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Abstract

In this study, ZnO and GNP were added separately and together to improve the dielectric constant values of hexagonal boron nitride.
Polyurethane (PU) and ethylene glycol (EG) were used as binders. The productions were carried out by dispersing each additive
separately in acetone and then coating it with the doctor blade method on aluminium foil. The characterizations were carried out
with FTIR, XRD and SEM. Then, the capacitance values of each composite were first measured with the LCR meter and then the
dielectric constant were calculated. According to the results, the highest dielectric constant values were obtained at the 100 and 120
Hz frequencies. At the frequency value of 100 kHz, the lowest dielectric constant was obtained in all composites. Compared to pure
BN, an increase of 115% was achieved with ZnO doping, while an increase of up to 145% was achieved with GNP doping. The
highest increase was achieved up to 160% with ZnO + GNP doping. In addition, with the doping of ZnO + GNP, the amount of

decrease at high frequencies was less than the others. This is thought to be due to the combined effect of both ZnO and GNP, which
has a large surface area.
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1. Introduction

With the increase of the human population and the depletion of natural resources, the demand for the clean energy sector has increased.
Especially with the decrease in fossil and solid fuels, the use of electrical energy has gained importance in many areas (Strengers, 2013).
One of these areas is the automotive sector (Bayod-Rujula et al., 2011). In recent years, it is aimed to significantly reduce the use of
fossil fuels and environmental pollution in the world with the development of electric cars in this sector (Cusenza et al., 2019). For this
purpose, many studies have been conducted in the scientific world on the storage of electrical energy to be used in such applications
(Muratori, 2018). One of these studies is capacitors. Capacitors are systems where electricity is stored by accumulating charge on a
dielectric material placed between two metal plates. In this system, polarization is created by applying an electric field to the dielectric
material during charging. These polarizations create an electric current while returning to its former state (discharge) (Sun et al., 2014;
Zhang, 2020). The materials developed based on this working principle have been put into use for the purpose of electrical energy
storage especially for portable vehicles in recent years. One of the most important parameters affecting the storage capacity in such
systems is known as the thickness of the dielectric material placed between two plates (Black and Welser, 1999). In order to reduce this
thickness, various coatings consisting of different components have been applied to metal plate surfaces by using methods such as spin
coating and deep coating (Dyer et al., 2010; Shin et al., 2007). However, such capacitors are known to be both low capacity and costly
in the manufacturing process. In this context, the use of nanoparticle reinforced composites produced by simpler methods as dielectric
material in capacitors has become widespread in recent years (Chan et al., 2019; Deshmukh et al., 2016; Wang et al., 2018). Especially,
the thickness of the dielectric material and the surface area of the collectors are very important. In this context, the use of plate-shaped
microparticles such as hexagonal boron nitride in capacitors enables the formation of micro-sized cells and thus higher capacitance
values. However, although boron nitride has a geometric advantage, its dielectric coefficient is quite low. In this context, higher energy
storage can be achieved by increasing the dielectric and capacitance values. In addition, thanks to semiconductors such as SiO, CuO,
BaTiOs3 and SrTiO3 the load storage capacity can be improved by increasing the dielectric coefficient of such materials (Akinay and
Akkus, 2020, 2019; Wang et al., 2020). However, since there is a need for more energy storage in recent years, it is desired that such
ceramics have higher electrical storage capacities. It is known that products developed with nano technology, which are innovative and
provide more efficiency compared to products developed with traditional productions, provide very beneficial results in this field. It is
observed that the development of large surface area nanoparticles such as carbon nanotube and graphene and their use together with
dielectric materials significantly increase the capacitance values of ceramics (Deng et al., 2013). In addition, it is known that metal-
based nanoparticles are also used in capacitors by adding dielectric material to increase capacitance (Lu et al., 2006).

Considering these results, it was aimed to add graphene and zinc oxide particles on hexagonal boron nitride particles, which have a
plate-like microstructure. For this purpose, the effect of graphene in the form of a plate and ZnO, a semiconductor metal oxide, on
capacitance and dielectric coefficient were examined separately and together. Ethylene glycol (EG) and polyurethane (PU) are used as
binders in production. The characterizations of the products obtained were made with FTIR and SEM. After these processes, the
capacitance values of each product were measured at five different frequencies using the LCR meter. Then, the dielectric coefficients
of each are calculated and the results are discussed.

2. Materials and Method

Hexagonal boron nitride (hBN, 10 um), graphene nano plates (GNPs, 5 um, thickness of 5-8 nm and a surface area of 750 m?/g), ZnO,
acetone, polyurethane and ethylene glycol were utilized as raw materials without further purification. Boron nitride was purchased
from HENZE BNP. Other materials, especially graphene, were purchased from Nanografi Nano Technology Inc.

In this study, firstly, four different containers were taken and numbered from 1 to 4. Then 0.35 g of h-BN was added to the first
container. 0.315 g h-BN and 0.035 g ZnO were added to the second container. 0.315 g h-BN and 0.035 g GNP were added to the third
container. 0.315 g h-BN, 0.0175 g ZnO and 0.0175 g GNP were added to the fourth container. Each of these containers was added 10
ml of acetone, covered with parafilm, and mixed in an ultrasonic bath for one hour (Fig. 1a). After this process, each was taken on a
magnetic stirrer and 3 ml of polyurethane and 3 ml of ethylene glycol were added as binders and the acetone was removed by stirring
at approximately 80-120 °C for a further period (Fig. 1b). The pasty mixtures obtained were placed on aluminum foil with the help of
a spatula. Then, the mixture dough was covered with the doctor blade method on the foils [1]. In this method, briefly, firstly, binder
polymers, solvent and powder mixtures are combined in a container in determined proportions and mixed until a homogeneous slurry
is obtained. Then, the aluminum foil is cut in the specified size and adhered to a hard and smooth surface and the surface is cleaned
with alcohol and acetone. Then, one end of the area to be covered is adhered with tape so that it remains open. After this process, the
prepared mud is put on the foil and a knife or stick is pressed on it and moved towards the open end. Thus, coating is performed on the
foil surface. After applying the same method for each, the foils were dried in a 70 °C oven for one day. After this process, each was
cut separately in suitable dimensions. The foils on the underside of the cut plates serve as conductor collectors. Conductivity was
ensured by sticking a conductive carbon tape on the upper sides as shown in Fig. 1c. Capacitance measurements were made by attaching
one of the alligator copper cables coming from the LCR meter to foil and the other to the carbon tape. Measurements were carried out
at frequencies of 100 Hz, 120 Hz, 1 kHz, 10 kHz, and 100 kHz. After this process, the dielectric coefficient of each composite was
calculated according to the formula given in equation 1 (Rao et al., 2002).
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C = (g0&)A/t 1

Where ¢, is the dielectric constant of the free space (8.854x1072 F/m), ¢,., A and t are the dielectric constant, area and thickness of the
composite materials, respectively.
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Figure 1. Experimental setups of production and measurements. (a) Ultrasonication process of powder particles. (b)
Concentration of the mixtures by heating in a magnetic stirrer. (¢) Measurement with LCR meter.

3. Results and Discussion

FTIR analysis was first performed for the characterization of composites. The obtained results are given in Fig. 2 and 3. Fig. 2 shows
the spectra of the raw materials used for composites. When the spectrum of the powder particles is evaluated, it is understood that the
sharp and flat peaks at 768 cm™ and 1363 cm™ belong to the boron and nitrogen bond (Kong et al., 2019). The peaks observed at 492
cm and 560 cm correspond to the bond between zinc and oxygen (Handore et al., 2014). The unclear peak observed around 1530
cm* belongs to the carbon-carbon bond from graphene (Peng et al., 2013). The other two spectrums are the characteristic peaks of
ethylene glycol (Nohra et al., 2016) and polyurethane (Caddeo et al., 2015) raw materials. These include the OH bond at approximately
3300 cm™* and the CH bonds at 2870 and 2942 cm. Other characteristic peaks belong to the C = O bond in 1730, 1016 and 1088 cm"
1. Apart from these, it belongs to the C-O-C, N-H and C-N bonds observed in 1066, 1228, 1458 and 1530 cm, respectively. When
looking at the peaks obtained from composites in the light of these data, the sharp peak at 768 cm™ and the broad peaks observed in
1363 cm™ belong to the B-N bond. This situation confirms that boron nitride is used in composites. On the other hand, the peaks of
ZnO observed at 492 and 560 cm™ of BN + ZnO composites confirm the use of zinc oxide in this composite. However, the ZnO peak
in the BN + ZnO + GNP composite is observed at a very low intensity, which is due to the lower amount of ZnQ in it. Carbon bonds
for graphene-containing composites could not be distinguished due to the carbon bond in ethylene glycol and polyurethane. Verification
of this is discussed in the microstructure images.
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Figure 3. FTIR spectra of composite materials
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XRD analysis results of powder mixtures are given in figure 4. According to the results of this analysis, it is understood that the sharp
peaks observed at 20 value approximately 31 °, 34 ° and 36 ° belong to the planes (100), (002) and (101) of ZnO, respectively. Also,
low intensity peaks observed at approximately 47 °, 56 °, 62 °, 66 °, 67 ° and 68 ° belong to the (102), (110), (103), (200), (112) and
(201) planes of ZnO, respectively (Zak et al., 2011). Apart from these, the severe peak observed at about 26 ° belongs to the hexagonal
structure BN and GNP (Niftaliyeva et al., 2018; Zak et al., 2011). These two peaks coincide because the structures and planes of both
are the same. However, the peaks of ZnO are quite distinct. Therefore, unlike the others, peaks of ZnO were observed in powder
mixtures with ZnO additive. As a result, the observation of the characteristic peaks of the powder mixtures shows the accuracy of the
components used. Since no extra new peak formation was observed, it can be said that no reaction took place during the mixing process.
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Figure 4. XRD pattern of powder mixtures

SEM images of powder particle mixtures are given in Figure 5. The surface images of boron nitride particles without any doping are
given in Figure 5a. It is clear from this image that the BN surface is quite smooth and in the form of a plate. In Figure 5b, images of
the ZnO-doped BN samples are given. From these images, it is understood that the ZnO particles are almost nano-sized rod-shaped,
but they cluster due to electrostatic interaction and precipitate on the BN surfaces. In Figure 5¢, BNs doped with nano-sized graphene
plates are observed. Since GNP and BNs have the same microstructure image, it is very difficult to distinguish both structures from
each other. However, here an image of nano-thick graphene plates intertwined with BN particles was obtained. Based on these images,
it can be said that the interaction of GNP and BN has occurred quite well. On the other hand, in figure 5d, the picture of the mixture of
BN + ZnO + GNP is given. In this image, it is observed that almost nano-sized rod-shaped ZnO are scattered between BN plates
together with GNP. It is understood that these ZnO rods are formed by adding a nano-sized component to the mixture. The reason for
this is thought to be that the nano-sized graphene plates were separated by penetrating between the clumped ZnO rods (Bayod-Rdjula
et al., 2011). In this way, it is observed that all three structures interact more with each other. On the other hand, the microstructure
image of the composites obtained by mixing these micro and nanoparticles with polyurethane and ethylene glycol and spreading on
aluminum foil is given in figures 6a and b. The image here shows that the particles are homogeneously distributed in the polymer, but
porosity is also included. Two of the most important reasons for the occurrence of such porosities are viscosity and the other is shrinkage
in the polymer during drying (Krokida et al., 1998; Schulze et al., 2003). As the amount of particles reinforced into the polymer
increases, the viscosity also increases and therefore it solidifies rapidly without filling all the spaces during shaping. In addition, during
the solidification by drying, some volumetric shrinkage occurs in the polymer and this causes the formation of voids in the structure.
On the other hand, the low amount of binder compared to supplements is thought to have caused such porosities. However, it is found
successful because it enables the particles to be found in bulk.
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Figure 5. SEM images of powders. (a) BN. (b) BN + ZnO. (c) BN + GNP. (d) BN + ZnO + GNP. (k and I) Composite of BN +
ZnO + GNP

Figure 6. (a and b) Images of polyurethane + BN + ZnO + GNP composites at different magnifications

As for the dielectric and capacitance values of composites, each is given in table 1 in detail. According to these results, the graph
created with the dielectric coefficient values against the frequency change of each composite is given in Fig. 7. According to these
results, the highest dielectric coefficient for all composites is at 100 Hz, which is the lowest frequency. Among them, pure BN-doped
composites are approximately 2.2, BN + ZnO-doped has 4.75, BN + GNP-doped has 5.4, and BN + ZnO + GNP-doped is 5.65. When
compared with pure BN, it is calculated that there is 115% increase with ZnO doping, 145% increase with GNP doping and 156%
increase with ZnO + GNP doping. When the frequency was increased to 120 Hz, the increase in percentage was calculated to be almost
the same. However, when the frequency was increased to 1 kHz, there was an increase of 64% with ZnO doping, 120% with GNP
doping and 160% with ZnO + GNP doping compared to pure BN. When the frequency was at 10 kHz, the doping of ZnO reached 4%,
GNP doping reached 40% and ZnO + GNP doping reached 193%. Similarly, at 100 kHz, it increased 3% with ZnO, 9% with GNP and
147% with ZnO + GNP compared to BN. According to these results, as the frequency value increased, the dielectric coefficient values
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of all composites decreased significantly, especially after 1 kHz. Although the dielectric coefficient is increased at low frequencies
compared to BN with ZnO doping, it is in very low amounts at high frequencies. The GNP doping increased the dielectric coefficient
significantly more than ZnO, especially up to 10 kHz. Apart from these, there is an exception that the percentage increase does not
decrease as the frequency increases, which is the combined doping of ZnO + GNP. Although the doping of these components together
decreases due to the frequency increase, it is quite high compared to pure BN. In this context, it can be said that the most successful
results are with doping of ZnO + GNP. It can be said that the second most successful was the GNP doping and the last was ZnO. ZnO
is thought to increase the values of BNs due to the height in its dielectric coefficient. GNP, on the other hand, is thought to contribute
by creating nano-cells in series and parallel between BN plates, as it is conductive plates and spread over a large surface area. When
ZnO particles with higher dielectric coefficient compared to BN were added between these plates, a synergistic effect was created, and
higher dielectric coefficient results were obtained than all combinations.

When it comes to the comparison of the results with the literature, in this context, Ciraci et al. carried out a similar study and their
results are quite consistent with our findings (Cusenza et al., 2019). In another study, the change in capacitance depending on the
frequency was examined and according to the results it was found that the capacitance value at low frequencies was higher. It has been
said that the reason for this is that at low frequency, the net polarization of the material increases because the electrons jump more
easily, and this causes an increase in capacitance. However, at higher frequencies, it has been stated that the relaxation time of the
charge carrier is not as fast as the change of the electric field with time, which has been reported to cause a decrease in capacitance
(Muratori, 2018; Zhang, 2020). In this study, it is thought that a similar situation exists because the highest capacitance values are
obtained at low frequencies.

Table 1 Sample parameters, measurement, and calculation results (C, £, £ A, t = the capacitance, dielectric constant of free space,
dielectric constant, area and thickness of the composite materials, respectively).

BN

100Hz 120Hz 1kHz 10kHz 100kHz
C 7.30E-11 7.20E-11 6.50E-11 3.00E-11 2.30E-11
& 8.85E-12 8.85E-12 8.85E-12 8.85E-12 8.85E-12
& 2.21E+00 2.18E+00 1.96E+00 9.06E-01 6.95E-01
A 0.000486 0.000486 0.000486 0.000486 0.000486
t 0.00013 0.00013 0.00013 0.00013 0.00013

BN + ZnO

100Hz 120Hz 1kHz 10kHz 100kHz
C 1.46E-10 1.42E-10 9.90E-11 2.90E-11 2.20E-11
& 8.85E-12 8.85E-12 8.85E-12 8.85E-12 8.85E-12
& 4.75E+00 4.62E+00 3.22E+00 9.44E-01 7.16E-01
A 0.000486 0.000486 0.000486 0.000486 0.000486
t 0.00014 0.00014 0.00014 0.00014 0.00014

BN + GNP

100Hz 120Hz 1kHz 10kHz 100kHz
C 5.20E-11 5.20E-11 5.00E-11 4.74E-11 4.35E-11
& 8.85E-12 8.85E-12 8.85E-12 8.85E-12 8.85E-12
& 6.23E+00 6.23E+00 5.99E+00 5.67E+00 5.21E+00
A 0.000066 0.000066 0.000066 0.000066 0.000066
t 0.00007 0.00007 0.00007 0.00007 0.00007

BN + GNP + ZnO

100Hz 120Hz 1kHz 10kHz 100kHz
C 7.90E-11 7.60E-11 7.20E-11 3.70E-11 2.40E-11
& 8.85E-12 8.85E-12 8.85E-12 8.85E-12 8.85E-12
& 5.65E+00 5.44E+00 5.15E+00 2.65E+00 1.72E+00
A 0.0003 0.0003 0.0003 0.0003 0.0003
t 0.00019 0.00019 0.00019 0.00019 0.00019
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Figure 7. Plot of change in dielectric constant with frequency
4. Conclusion

According to the results obtained. the production of hexagonal boron nitride plates with ZnO and GNP additives with polyurethane
and ethylene glycol binders has been successfully carried out. All of the materials used as raw materials and made into composite in
characterizations with FTIR have been successfully verified. The combination states of these materials are shown in detail in the
microstructure images. In the dielectric coefficient results. it was observed that all dopings increased around 115% to 160% at low
frequencies. while this increase decreased in others except ZnO + GNP as the frequency increased. As a result. when ZnO and GNP
are evaluated separately. it is understood that GNP is superior. but ZnO + GNP is the most successful composition. It is concluded that
this is due to the synergistic effect of ZnO. which is located between GNP nanoplates and has a higher dielectric coefficient value than
BN.
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