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Keywords Abstract: In this study, it is aimed to develop dielectric materials with high
MgO/CuO, dielectric coefficient for flexible capacitors. For this purpose, MgO/CuO
Graphene, nanoparticles were first synthesized by precipitation reactions. Then, these

Composite film,

Dielectric constant particles were added together with graphene nanoplates (GNPs) into PVDF in

different compositions to form a composite mixture. After this process, flexible
composite films of 30 pm thickness were formed with doctor blade and phase
inversion methods. In the characterization processes, it was determined that
MgO/CuO particles were successfully produced with an average size of 282 nm. On
the other hand, the highest capacitance and dielectric coefficient values of the
composite films were determined in the GNPs@MgO/CuO@PVDF sample as 2.8 nF
and 42.6 at 100 Hz frequency, respectively. As a result, it was concluded that the
dielectric properties were significantly improved with the use of graphene and
metal oxides together, and PVDF was very successful in terms of flexibility and
binding role.

GNPs@Mg0/CuO@PVDF Kompozit Filmlerin Hazirlanmasi ve Dielektrik Ozellikleri

Anahtar Kelimeler 0z: Bu caligmada, esnek kapasitorler icin dielektrik katsayisi yiiksek dielektrik
Mg0/Cu0, malzemelerin gelistirilmesi amag¢lanmistir. Bu amagla ilk olarak ¢oktiirme
Grafen, reaksiyonlar1 ile MgO/CuO nanopartikilleri sentezlenmistir. Daha sonra bu

Kompozit film,

Dielektrik sabiti partikiiller grafen nanoplakalar1 (GNPs) ile birlikte PVDF igine farkh

kompozisyonlarda eklenerek kompozit karisimi olusturulmustur. Bu islemin
ardindan doktor blade ve phase inversion yontemleri ile esnek yapili 30 um
kalinliginda kompozit filmler olusturulmustur. Karakterizasyon islemlerinde
MgO/CuO partikiillerinin ortalama 282 nm boyutunda basaril bir sekilde iiretildigi
tespit edilmistir. Ote yandan kompozit filmlerden en yiiksek kapasitans ve dielektrik
katsayis1 degerleri 100 Hz. frekansta sirasiyla 2,8 nF ve 42,6 olarak
GNPs@MgO/CuO@PVDF numunesinde tespit edilmistir. Sonu¢ olarak grafen ve
metal oksitlerin birlikte kullanimi ile dielektrik 6zellikler 6nemli 6l¢tide gelistirildigi
ve ayrica PVDF’'in esneklik ve baglayicilik rolii bakimindan oldukga basarili oldugu
sonucuna varimistir.

*Corresponding Author, e-mail: safapolat@karabuk.edu.tr

1. Introduction

The concept of energy has been one of the important research topics in almost all disciplines from past to present.
With the increase in the global population and the decrease in natural resources, it has begun to be investigated in
a concrete sense. In these studies, importance was given to the use of renewable resources without harming the
nature. In this context, energy production studies have been carried out so far by utilizing resources such as wind
[1], solar [2], hydrothermal [3], geothermal and biomass [4]. In fact, electrical energies obtained from these
sources are widely used in many areas of our daily lives. However, as an alternative to these energy sources,
triboelectric nanogenerators (TENGs) have been developed in recent years to provide the energy of electronic
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devices such as watches and phones from daily activities [5,6]. TENGs have been developed to generate electricity
from residual mechanical movements in our daily lives such as hand-arm movement, walking and running. The
working principle of these devices is based on the principle of placing an insulating material on two conductor
surfaces and rubbing them with each other [7]. Many studies have been carried out on this method for both
application and material development in order to achieve higher output [8]. In these studies, it was stated that the
use of materials with high dielectric coefficient increased the polarization and caused more electrification, which
resulted in higher voltage outputs [9]. In terms of application, it has been aimed to develop flexible materials due
to the human movement of the source [10]. On the other hand, there is no stable power output as sources like
TENGs actually convert kinetic energy into electricity through motion in nature [11]. Therefore, it is also very
important not only to obtain energy, but also to store it and make it available with appropriate outputs when
needed. In this respect, the development of flexible capacitors and supercapacitors has been an intense research
topic [12]. From these studies, it was concluded that it is a common requirement for the material to be developed
for both cases to be flexible and have a high dielectric constant. Apart from these, it is known that flexible and high
dielectric coefficient materials are also needed in biotechnological fields such as biosensor construction.

In this regard, when the studies done so far are examined, it has been observed that polymers such as poly-
vinylidene fluoride (PVDF), Polyvinylpyrrolidone (PVP), polyimide (PI), polyvinylchloride (PVC), fluorinated
ethylene propylene (FEP), and polytetrafluoroethylene (PTFE) are widely used [13-15]. Among these, PVDF is
the polymer preferred in new generation piezoelectric material applications due to its easy workability, high
temperature resistance, flame retardant feature, resistance to chemicals, abrasion, UV radiation, flexibility, low
production cost and non-toxicity [16-21]. In particular, many studies have been carried out that it can be used in
power microelectromechanical systems, wireless sensor networks, micro robots and implantable biological
devices [22-25]. However, the fact that the piezoelectric charge constant values are not at the desired levels has
brought some restrictions to the use of this material [26]. PVDF polymer, as it is commonly known, is a semi-
crystalline polymer with five different crystal structures (a, 8, y, 6 and €). Among them, the alpha phase is the most
common and has the highest thermal stability, while the beta phase is the most important in terms of piezoelectric
and pyroelectric properties. Therefore, the conversion of the most concentrated alpha to the beta phase is actually
the most necessary issue to increase the dielectric property of the polymer [23,24,27,28]. Various methods such
as mechanical stretching, heat treatment application, casting with a solvent mixture have been used in order to
achieve this [29-31]. Apart from these, another method especially used to increase the beta phase is to add
nanoparticles to the polymer. It is known that various nanoparticles such as graphene [32], graphene oxide [33],
carbon nanotube [34] and carbon black [35] have been used in studies carried out so far. In addition to these, it is
known that many metal oxide materials have been used as an additive in polymers due to their superior dielectric
properties due to their easy polarization [36-38]. In this context, structures such as MgO and CuO have been widely
used in different applications [39-43]. However, it is observed that there is a lack in the literature on detailed
investigations of these structures that can be obtained from chlorinated compounds of easily obtainable and very
low-cost Mg and Cu elements. Therefore, this deficiency can be eliminated by making investigations with low cost
2A group and transition metals

In this study, it is aimed to develop composite films with high dielectric constant that can be used for new
generation devices with flexible structure. For this purpose, firstly, MgO/CuO was synthesized from MgClz and
CuClz metal oxides. Then, this structure was added to PVDF together with graphene and mixed homogeneously.
When the mixture became muddy, it was plastered on a plate with the doctor blade method and then composite
films were obtained by phase inversion method. First of all, the synthesized metal oxides and films were
characterized by FTIR, XRD and SEM, and then the capacitance and dielectric coefficients were determined with
an LCR meter. According to the final result, it was understood that the effect of the MgO/CuO structure alone was
quite low, but it showed a high level of performance together with graphene.

2. Material and Method
2.1. Materials

MgClz, CuCl; salts and NaOH purchased from Aromel Kimya medical A.S were used for the synthesis MgO/CuO
structure. Polyvinylene fluoride (PVDF) polymer used as binder was purchased in bulk form from Kahvecioglu
plastic and its solvent dimethyl formamide (DMF) was purchased from Aromel Kimya. Graphene was obtained
from the company Nanografi. Production, measurements and use of various laboratory equipment such as pure
water, beaker, and high temperature furnace were carried out in Karabuk University Materials Research and
Development (MARGEM) laboratories.
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2.2. Production method of Mg0/CuO perovskit structure

For the synthesis of MgO/CuO structure, 13 mg of MgClz and 11 mg of CuClz salts were first dissolved in 50 ml of
distilled water. Then, 22 mg of NaOH were added so that both of these salts were precipitated in the hydroxide
structure and dissolved in 50 ml of distilled water in another beaker and transferred to the burette. Then the NaOH
solution was started to be dripped into the metal chloride solution. The drip rate was set at such a rate that the
entire solution would be finished in one hour. The obtained mixture was then filtered on watman filter paper, and
the residues were thoroughly washed several times with distilled water. It was dried in an oven at 70 °C for about
one day, along with the residues on the filter paper. The residues were then transferred to an alumina crucible and
calcined in muffle furnace at 700 °C for 2 hours. This last process was carried out to break the O-H bonds and
obtain the Mg0/CuO structure. After this process, MgO/CuO powder was transferred to a mortar, where they were
ground and made ready for use in composites. This production was repeated several times in order to produce
enough Mg0/CuO for all compositions.

2.3. Production of Composite films

For the production of composite films, first 50 mg of PVDF, 60 mg of active ingredient, 10 mg of graphene
nanoplates (GNPs) and 2 ml of DMF were added to a beaker and mixed on a magnetic stirrer at 100 °C. After the
PVDF was dissolved in DMF, mixing was continued until it reached a gel consistency. In the meantime, the
aluminium foil was taped from the edges on a 15x15 cm glass. The surface of the foil was thoroughly cleaned with
ethyl alcohol so that there were no wrinkles on the surface. Then, the mixture, which came to a gel consistency,
was poured on the foil, and plastered on the surface with the doctor blade method. After this process, the glass and
foil were immersed in a water-filled container and the active substance plastered on the surface was removed as
a film on the water surface. With this method, all productions were carried out in the compositions given in Table
1. The intended material was obtained by drying the composite films in an oven at 70 °C for about one hour on the
watch glass.

Table 1.

Sample PVDF MgO/CuO GNP
#1 50 mg - -
#2 50mg 30+30mg -
#3 50 mg - 10 mg

#4 50mg 30+30mg 10mg

GNP PVDF MgO/CuO

DMF |

Ultrasonical mixing doctor blade phase inversion
method method

Figure 1. Representation images of experimental methods

2.4. Characterization of Materials

In this part of the study, firstly, the characterization of the MgO/CuO compounds, which was synthesized, was
carried out. For this, chemical bond characterizations with FTIR, crystal structure analysis with XRD and particle
size analysis with SEM were performed. Afterwards, FTIR, XRD and SEM analysis of the composite films were
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performed, and the final composites were characterized in terms of their components and interactions. Apart from
these, in order to examine the dielectric properties, the films poured on the aluminium foil were dried there, and
a 15x15 mm metal plate was contacted on it. In this process, first the capacitance values (C) of the composite films
were measured with the LCR meter, and then the dielectric constants were calculated according to the formula in
equation 1 [44].

C =gy, At (1
Where ¢, is the dielectric constant of the free space (8.854x10-12 F/m), ¢, is dielectric constant, A is area (m?), and
tis thickness (m) of the composites.

3. Results

XRD analysis was first performed to characterize the products obtained after the productions. In this analysis,
MgO+CuO synthesis nanopowder were first analysed and then the composites of these powders combined with
GNP and PVDF were analysed. The results obtained are detailed in Fig. 2. According to the results obtained, two
sharp and high-intensity peaks were observed at approximately 32° and 39° with the 20 value. These peaks belong
to the (110) and (200) planes of CuO, respectively [45]. Apart from these, the peaks observed with lower intensity
at49°,53°,58° 61°, 66° 68° 72°and 75° also indicate CuO (-202), (020), (202), (-113), (022), (-311), (220), (311)
and (004) planes. Peaks belonging to MgO were observed at approximately 37°, 43°, 62°, 74° and 79° [46]. These
peaks belong to the (111), (200), (220), (311) and (222) planes of MgO [47]. Apart from these, very low-intensity
peaks observed also belong to CuO and MgO, but only sharp and intense ones were characterized. According to
these results, XRD analysis show that it can be said that the synthesized powders are completely composed of CuO
and MgO and no extra crystals are formed. Another analysis made with XRD is the composites of these powders
combined with GNPs and PVDF. As a result of this analysis, the presence of GNPs in the composite was tried to be
confirmed. According to the result given in a small graph embedded in the graph, it can be said that the peak
observed at approximately 29° belongs to the (002) plane of the graphene [48]. However, while this peak should
have been observed around 27°, it is thought that a shift of about 2° occurred and this was due to other crystals in
the composite.

MgO/CuO
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Figure 2. XRD results of composite films and Mg0O/CuO nanoparticles

FTIR analysis was carried out to confirm the accuracy of the crystal structures by chemical bonding between
atoms. The results obtained are given in Fig. 3 in detail. According to these results, the peaks observed at
approximately 2980 and 3020 cm! in wavenumber are due to the symmetrical and asymmetric stretching of -CHz
[49]. Apart from these, more characteristic and sharp peaks of PVDF were also observed. One of them is the peak
caused by the asymmetric and symmetrical -CF2 tension observed at 1167 cm! [50]. On the other hand, it is known
that PVDF contains alpha and beta phases. Approximately 1401, 1230, 1067, 875 and 834 cm-! of these peaks
indicate the vibration of the beta phase [50]. The low intensity peak observed at 764 cm-! corresponds to the alpha
phase [50]. The disappearance of this peak in composites actually means that the alpha phase has undergone
transformation. However, the presence of beta phase peaks in composites means that PVDF protects its main
skeleton without reacting with externally added components. Slight shifts were observed in the intensity and
location of these peaks in the composites, which is thought to be due to the presence of different components. As
for the synthesized metal oxide nanopowder, the peaks observed at 471, 574 and 642 cm-! are due to the vibration
of the Cu-O bond [51]. In addition, one of the broad peaks observed around 570 (561 cm1) is attributed to the
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vibration of Mg-O [52]. Based on these results, it can be said that both metal oxides and composites were
synthesized and produced for the desired purposes.
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Figure 3. FTIR spectrums of composite films and MgO/CuO nanoparticles

Microstructure investigations of the synthesized Mg0O/CuO nanopowder were carried out by SEM and the results
are given in figure 4 in detail. According to these results, the synthesized particles are mostly spherical in shape.
However, spherical particles differ in size. All these particles are in contact with each other and show a
homogeneous distribution. Image] program was used to determine the particle size distribution and average size.
According to the results given in Figure 4b, the particle size generally varies between 100 nm and 600 nm, with an
average size of 282 nm. About 5% of them are around 100 nm, 20% are 150-250 nm, 25% are 250-300 nm, and
most of the rest is 300-450 nm. Apart from these, about 5% of them are around 500-600 nm. Almost all these
particles have the same particle shape, indicating that both CuO and MgO occur in similar structures. This is
thought to be since it was synthesized in the same environment and under the same conditions. On the other hand,
the mapping images in figures 4c and d show a homogeneous distribution of copper and magnesium. This situation
shows that both copper and magnesium oxide are synthesized in an intertwined manner. As a result, in this study,

it can be said that the synthesis of nanoscale CuO and MgO was successfully synthesized at nanoscale by making a
homogeneous attempt.
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Figure 4. a) SEM images of Mg0O/CuO, b) histogram graph of particle diameter of MgO/CuO with inset images, c and d)
mapping images of MgO/CuO nanoparticles

On the other hand, the digital image and SEM images of the composite film of sample #4 are given in figure 5 as a representation.
According to these images, it is understood that the composite film has a very flexible structure. On the other hand, in the SEM
image, it is seen that the spherical MgO/CuO particles are homogeneously dispersed in the PVDF. The smaller particles in these
images are graphene nanoplates. In these images, there are also interparticle spaces called porosity. These are thought to be
due to the increase in viscosity with the addition of particles into PVDF during production. It is also thought that it may be due
to shrinkage of PVDF during drying. As a result, it can be said that composite films with flexible structure and homogeneous
distribution of particles are successfully produced by the methods used.

Figure 5. a) Digital images of flexible composite film (#4), b-c) SEM images of composite film (#4) at different magnifications

In order to determine the energy storage capacity of composite films, capacitance measurements were made with
LCR meters and dielectric coefficients were determined accordingly. The obtained results were detailed in figure
6. According to these results, the capacitance values of the composite films at 100 Hz frequency were measured as
140 pF for the undoped PVDF film (#1), 203 pF for the MgO/CuO doped film (#2), 1555 pF for the graphene doped
film (#3) and 2829 pF for the MgO/CuO and graphene doped film. When the frequency was increased to 1 kHz, the
capacitance value was measured as 122 pF in sample #1, 157 pF in sample #2, 778 pF in sample #3 and 1059 pF
in sample #4. When the frequency value was increased to 100 kHz, the capacitance values of these samples were
measured as 109 pF, 114 pF, 316 pF and 365 pF, respectively.

On the other hand, dielectric coefficient values at 100 Hz were measured as 2.11 for #1 sample, 3.06 for #2 sample,
23.4 for #3 and 42.6 for #4. These results were measured to be 1.84, 2.37,11.7 and 16 samples #1-#2-#3-#4 when
the frequency value was increased to 1 kHz. When the frequency value was increased to 100 kHz, the same samples
were measured as 1.64, 1.72, 4.76 and 5.5, respectively. According to these results, it was understood that the
samples with the highest dielectric coefficient values were obtained in #3 and #4 samples and at low frequencies.
In other words, it has been understood that when the synthesized metal oxides are used alone, the dielectric
coefficient of pure PVDF relatively increases, but when it is used together with graphene, it provides a superior
increase with a synergistic effect. It is an undeniable fact that graphene made the biggest contribution to this
increase. Likewise, this situation has been proven in many articles in the literature. However, the dielectric
constant value provided by graphene alone is lower than that provided by the metal oxide combination. Therefore,
the composition of the components that make up sample #4 is considerable. Therefore, the energy storage capacity
of this sample is higher than the highest values of other samples, even at high frequencies. For example, sample
#4's capacitance values at 100 Hz and 1kHz are about 1.6 nF and 2.8 nF, while sample #3's capacitance is only
around 1.6 nF at 100 Hz. Based on these results, it can be said that sample #4 can be used both in triboelectric
nanogenerators and in other fields due to its flexible structure and high capacitance value. It can also be said that
sample #3 can also be used in this context due to its relatively high capacitance value.

When it comes to the analysis of these results depending on the frequency variable, it is clearly understood that as
the frequency increases, the capacitance and the dielectric coefficient values related to it decrease. In this context,
it is known that electron jumps occur faster at low frequencies, which causes the polarization to increase rapidly.
[53,54]. However, at high frequencies, the relaxation time of the charge carrier is not as fast as the change of the
electric field over time, and this causes a decrease in capacitance [53]. Therefore, it can be said that higher
capacitance values are achieved at higher frequencies. On the other hand, when it comes to evaluating the amount
of supplements, Rozana et al. added 5% MgO to PVDF and measured &, value of around 5 at 10% Hz. [55]. Similarly,
Chen et al., determined &, value around 9 with 4% reinforcement at the same frequency [56]. The results of this
study are quite behind when only MgO supplementation is considered compared to the literature data. However,
the high amount of additives in this study brought along porosity and agglomeration, which are the most important
parameters that negatively affect the dielectric coefficient [57]. On the other hand, Rani et al., measured &, value
as 6.6 at 100 Hz by adding 0.5% GNP and 5% CuO to the PVDF/PEDOT-block-PEG mixture, while adding 2.5% GNP
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and 25% CuO, they measured 34 [45]. In addition, in another study, the dielectric coefficient was around 20 when
10% by weight graphene was added to a mixture of polystyrene (PS) and polyvinylidene fluoride (PVDF), but this
value reached up to 100 when the graphene amount was increased to 15% [58]. Based on these results, it is seen
that if the metal oxide ratio is used at a high rate, it reduces &, value, but if it is used with graphene at a high rate,
it has a synergistic effect and provides a higher increase than expected. The reason for this is understood in the
BN-ZnO-GNP study that nano-sized plate-shaped graphene structures provide very high capacitance by forming
many serial and parallel nano cells with metal oxide and PVDF dielectrics in the composite [54]. As a result, the
obtaining of different types of composites by combining graphene with various metal oxides is very promising in
terms of obtaining high dielectric constant materials.
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Figure 6. Frequency dependent changes of capacitance and dielectric constant values

4. Discussion and Conclusion

In this study, it is aimed to develop dielectric materials of flexible capacitors in order to increase the energy storage
capacity of new generation flexible electronic devices. For this purpose, firstly, MgO0/CuO nanoparticles were
synthesized by precipitation reactions and calcination process. Then, composite mixture was formed by adding
these nanoparticles together with graphene into PVDF in different compositions. Afterwards, composite films
were successfully produced with doctor blade and phase inversion methods. In the characterization processes, it
was understood that MgO/CuO particles were successfully produced with an average size of 282 nm. PVDF-based
flexible composites have been successfully produced by applying the methods together. In the capacitance and
dielectric constant measurements, the highest values were determined as 2.8 nF and 42.6 at 100 Hz, respectively.
According to these results, it can be said that #4 is promising for new generation electronic devices in terms of
both its flexible structure and high capacitance value.
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