting Information,
Figure S2a and Table $3).#75976 After the GNDs were treated
by —NH, groups, the peaks for -NH,, N—H, and C—N bonds
were intensified compared to those for the pristine GNDs, and
these peaks originated from the EDA, which is a water-soluble
and difunctional amine. Therefore, the amine-functionalization
of the GNDs could be successfully conducted in water by using
the EDA.®*"*7® FT-IR spectra of the PVDF nanocomposites
employing different fillers were investigated to observe the
effects of the NH,-treated GNDs and RGO sheets on the
chemical structures and phase transitions of the PVDF matrices
(Figure 3b and Table S4). Several absorption bands at 615, 764,
796, and 978 cm™ are ascribed to the a-phase of the PVDF,
and the absorption bands for the f-phase appeared at 839 and
1273 cm™ (Table $4).7%3*7%77 After the addition of fillers, the
peaks assigned to the f-phase became significantly stronger and
sharper, while the peaks corresponding to the a-phase became
indistinctive. More specifically, the relative intensity ratio of -
phase in the FT-IR spectra was estimated using eq 1:

Ty _ Lz + Iygg + Ly
Lot 1y Loy + Izo + loys + Lisg + Lygs + Iogg + Isiz + Lygo + Ly

(1)

where the I, and Iy denote the peak intensity for a and f-
phases, respectively. Lo, 513, Iss0 Lsis Lrea Log sz Iors and
I,,7, indicate the peak intensity of absorption bands at 491, 515,
530, 615, 764, 796, 839, 978, and 1272 cm™', respectively.
Because of the extremely infinitesimal amounts of the peaks for
y-phase phase (779, 813, and 1234 cm) in Figure 3b, the
presence of y-phase was neglected in eq 1. The relative
proportion of f-phase in the FT-IR spectra increased as
follows: pristine PVDF (0.29) < PVDF/pristine GND (0.44) <

DOI: 10.1021/acsami.5b01430
ACS Appl. Mater. Interfaces 2015, 7, 9668—9681


http://dx.doi.org/10.1021/acsami.5b01430

ACS Applied Materials & Interfaces

Research Article

PVDE/RGO (0.59) < PVDE/NH,-treated GND (0.69) <
PVDF/NH,-treated GND/RGO (0.78). It was evident that the
proportion of f-phase increased after the addition of NH,-
GNDs and RGO into the PVDF. The enhanced formation of
the p-phase over the a-phase was strongly associated with the
synergetic effects from the NH,-treated GNDs and RGO
sheets.” %

To identify the effects of the prepared fillers on the
crystalline phase structure of PVDF nanocomposites, the
XRD patterns of the NH,-treated GNDs, RGO sheets, and
PVDF nanocomposites containing different fillers are shown in
Figure 3c. In the XRD pattern of the NH,-treated GNDs, a
broad peak at 20 = 20.3° with an interlayer distance of 4.38 A
was found, while the RGO sheets exhibited a broad peak at 20
= 24.5° (3.63 A; Supporting Information, Figure S3). The
interlayer distances of these two samples were close to that of
the graphite (3.39 A), indicating that these two material were
originated by the carbons.”” ~*"*"7% In the XRD spectra of the
PVDF nanocomposites, the characteristic peaks of a-phase,
corresponding to the (100), (020), (110), and (021) planes,
appeared at 20 = 17.7°, 18.6°, 20.1°, and 26.5° and the
diffraction peak of f-phase, relating to the (200)/(110) plane,
was observed at 20 = 20.4—20.6° (Figure 3c). To estimate the
relative proportion of the XRD peaks for f-phase, the relative
ratio of the peak intensities for (200/110), (100), (020), (110),
and (021) was estimated as follows:

Iﬁ _ L0/110
I+ 1y (oo + Tono + hio + Toa)a + (Daoo/110)p

@)

where the Iog, Igy0, I110) Lo21y and Lgg,110 mean the peak intensity
at (100), (020), (110), (021), and (200/110) planes,
respectively. Because of the absence of a peak for (200)/
(110) in the XRD pattern of pristine PVDF, eq 2 was utilized
to determine the crystalline state of the nanocomposites
containing the GND, RGO, and NH,-treated GND. Obviously,
the relative proportion of f-phase in the XRD patterns
increased in the following order: PVDF/GND (0.51) <
PVDE/RGO (0.53) < PVDE/NH,treated GND (0.57) <
PVDF/NH,-treated GND/RGO (0.64) (Table 2). The
calculated values were in good agreement with the values
obtained from the FT-IR analysis. In addition, the #-phase peak
shifted to a higher angle after the addition of fillers: pristine
PVDF (20.4) ~ PVDE/GND (20.4) < PVDE/RGO (20.5) ~
PVDF/NH,-treated GND (20.6). No significant changes were
found in the XRD spectrum after the addition of pristine
GNDs, while the NH,-treated GNDs and RGO sheets resulted
in significant decreases in the a-polymorphs and much greater
increases in the S-polymorph of the PVDEF. These results
suggest that these two different filler systems played an
important role in inducing the f-phase crystals, thereby
retarding the crystallization of a-phase of
PVDE.” 10377416768 Jydging from these results, the enhanced
P-phase formation of the ternary nanocomposites was mainly
attributable to the synergetic effects from the advantage of each
component: (1) NH,-treated GNDs provide stronger dipole—
dipole forces and hydrogen bonding interactions with the
PVDF matrices; (2) Higher aspect ratios and electroactive
properties of the RGO sheets effectively restricted the
molecular movements of the PVDF chains,>>~2%3%37~41,60-62
To further analyze the crystallization behaviors of the PVDF
nanocomposites, the differential scanning calorimetry (DSC)
thermographs of the PVDF/GSs nanocomposites are shown in
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Figure 3d and Table 1. After addition of the GND, RGO, NH,-
treated GND, and NH,-treated GND/RGO into the PVDF

Table 1. Differential Scanning Calorimetry Data of PVDF
Nanocomposites with Different Fillers

T, T. AH, X,
sample” O O &y ggh
pristine PVDF 1649 1409 068 032 452 46.9
PVDE/GND 169.1 144.5 0.58 042 44.1 45.3
PVDF/RGO 171.6 146.6 0.35 0.65 42.5 42.6
PVDF/NH,-GND 1739 149.4 0.29 0.71 40.2 40.1
PVDF/NHZ-GND/ 175.3 151.4 0.19 0.81 37.0 36.5

RGO

“The concentration of all fillers is 10 vol% with respect to PVDF
nanocomposites. “Weight fraction of a-phase was estimated from the
peak intensity of multiple melting peaks at higher temperature.
“Weight fraction of f-phase was estimated from the dpeak intensity of
multiple melting peaks at lower temperature. “The value was
calculated using eq 4.

matrices, the melting temperature (T,,) increased by 4.3, 6.5,
8.4, and 9.3 °C, respectively, relative to the pristine PVDF.
During the cooling processes of the samples, the nano-
composites employing the GND, RGO, NH,-treated GND,
and NH,-treated GND/RGO crystallized at 4.8, 6.1, 8.1, and
11.3 °C higher temperatures, respectively, with respect to the
pristine PVDF. Furthermore, the equilibrium melting point
(T,°) of the samples was determined using the Hoffman—
Weeks eq 3

T,=nT.+ (1 -nT,’ 3)

where T,, T, and T,° are melting point, crystalline
temperature, and equilibrium melting point of the sample,
respectively. A value of # = 0 reflects the perfectly stable
crystals, while a value of # = 1 implies that the crystals are
inherently unstable.*"*> Compared with that of the pristine
PVDF, the 5 of PVDF/NH,-treated GND/RGO nano-
composite increased from 0.32 to 0.38, which may be due to
the presence of crystalline defects in the PVDF nano-
composite.*** The value of T,," (°C) of the samples increased
as follows: pristine PVDF (176.2) < PVDF/GND (182.3) <
PVDF/RGO (185.1) < PVDE/NH,-treated GND (188.2) <
PVDF/NH,-treated GND/RGO (189.9) (Supporting Informa-
tion, Figure S4 and Table SS). These results indicate that the
RGO sheets and NH,-treated GNDs acted as nucleating agents
for improving the thermal stability of PVDF nanocompo-
sites.”¥*7%% More specifically, two multiple melting peaks
were found in the DSC thermographs for the nanocomposites.
These multiple melting peaks are may be due to the coexistence
of a to B-phases in the PVDF nanocomposites, as discussed in
Figure 3b. The peak at lower temperature is associated with the
a-phase, while the peak at higher temperature indicates the -
phase. The degree of crystallinity (X.) of the PVDF
nanocomposites was calculated using eq 4:

AH

m

xAH, + yAHﬂ

C

X 100%
4)

where the AH,,, AH,, and AHy refer to the heat of fusions of
sample, 100% crystalline @-PVDF (93.0 J ¢!), and -PVDF
(1034 J ¢, respectively.”*>*”% The x and y denote the
weight fraction of the a@- and p-phases in the sample,
respectively. It was observed that the x value decreased, while
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the y value increased after the addition of the fillers. Although
there was slight difference between the proportion values of -
phase estimated from the FT-IR, XRD, and DSC data, clearly
the tendency observed in the DSC thermographs was in good
accordance with those of the FT-IR and DSC analyses (Table
2). Therefore, the AH, and X, values decreased after the

Table 2. Relative Proportion of f-Phase in the Pristine
PVDF and the Nanocomposites Filled with Different Fillers
Obtained from the FT-IR, XRD, and DSC Measurements

sample” FT-IR® XRD® DSc?
pristine PVDF 0.29 0.19
PVDE/GND 0.44 0.51 0.29
PVDE/RGO 0.59 0.53 0.35
PVDE/NH,-GND 0.69 0.57 0.58
PVDF/NH,-GND/RGO 0.78 0.64 0.68

“The concentration of all fillers is 10 vol% with respect to PVDF
b . c
nanocomposites. “The value was calculated using eq 1. “The value was
calculated using eq 2. “The value was estimated from the multiple

melting peaks.

addition of fillers, which confirms that the presences of the
NH,-treated GNDs and RGO sheets can significantly reduce
the contents of the a-phase in the samples by obstructing the
movement of polymer chains of the a-PVDF. Considering
these results, the NH,-treated GND/RGO cofiller system
efficiently promotes the dipole polarizations and hydrogen
bonding interactions, which consequently increase the B-phase
crystals of the PVDE.”#>¢7¢8

To confirm the effects of annealing temperatures on the
formation of y-phase in the PVDF nanocomposites, the samples
were crystallized at 160 °C for 24 h after being annealed at 170
or 180 °C and quickly cooled (30 °C min™') to room
temperature (Figure 4). In the POM images of the annealed
samples, it was evident that the sizes of spherulites annealed at
180 °C were smaller than those of samples annealed at 170 °C.
The ringed spherulites of PVDF may be the mixture of - and
7-phase, and the different spherulite sizes may be due to the
different proportion of each phase in the spherulites.*>**
According to Prest and Luca, the rate of the a- to y-phase
transformation increases with temperature and heating time.*®
In the FT-IR spectra of the samples annealed at 180 °C, the
peaks for y-phase appeared at 779, 813, and 1234 cm™" in the
FT-IR spectra of every sample (Supporting Information, Figure
85 and Table $4).”%”” Thus, the decreased spherulites of the
annealed samples may be related to the increase in the
formation of y-phase. The spherulite sizes of samples decreased
as follows: PVDF/NH,-treated GND/RGO < PVDF/NH,-
treated GND < PVDF/RGO < PVDF/GND < pristine PVDF.
To confirm the relationship between the spherulite size and the
content of y-phase, the relative intensity ratio of y-phase in the
FT-IR spectra was estimated using eq 5:

L

m = (1779 + 1313 + 11234)/(1491 + 1530 + 1615 + 1764 + 1796
a 4 Y

+ I978 + 1513 + 1839 + 11272 + 1779 + 1813 + 11234)

©)

where I, refers to the peak intensity for y-phase. I;5, I3, and
I,3,4 indicate the peak intensity of absorption bands at 779, 813,
and 1234 cm ™, respectively. The relative proportion of y-phase
in the FT-IR spectra increased as follows: pristine PVDF (0.17)
< PVDF/pristine GND (0.22) < PVDF/RGO (0.26) < PVDE/
NH,-treated GND (0.28) < PVDF/NH,-treated GND/RGO
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(0.30) (Supporting Information, Figure SS and Table S4).
However, the relative proportions of the y-phase estimated
from the FT-IR spectra were not high as expected in the POM
image, since the peak intensity around 839 cm™', which may be
overlapped with the peak for y-phase (833—835 cm™"), was not
considered as a component for y-phase in the calculation.”®””
Nevertheless, the peaks for y-phase increased with decreasing
spherulite sizes of the annealed samples, as shown in the POM
images. It is considered that these fillers play an important role
in obstructing the thermodynamically stable a-PVDF at higher
temperature, and, thereby, the formation of polar y-phase could
be promoted.”

To study the static light-scattering of the PVDF/NH,-treated
GND/RGO nanocomposite, the vertically polarized incident
light (V,) and horizontally polarized incident light (H,)
scattering profiles of the nanocomposite solutions for different
contents of the PVDF/NH,-treated GND/RGO (1, 2, 5, and
10 wt %) are represented in Figure S. Figure Sa represents the
V, scattering profiles of the samples. The intensities of the V,
peaks decreased with increasing content of the PVDF/NH,-
treated GND /RGO, while the positions of the V, peaks shifted
toward the larger scattering vector (q). The results may be due
to the amplitude and the shape of the V, peaks being highly
dependent on the PVDF content.**™®® The H, scattering
profiles of the nanocomposite solutions for the 1, 2, S, and 10
wt % PVDF/NH,-treated GND/RGO nanocomposites are
shown in Figure 5b. A shift of H, peaks toward the larger g may
be due to the increase in the PVDF/NH,-treated GND/RGO
content, and the results were in good agreement with the V,
scattering profiles. However, in contrast to the V, scattering
results, the magnitudes of the H, peaks increased with the
increasing PVDF/NH,-treated GND/RGO content.* ™% Con-
sidering these results, both the V, and H, scattering behaviors
of the nanocomposite solutions were highly affected by the
content of PVDF/NH,-treated GND/RGO.

Dielectric and Energy-Harvesting Performances of
PVDF/NH,-Treated GND/RGO Nanocomposite. The fre-
quency dependencies of the dielectric constant (&’) and
dielectric loss (¢”) of the nanocomposites employing the
GND, RGO, NH,-treated GND, and NH,-treated GND/RGO
cofiller are shown in Figure 6. The &’ of the nanocomposites
containing different fillers increased in the following order:
NH,-treated GND/RGO (60.6) > NH,-treated GND (35.0) >
RGO (21.9) > GND (152) > pristine PVDF (11.6), at a
frequency of 1 X 10* Hz (Figure 6a). According to
mathematical expressions of the dielectric behaviors proposed
by Bhimasankaram et al.®® and Furukawa et al,”® the dielectric
constant of the nanocomposites is mainly dependent on the
dielectric constants of pristine PVDF (g;) and fillers (&,) and
the volume fraction of fillers (q). However, neither theoretical
model considers the interfacial interactions between the
polymer matrices and fillers. The large enhancement in the
dielectric constant of the PVDF/NH,-treated GND/RGO
nanocomposite can be attributed to the Maxwell-Wagner—
Sillars interfacial polarization because of the different
conductivity and interfacial interactions between the PVDF,
RGO sheets, and NH,-treated GNDs.”#373®8 Furthermore, the
dielectric loss, €”/¢’ = tan 0, decreased in the order of NHS,-
treated GND/RGO (0.041) < NH,-treated GND (0.055) <
RGO (0.064) < GND (0.080) < pristine PVDF (0.084), at a
frequency of 1 X 10° Hz (Figure 6b). The dielectric loss of
nanocomposites mainly resulted from the a-phase contents in
the PVDF matrices, whereas the fillers played an important role
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Figure 4. POM images of pristine PVDF (a, b) and PVDF nanocomposites containing GND (¢, d), RGO (e, f), NH,-treated GND (g, h), and NH,-
treated GND/RGO (j, j) after isothermal crystallization at 160 °C for 12 h after being heated at 170 °C (a, ¢, e, g, i) or 180 °C (b, d, f, b, j) and
cooled to room temperature. The concentration of all fillers is 10 vol % with respect to PVDF nanocomposites.

in reducing the a-phase contents of the PVDE.”?*725%% Thjs nanocomposites filled with GNDs and RGO sheets may be due

indicates that the NH,-treated GNDs and RGO sheets disrupt to the minimized dipole losses and S-relaxation. Consequently,

the movements of the molecular chains of PVDF, which results
in the decreases of the dipole loss and f-relaxation.”®** the synergetic effects from the surface functionality on the

Accordingly, the decrease in dielectric loss of the PVDF GND surfaces and high electroactivity of the RGO further
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Figure S. Normalized (a) V, and (b) H, scattering intensity profiles of
PVDE/NH,-treated GND/RGO nanocomposite soultions measured
at 45 °C for different PVDF/NH,-treated GND/RGO contents (1, 2,
5, and 10 wt %). The concentration of all fillers is 10 vol % with
respect to PVDF nanocomposites.
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Figure 6. Dependences of (a) dielectric constants and (b) dielectric
losses of PVDF nanocomposites with different fillers on frequency
from 1 X 10* to 1 X 107 Hz, respectively. The concentration of all
fillers is 10 vol % with respect to PVDF nanocomposites.

enhanced the resulting dielectric constant of the ternary
PVDF/NH,-treated GND/RGO nanocomposite system.
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According to previous work on the dielectric capacitors, the
energy density of the linear dielectric capacitors can be
expressed as Kk.goE,2/2, where k.5 E,, and g, denote the
effective permittivity of the film, breakdown strength, and
vacuum permittivity (8.85 X 107> nF m™1). 27 As energy-
harvesting behaviors of most ferroelectric materials are not
linearly dependent on the applied electric fields, the energy
densities of the nanocomposites were estimated from the P—E
curves (Figure 7)**7>*"7* according to the equation U, =

15

-
o

(3}

Polarization (HC cm?)
o

-15

-4000 -2000 0 2000

Electric field (kV cm™)

4000

Figure 7. Hysteresis loops of polarization—electric field (P—E) curves
of PVDF nanocomposites with different fillers on frequency from 1 X
10% to 1 X 107 Hz, respectively. The concentration of all fillers is 10 vol
% with respect to PVDF nanocomposites.

f EdD, where E and D denote the electric field and dielectric
displacement of the nanocomposite, respectively. After the
addition of the fillers, the energy density of the samples
increased in the following order (J cm™): pristine PVDF (1.8)
< GND (3.4) < RGO (5.2) < NH,-treated GND (7.9) < NH,-
treated GND/RGO (14.1). Moreover, the breakdown strength
electric field of the nanocomposites employing GND, RGO,
NH,-treated GND, and NH,-treated GND/RGO were
measured as 3.75 X 10°, 3.84 X 10°, 3.92 X 10°, and 3.90 X
10* kV cm™, respectively, and these values were almost
identical to that of the pristine PVDF (3.99 X 10> kV cm™).
The small decreases and high retentions in the breakdown
strengths of the nanocomposites can be explained by the
following points: (1) The NH, groups attached onto the GND
surfaces could enhance the compatibility with the PVDF matrix
by hydrogen bonding interactions, which prevent the
propagation of defects through the interfaces between the
GNDs and PVDF matrix ; (2) Higher aspect ratios of the RGO
sheets than those of the GNDs may fromote the in-plane
orientation of the nanocomposites.”> >* Combined with the
results of the dielectric properties discussed above, the ternary
PVDE/NH,-treated GND/RGO nanocomposite benefits from
the synergistic effects of the enhanced compatibility and dipole
polarizations at the PVDF/GND interfaces due to the NH,—
treated GNDs, combined with the highly electroactive RGO
sheets.

To evaluate the practical applicability of the ternary PVDF/
NH,-treated GND/RGO nanocomposite system as an energy-
harvesting device, overall performances of this work and the
other state-of-art work are summarized in Figure 8274546
Compared with the other work, the ternary PVDF/NH,-
treated GND/RGO nanocomposite system has shown
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~s- PVDF/NH,-treated GND/RGO (this work)
-+ PVDF/PVP-modified SrTiO,

-a- PVDF/MWCNTs/polysulfone

-+= PVDFi/graphene/PANI

Dielectric loss (€77)
Breakdown electric field (kV cm-")

Figure 8. Radar plots comparing this work and state-of-art work cited
from refs 27, 45, and 46.

enhanced dielectric constant, energy density, and breakdown
strength. Judging from these facts, the ternary PVDF/NH,-
treated GND/RGO nanocomposite has a great potential as an
energy-harvesting device.

. CONCLUSIONS

A facile and effective strategy for enhanced dielectric and
energy-harvesting performances has been demonstrated by the
ternary PVDF/NH,-treated GND/RGO nanocomposite sys-
tem. NH,-treated GNDs were readily synthesized by excessive
chemical oxidation of CNFs followed by surface treatment
using the EDA, and these NH,-treated GNDs were highly
compatible with the RGO sheets and PVDF matrix. The NH,-
treated GND/RGO dual cofillers provided the effective dipole
polarizations and the nucleation of f-phase crystals of the
PVDF in the nanocomposites due to the enhanced dipole—
dipole forces, hydrogen-bonding interactions, and improved
compatibility with the PVDF matrix. Furthermore, such
enhancement in the f-phase formation of the PVDF/NH,-
treated GND/RGO nanocomposite directly affected its
dielectric and energy-harvesting performances. The nano-
composite employing the NH,-treated GND/RGO dual
cofillers has shown significantly improved dielectric (¢ =
60.6) and energy-harvesting performances (U, ~ 14.1 J cm™)
compared with the pristine PVDF (¢’ ~ 11.6 and U, ~ 1.8 ]
cm™) and nanocomposites containing NH,-treated GNSs (&’
~ 35.0and U, = 7.9 ] cm™?), RGO sheets (&' ~ 21.9 and U, ~
52 ] cm™), and GNDs (¢’ = 152 and U, ~ 3.4 ] cm™). The
procedure described herein can be useful for combining
graphene-based materials efficiently with the polymer matrices
to realize high-performance actuator, sensor, and energy-
harvesting devices.

. EXPERIMENTAL SECTION

Materials. Polyvinylidene fluoride (PVDF, molecular weight ca.
275000 by GPC), ethylenediamine (EDA, 99%), natural flake
graphite, sodium carbonate (Na,CO; 99.5%), sodium nitrate
(NaNO;, 99%), hydrazine monohydrate (N,H,H,O, 98%), N,N-
dimethylformamide (DMF, 99.8%), nitric acid (HNO;, 70%), and
absolute ethanol were purchased from Sigma-Aldrich (St. Louis, MO).
Carbon nanofibers (CNFs; NEXCARB-H, <50 nm) was obtained
from Suntel Co. (Korea). Potassium permanganate (KMnO,, 99.3%)
and phosphorus pentoxide (P,Os, extra pure) were obtained from
Junsei Chemical Co. (Tokyo, Japan). Potassium persulfate (K,S,0s,
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99%) was purchased from Kanto Chemical Co. (Tokyo, Japan).
Sulfuric acid (H,SO,, 95%), sodium hydroxide (NaOH, 99%),
hydrogen peroxide (H,0,, 30—35.5%), and hydrochloric acid (HC],
35—37%) were purchased from Samchun (Seoul, Korea).

Synthesis of Pristine Graphene Nanodots. NH,-treated GNDs
were synthesized using the modified top-down approach method. In
detail, 0.40 g of CNFs were introduced into a mixture of concentrated
90 mL of H,SO, and 30 mL of HNO;. The mixture solution was
sonochemically treated for 2 h at 100 °C followed by vigorous stirring
for 1 d. As-prepared mixture was cooled and diluted with 800 mL of
distilled water. The pH of the GND solution containing the cut CNFs
was neutralized to 8 using Na,CO;, after which the aqueous solution
of GNDs was obtained.

Separation of GNDs. The separation of the aqueous solution of
GNDs was conducted to obtain the isolated GNDs. In the first step,
the solution of GNDs was diluted to one-fifth of its initial volume
followed by addition of absolute ethanol to the diluted solution in a
volume ratio of 2:1. To separate the precipitates from the supernatants
in the turbid solution, it was centrifugated at 15 000 rpm for 30 min.
The supernatant (supernatant/absolute ethanol = 1:2 by volume)
obtained from the procedure discussed above was dispersed in the
absolute ethanol. The diluted supernatant solution was centrifugated at
15000 rpm for 30 min, resulting in another fraction of supernatant
and precipitate. These processes discussed above were repeatedly
conducted three times to obtain fractions of GNDs having a uniform
size.

Collection of Pristine Graphene Nanodots. The supernatant
solution of GNDs was heated at 120 °C for 1 h in an autoclave and
then cooled to room temperature. The dried GNDs (30 mg mL™" in
water, 3.0 wt % with respect to water) were redispersed in distilled
water using sonochemical treatment for 1 h, and the redispersed
aqueous solution of GNDs was used as fillers in the nanocomposite.

Surface Treatement and Collection of NH,-Treated Gra-
phene Nanodots. The supernatant solution of GNDs was treated
with 2 mL of ethylenediamine (EDA) to functionalize the surfaces of
GNDs. The mixture solution contating EDA was heated at 120 °C for
1 h in an autoclave and then cooled to 25 °C. After that, the dried
NH,-treated GNDs (30 mg mL™" in water, 3.0 wt % with respect to
water) were redispersed into distilled water through the sonochemical
treatment for 1 h.

Synthesis of Reduced Graphene Oxide Sheets. RGO was
prepared by using modified Hummers and Ruoff methods.*”*#* To
preoxidize the natural graphite powders, 5 g of graphite powder, 2.5 g
of P,Og, and 2.5 g of K,S,0; were added into 30 mL of H,SO,, then
the mixed solution was heated at 90 °C for 6 h. The mixture was
washed with excess distilled water through a cellullose acetate filter
(Whatmann Inc, USA). The preoxidized powder was dried in a
vacuum oven at room temperautre for 1 d. The preoxidized graphites
were mixed with 2.5 g of NaNO; in 120 mL of of H,SO, followed by
vigorrous stirring for 30 min in an ice bath. 15.0 g of KMnO, was
slowly added into the solution with temperature lower than 20 °C for
4S min, followed by heat treatment of the solution at 35 °C for 4 h,
and the brownish gray paste formed. After addition of 600 mL of
distilled water and 25 mL of H,O, solution into the brownish gray
paste, the color of paste changed into a bright yellow. The yellowish
paste was washed with 5 wt % HCI and distilled water for several times
to balance the pH of solution to 7. Then the solution was sonicated to
exfoliate graphitic oxide into graphene oxide (GO), followed by
centrifuation at 6000 rpm to exclude residues. As-prepared GO (1 mg
mL™, in DMF /water mixture) powder was redispersed into a mixture
of DMF/water (95:5, v/v), and the GO was reduced by adding
hydrazine monohydrate (1/1000 v/v vs DMF/water) into a DMF/
water mixture with vigorous stirring at 95 °C for 1 h. The reduced
graphene oxide (RGO) solution was washed with excess distilled
water, then dried in a vacuum oven at room temperature for 1 d.
Finally, the solid RGO (30 mg mL™" in DMF/water mixture, 2.1 wt %
with respect to DMF/water mixture) was dissolved in the mixture of
DMF /water (95:5, v/v).

Fabrication of PVDF/NH,-Treated GND/RGO Nanocompo-
site. To prepare NH,-treated GND/RGO cofiller solution, 0.6 mL of
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supernatant solution of NH,-treated GND was added to 0.6 mL of
RGO solution, and the mixture of NH,-treated GND/RGO was
vigorously stirred for 2 h and sonochemically treated for 1 h. Then, 2.5
g of PVDF and 1.2 mL of NH,-treated GND/RGO cofiller (1:1, v/v)
solution was mixed with 10.5 mL of PVDF solution (0.24 g mL™" in
DMF) with vigorous stirring at 1000 rpm for 1 d using a magnetic
stirrer (C-MAG HS 7, IKA Works, Inc. Germany). Therefore, the vol
% of NH,-treated GND/RGO in the PVDF nanocomposite could be
calculated using eq 6:

Yenp t Vrco % 100

venp t Vrgo T VpvpE
0.6mL + 0.6mL

= X 100 = 10 vol%
10.5mL + 0.6mL + 0.6mL

(6)

where vgnp, Vrgoy and vpypr denote the volume of NH,-treated GND
(0.6 mL, 30 mg mL™" in water, 3.0 wt % with respect to DMF/water
mixture), RGO (0.6 mL, 30 mg mL™" in DMF/water mixture, 3.1 wt
% with respect to DMF/water mixture), and PVDF (10.5 mL, 0.24 ¢
mL™" in DMF, 25.0 wt % with respect to DMF) solutions, respectively.
The wt % of NH,-treated GND/RGO in the PVDF/NH,-treated
GND/RGO nanocomposite was determined using eq 7:

(vanp X donp) + (Vrao X dro)
(vowp X danp) + (Vrgo X drgo) + (Vpypr X dpypr)

= L42wt%

X 100wt%

?)

where dgnp, drgo, and dpypp denote the density of NH,-treated GND
(30 mg mL™" in water, 3.0 wt % with respect to water), (RGO 30 mg
mL™! in DMF/water mixture, 3.1 wt % with respect to DMF/water
mixture), and PVDF solutions (0.24 g mL™" in DMF, 25.0 wt % with
respect to DMF), respectively. Furthermore, the content of the
PVDF/NH,-treated/RGO nanocomposites in the mixture solution
can be calculated using eq 8:

[(enpdanp) + (Vraodrco) + (pyprdpvpr)]
/[(enpdann) + (Yreofrco) + (evprdpvor) + (olventsovent) ]

X 100wt% = 18.6wt%

(8)

where vggjyent and dqgpyen refer to the volume (11.7 mL) and the density
(095 g mL™") of the DMF/water (99.7:0.3, v/v) mixture solvent,
respectively. In detail, the content of the NH,-treated GND/RGO
cofiller (1:1, v/v), PVDF, and DMF/water mixture solvent were
calculated as 2.6, 18.3, and 81.4 wt %, respectively. For the static light-
scattering measurement of the nanocomposite, the PVDF/NH,-
treated/RGO nanocomposite solutions with different PVDF/NHS,-
treated/RGO contents (1, 2, S, and 10 wt %) were prepared by adding
different amounts of the DMF solvent (12, 30, 120, and 250 mL,
respectively) to the 18.6 wt % nanocomposite solution. The mixed
solutions were sonochemically treated using an ultrasonicator (VCX
500, Sonics & Materials. Inc. USA) for 1 h to promote the dispersions
of the NH,-treated GNDs and RGO sheets in the PVDF matrix. The
sonochemically treated solution was deposited onto a glass substrate
using spin-coating method (EC101D, Headway Research, Garland,
TX), and the spin-coated glass was dried at room temperature for 1 d.
The thickness of nanocomposite was ca. 35 pm.

Isothermal Melt-Crystallization Experiment. POM images
were obtained using a Nikon Lv100 microscope (Nikon, Japan)
equipped with a custom-designed T-jump cell (CU-109, Live Cell
Instruments, Seoul, Korea) containing two silver heating stages for
isothermal crystallization. The sample coated on a glass substrate was
maintained on a heating stage at 220 °C for 10 min and subsequently
moved to another heating stage that provides the desired crystalline
temperature. To compare the spherulite growth rates of the samples,
the samples on the second heating stage were kept at different
temperatures (145, 150, 155, 160, and 165 °C). To observe the y-
phase formation in the samples, the samples on the second heating
stage were kept at 160 °C for 24 h after being annealed to 170 or 180
°C. After being annealed, the samples were cooled (30 °C min™") to
room temperature.
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Static Light-Scattering Experiment. The static light-scattering
experiment of the PVDF/NH,-treated/RGO nanocomposite solution
was conducted using a superstatic light-scattering spectrophotometer
(SLS, SLS-6500, Otsuka Electronics Co. Ltd. Japan). The light-
Scattering intenSity I(‘i) = Isolution - Isolvent could be measured as a
function of scattering vector q = (47n/4y)sin 0/2, where the n, 4y, and
0 refer to the refractive reference of DMF (n = 1.427), wavelength of a
He—Ne laser (4, = 632.8 nm), and scattering angle, respectively.

Instrumental Analyses. Morphological images of the NH,-
treated GND and RGO were recorded on a transmission electron
microscope (TEM, LIBRA 120, Carl Zeiss, Germany). Fourier
transform-infrared (FT-IR) spectra were obtained with Frontier FT-
IR spectrometers (PerkinElmer Inc. Waltham, MA, USA). X-ray
diffractograms (XRDs) were recorded on a Bruker D8 DISCOVER X-
ray diffractometer (Bruker, Germany). Differential scanning calorim-
etry (DSC) data were obtained with a differential scanning calorimeter
(Q1000, TA Instruments, Austin, TX) with a heating rate of 10 °C
min~' and a cooling rate of 8 °C min~' from 25 to 240 °C under
nitrogen atmosphere. Raman spectra were measured on T6
spectrometer (Horiba—Jobin—Yvon Co., Tokyo, Japan). The dielectric
properties were measured using a frequency response analyzer
(FRA1260, Solartron—Schlumberger, Farnborough, U.K.). The polar-
ization—electric field (P—E) curves and energy densities of the
nanocomposites were investigated using a function generator (FG300,
Yokogawa, Japan), a digital oscilloscope (DL7100, Yokogawa, Japan),
and a voltage amplifier (610E, Trek, USA).
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