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Abstract Novel flexible dielectric composites composed of
polyvinyl alcohol (PVA), polyethylene glycol (PEG), and
graphene oxide (GO) with high dielectric constant and low
dielectric loss have been developed using facile and eco-
friendly colloidal processing technique. The structure and
morphology of the PVA/PEG/GO composites were evaluated
using Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy, UV-vis spectroscopy (UV-vis), X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), and atomic
force microscopy (AFM). The dielectric behavior of PVA/
PEG/GO composites was investigated in the wide range of
frequencies from 50 Hz to 20 MHz and temperature in the
range 40 to 150 °C using impedance spectroscopy. The dielec-
tric constant for PVA and PVA/PEG (50/50) blend film was
found to be 10.71 (50 Hz, 150 °C) and 31.22 (50 Hz, 150 °C),
respectively. The dielectric constant for PVA/PEG/GO com-
posite with 3 wt% GO was found to be 644.39 (50 Hz, 150 °C)
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which is 60 times greater than the dielectric constant of PVA
and 20 times greater than the dielectric constant of PVA/PEG
(50/50) blend film. The PVA/PEG/GO composites not only
show high dielectric constant but also show low dielectric loss
which is highly attractive for practical applications. These
findings underline the possibilities of using PVA/PEG/GO
composites as a flexible dielectric material for high-
performance energy storage applications such as embedded
capacitors.

Keywords High-k materials - Graphene oxide - Capacitor -
Polymer blend - Biocomposite

Introduction

With the continuous advancement of modern electronics, the
demand and importance of eco-friendly multifunctional and
flexible dielectric materials with excellent dielectric properties
have become more stringent. Among these, lightweight mate-
rials with high dielectric constant and ultra low dielectric loss
have aroused tremendous research enthusiasm because of
their manifold applications such as high-k gate dielectrics,
high charge storage devices, actuators, artificial muscles, and
electronic packaging [1—4]. The main challenge in designing
such dielectric devices especially those for energy storage are
the simultaneous achievement of a high dielectric constant as
well as low dielectric loss. Polymer-based dielectrics are the
suitable candidate for energy storage applications because of
their excellent properties such as high flexibility, easy process-
ability, low dielectric loss, high electric breakdown strength,
and low cost [5—7]. However, despite innumerable merits,
some polymers have very low dielectric constant (k< 5) which
is not sufficient for energy storage application. Thus, increas-
ing the dielectric constant of polymers is the key issue for
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practical applications while retaining their other excellent
properties. Several strategies have been developed in order
to improve the dielectric constant of neat polymers [8—10].
Two approaches are proven to be efficient in making
polymer-based dielectrics more desirable for energy storage
application. While the first approach is the introduction of
high-k ceramic fillers into the polymer matrix [11-15], fabri-
cating percolative polymer composites using conducting
fillers such as carbon black, carbon fibers, carbon nanotubes,
exfoliated graphite nanoplatelets, fullerenes, nanodiamonds,
and metal nanoparticles comes as the second. However, the
increment in the dielectric properties usually results in the
decrement of mechanical properties of the polymer compos-
ites [16] for the ceramic fillers and in the form of greater
dielectric loss values for the conductive fillers. In the latter
case, since high dielectric constants are often obtained espe-
cially at filler concentrations close to percolation threshold,
interlayers or shells have been introduced within the
conducting fillers to prevent their direct contact and to avoid
leakage of current and thus dielectric loss [17, 18].

Among the carbon fillers, graphene has shown tremendous
potential for synthesis of polymer nanocomposites because of
its extraordinary properties such as high carrier mobility, large
specific surface area, ultra high Young’s modulus, and excel-
lent thermal and electrical conductivity [19-21]. The great
engineering potential of this nanomaterial makes it applicable
in the aviation industry, energy storage devices, microelec-
tronics, memory chips, transparent and flexible devices, elec-
tromagnetic interference (EMI) shielding, and hydrogen stor-
age systems [22-29]. Numerous studies have been carried out
by using graphene as conductive filler to enhance the dielec-
tric constant of polymers and very high dielectric constant can
be achieved by using a very small quantity of graphene while
retaining the flexibility, processability, and cost effectiveness
of the polymers. The dielectric properties of graphene-based
polymer composites can be optimized by controlling the dis-
persion state of graphene in polymer matrices and the interfa-
cial interaction between them [21, 24]. As a precursor materi-
al, graphene oxide (GO) is the most reliable source for the
preparation of graphene-based polymer composites. GO is a
pseudo two-dimensional solid in bulk form which exhibits
extraordinary optoelectronic [30], mechanical [31], and trans-
port properties [32]. Other than the graphene scenario, GO has
several standalone applications such as supercapacitors, mem-
ory devices, optoelectronics, photocatalysis, drug delivery,
and composite materials [33-35]. The intriguing properties
of GO have drawn the attention of the scientific community
very recently. Therefore, it would be interesting to develop
eco-friendly polymer/GO composite material suitable for
commodity and technological applications.

Polyvinyl alcohol (PVA) is the most promising commodity
polymer because of its applications in fuel cells, humidity
sensors, food packaging, drug delivery, thin film transistors,
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optical waveguide sensors, and holographic gratings [36, 37].
PVA is also a potential material having high tensile strength
and flexibility, high dielectric strength, good charge storage
capacity, and excellent adhesive, emulsifying, and film-
forming properties [38]. Another biopolymer, polyethylene
glycol (PEQG) is a water-soluble synthetic polymer widely used
in pharmaceutical and cosmetic industries [39]. PEG has
many attractive properties such as wide range of molecular
weight, biocompatibility, low toxicity, and chain flexibility,
and it has been used frequently in the production of polymer
blends as it can improve the flexibility and ductility of rigid
polymers. In the present study, PVA and PEG were chosen as
the host polymers because both polymers are highly compat-
ible with each other and form miscible blends through hydro-
gen bonding interactions between the hydroxyl groups of PVA
and the ether linkage of PEG chains [40]. Both PVA and PEG
are water soluble and can also form a variety of hydrogen
bonding interactions with various fillers or additives.

In short, the aim of the present study is to fabricate
GO reinforced polymer composites based on PVA and
PEG using facile and eco-friendly colloidal processing
method. In addition, the study also aims to explore the
influence of GO content on the morphology and dielec-
tric properties of PVA/PEG/GO composites. GO con-
tains various reactive oxygen-containing functional
groups on its surfaces and edges [21] and achieves mo-
lecular level dispersion in water-soluble polymers like
PVA and PEG through strong hydrogen bonding inter-
actions leading to enhanced composite properties. The
structural, morphological, optical, and thermal properties
of PVA/PEG/GO composites were investigated compre-
hensively. The dielectric constant and dielectric loss
values of PVA/PEG/GO composites were investigated
in order to check their feasibility as a flexible dielectric
material for high-performance energy storage device ap-
plications such as embedded capacitors.

Experimental technique
Materials

Natural graphite powder (40 pm with purity >99.85 %) was
supplied by Carbotech Engineers, Jaipur, India. Sulphuric acid
(HS04, 98 %), potassium permanganate (KMnQOy, 99.9 %),
sodium nitrate (NaNO3, 99 %), and hydrogen peroxide (H,O,,
30 %) were purchased from S.D. Fine Chemicals, Mumbai,
India, and used as received. PVA of molecular weight 85,000~
124000 gm/mol (degree of hydrolysis 87-89 %) and high
molecular weight PEG (100,000 gm/mol) was purchased from
Sigma-Aldrich, India. Deionized water was used as a solvent
for the preparation of PVA/PEG/GO composites. All the
chemicals used in this study are of analytical reagent grade.
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Table 1  Feed compositions of PVA/PEG/GO composites
Sr. no. PVA PEG GO
(Wt%) (Wt%) (Wt%)

1 50 50 0

2 70 295 0.5

3 70 29 1

4 70 28.5 1.5

5 70 28 2

6 70 275 2.5

7 70 27 3

Synthesis of graphene oxide (GO)

In the present study, GO powder was synthesized from
natural graphite powder using a modified Hummers
method [41]. The detailed protocol for the synthesis of
GO is given in our previous work [21, 24]. The synthe-
sized GO powder was further used for the preparation
of composites.

Synthesis of PYA/PEG/GO composites

PVA/PEG/GO composites films with different GO load-
ings (0-3 wt%) were prepared using the facile colloidal
processing technique. PVA powder was initially dissolved
in deionized water at 75 °C for 4 h and later PEG powder
was dissolved in deionized water at room temperature in a
separate glass beaker. GO powder was also dispersed in
deionized water in a separate beaker by ultrasonication
process for 1 h. After that, the aqueous solutions of
PVA, PEG, and GO were mixed together by vigorously
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Fig. 1 FTIR spectra of PVA/PEG/GO composite films: (a) PVA/PEG
blend, (b) 0.5 wt% GO, (c) 1 wt% GO, (d) 1.5 wt% GO, (e) 2 wWt%
GO, (f) 2.5 wt%, (g) 3 wt% GO
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Fig. 2 Raman spectra of PVA/PEG/GO composite films: (a) 0.5 wt%
GO, (b) 1 wt% GO, (¢) 1.5 wt% GO, (d) 2 wt% GO, (e) 3 wt% GO

stirring for 6 h until the uniform dispersion of GO in the
polymer matrix is obtained. Finally, PVA/PEG/GO disper-
sion was casted onto a Teflon Petri dish and dried in a hot
air oven at 60 °C for 5 h to get PVA/PEG/GO composite
films. The resulting composite films were peeled off from
the Teflon sheets and used for further study. The thickness
of composite films was in the range of 70-80 pum. The
feed compositions used for the preparation of PVA/PEG/
GO composites are shown in Table 1. The step by step
protocol for the synthesis of PVA/PEG/GO composites is
given in Fig. S1.

Characterizations
FTIR spectra of PVA, PEG, GO, and PVA/PEG/GO compos-

ite films with different GO loadings were taken using Fourier
Transform Infrared Spectrophotometer (Shimadzu,
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Fig.3 UV-vis spectra of PVA/PEG/GO composites: (a) 0.5 wt% GO, (b)
1 wt% GO, (c) 1.5 wt% GO, (d) 2 wt% GO, (e) 2.5 wt% GO, (f) 3 wt%
GO
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Fig. 4 XRD spectra of PVA/PEG/GO composites: (a) PVA/PEG blend,

() 0.5 W% GO, (c) 1 wt% GO, (d) 1.5 W% GO, (¢) 2 wt% GO, (f)
2.5 wt% GO, (g) 3 Wt% GO

IRAffinity-1, Japan). The FTIR experiments were carried out
in the wavenumber range 400-4000 cm ™' in a transmittance
mode.

Raman spectroscopy of graphite, GO, and PVA/PEG/GO
composite films was carried out using Raman Scattering
Spectrometer (LABRAM HR 800) by using a 633-nm laser
and a 1-um spot size. For this, the samples were exposed for
10 s with a laser power of 10 mW at room temperature in
backscattering mode. A charged coupled camera was used to
collect the data in the wave number range 1000-3000 cm .

X-ray diffraction patterns of PVA/PEG/GO composite
films at various GO loadings were obtained from Bruker
AXS D8 focus advanced X-ray diffraction meter (Rigaku,
Japan, Tokyo). The samples were scanned in the 26 range
from 5° to 80° using Cu-K« radiation of wavelength
A=1.54060 A.
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Fig. 5 TGA thermograms of PVA/PEG/GO composites: (@) PVA/PEG

blend, (b) 0.5 W% GO, (c) 1 wt% GO, (d) 1.5 wt% GO, () 2 W% GO,
(f) 2.5 wt% GO, (g) 3 Wt% GO
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UV-vis absorption spectra of PVA/PEG/GO aqueous col-
loidal dispersions were obtained in the range of 190-600 nm
with a Shimadzu UV-2401PC, UV-vis spectrophotometer.

Thermal stability of PVA/PEG/GO composite films was
studied using Mettler Toledo, TGA/STDAS851, thermogravi-
metric analyzer under N, atmosphere. The samples were heat-
ed up to 450 °C at the rate of 10 °C/min for the measurements.

The dispersion state of PVA/PEG/GO composites films
with different GO loadings was studied using crossed polar-
izing optical microscope (Olympus BX-53, Singapore) at a
magnification of x10.

The surface morphology of the PVA/PEG/GO com-
posite films was evaluated by using scanning electron
microscope (Carl Zeiss EVO/18SH, UK) and atomic
force microscope (Nano Surf Easy Scan2, Switzerland).
An accelerating voltage of 15 kV was applied to obtain
the SEM images and the topographic atomic force mi-
croscopy (AFM) images were taken in tapping mode.
For AFM study, the specimens were fixed on a glass
slide using a piece of adhesive tape.

The dielectric properties of PVA/PEG/GO composite
films were measured using Wayne Kerr 6500B
(Chichester, West Sussex, UK) Precision Impedance
Analyzer. The samples were placed inside a computer-
controlled variable temperature oven, whose temperature
can be programmed as per the need. In the present
study, the dielectric properties were investigated in the
wide range of frequencies from 50 Hz to 20 MHz and
temperature in the range 40—-150 °C with an accuracy of
about +0.2 °C.

Results and discussion
FTIR spectroscopy studies

In the present investigation, FTIR spectroscopy was employed
to explore the possible interaction between the functional
groups of PVA, PEG, and GO which is schematically present-
ed in Fig. S2. The FTIR spectra of PEG, PVA, and GO are
shown in Fig. S3(a—c). The FTIR spectrum of pure PEG
(Fig. S3(a)) shows characteristic bands at 2945 and
2879 cm™ ' which are attributed to C-H stretching vibration
and the range 1500-1300 cm ' is attributed to C-H bending
vibration. The FTIR bands in the range 1278-1091 cm™ ' are
attributed to stretching vibrations of alcoholic O-H and C-O-C
ether linkage [42]. The band at 840 cm ' is attributed to
stretching vibration of C-C group. A characteristic band at
947 cm™! which is attributed to C-OH group of PEG was also
observed [43]. The FTIR spectrum of pure PVA exhibits sev-
eral characteristics peaks as given in Fig. S3(b). The broad and
strong absorption band in the range 3000-3400 cm ™' corre-
sponds to the symmetrical stretching vibration of O-H group.
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Fig. 6 Photographs of PVA/
PEG/GO composite films with
different GO loading. a PVA/PEG
(50/50) blend; b 0.5 wt% GO; ¢
1.5 wt% GO; d 3 wt % GO; e, f
composite films are bent to
demonstrate their flexibility
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The band appearing at 2928 cm ™' corresponds to C—H asym-
metric stretching vibration of the alkyl group and the band at
1733 ecm ! is attributed to the C=O stretching vibration of
vinyl acetate group of PVA [44, 45]. The band appearing at
1640 cm ! can be assigned to the stretching vibration of C=0
group and the band at 1438 cm ™' is attributed to CH, bending
[46]. The band at 1321 and 1243 cm ' is respectively coming
from the CH, and C—H wagging vibrations. The band at
1084 cm ™' corresponds to the C—O stretching vibration of an
acetyl group. The bands observed at 916 and 840 cm ' are
attributed to the skeletal vibration of PVA [37, 38]. The FTIR
spectrum of GO is given in Fig. S3(c) from which the presence
of different oxygen-bearing functional groups can be identi-
fied. The bands at 3441 and 2920 cm " are attributed to the O-
H and C-H stretching vibration of GO, respectively. The band
at 1730 cm ! is attributed to C=0 stretching vibration. The
bands at 1396, 1255, and 1026 cm ™' are attributed to C-O
stretching vibration of carboxylic, epoxy, and alkoxy groups
of GO, respectively.

The FTIR spectra of PVA/PEG blend and PVA/PEG/
GO composites are given in Fig. 1(a—g). Figure 1(a)
depicts the FTIR spectrum of PVA/PEG blend film in
which all the characteristic peaks of both PVA and PEG
are seen. For PVA/PEG blend films, the band

corresponding to C-H stretching vibrations were ob-
served similar to the neat polymers. The peak at
1438 cm™ ' corresponding to CH, bending is shifted to
1427 e¢cm™' in PVA/PEG blend. Similarly, the peak at
1733 ¢cm™' corresponding to vinyl acetate group of
PVA is also shifted to 1726 cm '. These shifting of
FTIR bands towards lower wavenumber suggest the oc-
currence of hydrogen bonding interaction between O-H
groups of PVA and PEG polymer chains. Figure 1(b—g)
shows the FTIR spectra of PVA/PEG/GO composites
with different GO loadings. In the FTIR spectra of com-
posites, the characteristics peaks of PVA, PEG, and GO
were observed which indicates the successful prepara-
tion of PVA/PEG/GO composites.

Raman spectroscopy studies

The Raman spectra of pristine graphite and GO are
shown in Fig S4. The Raman spectrum of pristine
graphite shows a strong G band at 1585 cm ™' which
corresponds to the E,, phonon from sp” carbon atoms
and a weak D band at 1326 cm ' which corresponds to
sp> carbon atoms and topological defects [21, 47]. In
contrast, the Raman spectrum of GO displays a strong

@ Springer
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Fig. 7 SEM micrographs of
PVA/PEG/GO composites: a
0.5 wt% GO; b 1 wt% GO; ¢
1.5 wt% GO; d 2 wt% GO; e
2.5 wt% GO; £ 3 wt% GO

D band at 1365 cm ' and a G band at 1634 cm™' at-
tributing to the size reduction of in-plane sp? domains
due to harsh chemical oxidation and ultrasonic exfolia-
tion [24]. The intensity of D band is higher than that of
G band and the intensity ratio of Ip/lg is found to be
around 0.83. The Raman spectra of PVA/PEG/GO com-
posites with different GO loadings are depicted in
Fig. 2. In the Raman spectra of composites the D band
(1365 cm ') is shifted to 1339, 1336, 1340, 1332, and
1348 cm ! for 0.5, 1, 1.5, 2, and 3 wt% GO loadings,
respectively. Similarly, G band (1634 cm ') is shifted to
1598, 1592, 1594, 1601, and 1596 cm™ ' for 0.5, 1, 1.5,
2, and 3 wt% GO loadings, respectively. Such shifts in
the Raman bands of composites indicate significant in-
teractions between PVA, PEG, and GO through hydro-
gen bonding corresponding to the homogeneous disper-
sion of GO in the polymer matrix.

@ Springer

UV-visible spectroscopy studies

It is well understood that the homogeneous dispersion of GO
in a polymer matrix is a very critical factor to achieve high-
performance composites because most of the attractive prop-
erties of GO are associated with its individual sheets.
Therefore, the prevention of aggregation and achieving mo-
lecular level dispersion of GO in the polymer matrix is very
crucial while designing specific applications of graphene-
based polymer composites. The UV-vis absorbance spectra
of an aqueous solution of PVA, PEG, GO, and PVA/PEG
blend are given in Fig. S5. The UV-vis absorbance spectrum
of PVA showed a single characteristics absorption band at
~200 nm which is associated with the residual acetate group
of PVA [48]. The UV-vis absorbance spectrum of PEG aque-
ous solution showed an absorption band at ~192 nm and the
aqueous dispersion of GO showed a characteristic absorption
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Fig. 8 3D AFM topographic
images of PVA/PEG/GO
composites: a PVA/PEG blend; b
0.5 wt% GO; ¢ 1 wt% GO; d

1.5 wt% GO; e 2 wt% GO;

2.5 wt% GO; g 3 wt% GO
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band at ~230 nm which is attributed to the 7=—7t* transitions of
the aromatic C=C bond [21, 24]. In addition, a shoulder at
310 nm was also observed in the UV-vis absorbance spectrum
of GO which is attributed to n—t* transitions. The aqueous
solution of PVA/PEG blend showed absorption band at
~192 nm. UV-vis spectra of aqueous colloidal dispersion of
PVA/PEG/GO composites are depicted in Fig. 3. It can be
seen that the UV-vis absorbance spectra of PVA/PEG/GO,

colloidal dispersion showed absorption band in the region
192-196 nm for different GO loadings in PVA/PEG blend
matrix. In addition, a shoulder at 230 nm can be seen in all
the composite samples indicating the presence of GO in the
samples. The colloidal dispersion of PVA/PEG/GO compos-
ites was found to be homogeneous by visual inspection. The
increasing the peak broadening by enveloping the GO in the
composite suggest the presence of significant interaction

@ Springer
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Table 2 Surface roughness parameters of PVA/PEG blend and PVA/
PEG/GO composites obtained from AFM images

Samples S, (nm) Sq (nm)
PVA/PEG blend 9.62 12.40
0.5 wt% GO loading 30.64 40.19

1 wt% GO loading 38.22 47.78
1.5 wt% GO loading 53.41 66.88

2 wt% GO loading 64.06 81.70
2.5 wt% GO loading 68.21 84.25

3 wt% GO loading 73.63 88.32

between them which could be ascribed to the presence of the
oxygen-containing functional groups on the surface of GO.
Also, the hydrophilic characteristics of GO impart desired
solubility and dispersibility in water, creating a stable GO
suspension. Therefore, GO is compatible with many hydro-
philic polymers such as PVA and PEG facilitating the forma-
tion of homogeneous composites.

X-ray diffraction studies

The XRD pattern of natural graphite powder, GO, PVA, and
PEG is shown in Fig. S6. For natural graphite powder, a typ-
ical diffraction peak at 20=26.42° with an interlayer distance
of 0.33 nm can be observed, which corresponds to the (002)
reflection plane. The XRD pattern of GO shows a character-
istic peak at 20=11.55° which corresponds to the interlayer
distance of 0.82 nm [21, 24]. The interlayer distance has in-
creased from 0.33 nm for graphite to 0.82 nm for GO. This
indicates that the highly ordered crystalline structure of graph-
ite is disrupted after oxidation. The increase in the interlayer
distance is attributed to the intercalation and the bonding ef-
fect of oxygen-bearing functional groups revealing that graph-
ite was oxidized effectively. The XRD pattern of pure PVA
powder shows a diffraction peak at 20=19.44° which is at-
tributed to the existence of a high degree of hydrogen bonding
interactions between hydroxyl groups [48—50]. The XRD pat-
tern of pure PEG showed strong diffraction peak at
260=19.34° corresponding to (120) crystal plane and weak
diffraction peaks at 26=23.33° which is attributed to concert-
ed (112) and (032) crystalline reflection planes [51]. The XRD
patterns of PVA/PEG blend and PVA/PEG/GO composite
films are shown in Fig. 4(a—g). These patterns show two char-
acteristic diffraction peaks at 26=19.08° and 23.27° corre-
sponding to PVA and PEG, respectively. Also, it can be seen
that the diffraction peak of PVA (19.44°) and PEG (19.34°)
are overlapped with each other in the XRD pattern of PVA/
PEG blend and PVA/PEG/GO composite films. The XRD
peak of GO was not observed in the XRD pattern of compos-
ite films which demonstrate that GO was fully exfoliated into
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individual graphene sheets and dispersed homogeneously in
the polymer matrix.

Thermal degradation characteristics

The TGA thermograms of PVA/PEG blend and PVA/
PEG/GO composites are depicted in Fig. 5(a—g). The
TGA thermograms of PVA/PEG blend film (Fig. 5(a))
show two-step decomposition. It has been reported that
the incorporation of graphene-based materials into the
polymer matrix can improve the thermal stability of
polymer composites relative to the neat polymer [52].
The initial weight loss for PVA/PEG blend was ob-
served from room temperature to 100 °C is attributed
to the evaporation of water. The second decomposition
step is observed in the 100-220 °C temperature range
with minimum weight loss (~20 %). In the third step of
decomposition in the temperature range 220450 °C, the
blend sample showed maximum (~98 %) weight loss.
The TGA thermograms of PVA/PEG/GO composites
with different GO loadings are depicted in Fig. 5(b—g)
which showed decomposition in three stages. The initial
weight loss stage occurs in the low-temperature range,
i.e.,, room temperature to 100 °C is attributed to the
evaporation of moisture or adsorbed water [53]. The
second weight loss stage occurs in the temperature
range 100-225 °C which could be due to the decompo-
sition of different oxygen-bearing functional groups of
GO. The third weight loss stage occurs in the tempera-
ture range 225-450 °C which could be due to splitting
of polymer main chain. Thus, it can be seen that the
thermal stability of PVA/PEG/GO composites films with
different GO loadings has improved as compared to
PVA/PEG blend. This could be due to the excellent
dispersion of GO into the polymer matrix and the
strong interfacial interaction between PVA, PEG, and
GO through hydrogen bonding. The graphene oxide
has a strong influence on the thermal degradation of
PVA/PEG result in a charred layer which covers the
surface of the polymer, thus interrupting the absorption
of the oxygen required for the burning process and the
attached polymer chains to the surface of the GO with
resulting of molecules moving restriction under the tem-
perature stimulus.

Morphological studies

The photographs of the as-synthesized PVA/PEG/GO
composite films shown in Fig. 6a—f indicate the forma-
tion of the uniform dispersion of GO within the poly-
mer matrix. From the photographs, it can be seen that
the composite films have no cracks or holes and the
films can be curled or folded, indicating the excellent
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4 Fig. 9 a Dielectric constants of PVA film as a function of frequency at
various temperatures. b Dielectric constants of PVA/PEG (50/50) blends
as a function of frequency at various temperatures. ¢ Dielectric constants
of PVA/PEG/GO composites with 0.5 wt% GO loading as a function of
frequency at various temperatures. d Dielectric constants of PVA/PEG/
GO composites with 1 wt% GO loading as a function of frequency at
various temperatures. e Dielectric constants of PVA/PEG/GO composites
with 1.5 wt% GO loading as a function of frequency at various
temperatures. f Dielectric constants of PVA/PEG/GO composites with
2 wt% GO loading as a function of frequency at various temperatures. g
Dielectric constants of PVA/PEG/GO composites with 2.5 wt% GO
loading as a function of frequency at various temperatures. h Dielectric
constants of PVA/PEG/GO composites with 3 wt% GO loading as a
function of frequency at various temperatures

flexibility of composites. To investigate the reinforce-
ment effect and to understand the dispersion state of
GO in the composites, optical microscopy was carried
out and the results are depicted in Fig. S7. It is worthy
to note that the dispersion of GO in the PVA/PEG blend
matrix was fairly homogeneous without any discernible
aggregation, indicating the good compatibility between
GO and polymers. The dispersion state of GO in PVA/
PEG blend matrix was further investigated by SEM
analysis. Figure S8 shows microstructure of pure PVA
film, PVA/PEG blend films, graphite, and GO. Pure
PVA and PVA/PEG blend film display flat and smooth
surface as shown in Fig. S8(a, b). SEM image of graph-
ite displays flakes like microstructure, typical of highly
crystalline natural graphite. SEM microstructures of
PVA/PEG/GO composites with different GO loading
are depicted in Fig. 7a—f. The SEM images of PVA/
PEG/GO composites revealed a layered structure with
uniformly dispersed GO sheets throughout the polymer
matrix for all composite samples without any obvious
aggregation. It is believed that the uniform dispersion of
GO in the polymer matrix is caused by the compatibil-
ity between PVA, PEG, and GO and the strong interac-
tion between them. The good dispersion of GO in PVA/
PEG blend matrix is expected to result in an enhance-
ment of dielectric constant of composites. AFM was
employed in order to reveal the surface roughness of
composite films and to obtain complementary data on
the distribution of GO in PVA/PEG blend matrix. The
AFM topographic images for PVA/PEG/GO composites
in two and three dimensions with different GO loadings
are illustrated in Fig. S9(a—g) and Fig. 8a—g, respective-
ly. The surfaces of composite films were compared in
terms of roughness parameters such as mean roughness
(S2) and root mean square roughness (Sy) and the data
is depicted in Table 2. According to AFM results, the
surface of the composite was found to be rough
(82=73.63 nm for 3 wt% GO loading) while the surface
of PVA/PEG blend film was relatively smooth
(82=9.62 nm). In addition, the S; was also increased
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from 12.40 nm for PVA/PEG blend film to 88.32 nm
for PVA/PEG/GO composite with 3 wt% GO loading.
The increase in Sq can be due to good compatibility
between PVA, PEG, and GO and the homogeneous dis-
persion of GO into PVA/PEG blend matrix [54]. The
good compatibility between PVA, PEG, and GO is at-
tributed to the presence of numerous oxygen-containing
functional groups on the surface of GO which forms
strong hydrogen bonding interactions with polymer
chains.

Dielectric properties

In the present study, the dielectric properties of PVA/PEG/GO
composites were investigated in order to check their feasibility
for energy storage applications. Figure 9a—h shows variation
in the dielectric constant of PVA, PVA/PEG blend, and PVA/
PEG/GO composite films as a function of frequency (50 Hz—
20 MHz) at various temperatures (40—150 °C). Table 3 sum-
marizes the dielectric properties of the neat polymer, blend,
and the composite films. The maximum value of dielectric
constant obtained for pure PVA film (Fig. 9a) was 10.71 at
50 Hz and at 150 °C. Similarly for PVA/PEG blend film
(Fig. 9b), the maximum value of dielectric constant was
31.22 at 50 Hz and at the same temperature 150 °C. Both
PVA and PVA/PEG blend film showed a maximum value of
dielectric constant at lower frequencies and with further in-
crease in frequency the dielectric constant decreases.

For PVA/PEG/GO composite film with 0.5 wt% GO
loading (Fig. 9c), the maximum value of dielectric con-
stant was 60.11 at 50 Hz and at 150 °C and for com-
posites with 3 wt% GO loading (Fig. 9h), the maximum
value of dielectric constant was 644.39, at 50 Hz and at
the same temperature. It is worthy to note that the di-
electric constant of composites has increased with in-
crease in GO loadings and all the high value of dielec-
tric constants were obtained at lower frequencies. The

Table 3  Dielectric constant and dielectric loss tangent (tan &) of PVA,
PVA/PEG blend, and PVA/PEG/GO composites

Samples Dielectric Dielectric

constant loss tangent

© (tan 0)
PVA 10.71, 50 Hz, 150 °C 1.91, 50 Hz, 150 °C
PVA/PEG blend 31.22, 50 Hz, 150 °C 3.04, 50 Hz, 150 °C

0.5 wt% GO loading
1 wt% GO loading
1.5 wt% GO loading
2 wt% GO loading
2.5 wt% GO loading
3 wt% GO loading

60.11, 50 Hz, 150 °C
119.40, 50 Hz, 150 °C
158.46, 50 Hz, 150 °C
229.41, 50 Hz, 150 °C
333.06, 50 Hz, 150 °C
644.39, 50 Hz, 150 °C

3.66, 50 Hz, 150 °C
3.74, 50 Hz, 150 °C
421,50 Hz, 150 °C
4.72, 50 Hz, 150 °C
5.15, 50 Hz, 150 °C
5.58, 50 Hz, 150 °C
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<« Fig. 10 a Dielectric loss tangents (tan 5) of PVA film as a function of
frequency at various temperatures. b Dielectric loss tangents (tan J) of
PVA/PEG blend (50/50) film as a function of frequency at various
temperatures. ¢ Dielectric loss tangents (tan ¢) of PVA/PEG/GO
composites with 0.5 wt% GO loading as a function of frequency at
various temperatures. d Dielectric loss tangents (tan ¢) of PVA/PEG/GO
composites with 1 wt% GO loading as a function of frequency at various
temperatures. e Dielectric loss tangents (tan ¢) of PVA/PEG/GO
composites with 1.5 wt% GO loading as a function of frequency at
various temperatures. f Dielectric loss tangents (tan &) of PVA/PEG/GO
composites with 2 wt% GO loading as a function of frequency at various
temperatures. g Dielectric loss tangents (tan §) of PVA/PEG/GO
composites with 2.5 wt% GO loading as a function of frequency at
various temperatures. h Dielectric loss tangents (tan ) of PVA/PEG/GO
composites with 3 wt% GO loading as a function of frequency at various
temperatures

GO as a kind of filler own high aspect ratio and have a
functional groups to enhance dielectric constant effec-
tively. The interfacial polarization, which normally ex-
ists between polymer and fillers, give rise to a much
increased dielectric constant. This improvement of di-
electric constant was due to Maxwell-Wagner-Sillar
(MWS) effect in PVA/PEG/GO composites, thus making
an important contribution to improving the dielectric
constant at lower frequencies [55-57]. At lower fre-
quencies, the rate of change of electric field is slow
which provides sufficient time to permanent and in-
duced dipoles to align themselves in the direction of
the electric field leading to enhanced polarization. At
higher frequencies, the dielectric constant show frequen-
cy independent behavior which indicates that the rota-
tional motion of the polar molecules of composites is
not rapid enough to attain the equilibrium with the elec-
tric field [21, 24]. Thus, the dielectric constant is low at
high frequencies. The incorporation of GO into PVA/
PEG blend matrix has resulted in the enhancement of
dielectric constant which is 60 times higher than the
dielectric constant of PVA and 20 times higher than
the dielectric constant of PVA/PEG blend film. The ef-
fective dielectric constant of composites can be deter-
mined by the dielectric polarization and the relaxation
mechanism of bulk composites. The high dielectric con-
stant values of composites indicate their ability to store
charges under the influence of electric field. Such com-
posites can be useful in charge storage device applica-
tions such as embedded capacitors.

Dielectric loss (tan ) is another important parameter of di-
electric materials which results from the inability of the polar-
ization process to follow the rate of change of applied electric
field. In general, the dielectric loss results from distortional,
dipolar, interfacial, and conduction loss in the dielectric mate-
rials [58, 59]. The variation in the dielectric loss of PVA, PVA/
PEG blend, and PVA/PEG/GO composite films is depicted in
Fig. 10a-h. The dielectric loss values of PVA, PVA/PEG blend,
and PVA/PEG/GO composite films are high at low frequencies,
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and as the frequency increases, the dielectric loss decreases.
This could be due to the interfacial polarization or Maxwell-
Wagner-Sillar effect [60, 61]. According to MWS process, the
presence of polymer-filler interface can lead to significant
changes in the dielectric properties [62, 63]. The maximum
value of dielectric loss for PVA (Fig. 10a) and PVA/PEG blend
film (Fig. 10b) was found to be 1.91 and 3.04, respectively. For
PVA/PEG/GO composite films with 0.5 wt% GO loading
(Fig. 10c), the dielectric loss value is 3.66 and that of the com-
posite with 3 wt% GO loading (Fig. 10h), the dielectric loss
value is 5.58. The values of dielectric constant for all compos-
ites are much higher than the dielectric loss values. The en-
hancement in the dielectric constant values of composites is
attributed to the homogeneous dispersion of GO into PVA/
PEG blend matrix and the good compatibility between PVA,
PEG, and GO. Thus, the dielectric properties of this type of
composites can be tuned and optimized by controlling the dis-
persion state of GO in the polymer matrix and the interfacial
interaction between GO and polymer.

Conclusions

In the present study, smooth, uniform, and flexible PVA/
PEG/GO composite films were obtained successfully
using a simple colloidal processing technique. The struc-
tural studies of PVA/PEG/GO composites films by FTIR
and Raman spectroscopy confirm the presence of GO in
the composites. The PVA/PEG/GO composites films were
investigated using optical microscopy which exhibits the
homogeneous distribution of GO within the polymer ma-
trix without any discernible agglomerations. The surface
morphology confirmed the homogeneous dispersion of
GO into PVA/PEG blend matrix. The thermal stability of
composites has improved which could be due to strong
hydrogen bonding interaction between functional groups
of GO and polymer chains indicating good compatibility
between PVA, PEG, and GO. The homogeneous disper-
sion of GO into PVA/PEG blend matrix and the strong
interfacial interaction through hydrogen bonding between
functional groups of GO and the polymeric chain has
resulted in the enhancement of dielectric properties of
composites. The dielectric constant for PVA and PVA/
PEG (50/50) blend was found to be 10.71 and 31.22,
respectively. The dielectric constant for PVA/PEG/GO
composite with 3 wt% GO loading was found to be
644.39 which is 60 times greater than the dielectric con-
stant of PVA and 20 times greater than the dielectric con-
stant of PVA/PEG (50/50) blend film. Thus, we have suc-
cessfully developed free standing and flexible PVA/PEG/
GO composite films as a promising material with high
dielectric constant and low dielectric loss for bio-
friendly capacitors and other energy storage devices.
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