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Ferroelectric barium titanate (BTO) powder particles were encapsulated by three different sizes of reduced
graphene oxide (rGO) platelets. The size of the graphene oxide (GO) platelets is controlled by varying the
horn type ultrasonic times, i.e. 0, 30, and 60 min, respectively, and they are reduced with hydrazine to
obtain rGO-encapsulated BTO (rGO@BTO) film. The rGO@BTO film exhibits an increase in the dielectric
characteristics due to the interfacial polarization. These improved characteristics include a dielectric
constant of 194 (a large increment of 111%), along with the dielectric loss of 0.053 (a slight increment of
13%) at 1 kHz, compared to the pure BTO dielectric film. The improvement in the dielectric constant of
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Accepted 23rd May 2022 the rGO@BTO is attributed to the encapsulation degree between the rGO platelets and BTO powder
particles, which results in the interfacial polarization and micro-capacitor effect in a dielectric film, and

DOI 10.1035/d2ra01266a also contributes to a low dielectric loss. Therefore, a suitable size of rGO platelets for encapsulation is
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Introduction

Nano-composites composed of reduced graphene oxide (rGO)
platelets and polymer have gained considerable interest due to
their potential applications in various fields, such as super-
capacitors,' batteries,” field effect transistors,® membranes,**
biomedicines,® and photocatalysts.” A common method for the
synthesis of graphene-based nano-composites has been re-
ported.*® Currently, rGO platelets are used as conductive
materials for dielectric films, owing to their flexibility and high
conductivity. However, they present major drawbacks such as
dielectric losses (tan §).****

The dielectric properties of conductive materials, typically
nanometer-sized materials, have been extensively analysed for
potential applications such as electric energy storage,™ elec-
troluminescent devices,** gate dielectric," and embedded
capacitors.’® Some similar studies have been reported such as
Ni in BaTiO; of a composition of (BagsNig;)TiO; for the
temperature sensor'® and bandwidth applications and gold
nanoparticles incorporated in the reduced graphene oxide for
developing filtering and modulating functions in 2D devices."”
Consequently, two-phase (conductive material/polymer)**2° or
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essential for high-dielectric performance.

three-phase composite materials (ferroelectric ceramic powder/
conductive material/polymer)***'* have been analysed exten-
sively. A drastic increase in the dielectric constant has been
reported when approaching the percolation threshold of
conductive fillers.>>*® The percolation theory was used to derive
the insulator-conductor transition induced at the critical
threshold.”” The two-phase'***® and three-phase**'>*
composite films have been reported to have high dielectric
constants, but they present disadvantages such as excessive
thickness, complicated fabrication processes, and high sinter-
ing temperatures (over 1300 °C).

A method involving the encapsulation of barium titanate
(BTO) powder particles in rGO platelets and subsequent mixing,
was used to obtain a high dielectric constant and a low dielec-
tric loss.”® When rGO platelets are encapsulated, the size of
graphene also plays a crucial role in the conductivity.> The large
size of the rGO platelets is a major obstacle due to its percola-
tion in the film. The rGO platelets promote the high dielectric
constant due to the metal-insulator-transition (MIT) phase
transition with the high dielectric loss through the leakage
bypass network.

This paper analyses the dielectric characteristics of polymer
composites to achieve a high dielectric constant and low
dielectric loss in the dielectric film. Ferroelectric barium tita-
nate (BTO) powder particles are encapsulated by reduced gra-
phene oxide (rGO). The size of the rGO platelets is controlled by
the horn type ultra-sonication times of 0, 30, and 60 min,
respectively. Therefore, three different sizes of graphene films
are analysed.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Experimental

Fig. 1 shows a schematic diagram of the synthesis procedure for
the BTO powder particles encapsulated by rGO (hereafter
rGO@BTO). The rGO@BTO was synthesized as follows. A
mixture consisted of the BTO powder particles (US Research
Nanomaterials, US3829, an average particle size of 300 nm) and
hydrogen peroxide (H,0,) was stirred at 110 °C for 3 h. And
then, 20 wt% H,0,-treated BTO powder particles were dispersed
in 70 wt% N,N-dimethylformamide (DMF) solvent by sonication
for 30 min. In order to obtain the NH,-modified BTO powder,
10 wt% (3-aminopropyl)trimethoxysilane (APTMS, Sigma
Aldrich) is added and then, stirred for 24 h.

Separately, the phenyl isocyanate-functionalized GO plate-
lets (0.106 wt%) were dispersed in the deionized (D.1.) water by
sonication. The size of the GO platelet was controlled by using
the horn-type sonication, followed by the three different soni-
cation times, i.e. 0, 30, and 60 min, respectively.

Next, the NH,-modified BTO powders were added to the GO
suspension for the encapsulation, and this mixture was stirred
for 24 h, where the final loadings of the H,O,-treated BTO
powder and GO platelets were 15.5 wt% and 0.1 wt%, respec-
tively, in 84.1 wt% DMF/D.I. The solution is washed three times
with D.I. water and (1,1)-dimethylhydrazine (reduction/
deoxygenation agent) is added to the GO@BTO to complete
the reduction process, as shown in Fig. 1.>® The rGO@BTO
powders were ready for dielectric films after washing with D.I.
water.

Four series of films, with pure BTO and rGO@BTO powders
with three different sizes of the rGO platelets were prepared.

(i) Surface Modification of BTO Powder

View Article Online
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The fabrication process of the composite film was as follows:
16 wt% cyanoethyl pullulan (hereafter CEP, Shin-Etsu Chem-
ical, the molecular weight of 438 000) was dissolved in 84 wt%
DMF and then, stirred for 24 h. The rGO@BTO powders with the
three different sized rGO, as well as the pure BTO powders, were
dispersed in the CEP polymer by wet ball-milling (alumina balls
with a diameter of 3 mm) to obtain homogeneous dispersion of
the composite mixture. The final loading of the pure BTO and
rGO@BTO powder was 40 wt% in 60 wt% CEP polymer solution.

All the dielectric solutions were spin-coated onto an ITO-
glass at 1000 rpm and dried at 130 °C for 30 min (see Fig. 2a).
Subsequently, a 500 nm-thick Al electrode is deposited by
thermal evaporation. The thickness of all the dielectric
composite films was maintained at approximately, 4 um, as
shown in Fig. 2b. The composite films are designated with the
acronyms of REF0, RS00, RS30, and RS60, for pure BTO and
BTO encapsulated by rGO with sonication times for 0, 30, and
60 min, respectively (see Fig. 1).

The morphology of the rGO@BTO powder was examined by
scanning electron microscopy (SEM; JEOL, JSM7600F) and
transmission electron microscopy (TEM; FEI, Tecnan G2 F20).
The lattice vibrations in the powder were measured by Raman
(WiTec Alpha, 300 micro-Raman imaging system; 532 nm
excitation laser) and FT-IR (Bruker, Vertex 70) spectroscopy. The
electrical and dielectric properties of the composite films were
measured by a semiconductor device analyzer (Agilent, 4145B)
which varies in frequency from 100 Hz to 10 kHz at 0.1 V. The
thicknesses of the composite films were obtained using a Dek-
tak 6M stylus surface profilometer.

(ii) Size Control of GO
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Fig. 1 Schematic diagram of synthesis process of rGO-encapsulated barium titanate (rGO@BTO), and the rGO@BTO/polymer dielectric

composite.
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Fig. 2 Schematic diagram of synthesis process of (a) rGO-encapsulated barium titanate (rGO@BTO), and (b) the rGO@BTO/polymer dielectric

composite.

Results and discussion

Fig. 3a exhibits the SEM images of the GO platelets obtained
from the controlled size for sonication times, ie., 0, 30, and
60 min, respectively. It indicates that the size and thickness of
the GO platelets decrease with the increase in the sonication
time. The average diameter of RS00, RS30, and RS60 are 7, 1,
and 0.6 pm, respectively. Particularly, RS60 presents a wide
range of distribution for the GO platelets (see Fig. 3a), because
the long-time ultra-sonication helps separate and decrease the
thickness and size of the graphene platelets which are aggre-
gated from each other. In general, the ultra-sonication has been
utilized in the graphene exfoliation and/or flake dimension
control. This fundamental mechanism can be interpreted
through the inertial cavitation. During the sonication, graphene
oxide platelets were fractured in a multiplicative process by the
shockwaves. The mean platelet size of the graphene oxide would
progressively decrease until the platelets are small enough. The

(a) Sonication _0 min

Sonication _30 min

(b)

Fig.3

shapes of the graphene oxide platelets could be square, elon-
gated, or simply irregular.®

The morphology of the BTO powder particles before and
after encapsulation by rGO is analysed by TEM, as shown in
Fig. 3b. The encapsulation of the BTO powder particles by a thin
layer of rGO can be easily confirmed by comparing two images.
The thickness of the rGO is maintained at ~5 nm for RS60, as
shown in Fig. 3b. Fig. 3c shows SEM images of rtGO@BTO film
with different thicknesses. It was difficult to characterize the
morphology of rtGO@BTO by SEM.

The Raman spectra are characterized under the pure BTO
film and the rGO-encapsulated BTO films which results in three
different sizes of rGO platelets based on the ultra-sonication
time, as shown in Fig. 4. Typically, the BTO peaks of all the
dielectric films are exhibited around 254 cm™" [A1(TO)],
304 cm™ " [B1, E(TO + LO)], 513 cm™ " [A1, E(TO)], and 714 cm ™"
[A1, E(LO)] (see Fig. 4).* However, the normalized intensities of
the rGO@BTO films are decreased overall and also present
broad and weak peaks when compared to the pure BTO film.**

Sonication _60 min

RGO Diameter (um)
-

(a) SEM images of three different sizes of GO platelets obtained by varying the sonication time, i.e., 0, 30, and 60 min, respectively. (b) TEM

images of the BTO powder particles before (REFO) and after rGO encapsulated BTO (RS60) and (c) SEM morphology of the BTO (REFO) and the

rGO@BTO (RS60) films.
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Fig. 4 Raman spectra of four dielectric films, i.e., REFO, RS00, RS30, and RS60, respectively. (a) Raman spectra of the BTO peaks, and (b) the
variation between Ip/Ig ratio and L, corresponding to the sonication time. Inset is typical Raman spectra of rGO peaks.

This result indicates that the BTO powder particles can be
sufficiently encapsulated by the rGO platelets.”®*>* Particularly,
RS60 of the smallest rGO platelets, exhibits the lowest normal-
ized intensity for BTO peaks when compared to the other films,
as shown in Fig. 4a. Therefore, it slightly affects the vibrational
behavior of the dielectric films based on the graphene size.
Additionally, the typical Raman spectra of the graphene peaks
exhibit a peak around ~1344 cm™' (defects in the graphene
structure related D band), a peak around 1603 cm ™ * (the G band
related to the sp” carbon network and the number of graphene
layers), and a peak around 2670 cm ™" (the very weak 2D band
originating from the overtone of the D band), respectively (inset
in Fig. 4b).>** Fig. 4b shows the intensity ratio of the I,/I5*>°
corresponding to the defects in the graphene film on BTO
particles. The ID/IG ratios of RS00, RS30, and RS60 exhibit 2.23,
2.14, and 2.07, respectively. The size of GO platelets without
introducing a significant number of basal plan defect in the GO
decreases with increase in the treatment time during the soni-
cation. It might be the removal of sp® defects, vacancy defects,
and edge defects in GO platelets during the sonication.*® RS60
exhibits fewer defects than the other films even though the
ratios (Ip/lg) of graphene exhibit a small difference in the
values. The L, values are calculated by using the Tuinstra-
Koenig relation to confirm the correlation between the crystal-
lite size (L,) and the ratio of I/I;, as follows:**

L, (nm) = (2.4 x 10719 2* (Ip/Ig) ™! (1)

where A and I/Ig denote the laser wavelength and intensity of
the D- (G-) band, respectively. This indicates that the La values
increase from 8.6 to 9.2, with the decrease in the I,/I; values, as
shown in Fig. 4b. This is because the small size graphene
platelets are sufficiently encapsulated in the BTO powder
particles to reduce the defects.

In order to further investigate the lattice vibration in the
rGO@BTO, FT-IR spectroscopy was examined, as shown in

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 5. The pure BTO powder had peaks near 3800 (lattice OH),
3650 (surface OH), 1650 (H-O-H), 1480 (CO;>7), 560 (06 octa-
hedra deformation), and 430 cm™" (BTO fingerprint absorp-
tion), as shown in Fig. 5, which are all characteristic peaks of the
BTO powder.* For the case of the rGO@BTO powder (RS60),
different peaks were detected near 3750 (OH), 2980 (CH,), 1630
(C=C), 1480 (CH,), 1250 (C-O-C), 1060 (C-O/Si-O-Si), and
800 cm ™' (C-C),® which can be attributed to the rGO and
APTMS. The peaks near 3750 (OH), 1628 (C=C), 1060 (Si-O-Si/
C-0), and 800 cm ' (C-C) are affected by the rGO, while the
peaks near 2980 (CH,) and 1060 cm™* (Si-O-Si/C-0) are due to
the APTMS coupling agent.** The peaks near 3230 and
3365 cm™ " were due to the presence of the hydrogen bonding
between the N-H group and the carbonyl groups.***® However,
these peaks showed the broad band because of the strong OH
groups of BTO powders. The peak for APTMS, at 552 or
794 cm™ ' (SiO-H) was not considered, because two strong peaks
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Fig. 5 FTIR spectra for two dielectric films of REFO and RS60.
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of the O6 octahedra deformation (560) and the BTO fingerprint
absorption (430 cm™ ') were overlapped. As a result, TEM,
Raman, and FT-IR spectroscopies indicate that the BTO
powders were well encapsulated in the rGO platelets.

Fig. 6 depicts the frequency dependence of the dielectric
constant and dielectric loss of all the films in the frequency
range from 0.1 to 10 kHz. The dielectric constant of the pure
BTO film, i.e., REFO in this case, remains almost unchanged,
while the dielectric constant of the graphene-encapsulated BTO
films decreases drastically with the increase in the frequency.
All the graphene-encapsulated BTO films present 1.5 ~ 2.5
times higher dielectric constant values and maintain low
dielectric loss when compared to the pure BTO film (see Fig. 6).
This frequency-dependence of the dielectric characteristics, i.e.,
dielectric constant and loss, is attributed to the interfacial
polarization, which is known as the Maxwell-Wagner-Sillars
(MWS) polarization effect.>**”*® The dielectric constant of the
rGO@BTO dielectric films decreases rapidly with increasing
frequency up to 1 kHz, unlike the pure BTO film. This is because
the MWS effect corresponds to the entrapment of the free
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(a) Dielectric constant and (b) dielectric loss corresponding to the applied frequencies from 0.1 to 10 kHz.

charges between the insulator and conductor interfaces.
Simultaneously, the numerous micro-capacitors which form
between the graphene-encapsulated BTO and polymer can
enhance the dielectric constant. Here, the best one is the RS60
case, due to the high dielectric constant and the low dielectric
loss, as shown in Fig. 6.

The two frequencies for 0.4 and 1 kHz are selected to analyse
the details of the dielectric characteristics, as shown in Fig. 7. At
0.4 kHz, the dielectric constants (losses) of the rtGO@BTO films,
i.e., REF0, RS00, RS30, and RS60, exhibit values of 92.7 (0.051),
152.5(0.058), 184.8 (0.054), and 205.5 (0.056), respectively. RS60
presents a 122% higher dielectric constant value and a mere 9%
increase in the dielectric loss when compared to REFO (see
Fig. 7a). This result demonstrates that RS60 has a high dielectric
constant along with a low dielectric loss. Such a factor can
improve dielectric-based capacitor applications. Additionally,
RS60 presents a 111% higher dielectric constant (from 92 to
194) and a mere 13% increase in the dielectric loss (from 0.047
to 0.053) when compared to REFO at 1 kHz (see Fig. 7b). This
implies that this result is obtained due to the existence of
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Fig. 7 Dielectric constants and dielectric losses at (a) 0.4 kHz and (b) 1 kHz.
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graphene via the interface polarization and micro-capacitor
effects.”® The enhancement in the dielectric constant of the
composite with RS60 is attributed to the interfacial polarization
between the adjacent rGO@BTO particles and the numerous
micro-capacitor effects produced by space charge polarization,
following rGO platelets as micro-electrode and BTO as a dielec-
tric medium.”® The rGO platelets with controlled size, along
with the virtual removal of the free rGO platelets during the
encapsulation process, can reduce the percolative connection of
the rGO platelets. Therefore, the rGO platelets with controlled
size can reduce the percolation paths of graphene intercon-
nections, by preventing the increasing conductivity. It can result
in a higher dielectric constant and low dielectric loss in the
dielectric film.

Fig. 8 depicts the dependence of the alternating current (AC)
conductivity as a function of the frequency of the pure BTO film
and the graphene-encapsulated BTO films to provide a better
understanding of the electrical properties. All the rGO@BTO
films have a slightly higher electrical conductivity when
compared to the pure BTO film (see Fig. 8a). This can be
attributed to the generation of the conductive graphene path-
ways. However, in this case, the AC conductivity of rtGO@BTO is
enhanced at a low rate due to its relatively low electrical
conductivity by controlling the size of the rGO platelets. At 1
kHz, the electrical conductivity of the pure BTO film is 2.7 x
10~°S m ™! and that with RS60 is 6.4 x 10°°S m™*, as shown in
Fig. 8a. The dielectric loss and electrical conductivity values of
all the rGO@BTO films are slightly increased when compared to
the pure BTO film (see Fig. 8b). At the higher conductivity of the
rGO platelets, the density of the accumulated charge carriers at
the interfaces between the rGO platelets and the polymer would
be increased, leading to an increased interfacial polarization
that would contribute to an increased dielectric constant.*

Conclusion

This paper reports the successful fabrication of the dielectric
film with rGO-encapsulated BTO by using the horn-type ultra-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sonication. The electrical conductivity, dielectric constant,
and dielectric loss are effectively analysed by controlling the size
of the graphene platelets. Especially, the dielectric constant of
RS60, with the smallest size of graphene platelets, was 194 with
a dielectric loss of 0.053 at a frequency of 1 kHz, while that with
REFO0, without graphene platelets, was 92 with a dielectric loss
of 0.047. This implies that the significant increase in the
dielectric constant with the low dielectric loss can be attributed
to interfacial polarization and micro-capacitor effects due to the
encapsulation between the adjacent small size of the rGO
platelets and BTO powder particles. Therefore, the controlled
size of the graphene platelets plays an important role in the
enhancement of the dielectric properties. Considering the high
dielectric performance, as well as the simplicity of the fabrica-
tion process, this film is promising for applications in charge-
storage capacitors and antistatic materials.
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