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Abstract

In this paper, the electrical output voltage of highly piezoelectric properties of polyvinylidene fluoride (PVDF) was enhanced
by using graphene oxide (GO) and reduced graphene oxide (RGO) additives. GO and RGO materials were synthesized by
Hummer’s method and their morphology, crystallinity and the effect of electrical outputs of f-PVDF were investigated. Differ-
ent amounts of GO and RGO additives (0.4 and 0.8 wt%) embedded in PVDF polymeric material and electrospun nanofibres
that show piezoelectric features were prepared by electrospinning process. All of the produced nanofibres were character-
ized in terms of structural and morphological properties by using Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD) and scanning electron microscopy (SEM). The piezoelectric nanogenerators prepared using electrospun
B-PVDF mats with different amounts of GO and RGO were fabricated by sandwiching between two conductive aluminium
plates. The same dimension (4 cm X 5 cm) of nanogenerators with a mat thickness of 50 um was used to evaluate the electri-
cal output data. All of the produced nanogenerators were examined for a finger-tapping action with a frequency of ~5 Hz.
It was observed that the presence of 0.8 wt% of RGO increased the open-circuit voltage of B-PVDF for approximately nine
times. This enhancement is associated with a certain and powerful interfacial interaction that occurs within the adsorption
of molecular chain conformation of -PVDF onto the GO and RGO surfaces. This new type of RGO-based nanogenerator
could be of great advantage for a wide range of applications such as a self-charging power source, flexible and stretchable
electronic devices, energy-harvesting devices, sensors and other electronic-based systems

1 Introduction [2], automotive engines [3], pressure sensors [4], actuators

[5] and energy harvesters [6]. Lead zirconate titanate (PZT)

Piezoelectric materials have great importance due to their
high-energy conversion capability from mechanical energy
to electrical energy and vice versa. When they are subjected
to the mechanical stress, they produce electrical voltage
mentioned as the direct piezoelectric effect, and also, in
the converse-piezoelectric effect they generate mechanical
charge from an electrical field [1]. Piezoelectric materials
are used in many applications such as damage detections
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[7], barium titanate (BaTiO;) [8], zinc oxide (ZnO) [9-14],
aluminium nitride (AIN) [15-18] and polyvinylidene fluo-
ride (PVDF) [19-26] are characteristic piezoelectric ingre-
dients used in microelectromechanical system (MEMS)
transducers.

Last decades, PVDF, referred as electroactive polymers
(EAPs), has found wide application area as a piezoelectric
composite because of its some excellent properties such as
flexibility, high mechanical robustness, low stiffness and
ease of processing at low temperatures. The PVDF exhibits
five different polymorphs (a, B, vy, d and €) that related to
the molecular chain conformation. Among these phases of
PVDF, the B phase is the most important due to its spon-
taneous polarization, piezoelectric sensitivity and highest
dipole moment per unit cell. Its output voltage depends on
the electroactive phase and crystallinity. f-phase providing
the highest polarization by stabilizing the all-trans chain
conformation of the PVDF in the crystal unit, make it suit-
able in nanogenerator applications [27].
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Many techniques have been used for inducing the for-
mation of more polar B-crystal phases such as electrospin-
ning [28], using nanoparticles, metal salts or ionic liquid
additives [29-32], crystallization under high pressure [33],
annealing [34], polymer poling [35], etc. Electrospinning has
become a promising technique that provides the alignment
of molecular dipoles with a single processing stage and the
formation of B-phase that has all of the dipolar moments
pointing to the same direction. Also, the piezoelectric poten-
tial of f-phase can be further enhanced with the incorpora-
tion of ferroelectric inorganic particles that have high dielec-
tric constant such as zinc stannate (ZnSnO;) [36], barium
titanate (BaTiO;) [37], lead zirconate titanate (PZT) [38],
and lead magnesium niobate—lead titanate (PMN-PT) [39].
Despite the doping of the stannate and titanate derivative
ceramic powders in the PVDF matrix, the dielectric con-
stant of PVDF is not high enough due to the weak interfa-
cial interaction between the porous structures of the ceramic
powders and polymeric matrix [40—44]. In recent years, in
the scientific world, the interest in carbon nanotubes has
greatly increased due to yielded better mechanical features
and dielectric properties because of their higher surface
area [45, 46]. Single-layer graphite, known as graphene,
has attracted considerable scientific interest in recent years
owing to its outstanding mechanical, thermal and electri-
cal properties as well as large surface area [47-49]. Thus,
graphene has been considered to be an ideal nanofiller for
improving the mechanical, electrical, and thermal proper-
ties of polymers [50]. Since graphene-based structures have
hydrophobic layers which make the production of aqueous
solutions of PVDF-graphene composites more difficult, gra-
phene should be treated by an oxidation process to obtain
graphene oxide (GO) which has more hydrophilic layered
structure including functional groups like -OH and —-COOH.
A reduction process should be applied to get reduced gra-
phene oxide (RGO) by removing of some functional groups
from the structure. It is noteworthy that the RGO is a car-
bonaceous material that shows very similar properties of
graphene. Most of the research in this field has focused on
GO or RGO thanks to their homogenous dispersion in the
polymer [51-54].

Recently, the potential of graphene oxide and deriva-
tives that provide an enhancement of the electrical output
of PVDF-based nanogenerators has been investigated. This
improvement is based on the development of p polymorph
layout that shows piezoelectric performance on the main
chain of PVDF, as a result of inducing the graphene and
derivatives [55-61]. The electrical output values of genera-
tors produced by PVDF polymer in the presence of addi-
tives, except graphene and derivatives, were presented as
the levels of mV by several types of research. However, Ala-
musi et al. [60] reported that they produced an open-circuit
voltage of 4 V for PVDF samples with 0.2 wt% graphene

addition. Abolhasani et al. [62] explained that they obtained
the open-circuit voltage of 3.8 and 7.9 V for un-filled and 0.1
wt% graphene-filled-p-PVDF nanofiber, respectively.

In light of the literature, the improvements of the electri-
cal output of PVDF-based nanogenerators along with gra-
phene derivatives encouraged us to think about possible and
powerful interfacial interactions within the adsorption of the
molecular chain conformation of f-PVDF onto the GO and
RGO surfaces. Therefore, we aimed to produce GO- and
RGO-filled B-PVDF nanofibres with higher electrical output
compared to the free f-PVDF nanogenerators. Besides, we
investigated the influence of the amounts of GO and RGO,
which have been prepared by modified Hummer’s method,
on the piezoelectric ability of pPVDF nanofibres. Herein,
we report the development of nanofiber-based PVDF/RGO
and PVDF/GO nanogenerators with extremely high electri-
cal output values.

2 Materials and methods
2.1 Reagents

All of the solvents and chemicals used were analytical grade.
Poly(vinylidene fluoride) (PVDF) with a molecular weight
of repeat unit 64.03 (g/mol) was purchased from Sigma-
Aldrich. The solvent N,N-Dimethylformamide (DMF),
purity 99.5%, and acetone were supplied by Fluka. Hydra-
zine hydrate (N,H,, 100%) was supplied by Sigma-Aldrich.
Graphite flakes were provided from Selen Chemistry. Potas-
sium permanganate (KMnO,, 99%) was purchased from
Edukim. Hydrogen peroxide (H,0,, 35%) and sulphuric
acid (H,SO,, 95-97%) were purchased from Merck. Hydro-
chloric acid (HCI, 30-32%) was supplied by Sigma-Aldrich.

2.2 Instrumentation

For the preparation of the electrospun nanofibres, a program-
mable syringe pump (Top-5300) and a high-voltage power
supply (Gamma High Voltage ES30) were used. Phase
identification and crystal structures of synthesized GO and
RGO samples were carried out through a Thermo Scien-
tific ARL X-ray diffractometer (XRD) which works with
voltage and current settings of 40 kV and 30 mA, respec-
tively, and uses Cu-Ka radiation (1.5405 A). Microstructure
images were captured at different magnifications by using
a JEOL JSM 6060 scanning electron microscope (SEM)
with 20 kV accelerating voltage. The dielectric constant
and dielectric loss of NGs were measured by an impedance
analyzer (Alpha-A High Performance Frequency Analyzer,
Novocontrol) between 10 and 10° Hz. In this study, output
voltage data of the electrospun f-PVDF nanofibres were
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measured as peak-to-peak amplitude values by using the
digital oscilloscope (AATech ADS-1022B - Digital Storage
Oscilloscope).

2.3 Synthesis of GO and RGO

Graphene oxide was synthesized by modified Hummer’s
method. In this method, H,SO, and graphite flakes in the
ice bath were stirred on a magnetic stirrer for 30 min at
600 rpm. KMnO, was added slowly into this mixture and
the temperature was kept at under 20 °C degree; this mix-
ture was stirred for 3 h. Distilled water was added dropwise
to dilute the solution and the temperature was maintained
below 50 °C. Then 100 ml of distilled water was added sud-
denly to finish the oxidation. The solution is continuously
stirred until its colour of brown. H,O, was added slowly and
this solution stirred for 1 h. The solution centrifuged with
HCI and distilled water (1:9) solution to separate synthesized
GO and excess materials/precursors/chemicals six times at
5000 rpm for 10 min. After this centrifuged process, the
obtained moist GO powder was dried in the oven at 100 °C.
GO was reduced by a chemical method to obtain RGO with
reflux technique. In this reduction process, N,H, was used
as the reducing agent. GO and distilled water were taken in
a round-bottom flask. The solution was stirred to obtain a
homogeneous solution and N,H, was added into the solution
dropwise. After the pre-stirring process, the solution was
continuously stirred for 12 h at 80 °C. RGO powders were
obtained successfully following these processes.

2.4 Solution preparation

In this study, 10% (w/v) of PVDF solution was used for elec-
trospinning. Measured amounts of PVDF were ultrasonically
stirred in a 10 ml of DMF/acetone mixture (1:1 by v/v) for
2 h at 80 °C until a transparent and homogeneous polymer
solution was formed. The solution was cooled to ambient
temperature. And then, the synthesized GO and RGO nano-
particles were added into the polymeric matrix in order to
enhance the piezoelectric features of the PVDF. The optimal
quantities of the additives in the cocktail composition were
investigated by different amounts of the synthesized GO and
RGO-NPs. For the preparation of two different concentra-
tions (0.4 and 0.8 wt%) of GO- and RGO-NPs-filled PVDF
composites, 4 and 8 mg of additives were added by to the
PVDF (10% by w/v) solution. The cocktails were stirred
under magnetic stirring for 2 h and kept ready for the elec-
trospinning process.

2.5 Electrospinning process

Electrospinning technique was used to fabricate PVDF-
based piezoelectric nanofiber. The polymer solutions were
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placed in a 10-ml plastic syringe fitted with a metallic needle
of 0.4 mm of inner diameter. The syringe was fixed verti-
cally on the syringe pump and the electrode of the high-
voltage power supply was clamped to the tip of the metal
needle. The feed rate of the polymer solution was 2.0 ml/h,
the applied voltage was between 20 and 25 kV and the tip-
to-plate distance was set at 10 cm. All of the prepared solu-
tions were loaded into the syringe having an attached needle.
When the high voltage is applied between the needle and
the aluminium substrate, the drop of the polymers becomes
charged, reorients depending on the electric field and is col-
lected on an electrically grounded metal plate in the form
of nanofibres. The f-phase PVDF nanofibres were prepared
by using the electrospinning process. Therefore, the electro-
spinning of PVDF provides the orientation of atoms from
the nonpolar a-phase to the polar f-phase.

2.6 Fabrication of GO- and RGO-based PVDF
nanogenerator

The simply piezoelectric nanogenerator devices were pre-
pared by sandwiching the un-filled and varying amounts of
graphene oxide and reduced graphene oxide-filled 3-PVDF
nanofibres as a dielectric material between two conductive
aluminium plates. To evaluate the electrical output data of
fabricated nanogenerators, the same dimension (4 X 5=20
cm?) of active layers with a thickness of 50 um was used.
The nanogenerator (NG) produced from free-PVDF
nanofiber; named PVDF-NG. The nanogenerators fabricated
with PVDF electrospun fibers, which includes 0.4 and 0.8
wt% of the GO and RGO named 0.4-GONG, 0.8-GONG,
0.4-RGONG, and 0.8-RGONG, respectively. To investigate
the effect of various amounts of GO and RGO on the open-
circuit voltage (V,.) of PVDF-based electrospun mats, a
digital oscilloscope was used. Also, the dielectric constant
and the dielectric loss of the NGs were measured by using
impedance analyzer (See in Fig. 1).

3 Results and discussion
3.1 Characterization studies
3.1.1 XRD analysis

X-ray diffraction (XRD) patterns of graphite, RGO and GO
are shown in Fig. 2a. The characteristic peak of graphite is
clearly seen at 20 of 26.44° which corresponds to an inter-
layer spacing of 3.37 A for the (002) reflection. Follow-
ing the oxidation of graphite layers, the diffraction peak is
obtained at 12.14°. During the process of reduction of GO,
oxygen-containing functional groups are removed from the
structure and disruption of the regular stacking of the GO
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Fig.2 XRD patterns of a produced additives, b p-PVDF electrospun mats depending on filler type and ratio

layers, which causes the disappearing of the peak at 12.14°.
The disappearing of this peak also led to formation of a
new splay peak between 17° and 31° which has maximum
intensity at 20 of 25.54° [63].

XRD analysis for the electrospun NG was carried out
in the range of 10° to 80° as illustrated in Fig. 2b. The dif-
fraction peak at 26 of 20.43° attributed to the characteris-
tic B-phase of PVDF and associated with (110) and (200)
crystalline planes [64]. RGO has a much greater effect on
increasing the B-peak intensity. This situation could be
explained with the interaction between PVDF and RGO.
During the electrospinning process, molecular chains of
PVDF are stretched by the applied electric field. Thus, —-CH,
dipole of RGO and —CF, dipole of PVDF orientate together
to build up a composed structure. The reason for the lack of

sharp peaks in the XRD patterns is due to the use of a small
amount of RGO addition in accordance with the literature
[61, 62].

3.1.2 FTIR analysis

Different crystalline phases of 3-PVDF absorb different
infrared wavelengths. It is known that the piezoelectric prop-
erties come from the f-phase of the PVDF [65]. Figure 3
shows the FTIR spectra of free f-PVDF and both GO- and
RGO-filled PVDF electrospun nanofibres. As demonstrated
in Fig. 3, the characteristic absorption bands of the f-phase
of PVDF nanofibres refer to the piezoelectric crystalline
phases that appeared at 840 and 1279 cm™'. The addition
of GO and RGO further enhanced the § phase of the PVDF
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Fig.3 FTIR spectra for PVDF-NG, GONG and RGONG electrospun
mats

polymer. Five measurements were performed as PVDF-NG,
0.4-GONG, 0.4-RGONG, 0.8-GONG and 0.8-RGONG,
respectively, in order to calculate the effective %(w/v) ratio.
In the case of RGO filled, the intensity of 3-PVDF charac-
teristic bands was significantly improved especially for 0.8%
(w/v). It is also obvious from FTIR measurements that the
B-phase stabilization and nucleation is more accelerated by
GO and RGO.

3.1.3 Morphological analysis

Figure 4 shows the microstructure of PVDF-NG, GONG,
and RGONG, respectively. It can be seen from the SEM
images that GO and RGO homogeneously dispersed in
PVDF thanks to their similar structures such as carbon-
based structure and functional groups (carboxyl, hydroxyl).
The obtained smooth and homogenous morphologies could
be attributed to the n-stacking structure of GO and RGO.
In addition, there are no cracks observed on the surface
thanks to the flexible structure of NG mats. It can be eas-
ily seen from Fig. 4 that the pure PVDF-NG and RGONG
have homogeneously formed bead-free nanofibres. However,
there are some beads formed on the nanofibres in the struc-
ture of NG mats with the increasing addition of the GO. This
phenomenon could be explained by the packaging of the
GO nanosheets inside the nanofibres [66]. The electrospun
GONG and RGONG mats were built of randomly oriented
nanofibres with between diameters of 40—70 nm and 35-150
nm, respectively. Distribution of diameters of nanofibres was
investigated by using a software as shown in SEM images in
Fig. 4. It was obtained that the diameters of the nanofibres
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were decreased with the increasing amount of fillers, which
attributes to the decrease of viscosity [67].

3.2 Enhanced dielectric properties of electrospun
mats

The dielectric properties of the electrospun mats with various
GO and RGO concentrations were measured at room tem-
perature as a function of frequency in the range of 10°~10°
Hz and are shown in Fig. 5. It can be seen from Fig. 5a
that the dielectric constant values of PVDF-NG, 0.4GONG,
0.4RGONG, 0.8-GONG and 0.8-RGONG are 9.45, 24.45,
21.31,27.60 and 35.16 at 10° Hz, respectively. These results
show that the dielectric constant of 0.8-RGONG is approxi-
mately four times higher than that of PVDF-NG at 10° Hz.
Thus, the RGO contribution is more effective in improving
the dielectric constant than the GO contribution. In addition,
the dielectric constants of the NGs are independent of the
frequency. Basically, the nanofiller contribution rates, type
of nanofillers and dispersion of nanofillers have significant
effects on the dielectric constant of NGs. This increase can
be attributed to the formation of micro capacitors in NGs.
The increasing amount of GO/RGO causes the formation
of micro capacitors which increases the dielectric constant
in accordance with the literature just as some researchers
observed in their studies [68-71]. However, there are few
studies about the decreasing dielectric constants with dif-
ferent additives due to agglomeration and nonhomogenous
dispersion of fillers [72].

Figure 5b shows the dielectric losses of NGs, which are
around 0.01 at 10* Hz. The dielectric loss mechanisms of
GONG and RGONG can be explained by interfacial polari-
zation and electronic dipole polarization between -PVDF
and GO/RGO. Interface polarization occurs when neigh-
bouring phases have different dielectric constant values. The
functional groups present on the surface of GO do not pre-
vent the formation of interfaces between GO and B-PVDF.
The electrophilic fluorines in the molecular structure of
B-PVDF can cause electronic dipole polarization. Besides,
unsaturated coordination and dangling band atoms on the
surface of the p-PVDF/RGO composites may result in ori-
entational polarization which is the cause for dielectric loss
[73, 74].

3.3 Output voltage measurements
of graphene-based nanogenerators

The open-circuit voltages of nanogenerators have a com-
plicated relationship with various determinants such as
the diameter of nanofibres and conductivity of electrospun
mat, the filler amounts of GO/RGO and impact frequency.
The output voltage changes of all the NGs were measured
by finger-tapping action with a frequency of ~5 Hz, as
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Fig.4 SEM images under 6k
and 48k magnifications of a, b
PVDEF-NG, ¢, d 0.4-GONG, e, f
0.8-GONG, g, h 0.4-RGONG, i,
j 0.8-RGONG
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the impact-release process. When the nanogenerators were
exposed repeatedly press-release cycles by the human fin-
ger, free electrons gathered at the interface of electrodes,
and the open-circuit voltage occurred due to the accumu-
lated electron transition across the electrodes and created
a positive voltage peak. [62]. Figure 6 indicates the graphs
of the output voltage changes of the PVDF, GO- and RGO-
filled PVDF nanogenerators obtained with finger-tapping
action. The V_ of 0.8-RGONG, 0.4RGONG, 0.8-GONG,
0.4-GONG and PVDF-NG was calculated as an average
voltage for five measurements and found as 4.38, 3.40,
0.65, 1.15 and 0.50 V, respectively. RGONG displayed
certainly higher voltage than the other nanogenerators. It
can be seen that the presence of 0.8 wt% RGO in f-PVDF
nanofibres increased open-circuit voltage from 0.50 to 4.38
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with a frequency of ~5 Hz

V, when compared with free f-PVDF. The increases in the
output voltage of RGONGs are thought to originate from
fewer functional groups attached to carbon atoms in the
structure of reduced graphene oxide when compared with
the graphene oxide structure. In this way, electron move-
ment across the carbon atoms can occur at high speed. In
addition, the high velocity flow of electrons has not been
seen in the graphene oxide-filled PVDF nanogenerators.
Despite the increase in the percentage of graphene oxide
in the nanogenerator structure, 0.8-GONG gave the lowest
electrical output voltage. Since 0.8-GONG has more func-
tional groups attached to carbon atoms than 0.4-GONG,
it is thought that the electron flow in this structure is pre-
vented. The graphene oxide and derivatives enhance the
electrical behaviour of the PVDF matrix because of having
an unusually large surface area [75]. Besides, the compat-
ibility between GO/RGO and B-PVDF is very high due
to the presence of oxygen-containing functional groups
on the surfaces of the GO and RGO. It is thought that
the homogenous distribution of GO and RGO structures



Journal of Materials Science: Materials in Electronics (2020) 31:1960-1968

1967

within the p-PVDF improves the electron transfer on the
polymeric chain.

4 Conclusion

In summary, the graphene derivatives are fully dispersed and
well interacted with the polymer matrix because the synthe-
sized GO and RGO nanoparticles have compatibility specifi-
cation with PVDF. By using 0.4 and 0.8 wt% of these nano-
particles embedded in PVDF polymer, the highly flexible
and stretchable nanosheets of GO/PVDF and RGO/PVDF
were obtained by electrospinning technique. The electrospun
B-PVDF mats were used to fabricate related nanogenera-
tors by sandwiching between two conductive aluminium
plates with the same dimension. The electrical outputs of
the nanogenerators were evaluated using an oscilloscope for
a finger-tapping action with a frequency of ~5 Hz. When
compared with the free f-PVDF, in the presence of the 0.8
wt% of RGO, the highest enhancement electrical output volt-
age was obtained with an average positive voltage peak as
4.38 V. It is thought that the increment of the output voltage
is mainly involved in interfacial interaction between f-PVDF
and RGO nanoparticles. By the way, dielectric properties
were enhanced significantly by the addition of GO and RGO
in comparison to 3-PVDF. Especially, the dielectric constant
of 0.8-RGONG composite was increased to 35.16 which is
approximately four times higher than that of PVDF-NG at
10% Hz. Also, dielectric losses of NGs were found around
0.01 at 10* Hz. The enhanced piezoelectric performances of
the 0.8-RGONG allow the use of these nanogenerators as
energy-harvesting devices, pressure sensors, portable elec-
tronics, and wearable devices.
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