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Abstract

The demand of flexible energy storage devices is ever increasing and several polymer
nanocomposites are widely used to fabricate them. Here we present a cellulose based
nanocomposite by incorporating graphene oxide (GO) nanoplatelets modified with
hexamethylene diisocyanate grafting agent useful for such versatile applications. The simple
method of casting/solvent evaporation is applied to prepare the nanocomposites and GO
dispersion in the cellulose matrix was analyzed by Fourier transform infrared spectroscopy, X-
ray diffraction studies and scanning electron microscopy. The dielectric and ferroelectric
properties of the eco-friendly samples were checked with temperature and voltage variations,
which can attribute to flexible energy and memory storage properties. Thus the cellulose
modified GO nanocomposite has turned to be environmentally stable and excellent next

generation material for energy storage and electronic devices.

Keywords- Energy and memory storage; Grafting; Cellulose; Graphene oxide; Flexible

electronics; Ferroelectric; Dielectric.
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Introduction

The biopolymer cellulose is an inexhaustible source of raw material for numerous eco-
friendly devices and is the most abundant natural polymer on the earth [1]. The various
applications of cellulose based composites include coatings, laminates, optical films,
pharmaceuticals, food and textiles and so on [2-4]. Cellulose forms the promising base material
for flexible electronics due to its low cost, light-weight, relatively high thermo stabilization, high
sorption capacity, alterable optical appearance and biocompatibility [5, 6]. The basic structure of
this material has the advantage of forming many strong interactions with the filler particles and
this is the reason for thousands of bio products based on it.

Nowadays, energy storage devices are essential for many portable devices and eco-
friendly materials replace the conventional acid battery metallic storage devices requiring more
recharge time, acid utilization and less abundance. The current main strategy to fabricate
innovative and advanced materials from naturally available materials mainly targets the most
abundant cellulose [10, 11]. Numerous polymeric nanocomposites other than cellulose are also
being explored in the field of flexible and wearable electronics to fabricate energy storage
devices [7-9], where the flexible capacitors should be specially mentioned in modern
applications [12-13]. The carbon fibers, carbon nanotubes and graphene derivatives are widely
used as filler materials for energy devices (as free-standing and flexible capacitors) due to their
favorable flexibility [10, 14-18]. Of the several nanocarbons, two dimensional graphene
nanosheets is promising due to its ultra-high specific surface area (~2,630 m?/g) and excellent
electronic properties and applications [19, 20]. It is reported that the polar graphitic derivatives

such as graphene oxide (GO) filled cellulose nanocomposites possess very high mechanical,
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thermal and gas permeability properties [21-23]. However the low conductivity of GOs does not
allow the formation of electronic devices and reduced GOs are largely used for those purposes.

The presence of large number of hydroxyl groups of cellulose along the GO skeleton
causes the formation of comprehensive networks of intra- and inter-molecular hydrogen bonds
with the cellulose matrix thus forming the two -crystalline and amorphous- structural regions in
the same polymer [24]. When the polar fillers are uniformly bonded with the neat cellulose,
flexible biomaterials result [25-27]. But the facile aggregation of graphene during synthesis
degrades the material performance composed of graphene and reduced GO and lower
performance of those composites is often reported. This fact can be minimized by modifying the
GO sheets with proper functional groups so as to maintain strong interactions with the cellulose
matrix.

In this work, we used grafting method to bond cellulose with GOs by using diisocynate
grafting method. We have experimentally demonstrated the scientific significance of dielectric
and ferroelectric properties within the cellulose-grafted-GO (CFG) nanocomposites in order to
apply in energy storage and electronic devices. The CFG nanocomposites have ferroelectric
behavior associated with a built-in polarization that is switchable and vary with temperature. The
energy and memory storage properties are correlated with the morphology-structure relationship
of the obtained CFG nanocomposites by means of Fourier transformation infrared spectroscopy

(FTIR), X-ray diffraction (XRD) and scanning electron microscopy (SEM) studies.
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Experimental Details

Materials

Cotton pulp of 98% purity and degree of polymerization 4500 was obtained from
Buckeye Technology, USA. Natural flake graphite, and other reagents such as Hexamethylene-
1,6-diisocyanate (HMDI), Dimethyl Acetamide (DMAc), Lithium Chloride (LiCl), Sulfuric Acid
(H2S0,), Nitric Acid (HNOs), Hydrochloric acid (HCl), Potassium permanganate (KMnQO,4) and
30% Hydrogen Peroxide (H,O,) solution were procured from Sigma-Aldrich. The 99.5%

isopropyl alcohol was purchased from Daejung, South Korea.

Sample preparation

Cellulose solution was prepared using the common DMACc/LiCl system [1]. The cotton
pulp and LiCl were dried in the oven air at 100 °C to remove water molecules prior to this. The
mixture of 2/8/90 cotton pulp, LiCl and anhydrous DMAc were heated at 155 °C by mechanical
stirring for 4 h in order to obtain a viscous solution and centrifuged at 11000 rpm to eliminate the
undissolved cellulose fibers. The GOs were synthesized by the improved graphene oxide method
[28], the AFM and TEM images of which are given in supplementary information (Figure S1).
Functionalization of GOs was done by treating with HMDI. For this purpose, 20 mg of GO was
first dispersed in 20 ml of anhydrous DMAc for 30 minutes, thereafter adding the 0.2 g of HMDI
by stirring at 110 °C for 3 h. To this mixture cellulose dissolved DMAc solution was added and
mechanically stirred for 3 more hours. The schematic of the reaction mechanism involved
between GOs and cellulose by the HDMI agent is represented in Figure 1. The possible
mechanism could be happened by the reaction of initially added HMDI having isocyanate group

with hydroxyl (or) epoxy (or) carboxyl groups on GO instantly at mentioned temperature and the
5
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other end of HMDI isocyanate group reacting with subsequently added hydroxyl groups of

cellulose or GO [10].

Finally the composite solution was casted on a glass plate using doctor blade and cured
using deionized water for 3 h. This slow curing process prevents aggregation of GOs and
eliminates the remnants LiCl and DMAc. Finally the cured wet nanocomposite was rinsed in two
different deionized water baths and dried in a vacuum oven at 60 °C. Table 1 shows the various

nanocomposite samples used for the analyses.

Tablel: Comparison of different properties with the increment of filler in cellulose

Notation of Weight  Young's Modulus Dielectric Transmittance
Samples % of GPa Constant ¢’ at 20 %
Filler Hz

Cellulose 0 2.37 16 85.97

CFGO0.5 0.5 3.18 304 68.61
CFG1 1 3.31 1052 65.13
CFG2 2 3.53 2411 58.01
CFG3 3 3.86 3044 34.20
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Gaphene Oxide Cellulose

DMAc, 110 °C, 3hrs
Inert atmosphere Hexamethyl diisocyanate

Figure 1: Reaction mechanism of cellulose with GOs grafted using hexamethylene diisocyanate.
Characterization

FE-SEM images of the sample films were taken with JEOL JSM-6400F microscope to
study the sample morphology. The samples were prepared by coating platinum layer using ion
sputter (EMITECH, K575X). The FTIR spectra (Bruker Optics, Billerica, MA) were obtained in
the range of 500-4000 cm ' by averaging 16 scans (Resolution was 4 cm ') at 1 min intervals to
minimize the effects of dynamic scanning and to qualitatively demonstrate covalent grafting of

GOs to cellulose. XRD patterns were checked with a thin film X-ray diffractometer using CuKa
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target radiation at 40 kV and 50 mA, at a scanning rate of 0.015°/min. The diffraction angle was
varied from 5 to 40°. Optical transmittance of the samples was studied using a UV-visible
spectrophotometer. For this the spectra of the films in the range of 200-800 nm wavelengths
were recorded with a Hewlett Packard (8452A) diode array.

The variation in dielectric constant of the cellulose matrix and its nanocomposites
between 20 - 10 kHz frequency were monitored using an LCR meter (HP 4284A). Measurements
were done at 25 °C temperature, 25% relative humidity and at 1 V. The ferroelectric behavior of
samples (Au—sample film— Au in thickness direction) was characterized by electric fields ranging
from -3 to 3 kVem ' with a 1 Hz saw tooth wave using a ferroelectric tester (Radiant

Technology Premier II).

Results and discussion
Morphology and structure relationship

It is rather important to study the morphology and structure of the nanocomposite
samples in order to explain its properties. The cross-sectional FE-SEM images are given in
Figure 2, which show the morphological changes induced by GOs on cellulose. No
agglomeration of GOs was observed in the CFG nanocomposites as illustrated in the images.
Cellulose possesses rough morphology (Figure 2a) and the roughness reduced upon the addition
of GOs. The very smooth and well bind surface in the nanocomposites indicates good
reinforcement between GO filler and cellulose matrix (Figure 2b, 2c¢) as well as good GO
dispersion. The absence of aggregated GO platelets was observed in cellulose even at 3%

loading.
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The optical properties of the cellulose and its nanocomposite change with the increment
of GO content in the nanocomposites. As given in Figure S2, a transparency decrease with

increase of the GOs weight percent was observed.

fBBBBB 18.0kV X6.88K 5.088rm 88608088 10.0kYV X6.80K S.80rm 000008 168.0kV X6.80K S.0806rm

Figure 2: SEM cross section image of a) cellulose b) CFG1 ¢) CFG3

The structural composition was studied here with the help of FTIR and XRD techniques.
To investigate the successful functionalization of GO, FTIR of GO, HMDI, cellulose and its
nanocomposites were taken as shown in Figure 3. GO shows the C—O stretching vibration at
1209 cm', O—H stretching at 3459 cm ', C-O at 1060 cm ' and C=O stretching at 1711 cm '
(Figure 3a). From the characteristic FTIR spectra of cellulose nanocomposites (Figure 3b) bands
around 3418, 1607 and 1375cm ' respectively corresponds to the O-H stretching, carboxyl
bending and C—O-H bond vibrations of cellulose [23]. In addition, bands at 1137 cm™ are due to
the C-H bending modes and the peaks at 2932 cm ' denote the characteristic C-H stretching of -
CH, group (from cellulose). The appearance of new band at 1565 cm™ originating from either
amide or carbamate esters corresponds to the coupling of C-N stretching vibration with the CHN
deformation vibration which ensures the functionalization of HMDI between GO and cellulose

[10].
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Figure 3: FTIR Spectra of a) HMDI and GO, cellulose and CFG nanocomposites with different weight

percentage with b) 3700- 500 cm™c) 1750-1500cm™

In the nanocomposite containing 0.5 wt% of GO, FTIR does not show any absorption

peaks as the amount of GO is very low. More importantly, the asymmetric NCO stretching

vibration of the HMDI at 2275-2263 cm’" is not seen in the spectra of the nanocomposite. Note

that these peaks are visible starting from the nanocomposite containing 2 wt% GO. Based on all

these facts, a mechanism proposed in Figure 1 is expected to be happening in the

nanocomposites via the development of strong chemical interaction.
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Figure 4: XRD spectra of a) GO and graphite b) CFG nanocomposites and cellulose.

The XRD patterns of GO, graphite, cellulose and its nanocomposites shown in Figure 4
furnish interesting facts about dispersion of filler and the sample morphology. The peak marked
in Figure 4a corresponds to the (0 0 2) reflection in graphite and its derivative (GO). The
diffraction peak of pristine graphite at around 260=26.52° determines an interlayer distance of
3.354 A. In the case of GO, the peak corresponds to d value of 8.0854 A [26]. Figure 4b gives
information about the crystalline structure of the nanocomposites and dispersion of GOs in
cellulose. The broad diffraction peak at 19° indicates the partly crystalline nature of the cellulose.
Overall, the XRD spectra of all nanocomposites are similar to cellulose since the GO dispersed
well. Moreover, the peak corresponding to GO disappeared in the XRD spectra of CFG
nanocomposites confirming the exfoliation of the layered GO nanosheets in the cellulose matrix

and this does not have any significant effect on crystallinity.
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Dielectric/Energy storage property

In order to check the energy storage capability of the material the dielectric response of
the samples, the dielectric constant €' and dielectric loss (tan 6) at 20-10,000 Hz, 25 °C
temperature, 25% relative humidity and at 1 V are checked as plotted in Figure 5. The €' of a
dielectric polymer depends on the amount of mobile (polarizable) electrical charges in it and the
degree of mobility of these charges. The &' of CFG3 showed about 290 times enhancement
(¢'=3,044) than that of the neat cellulose (¢'=16) and compared to the other nanocomposites
CFGO.5 (¢'= 304), CFG1 (¢=1,052) and CFG2 (¢=2,411). These ¢’ values are found at 20 Hz.
The comparison of the dielectric properties between the cellulose and its nanocomposites at 20
Hz are given in Table 1. It was shown that under low frequency, the &' increases with the
increasing wt% of GO. A similar report was done by Milan et al., in which they modified the
graphene covalently using 6-amino-4-hydroxy-2-naphthalenesulfonic acid for energy storage
application [29]. Since a lot of dipoles were obtained due to the special polarization structure of
cellulose nanocomposite of strong polarity, large values of &' with low dielectric loss was
observed [30, 31].

The dielectric measurements also show that the increase in GO concentration increases €'
(Figure 5). Upon comparing the permittivity, cellulose nanocomposite possesses enhanced values
than the neat due to the motion of free charge carriers at interfacial polarization. According to
Maxwell-Wagner-Sillars (MWS) process polymer-filler interfacial (like donor-acceptor
complexes) interaction is necessary to get changes in the dielectric properties of nanocomposites.
The huge interfacial area of nanocomposites provides numerous sites for the reinforced MWS

effect as well [32]. In the MWS effect, when a current flows across the two-material dielectric

12
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interfaces, charges accumulate at the interface with different relaxation time (t = &/c, where € is
the dielectric permittivity and o is the conductivity). This is possible by the presence of moderate
number of oxide functionalities (charge centers) and conjugation (carrier centers) on the GO
sheet surface which forms a capacitor network to store energy [23]. From Figure 5, it is clear that
the €' has two different regions: the first, representing an exponential increase at a low frequency,
below 100 Hz and the second showing a linear relation between the frequency and the €' in the
range of high frequency, above 100 Hz. The first term is related to the rotational movement of
functional groups in the samples [33], which can be decelerated at high frequency. The second
one is from the natural behavior of the existing functional in the nanocomposites, which cannot
move easily at higher frequency [34].

The €' of the cellulose nanocomposites increases with CFG filler loading [35, 4] as well
(Figure 5). Since ¢’ at higher frequencies (kHz) mainly originates from the electrical conduction
and dipolar polarization, the decrease in its value in the nanocomposites should be mainly
attributed to the highly restricted polymer chain motion. Considering the nanocomposites with
high ¢’ and low dielectric loss as more attractive for practical applications, the CFG3 shows
superior property (Figure 5b). The losses occurring at low frequencies are primarily due to quasi
DC conduction as caused by the percolation effect. In comparison with the cellulose matrix, the
nanocomposites also exhibit a relatively 5 times dielectric loss. At frequencies from 10* to 10
Hz, tan J decreases due to the failure of the induced charges to follow the reversing field, thus
leading to reduced electronic oscillations, consistent with the aforementioned analysis of the

cellulose nanocomposites.
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Figure 5: Variation of a) ¢’ and b) tan d of cellulose and its nanocomposites with frequency (At

1V, 25% Ry and 25 °C)

Influence of temperature on the dielectric behavior

The dielectric performance of a material is better understood by studying its temperature
and voltage dependence. Figure 6 shows the measured dielectric behavior of the cellulose and its
nanocomposites as a function temperature and voltage. Figure 6a illustrates the dielectric
constant, €' vs voltage curves of the cellulose nanocomposites measured at 1 kHz. With applied
voltage, the maximum dielectric constant observed was near -1 V and this study confirms the
depletion of charge in the cellulose nanocomposites. Under high voltage, the electrons move
easily towards the opposite electrode while they start to be stored as the applied voltage
decreases. The trapped charges increase until the opposite applied field becomes high enough to
activate the trapped electrons to escape from the trap sites. Over the activating level of the

applied field, the dielectric constant, &' decreases due to the movement of electrons escaping
14
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from the trap sites towards the electrode. A similar observation is also seen in the opposite case.
Thus, it is considered that the functional groups inside the samples play an important role in
governing the voltage effect behavior [36]. The dielectric behavior of the nanocomposites is
attributed to the increase in charge density and significant improvement in the charge transport in
the cellulose matrix. The influence of voltage is more pronounced in the CFG nanocomposites

than the neat cellulose due to the increase in rate of rotation of dipolar molecules.
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Figure 6: Variation of dielectric properties of CFG nanocomposites with (a) voltage and (b)

temperature.

The ¢’ of the CFG nanocomposites decreases as the temperature increases (Figure 6b). It is clear
from all dielectric observation that this particular property is related to the decrease in interfacial
polarization and humidity (water molecules) which results in lower &' [36]. Compared with
cellulose, the CFG nanocomposites show a strong temperature-dependent dielectric response,
particularly at lower frequencies. The introduction of the GO flakes again results in much
stronger temperature-dependent dielectric response and the nanocomposites’ dielectric behavior

15
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is similar to that of polar polymers such as polyamide. At high temperatures, the mobility of
charge carriers and the rotation of dipoles would be significantly reduced and the interfacial
polarization enhanced. Consequently the nanocomposites exhibit lower €' at high temperatures
[37]. At a fixed frequency, €' decreases with the temperature increase, attributed to the greater
restriction of movement of dipole molecular chain of cellulose at high temperature. As the
temperature increases, the dipoles are comparatively restricted and reluctant to the applied
electric field. Finally, excellent dielectric response of the CFG nanocomposites was identified at
low frequency, low temperatures and low voltage. The lower dielectric constant at higher voltage

causes non linearity in low-distortion filters and other analog applications.

Memory storage behaviour

The memory storage capability of the sample films were identified by means of measured
polarization (P) as a function of electric field (E) i.e. P-E hysteresis curve. Figure 7 gives the P-E
hysteresis loops for cellulose and its CFG nanocomposites at room temperature under 1 Hz.
Generally a P-E loop for a device is a plot of the charge or polarization, against the applied field
at a given frequency and the Log P-E variation is given as supplementary information (Figure
S3). The P-E loop as shown in Figure 7 is the combination of ideal linear capacitor and resistor.
It is observed that the area of the hysteresis loop of all samples have significant improvement.
With GO addition, the shape of the hysteresis loops changes (Figure S4) as the polarization
hysteresis is increased with increasing GO content. The shape of the loop assumes a more elliptic
form as the temperature increases, which means that resistance element of the nanocomposite

increases more than the capacitance part (Figure S4).
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Figure 7: Variation of ferroelectric properties of CFG nanocomposites and cellulose at 25% Ry

and 35 °C

The remnant polarization (P;) and maximum polarization increase gradually with the
filler concentration. It seemed that the nanocomposites were more easily to be polarized than
cellulose, i.e., in the same field strength, the polarization effect for nanocomposite was easier
than the one for neat cellulose [36, 38, 39]. Table 2 represents the summary of the P-E
measurement, i.e., the temperature dependences of the coercive field (E;) and P; in which they
are defined by the half width of the loop at P=0 and E=0, respectively. En.x and Epi, indicate the
range of applied E field. The GO is polar filler having dipolar alignment and reorientation, as
well as increased polarization level and energy barrier. Thus, the addition of GO increases the
relative concentration of dipole moment in the samples and the ability of reorientation of the

dipoles along the field direction results in the increase of polarization effect. This behavior is in

17
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accordance with the results based on graphene-based Fe-FET memory devices fabricated on

inorganic ferroelectrics [40, 41].

Table 2: Summary results of polarization measurements. GO and P-GO are measured using
PMF1011-278 ferroelectric tester with standard bipolar system (Precision LC Radiant
Technology) keeping measurement parameters remains same. [Area = 2.25 cm?; Thickness= 20
um; Hysteresis Period = 1000 ms; Preset delay = 10 ms)].

Applied E Field Coercive Field . L.
Sample pp(kV /em) (KV/em) Polarization (nC/cm?)
Enax Ewin +E, -E. Pooax +P, -P,
2 2 1.772 -1.900 1.275 1.272 -1.052
Cellulose 3 -3 2.711 -2.801 1.975 1.967 -1.648
4 -4 3.633 -3.776 2.623 2.601 -2.225
2 2 1.661 -1.586 2.208 2.045 -1.937
CFG 0.5 3 -3 2.567 -2.487 3.791 3.639 -3.432
4 -4 3.505 -3.446 5.648 5.478 -5.006
2 2 1.607 -1.586 5.702 5.361 -4.745
CFG 1 3 -3 2.471 -2.508 9.726 9.196 -7.992
4 -4 3.430 -3.484 13.960 13.450  -11.729
2 2 1.585 -1.623 17.236 15983  -13.781
CFG2 3 -3 2.454 -2.545 26.721 25.573  -22.093
4 -4 3.452 -3.499 39.390  37.863  -34.879
2 2 1.569 -1.639 34879  32.819  -27.890
CFG3 3 -3 2.396 -2.524 53.669  51.213  -44.120
4 -4 3.302 -3.467 72310  69.486  -66.349

Influence of temperature on the ferroelectric properties

Temperature studies on the polarization as a function of the electric field are necessary
for the detailed understanding of the polarization behavior of the samples. Figure 8a represents
the variation of ferroelectric data from 25 to 80 °C. A close similarity is observed for the results

with the temperature dependent dielectric behavior shown in Figure 6b. The maximum

18
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polarization under constant electric fields was observed at lower temperatures and the
polarization value decreases in a certain electric field as the temperature increases. Note that the

polarization at 35 °C is about 30 times larger than that of the value near 80 °C.
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Figure 8: a) Temperature and b) applied field variation of ferroelectric properties of CFG
composites and pure cellulose (RH=25% and T= 25 °C)

In the pristine cellulose case, the morphology is rather layer-by-layer and it is possible to
trap space charges easily in it [36, 42-44]. As the temperature increases, the trapped space
charges play a resistive role against the internal current flow during the relaxation of those
charges in the sample. This points out to a fact that the polarization behavior of cellulose
nanocomposite is mainly electret-like [36, 45, 46], which has space charge and dipolar
polarization under an external electric field at different temperature. With increasing temperature,
charges possess much higher energy and they can penetrate deeply into the sample from the

electrodes, interacting with dipoles in the nanocomposite, and finally are trapped there. The
19
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higher the temperature, the larger the energy that trapped charges possesses, which make them
easier to escape from the trap sites.

In nonconductors the dielectric polarization has two main causes: the electronic
(electrons within molecules) and orientation (rotating dipolar molecules or ions changing places)
polarizations. While the former has weak temperature dependence, the latter shows strong
temperature response. Figure 8b presents the measured polarization—electric field variation
between 1 - 5 kV/cm at 1 Hz. An increase of polarization with the applied field for the
nanocomposites is observed, whereas for the pristine cellulose less prominent effect is noticed.
More clearly the current approaches a steady value in relatively short time with increasing the
field strength, i.e. the polarization time is decreasing with increasing the applied field strength. A
clear variation of the P-E hysteresis loop for the pristine cellulose and CFG3 is shown in the
supplementary Figure S5. When a dielectric layer with electrodes on both sides is subjected to an
external electric field, space charge polarization occurs near the electrodes and charges can be
trapped inside the material near interfaces while dipolar polarization is generated by internal
dipolar elements of the material [46]. As the applied field increases the polarization increases at a
given temperature. This behaviour is more prominent in CFG nanocomposites because of more
number of dipoles.

In short, the promising level of polarization in the CFG nanocomposites makes them an
excellent base material for fabricating advanced ferroelectric materials that could be useful for
flexible non-volatile memory cell devices. The resistance of the film depends on the level and
duration of the applied voltage and the static current increases with increasing the electric field

as usual. This time-dependent absorption current ensures the polarization in the CFG

20

Page 20 of 26



Page 21 of 26

Physical Chemistry Chemical Physics

nanocomposites is due to dipolar orientation and trapping of charge carriers in the bulk whose
ejection from the traps will increase with increasing the electric field and temperature. The
ferroelectric properties like polarization, coercive voltage, switching period, crystallinity, effect
of interfacial layer were also found to be enhanced in the CFG nanocomposites. Moreover, the
flexible and renewable behaviors of the CFG nanocomposites are advantageous for
implementing flexible and eco-friendly energy storage and electronic devices. Generally, the
main difficulty in investigating the behavior of cellulose-based materials in view of its dielectric
as well as ferroelectric properties is that it can be easily affected by environmental conditions
such as temperature [47]. In our nanocomposites, the functionalizing agent strongly depends on
the nanocomposite preparation techniques and other parameters such as dispersion of GO flakes
in the cellulose matrix. Thus, the high aspect ratio together with high surface area of the GO

fillers allows the formation of high performance energy and memory devices.

Conclusion

Reliable and eco-friendly nanocomposites that can be used for flexible energy and memory
storage devices, were fabricated with cellulose grafted GOs. The very smooth and well bind
surface in the CFG nanocomposites indicated good reinforcement between GO filler and
cellulose matrix and homogeneous dispersion of GO associated with the presence of covalent
grafting of GO to cellulose chains. The importance and the role of the temperature and electric
field in charge flow process explored the electronic properties of the nanocomposites. The
ferroelectric curves of the nanocomposites increased with increase of the applied electric field,
indicating the electric field inside the GO fillers is the controlling factor. Based on the hysteresis

and polarization behaviours, the possible physical mechanisms of combined capacitive and
21
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resistive polarization in the nanocomposites were understood to be related with
desorption/absorption of functional groups in the nanocomposites. The results achieved in this
study demonstrated potential applications of the CFG nanocomposites for flexible and eco-

friendly energy storage, memory storage and electronic devices.
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