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Eiua s B ey 201 This work presents the synthesis of the noble nanocomposites of silica-coated

Published online: calcium copper titanate—graphene (CCTO@SiO,~GO) by the established sol-gel

14 January 2019 method. This paper showed the decoration of CCTO@SiO, NPs on the surface of
graphene oxide and how the decoration/attachment depends on various envi-

© Springer Science+Business ronmental and instrumental factors like sonication time, stirring rate, centrifu-

Media, LLC, part of Springer ~ gation rpm and the thickness of silica shell coated on CCTO NPs. The prepared

Nature 2019 CCTO@SiO,-GO composites were characterized by suitable characterization
techniques. FESEM and TEM confirmed the morphological study of nanocom-
posites and how the CCTO@SiO, NPs are attached to the surface of GO sheet.
FTIR has shown the presence of O-H, N-C groups which help in the formation
of types of bonds between CCTO@SiO, NPs and GO. This work further revealed
an excellent result of a dielectric study, indicating that the best-decorated
CCTO@SiO, NPs over the surface of the GO sheet cause the increment of
dielectric constant ¢ from 10? up to 10°. Meanwhile, this study also suggested
high loss ¢” up to 10° at a lower frequency, i.e. 20 Hz at RT which can be useful
for microelectronic devices. This variance of dielectrics is due to the effect of
polarization and decoration of CCTO@SiO, NPs over the GO sheets. As the
frequency increases from 20 Hz to 2 MHz, the dielectric constant ¢, as well as
the loss of ¢”, reached up to 102 values for the highest decorated material. Our
study also clearly explained a uniform variation in dielectric constant ranges
from 1 x 10% to 1.5 x 10* at a different temperature range from room temper-
ature to 560 °C with a frequency range of 3 x 10* Hz to 2 x 10° Hz, and the
value varies accordingly with the synthesis method.
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Introduction

Earlier studies have provided the information of
graphene oxide (GO) as a two-dimensional (2D)
material, a flat monolayer of sp® hybridized carbon
atoms, tightly packed into a honeycomb lattice and a
basic synthetic frame for all graphene materials [1, 2].
Recent studies of graphene oxide have been attract-
ing many researchers towards itself due to its sig-
nificant advantages of electrical stability, highly
stable thermal and mechanical properties along with
biocompatible nature [3-5]. Contemporary research
has also shown the applications of graphene oxide
(GO) in the development of 3D smart material,
pressure-based biosensors and nanohybrid materials
[6-8]. Reports are available for the impermeable
membranes which are associated with GO, leading to
the creation of pressure differences between itself and
atmosphere, becoming an advantage for the micro-
fabrication of devices by calculating its mass and
elastic constants [9]. The structural distortion feature
along with the presence of various oxygen moieties
on the mono-/multilayers of GO has proved its
excellence towards the applications in biology,
chemistry and engineering field [10-12]. As reported
earlier, GO has shown a high dielectric constant (¢') of
10° with low loss (¢/) of 10, becoming useful in
electronic and optical devices, thin films, sensors, etc.
[13]. Fundamental dielectric study has established the
calcium copper titanate (CCTO, CaCu3Ti4O1,) as the
best dielectric material, which possesses a high
dielectric constant of ~ 10° and a low loss due to its
perovskite nature of having a wide area of applica-
tions in charge storage devices, sensors, etc. as com-
pared to other ferroelectric materials (¢ 1 x 10°-
5 x 10%) [14-16]. However, as an exception to the
ferroelectric ~ material, = temperature-independent
behaviour of CCTO from RT to 500 K, with a giant
constant and a very low, loss showed an exceptional
result to the dielectric study which encourages us to
go for further development of new nanocomposites
including CCTO nanoparticles (NPs) and GO sheets
[17-19]. GO and silica-coated calcium copper titanate
(CCTO@SIO,) NPs were synthesized from the estab-
lished Hummer's method and sol-gel process,
respectively [20, 21]. From the literature, it is clear
that the increase in shell thickness of CCTO NPs
leads to the gradual decrease in dielectric constant ¢
and loss ¢”. In contrast to the silica thickness over
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dielectric constant, our work has revealed an inter-
esting fact that the effect of silica shell thickness could
not cease the real part of dielectrics ¢, whereas the
effect of spreading of core—shell NPs on the GO sheet
becomes prominent. The effect of the decoration of
CCTO@SiO, NPs with the best positioning causes the
nanocomposite material to increase the dielectric
constant ¢ and loss ¢’ within the frequency range of
20 Hz-2 MHz. The study of temperature-dependent
dielectrics with respect to variable frequency showed
exceptional behaviour towards the effect of spreading
which is not clear in this case. This might be either
due to the charge polarization effect with a change in
dipole moment. Various characterization techniques
help in the analysis of synthesized silica-coated cal-
cium copper titanate on graphene oxide
(CCTO@SiO,-GO) nanocomposite to confirm its
several chemical properties and physical behaviour.
The dielectric study of these nanocomposites reveals
a very different and significant study of the decorated
CCTO@SiO,—~GO nanocomposites.

Experimental section
Materials and method

Graphite powder (synthetic powder, Sigma-Aldrich),
sulphuric acid (conc. H,SO4 95.0-98.0%, ACS
reagent, Sigma-Aldrich), potassium persulphate
(K55,08, > 99%, ACS reagent, Sigma-Aldrich), phos-
phorous pentoxide (P>Os, 99.9%, Sigma-Aldrich),
potassium permanganate (KMnO,, 99.9%, Sigma-
Aldrich), hydrogen peroxide (H,O,, Sigma-Aldrich),
hydrochloric acid (dil. HCl solution, 37%, ACS
reagent, Sigma-Aldrich), calcium carbonate (anhy-
drous CaCOj3, 99.9%, Sigma-Aldrich), titanium diox-
ide (powder TiO,, 99%, Sigma-Aldrich), cupric oxide
(powder CuO, 99%, Sigma-Aldrich), tetraethy-
lorthosilicate (TEOS, 98%, reagent grade, Sigma-
Aldrich), (3-aminopropyl) triethoxysilane (APTES,
>98%, Sigma-Aldrich), ammonium hydroxide
(NH4OH, 95%, Sigma-Aldrich) and IGEPAL (viscous
liquid, Sigma-Aldrich) were used for further modifi-
cation. Cyclohexane (C¢Hip, 99.5%) and ethanol (C,
HsOH, < 99.9% pure) were purchased from Finar
chemicals.
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Synthesis of GO

Graphene oxide (GO) was synthesized from an
established Hummer’s method. We have reported the
synthetic procedure for GO in our previous work
[22].

Synthesis of CCTO@SiO, NPs

CCTO@SiO, NPs were synthesized by the general
sol-gel method and cyclohexane as an appropriate
solvent. CCTO@SiO, NPs have been successfully
synthesized by following the sol-gel synthetic
method. 1 gm of CCTO NPs was taken with 130 ml of
cyclohexane and allowed under ultrasonication for
few minutes. 5 ml of IGEPAL-50 was added drop-
wise to the given solution and allowed under ultra-
sonication for 30 min. The ratio of IGEPAL-50 to
conc. NH,OH was maintained with the previously
used condition and added to the above solution
dropwise. The solution mixture was allowed under
sonication for 30 min. Various ratios of silica (APTS:
TEOS) have been wused for the synthesis of
CCTO@SiO, NPs through sonication and centrifu-
gation process maintaining other environmental
parameters too. After 48 h of reaction on a shaker at
600 rpm, the products were collected by centrifuga-
tion and were washed with distilled water followed
by ethanol.

Synthesis of CCTO@SiO,-GO

CCTO@SiO,-GO nanocomposites were synthesized
using the modified sol-gel method, in which
CCTO@SiO, NPs and GO act as precursor materials
which are previously synthesized by Hummer’s
method and sol-gel process, respectively. The mix-
ture is allowed under hydrolysis process and soni-
cation for few minutes in different ratios. These
solutions are poured into a reagent bottle and
allowed for sonication for 4 h by consistently main-
taining at room temperature (RT). Several decoration
types of CCTO@SiO,~GO nanocomposites mainly
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depended on few environmental parameters given in
Table 1. The concept of covalent bonding of silica and
GO or amide bonds may play a role in the synthesis
of CCTO@SiO, NPs on the surface GO sheet. The
reason for choosing water as a suitable solvent in
synthesis is mainly due to the solubility of product
composites. FTIR study has shown a clear image of
C-N bond present in the composites which may arise
due to the interaction between carboxylic -COOH,
hydroxyl (<OH) or ether (-O-) of GO and -NH, or
5i0, groups of CCTO@SiO, NPs. C-N bond is
strongly polarized towards N due to the presence of
lone pair in N, so the dipole moment arises, making
C-N bond soluble in water [23]. After the process of
sonication is completed, the solution bottle is kept in
a shaker for 72 h at 600 rpm. With the completion of
3 days, the composite material was continuously
centrifuged with distilled water at high rpm 14000 for
30 min at very low temperature. Once the centrifu-
gation is over, the material was allowed for drying at
100 °C and the grey colour material was collected.
Various steps of the sol-gel synthesis method of
CCTO@SiO, NPs are shown in Scheme 1.

We did several experiments, but among all the
synthesis procedure, it is confirmed that at higher
rpm, the centrifugation process helps in better
extraction of water-like solvent along with unneces-
sary surfactant from the final product of the com-
posite material. This method also signifies that more
time of shaking also enhances the spreading/deco-
rating capability of silica-coated CCTO on the surface
of GO.

Characterization techniques

The particles were characterized by various tech-
niques, e.g. XRD, FESEM/TEM, FTIR, Raman, TGA,
UV and impedance spectrometry, to confirm the
crystallinity, morphology, chemical composition, the
vibrational or rotational motion of atoms, the thermal
stability of the material, absorbance of electronic
transition and the variation in dielectric behaviour at

Table 1 Synthesis of CCTO@SiO,—GO nanocomposites at different conditions

Sample name CCTO@SiO, NPs

Amount of CCTO@SiO, NPs

Amount of GO NPs  Shell thickness Sonication time rpm

CSG1 CS3 50
CSG2 CS7 50
CSG3 CS16 100

50 3 nm 45 min 14000
50 5-7 nm 3h 14000
25 15-20 nm 3h 12000
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Scheme 1 Schematic steps of
the sol-gel synthesis method
of CCTO@SiO, NPs.
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different frequencies and temperatures, respectively.
Characterizations of the grey-coloured powder sam-
ples of CCTO@SiO,~GO nanocomposites were done
by involved scientific instruments. Distinguished
crystalline and amorphous nature of the samples of
silica, CCTO and GO was studied by using X-ray
diffraction (XRD) technique. The XRD experiments
were carried out on Bruker AXS Model D8 Advance
X-ray diffractometer. Elemental detection was done
by FESEM. The FESEM experiments were done by
Hitachi 5-3400 N. Morphological studies and

diffraction pattern and fringe studies were also car-
ried out using a transmission electron microscope
(TEM) (model FEI Technai G2 S-Twin). Raman scat-
tering study was carried out using WITech alpha 300
Raman spectrometer for the study of vibrational as
well as rotational motions of atoms and molecules
present in the CCTO@SiO,-GO nanocomposites. The
thermal study including the weight loss percentage,
amount of heat flow and phase transition was done
by TG/DTA (Thermo ONIX Gaslab 300). The TG/
DTA study was done in inert N, atmosphere from 30
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to 1000 °C at a heating rate of 10 °C. The study of
chemical composition and the presence of organic
functional groups of the sample were studied by
FTIR (Nicolet model impact—410). For the study of
FTIR analysis, CCTO silica composite was mixed
with KBr by grinding in an agate mortar followed by
making pellets. FTIR spectrum was obtained after
removing unnecessary background format. UV-Vis
NIR experiment was done in LAMDA 750 spec-
trometer (PerkinElmer). The dielectric study of
material CCTO@SiO,~GO nanocomposites was done
by impedance spectrometer after preparing the pel-
lets. The pellets were prepared by general method,
i.e. adding PVA as binder and water to help the
powder mixed properly to give a better result. The
pellet preparation method is the same as available in
our previous work [22].

Results and discussion

Figure 1a shows that the HRTEM image suggests that
uncoated pure CCTO has been successfully synthe-
sized with diameter range 200 nm and length
500 nm. Figure 1b shows that the HRTEM micro-
graph has confirmed the formation of silica-coated
CCTO (CCTO@SiO,) NPs, bearing silica shell thick-
ness of 2-3 nm. GO sheet is shown clearly in Fig. 1c
with the transparent pattern and layers which is alike
reported earlier and further confirmed by FESEM
images of Fig S1(a) and S1(b). The layer shapes of Fig
51(c) and fig S1(d) are modified to folded like sheet,
due to the interaction of the functional groups pre-
sent in the GO sheets and experimental factors. From
these images, it is also noticed that a number of
random unshaped particles are attached to the layer
of GO which may indicate the presence of
CCTO@SiO, core-shell particles. HRTEM images in
Fig. 1d (low magnification) and Fig. 1e (high magni-
fication) clearly confirm the attachment/decoration
of 2-3-nm-thick silica-coated CCTO (CCTO@SiO,)
core-shell NPs over GO surface. This could be pos-
sible only by the formation of enormous covalent
bonding between GO and CCTO@SiO, NPs which
further have been confirmed through FTIR results.
There are various possibilities of bonding which may
include hydrogen molecular bonding due to the
presence of secondary amine group of CCTO@SiO,
core-shell NPs, -COOH groups of GO, C-N covalent
bond attached to the Si-O-GO surface [10].

@ Springer
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Composites were synthesized in the water medium
to facilitate the formation of C-N bonds between
-COOH, -OH or —-O- of GO and -NH; or SiO, groups
of CCTO@SiO, NPs. C-N bond is strongly polarized
towards N due to the presence of lone pairs in N so
the dipole moment arises, making C-N bond soluble
in water [23].

From fig S1(e) and Table S1(f), the EDS spectra of
CCTO@SiO,—-GO-2 (CSG2) confirmed that all the
precursor materials, ie. SiO,, CCTO, CCTO@SiO,
including Cu, Ti, O, C and Si, are present. GO
property helps itself to undergo the formation of
sheets which enhances the surface area of GO, so its
weight percentage is more compared to Cu, Ti and 5i,
whereas we have taken the same amount of
CCTO@SiO; and GO (1:1) [24]. The dark colour par-
ticles represent Si-coated CCTO, and the brighter
parts represent for the GO sheet NPs. Here a number
of particles attached to the surface are seen to be less
and not effectively coated all over the surface of the
GO sheet. In the later study, we will discuss the better
coating of CCTO@SiO, NPs on the GO sheet. Figure 1
e gives a better idea of how CCTO@SiO, NPs are
attached to the GO sheet. Figure 1e, g, i clearly shows
that the transparent nature of GO for single or few
layers is due to the GO impermeable property [25].
Figure S52(a) shows an effective coating of
CCTO@SiO, on GO sheet as the dark-coloured
material is well spread over the brighter material, so
in other images it shows the brighter particles clearly
but not in this image. It is a well-occupied material
and may be due to the effect of stirring time which
helps CCTO@SiO, to adsorb all over the GO sheet.
The concept of adsorption signifies the morphology
of CCTO@SiO,-GO composites that CCTO@SiO,
molecule acts as an adsorbate on the surface of GO
sheet as an adsorbent. Figure 1f shows a near view of
fig S2(a) which helps us to see the particles very
clearly. Figure 1h and fig S2(b) represent the 15-20-
nm silica-coated (CCTO@SiO,) NPs that are attached
to the surface, and it is shown that the excess of silica
whatever attached to CCTO NPs has come out from
the core-shell and formed agglomerations in few
places. It may be due to the effect of excess sonication
time or else increased rpm of the centrifugation
process. Figure 1j-1 illustrates the IFTT images with a
d-spacing value of 0.525 nm, 0.419 nm and 0.398 nm
for pure CCTO NPs, CCTO@SiO, NPs and
CCTO@SiO, NPs over GO, respectively.
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Figure 1 a—¢ HRTEM images of pure CCTO NPs, coated
CCTO@SiO, NPs and GO, respectively. d, f and h Coating of
CCTO@Si0,-GO NPs named as CSGIl, CSG2 and CSG3,
respectively. e, g and i Shell thickness of silica-coated on CCTO

The crystalline structure of the nanocomposite was
confirmed by XRD. GO shows its peak in the range of
7-10 20 with Cu Ko radiation [26]. Inset in Fig. 2a
shows very similar peaks for GO, pure CCTO and
silica-coated CCTO NPs [20, 22]. But after the
reduced synthesis of CCTO@SiO,~GO nanocompos-
ites, GO is showing its peak at 25 with Cu Ka radi-
ation. It may be because GO is reduced with water or
with other precursor materials of CCTO@SiO, NPs.
In HRTEM images we discussed the bonding
between CCTO@SiO, and GO surface, and here, we
conclude that GO converted to r-GO showing the
peak range at 25 (20) with Cu Ko radiation which
confirms the crystallinity of GO NPs or it may
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A NPs
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NPs which are attached on the surface of GO layers of thickness
2-4 nm, 5-7 nm and 15-17 nm, respectively. j—1 IFTT images
with d-spacing values of pure CCTO NPs, CCTO@SiO, core—
shell NPs and CCTO@SiO, NPs over GO, respectively.

happen that shifting causes may be due to the
decrease in spacing between the layers of GO shown
in Fig. 1j-1 on reduction helps in the broad peak of
GO at the peak value of 9 at 20 shifted towards 25,
making it more diffused, i.e. small hump like a peak.
Meanwhile, Fig. 2a represents the other two theta
values of 30, 35, 38, 43, 46, 49, 63 and 74 like (211),
(220), (310), (222), (321), (400), (422) and (440) shows
the presence of CCTO patterns [17]. But it is not
showing any peaks for silica. It may be due to very
less weight percentage of Si present in the material,
but the presence of silica is already confirmed from
the earlier EDS analysis in fig S1(e).

@ Springer
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Figure 2 a XRD pattern and b TGA thermogram for CSGI,
CSG2 and CSG3 nanocomposites synthesized from 2—4-nm, 5-7-
nm and 15-17-nm Si-coated CCTO, respectively.

Figure 2b represents the TGA thermogram of
CSG1, CSG2 and CSG3 nanocomposites synthesized
from 2-4-nm, 5-7-nm and 15-17-nm Si-coated CCTO
NPs, respectively, at inert atmosphere, heating rate
10 °C/min. It is clear that GO shows thermal insta-
bility between RT and 1000 °C. The factor of the
highest percentage of coating or well spreading of
material over the surface shows an exceptional
behaviour as compared to another disturbed coating.
It is mentioned earlier that a significant weight loss
occurs in GO NPs [27]. The total weight loss % of
CSG1 and CSG2 is ~ 80% and 92%, whereas for
CSG3 it is only 50%. The less weight loss in
CCTO@SiO, with highest coating thickness is due to
the presence of silica which has higher thermal sta-
bility. In the former case, weight loss is mainly
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between 150 and 250 °C and the loss % is ~ 25%,
and this may be due to the presence of some by-
product gases like H,O, CO,, etc. CSG1 shows a
gradual decrease in weight loss from 250 to 900 °C
without any significant changes, and its weight loss
finally reaches 80%. But in the case of CSG2, the
weight loss has been remarkably occurred in between
300 and 500 °C and the loss % is 92%.

Hence, it is proved that the highest silica-decorated
CCTO core-shell NPs on the GO sheet are not ther-
mally stable in nature. In contrast to both CSG1 and
CSG2, the highest silica-coated CCTO over GO, i.e.
CSG3, is showing lowest 50% of weight loss with
maximum stability at high temperature 1000 °C. The
sudden weight loss may occur due to the breaking of
the covalent bond between the amine group of silica
and carboxy (-<COOH)/hydroxyl (-OH) group of GO,
or other functional groups attached to the silica-
coated CCTO have been decomposed between this
range.

Figure S3(a) represents FTIR spectra for GO, pure
CCTO NPs and CCTO@SiO, NPs, which resemble
peaks like CCTO NPs at 560 em™!, 590 em™! and
450 cm™! for Ti-O and Cu-O str, while GO has
shown peak near 1643 cm™', 1095 cm™' and
1198 cm™! for aromatic C=C, C-O alkoxy group and
C-O epoxy groups, confirming the precursor for
synthesized nanocomposites. Figure 3a suggests the
chemical functionality of the decorated CCTO@SiO,-
GO composite. In this plot, it is clearly shown that the
schematic diagram of CCTO@SiO,-GO composite
exists with the group functionality proof. The OH
bond of the GO can be observed at 3413 cm™'. The
stretching vibration band at 1724 cm™' was associ-
ated with the stretching of the free -C=0O or -COOH
bond which is arisen due to the unreacted carbonyl
groups in GO with core-shell NPs. The characteristic
peak of the silica can be seen at 1235 cm ™" (Si-O-Si,
asymmetric stretching). 1570 cm™' peak has been
observed and is responsible for the formation of N-C
asymmetric stretching mode; it may be arisen due to
the bonding interaction of amine group of
CCTO@SiO, NPs and hydroxyl of carboxylic group
of GO NPs. The peaks of 563 cm™', 557 cm™' and
447 cm™' show the presence of precursor materials
Ti-O, Cu-O and Ca-O in bending modes, respec-
tively. GO has epoxy groups before the experimental
synthesis procedure, but after the required process,
the nucleophilic O of the epoxy group may be con-
verted to a hydroxyl group and electrophilic C-H
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Figure 3 a FTIR spectra and b Raman spectra for CSG1, CSG2
and CSG3 nanocomposites synthesized from 2—4-nm, 5—7-nm and
15-17-nm Si-coated CCTO NPs, respectively.

group attached to the nucleophilic part of the Si-
coated CCTO NPs [27, 28]. CCTO is a perovskite
material [17], and it does not have any organic
functional group in the material, so coated silica-
bearing functionalized amine group is helping in the
fabrication of this nanomaterial composite. CSG2 is
showing the highest percentage of transmittance that
means maximum frequency passed straight through
this material without being absorbed as it is well
spread over the surface of GO.

After going through the Raman literature for
CCTO, silica-coated CCTO NPs and GO, we have
observed a very similar vibrational mode result for
the precursors of nanocomposites of CCTO@SiO,—
GO. Figure S3(b) confirms the peaks at 1353 cm ™" (D
band) and 1593 cm ™' (G band) for GO, whereas very
similar peaks were observed at 444 cmfl, 503 cmfl,
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572.cm™', 1122 em™! and 1324 em™! for CCTO as
well as core-shell CCTO@SiO, NPs. Figure 3b shows
the Raman spectrum of the synthesized nanocom-
posite as it is a non-invasive method to give a huge
information about the randomness of atoms and the
thermal conductivity of a nanocomposite material
[29]. The CCTO@SiO,~GO composite shows two
important bands of Raman spectrum irradiated by an
electron laser beam, showing significant and strong D
peaks at 1386 em™!, 1394 em ™! and 1353 cm™ ! and G
peaks at 1586 ecm™!, 1602 em™! and 1602 cm™' for
CSG1, CSG2 and CSG3 which is very similar to D
band at 1350 cm ™' and G band at 1580 cm™" of GO
sheet [30]. TEM images of the material suggested the
presence of multilayer of the prepared nanocompos-
ite. As the number of graphene oxide layers increa-
ses, the shift of spectrum occurs and it mainly
depends on the polarization of atoms through vari-
ous angles [31]. Here G band and D band for GO are
at 1602 cm ™! and 1394 cm ™!, whereas TiO, rotation
and O-Ti-O anti-stretching show their peak at
439 cm™' and 494 cm™' for highest coated
CCTO@SiO,-GO-3. Its intensity is very high as
compared to other decorated materials that are given
in Table 2. The G band is shifted to 1602 maybe due
to the presence of isolated organic unsaturated bonds
in the material [32-34] which resonate at a higher
frequency. Table 2 shows the concept of Raman
modes of vibration of synthesized nanocomposites of
CCTO@SiO,-GO.

As the disorder randomness increases, Raman
intensity increases with separate disorder peaks. It is
proved that longitudinal optical phonon mode is
active near the armchair edge, whereas transverse
optical phonon mode is active near the zigzag edge.
So this is because the G band intensity is enhanced
from 1580 to 1602 cm ™. Hence, it is concluded that
the polarization of the excitation layer is parallel to
the armchair edge and perpendicular to the zigzag
edge.

Figure 4 clearly shows the UV-visible spectra in
which GO is showing the highest intensity peak,
whereas other coated CSG1, CSG2 and CSG3
nanocomposites, as well as pure CCTO, show a very
less intensity. The effect of coating on GO is not
allowing to occur the excitation of electrons from the
surface in addition to the absence of high-intensity
peaks. This above figure clearly shows the absence n—
n interactions of graphene oxide with any of the
CCTO@SiO,-GO nanocomposites where Pure GO
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Table 2 Raman modes of

J Mater Sci (2019) 54:6272—6285

vibration of newly synthesized ~ Name of the composite

D band (cm™') G band (cm™') D band (intensity) G band (intensity)

nanocomposites of

. CSGl 1386
CCTO@Si0,-GO CSG2 1394
CSG3 1353

1586 371 391
1602 953 1033
1602 443 461

0.8

— Pure CCTO
__PGO
5 %71 _csai
G ~CSG2
8 064 _ CSG3 —
E
S 0.5
2]
<
0.4 -
0.3 7\ .

200 250 300 350 400 450
Wavelength (nm)

Figure 4 UV-Vis NIR spectra of pure CCTO NPs, GO NPs,
CSG1, CSG2 and CSG3 nanocomposites synthesized from 2—4-
nm, 5-7-nm and 15-17-nm Si-coated CCTO, respectively.

(PGO) is showing a clear excitation near 570 nm
[35, 36].

Study on frequency- and temperature-
dependent dielectrics of CCTO@SiO,-GO
nanocomposite

Dielectric behaviour with respect to change
in frequency

Figure 5a represents the plot for the variation in
dielectric constant, with respect to frequency range
from 1 x 10° Hz to 1 x 10° Hz for of CSG1, CSG2
and CSG3 nanocomposites synthesized from 2—4-nm,
5-7-nm and 15-17-nm Si-coated CCTO core-shell
NPs, respectively. Although the experiment was
started at 20 Hz as lowest frequency, due to an
instrumental error we have avoided the data from
20 Hz and have shown from 1 x 10° to 2 x 10° Hz.
Complete data including dielectric along with impe-
dance constant are given in Table S1 and Table S2.
Figure 5a, b clearly shows about CSG2 which is
showing a highest dielectric constant ¢ of ~ 3x10°
and loss of &’ ~ 1x10° at 1 x 10° due to the highest
decoration property. The HRTEM image of Fig
52(a) includes CSG2 nanocomposite, and the coated

@ Springer

CCTO NPs are well spread all over the GO sheet.
High dielectric constant nature of CCTO NPs over
GO enhances the dielectric values as compared to
other C5G1 and CSG3 nanocomposites. But the same
composite is remarkably showing a giant value of
constant ¢ and loss £’ of 7.9 x 10° and 6.2 x 10° at
20 Hz. In comparison with CSG2, the other two
composites, i.e. CSG1 and CSG3, show dielectric
constant &' of 9 and 53 with loss &” of 15 and -2 at the
same frequency. Dielectric values are showing very
low values that can be explained on the basis of
surface area covered by the CCTO@SiO, core-shell
NPs over GO NPs, which helps in a net polarization
of dipoles or atoms present in both the materials in
the presence of an applied electric field. When an
electric field is applied to the material of CSG1 and
CSGS3, it is not capable of showing atomic polariza-
tion effectively, so it shows very low dielectric con-
stant ¢ as compared to CSG2, wherein CSG2 core-
shell NPs help in the atomic polarization. Another
reason attributed to the high dielectric constant and
loss of CSG2, when the frequency reached up to
1 x 10* Hz, may be due to the dropping of dipole
motion of dipole active atoms [37]. The dipoles pre-
sent in the less decorated material, i.e. CSG1 and
CSG3, are dropping with an increase in frequency;
this is due to the less and more number of dipole
active atoms. As the number of dipoles is less, the
friction between dipoles against the surface of the
precursor sheet will be less and contributes to the
decrement of charge polarization attached to the
material, helping in the increment of dielectric con-
stant ¢. But in the case of CSG2, the number of
dipoles is more, leading to less polarization of char-
ges; hence, dielectric constant ¢’ decreases. The higher
the dielectric loss &’ of silica-coated CCTO-GO
nanomaterial than the constant ¢ (CSG2) can be used
as in microwave technology. This phenomenon can
be used for the application of microwave appliances
[38]. CSG1 and CSG3 are showing a variable property
which is not common in the dielectric study. But the
explanation can be given as that the dielectric prop-
erty shows a significant variation with the increase in
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frequency at a constant room temperature; it may be
due to the presence of dipoles like silica, ammine or
CO; in the material that increases the friction which
goes against dipole motion and helps in dropping of
constant [22]. Another significant variation in this
nanocomposite is may be due to the forces of attrac-
tion present in the material. We have already dis-
cussed a study about the presence of permanent
dipoles inside the material, which may be affected by
electronic polarization that leads to the electron
shifting within the molecules. In a few cases, it is
showing a negative dielectric constant and it may be
due to the contribution of restoring force present in
the isotropic sheet-like structure of GO NPs [39].

10° 10
Frequency (Hz)

From the above discussion, it is clear that only
CSG2 is showing the best result of dielectric constant
as compared to other coated nanocomposites. Fig-
ure 5c, d confirms that CSG2 composite is giving
lowest impedance value of ~ 10°, whereas another
composite is giving the value up to ~ 10”. It confirms
that CSG2 has a lower conductivity of electrons
compared to other composites [40].

The temperature dependence
of the dielectric study of silica-coated

CCTO-GO nanocomposite

The temperature dependence of the dielectric study
of silica-coated CCTO-GO composite shows a
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variable observation. From earlier studies, it is clear
that there can be a variation in dielectric constant
with the increase in temperature and it may due to
the crystallinity of the material or due to the atomic
arrangement or may be due to some other physical
behaviours like the presence of permanent dipoles
like secondary amines. The presence of secondary
amine groups in the material shows the presence of H
bonding attached to the N atom, leading to the per-
manent dipole effect slightly less, but still, it behaves
like a permanent dipole. (See scheme 1 for bonding
interaction.) Earlier studies give the information that
the presence of permanent dipole inside a material
will contribute to the significant variation in dielectric
constant ¢ with temperature which can be explained
in our study. The CSG2 material shows the best
dielectric flow as we see in Fig. 6b. Figure 6b shows
an explanatory image of temperature-dependent
dielectric behaviour. It shows the decrease of &
7 x 10* to 3 x 10* with the temperature range from
RT to 175 °C may be due to the loss of organic groups
like hydroxyl or amine groups which have attended
their respective boiling points and ceases the charge
polarization. But after reaching 175 °C, ¢ started to
increase till it reaches up to a higher temperature and
can be explained on the basis of structural distur-
bance occurs. The structural disturbance may occur
due to the vanishing of hydroxyl/-COOH groups in
GO to form various bonding interactions with the
amine or silica group of core—shell CCTO@SiO, NPs
and make it as defective structure. The formation of
covalent C-N or van der Waals O-5i -H may also
play a role in varying the dielectric constant. Fig-
ure 6a, c shows that the images of CSG1 and CSG3
have clearly given an idea that with an increase in
shell thickness of silica-coated CCTO on GO sheet the
dielectric constant is also increasing. Here CSG3 gives
highest ¢ of ~ 1.3 x 10* (fig S4), while CSG1 and
CSG2 are giving around 1 x 10° and 1 x 10°. These
two composites have shown an irregular dielectric
behaviour as compared to CSG2. Figure 6a shows
that at high temperature, ¢’ is slightly decreasing may
be due to the polarity effect. The polar groups present
in the materials like SiO, affect the disturbance to the
alignment of dipoles like leftover substituted amine
for which it causes a decrease of ¢ at high tempera-
ture [41, 42]. Hence, CSG3 composite possessed a
high dielectric constant up to 10* value is due to the
more amount of silica present in the material (Fig
52(a)) and Fig S4 also confirmed that this composite is
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from 2-4-nm, 5-7-nm and 15-17-nm Si-coated CCTO,

respectively.

Figure 6 Variation in dielectric constant

even stable up to 550 °C possessing constant up to
¢ ~ 115 x 10" ~ 1.3 x 10* for 500kHz and
700 kHz, respectively, with all other frequencies in a
descending order.
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Cole-Cole plot for nanocomposites

These three synthesized nanocomposites of GO-
CCTO@SiO, are showing a very dissimilar type of
Cole—Cole plot among themselves, ranging in low-
and the high-frequency region. Figure 7a shows that
CSG1 and ¢ CSG3 represent two semicircle segments
proving the presence of two type of dielectric

7
1.6x10 @ e
1.2x10°F
S
s 8.0x10°F
N
4.0x10°F
0.0F
0 1x100  2x10"  3x10"  4x10
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1.5x10°F (b) CSG2
1.0x10°F
5.0x10°F

0.0F

3x10°  4x10°  5x10
VAN(9)

1x10°  2x10° ¥

6.0x10™"

(C) CSG3
4.0x10™2E
2.0x10™F
0.0F

i R [ [P Laou

1.5x10™ 2.0x10" 2.5x10" 3.0x10™"
yAK(®)

T

7! ©)

Figure 7 Cole—Cole plot in the low- and high-frequency region
for of a CSGI, b CSG2 and ¢ CSG3 nanocomposites,
respectively.
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relaxation for decorated material as the dipoles pre-
sent in them have relaxed twice [13]. This type of two
semicircles are due to the interaction of basal plane
and functional groups like epoxy (-O-), carboxyl
(-COOH) or hydroxyl (-OH) groups present in GO
with applied field or may be due to the interfacial
polarization occurred due to the decoration between
GO and core-shell NPs which is mentioned in our
previous work [22]. CSG2 with the highest decoration
has shown a distorted semicircle maybe due to the
relaxation caused by loss of conductivity in CCTO
NPs. In the case of CSG2, all dipoles have relaxed in a
single phase of time wherein the cases of CSG1 and
CSG3 have accomplished with two relaxation times,
resulting in them to two semicircles. Hence, highest
decorated material has shown a perfect Cole-Cole
plot than other synthesized composites.

Conclusion

In this work, a series of CCTO@SiO,-GO nanocom-
posites have been prepared through a novel synthesis
method. Silica-coated CCTO NPs decoration over the
surface of GO plays a vital role in the successful
synthesis which mainly considers few environmental
conditions like balanced atmospheric condition, stir-
ring and centrifugation rpm, sonication time duration
and amount of solute. It shows a variable study of
dielectrics with respect to the different temperatures
and frequencies. The material shows a high ¢ of
1.5 x 10* after 500 °C which can be used as a good
dielectric material for the electronic devices to be
used as sensors, charge storage devices, etc. High loss
was also observed more than constant at corre-
sponding frequencies, leading to its use in the
microwave electronic device industry. Concluding to
this manuscript, the prepared nanocomposite can be
used as a good dielectric material with the variation
in the thickness of silica decoration over CCTO NPs
and GO sheet. Even though many reports have given
an idea about being used in the wide areas, our work
has established new nanocomposites which can be
used in designing new functional electronic devices
and electrochemistry.
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