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ABSTRACT: In this study, the process for tuning the electrical properties of graphene/
polyvinylidene fluoride (Gr/PVDF) nanocomposite films by a thermal annealing process is
explored. The surface morphology and microstructure of the nanocomposite were
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characterized. The effect of temperature on the electrical conductivity was investigated by Annealing
heating and cooling the sample from the room temperature up to 150 °C. The effect of
annealing on the electrical conductivity was recorded as a function of annealing o nhancement of Electrical Properties

temperature. A Hall effect measurement was conducted as a function of annealing
temperatures to obtain Hall voltage (Vy), carrier mobility (uy), carrier concentration (ny),
Hall coefficient (Ry), resistivity, and carrier conductivity type (n or p). It was found that
the films annealed at 150 °C exhibited the best electrical conductivity of Gr/PVDF films.
This study may provide an insight into the development and utilization of Gr/PVDEF films
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in future electronics and the potential applications in various sectors such as aerospace, o 1w 1 2 2% w0 s s

automotive, and biomedical industries.

1. INTRODUCTION

Graphene is a two-dimensional crystal structure of sp’-
hybridized carbon atom," bound in a hexagonal honeycomb
lattice structure. The sp*-hybridized bond in graphene
comprises three o-bonds and one z-bond, with a molecular
bond length of 0.142 nm and an interplanar spacing of 0.335
nm.” In-plane 6. bond is the strongest bond that holds the
carbon atoms tightly together and out-of-plane 7-bond, which
creates weak van der Waals interactions between the graphene
layers of graphene/polymer. This imparts the delocalization of
the 7-cloud, leading to the conduction of electrons. Besides,
the other two reasons for superior conductivity in graphene are
zero band gap and relativistic velocity of electrons and holes.
Because of zero band gaps, graphene is also known as a
semimetal. Graphene layers are stacked together to form
graphite, and the weak van der Waals forces between the layers
can be overcome during the exfoliation of graphene by
different techniques. Since the discovery of graphene in
2004,>* extensive research has been performed to take
advantage of its excellent physical, chemical, electrical, and
mechanical properties such as very high specific surface area
(2300 m?/g), electrical conductivity (6 X 10° S/cm), light
transmittance (97.7% for single layer), thermal conductivity
(5000 W/mK at the room temperature), and tensile strength
and shear modulus (130 GPa and 1.0 TPa).””®

Graphene nanoparticles were selected for this investigation
owing to their stability, high conductivity, easily availability,
and low cost.” Recently, a new class of materials called MXene
has been identified as a filler material in composite materials
owing to important MXane’s properties such as tunability of
properties choosing the metal component (M). MXene
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nanosheet-based hydrogel composites have been successfully
developed to fabricate triboelectric nanogenerators.'’ How-
ever, this material also has some challenges in application
viewpoints such as the poor dispersibility of MXene nano-
sheets in the composites and instability of MXene in the
presence of water vapor.'' Another candidate for nano-
composite fillers is the carbon nanotubes, which have
extremely high production cost and relatively low conductiv-
ity.'>"* For example, multiwalled carbon nanotube composites
have been successfully used for the applications in energy
harvesting and motion sensor applications.'® Also, polyvinyli-
dene fluoride (PVDF) is an electroactive polymer, and it can
be used in many stretchable devices such as pressure sensors,
acoustic devices, and accelerometers.'*

The graphene synthesis process is quite diverse, mainly
based upon a top-down or bottom-up approach.'> The top-
down approach is more straightforward because of easily
accessible raw materials and easy processing conditions.'®
Single-layer graphite, known as graphene, has attracted
considerable scientific interest in recent years due to its
outstanding mechanical, thermal, and electrical properties as
well as large-surface area. Thus, graphene is an ideal candidate
as a nano-filler for improving the mechanical, electrical, and
thermal properties of polymers. The most of research activities
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in this field focused on graphene oxide (GO) or reduced GO
(RGO) prior to its dispersion into the polymer matrix.
Graphene-based conductive nanocomposites have been
investigated using poly(methyl methacrylate) and polypyrrole
as matrix materials for sensor applications.”'® These nano-
composites produce multilayer platelets rather than single-layer
sheets. Tang et al. first demonstrated that a solution cast film
can be thermally reduced without employing hazardous
reducing agents such as dimethylhydrazine."”” An isolated
single layer of RGO enhances the thermal and electrical
properties at very low percolation values. However, no
comprehensive study of piezoelectric enhancement of this
composite film has been reported.””*'

The PVDF is a semicrystalline polymer with several crystal
phases identified as @, f, 6, and y, produced by the
polymerization of vinylidene difluoride. The p-phase of
PVDF, which is responsible for unique pyroelectric and
piezoelectric properties, provides good processability to
prepare flat sheets, hollow fiber, or tubular membranes.”" It
also has a high dielectric constant and resistance to
chemicals.”””" Tt is commonly used in semiconductor,
chemical, medical, defense aviation, aerospace, and energy
storage applications. Generators based on piezoelectricity have
become the most widely used devices in various applications
due to their high sensitivity, stability, fast response, and
parallel-reading detections of spatial pressure distributions.

PVDF is soluble in some common solvents such as N, N-
dimethylacetamide, dimethylformamide (DMF), and N-
methyl-2-pyrrolidone.”” The dielectric permittivity of PVDF
composites remains low, even when a high concentration of
the ceramic filler is used. The weak interfacial interactions and
pores in composites might be responsible for low dielectric
permittivity of the composites.B_25 Moreover, the use of
ceramic fillers deteriorates the flexibility of the polymer matrix
due to high concentration of rigid ceramic particles. The
fluorine atoms of PVDF possess a high affinity with carbon
atoms; hence, it is also suitable as a binder for graphene. Its
binding capability has been utilized in carbon electrodes in
supercagacitors and other electrochemical applications
t00.”°™* Table 1 gives some important properties of graphene
and PVDF materials relevant to this investigation.

Table 1. Physical, Thermal, and Electrical Properties of
Graphite and PVDF**~*?

property graphene PVDF
density 2.25 g/cm3 1.74 g/cm3
melting point 3650 °C 165 °C

electrical resistivity ~ 107°—107° Q cm 2 X 10" Q cm

thermal 1800—5400 W/m K 0.13—0.19 W/m K
conductivity

dielectric constant 6—8 (6.9 at 0.22 nm thickness)  6—8
(at 23°C)

glass-transition 5226.85 °C —40.0 °C
temp

electron mobility >15,000 (cm?V~* s7!)

The present work aims at the investigation of the effect of
thermal annealing on the electrical properties of graphene/
polyvinylidene fluoride (Gr/PVDF) nanocomposites. This
composite was used to fabricate flexible piezoresistive pressure
sensors with excellent sensitivity.'”** However, we did not
optimize the electrical properties in the development of the
sensor. In this investigation, the post-annealing process was

conducted at different temperatures in the range of 100—300
°C. It was found that the electrical conductivity of the
composite was improved by annealing up to 150 °C and
reaching a saturated level. This composite is a complicated
system because the electromechanical properties of PVDF can
be substantially changed in this temperature region. In
addition, cross-linking and intercalation of the polymer matrix
in graphene layers can influence the electrical properties. We
believe that this investigation will help better understand the
electrical properties of this composite and further explore its
applications as a conductor, sensing material, and piezoresistive
material.

2. EXPERIMENTAL SECTION

2.1. Preparation. In order to obtain graphene, graphite
particles (99.99%) were mixed with DMF as a solvent in the
ratio of 0.1 g:4.0 mL. The large particles of graphite were
broken down by a milling process before mixing with DMF.
After mixing with DMF, the solution was sonicated four times,
each for 10 min, keeping an interval of 10 min to prevent
aggregation of graphite particles by temperature. After the
sonication process was completed, the mixture was kept for 12
h at the static conditions and room temperature. The heavy
graphite particles are sedimented in the bottom of the
container, and light small particles are suspended in the
upper portion of the container. The upper portion was
carefully collected using a pipet (by experience) to get the
graphene solution. The graphene particles extracted in this
method were in 4—5 layers and density (~1.0 ug/mL) as
estimated in our experiments. The PVDF powder (Alfa Aesar,
99.99%), was dissolved in DMF in the ratio of 0.05 2:2.0 mL.
The PVDF/DMF solution was stirred and placed in a
sonicator for 20 min to ensure that the PVDF powder was
completely dissolved. The graphene and PVDF solutions were
mixed in a beaker and further sonicated for 2 times (20 min
each with 10 min gap) with the same procedure to achieve a
homogeneous mixture. The homogeneous Gr/PVDEF solution
was kept settling for 12 h at room temperature before coating
on a glass substrate. The solution was kept at room
temperature for 12 h before testing to ensure that the DMF
solvent was evaporated. The flowchart preparation is shown in
Figure 1. The thickness of the prepared samples was 8.0 ym.
The volume content of PVDF in the composite can be
determined by the following equation, where mg and m;p
represent the mass of graphite and PVDF, respectively; pg
and pj are the density of graphite and PVDF, respectively.””
o s

Vol =

—F X 100
m,/p + me/p; (1)

%

The estimated @, ; for PVDF in Gr/PVDEF was about 97.5%.
This estimation indicated that the volume content of graphene
in Gr/PVDF is about ~2.5%, which is very small compared
with PVDF. However, the change in electrical conductivity was
very large. That is one of the reasons for choosing PVDF as the
polymer matric in this investigation.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. 3.1.1. Crystallinity and
Morphology. The XRD measurements were used to
investigate the crystalline structures of graphene and PVDF
composites. Figure 2 shows the XRD spectrum of Gr/PVDF
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Figure 1. Schematic of the preparation of Gr/PVDF composite films.
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Figure 2. XRD patterns of the Gr/PVDF composite.

nanocomposites for 20 angle between 10 and 70°. The XRD
peaks of graphene and PVDEF confirm the presence of these
constituents in the nanocomposite.””** The XRD pattern
exhibits sharp diffraction peaks corresponding to the 20 angles
of 18.88° [020], 20.48° [110], and 39.64° [020] crystallo-
graphic planes of PVDF. The dipole moment of PVDF is
primarily responsible for producing the B-phase of PVDF at
20.48°. The characteristic diffraction peaks of the film

positioned at approximately 26.42 and 54.56° corresponding
to the reflection of crystal planes [002] and [004] of graphene,
respectively. Broader peaks indicated that both graphene and
PVDF crystallites are very small. The SEM image collected for
graphene particles indicated that they are in 3—6 layers. The
purpose of our graphene is to enhance the conductivity, and
we believe that this size range of graphene is an ideal candidate
for electrical conductivity applications because the further
reduction of graphene (1—2 layers) produces more semi-
conducting materials.

Figure 3 shows the SEM images of composites films before
annealing and after annealing at 100 and 300 °C. Uniformity of
the as-fabricated and annealed films can be compared with the
SEM images. The surface roughness of films was drastically
reduced in the annealing process. The optical images of Gr/
PVDF annealed at different temperatures were captured using
an optical microscope at a magnification of 400X, as shown in
Figure 4. The images have no cracks and no aggregation of
graphene or PVDF, depicting the homogeneous mixing of
graphene and PVDF in the composites.

3.1.2. Raman Spectroscopy. Figure S shows the Raman
spectra recorded for the Gr/PVDF nanocomposites with
different annealing temperatures obtained from 400 to 3000
cm ~!. The Raman spectroscopy provides more information

Figure 3. SEM images of Gr/PVDF nanocomposites. Scale bar indicates S00 nm (from left to right: not annealed sample, 100 °C annealed sample,

and 300 °C annealed sample).
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Figure 4. Optical images of nanocomposites for different annealed temperatures at the magnification of 400X (from left to right: not annealed
sample, 100 °C annealed sample, and 300 °C annealed sample).
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Figure 5. Raman spectra of the Gr/PVDF nanocomposites. Upper figure gives the spectra of annealed films at 150, 200, and 300 °C with
unannealed films. Lower three figures (from left to right) indicate the ratios of intensity of D-band/G-band, D-band/2D-band, and 2D-band/G-
band as a function of annealing condition. For lower three figures, the X-axis indicates: 1-unannealed; 2—150 °C annealed, 3—200 °C annealed, and

4-300 °C annealed samples.
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about the conjugated structure and the chained skeleton of
polymers. It also yields bands of lower wavenumbers as readily
as bands of higher wavenumbers.”> There are four peaks at
1083, 1341, 1562, and 2681 cm™". The nanocomposite Raman
spectra indicated the formation of the @ phase of PVDF with
one peak at 1083 cm™!, the peak appeared predominantly for
not annealed and 300 °C annealed samples. Samples annealed
at 150 and 200 °C did not show any dominant peak for PVDF.
Three dominant peaks for graphene appeared at 1341, 1562,
and 2681 cm™! attributed to the D, G, and 2D bands,
respectively. The peak intensity around 2680 cm ~'(2D peak)
was about twice that of the G peak. The intensity ratio of I/
Ip indicated the presence of multilayer graphene present in
the nanocomposite, and the I/I, was about 0.25 for all films,
indicating that the film had few defects. Also, the lowest value
of I5/Iy was given for the films annealed at 300 °C (Figure
Sb). It was seen that the quality of graphene was improved by
reducin%6 3t7he defects of graphene during the annealing
process.”

3.2. Effect of Annealing on Electrical Conductivity.
The resistance of the Gr/PVDF thin films was measured before
and after the annealing process, as given in Figure 6. It can be
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Figure 6. Resistivity of Gr/PVDF as a function of temperature before
annealing and after annealing. Since these samples represent different
samples before and after annealing, in the comparison, the resistivities
of each sample before annealing and after annealing are shown.

observed from the graphs that resistance drops after annealing.
The conductivity was calculated using the following relation-
ships (R = pl/A), where p is the resistivity, R is the resistance, |
is the length, 6 = 1/p is the conductivity, and A is the cross-
sectional area (thickness X width of electrode in contact). The
change of conductivity (G,unesied — Ounannealed) and percent
Change in conductivity [(Gannealed - Uunannealed)/gunannealed) X
100%] were plotted, and results are given in Figure 7. The
improvement in conductivity can be attributed to the
reduction of graphene defects and enhanced cross-links in
the PVDF matrix in the annealing process. The contact
resistance at the interface of graphene/polymer is improved by
annealing because graphene forms an interconnected con-
ductive pre-network.”® Temperature also plays an important
role in crystal structure formation of PVDF films; heat
increases the degree of crystallinity in the beta phase of
PVDEF. These combined effects can be the primary reasons for
outstanding electrical characteristics.”” Temperature in the
range of 70—170 °C is the favorable annealing process for
PVDF thin films with high dielectric constant, low tangent loss,
and high resistivity.*

3.3. Temperature Dependence on Electrical Con-
ductivity. The relation between resistance and temperature in
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Figure 7. Change of conductivity in Gr/PVDF films with different
annealing temperatures (right side gives (O peated —
Cunanneated) X 100%, and left side gives (Guuneated — O

unannealed/*

Uunannealed)/

the insulator and semiconductor material is given by the
Arrhenius behavior given below

R =R, X exp| ——
07 P (Kb X T] )
Taking logs and rearranging, we get
E) 1
InR = [—] X — + InR,
Ky T (3)

Here, K, is the Boltzmann constants, and E, gives the
thermal activation energy of electrical conductivity of the
sample. The composites were coated on a glass substrate and
annealed at different temperatures to measure the electrical
resistance. Two gold terminals were connected to the annealed
and non-annealed samples. The samples were heated from
room temperature to 150 °C using a resistance heater under
vacuum conditions, and a thermocouple was used to measure
the surface temperature of composites. The resistance was
recorded after every increment of 5 °C through a multimeter
(Keithley 2020). It was then cooled gradually from 150 °C to
room temperature, and the resistance was recorded. Figure 8 is
plotted for different samples using eq 3. It is observed from the
graph that the electrical conductivity rose with an increase in
temperature. This can be depicted as the semiconductor nature
of the nanocomposite.”*" Also, all lines of Arrhenius plots are
in parallel, indicating that the E, (0.02 eV/K) did not
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Figure 8. Arrhenius plots of resistance (R) versus reciprocal of
temperature (1/K) for Gr/PVDF composites annealed at different
temperatures.
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significantly change due to the annealing process. Also, such a
low E, value clearly indicates that the electrical conductivity of
composites is predominantly controlled by the graphene.

3.4. Hall Effect. The Hall effect measurement is useful for
characterizing semiconductor material in terms of Hall voltage
(Vy), carrier mobility (uy), carrier concentration (ny), Hall
coefficient (Ry), resistivity, and carrier conductivity type (n or
p). Hall voltage is the one measured, and other parameters are
the derivatives of Hall voltage.*”

Figure 9 shows the carrier mobility and carrier concentration
of annealed and unannealed Gr/PVDF nanocomposites. The
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Figure 9. Carrier concentration and Hall mobility of Gr/PVDF with
annealing temperature.

mobility of charge carriers was found to be higher at 100 °C,
and some changes could also be seen at 200 °C. However, at
other annealed temperatures, the effect of annealing was not
clearly visible in terms of Hall mobility. The carrier
concentration was the highest at 300 °C, and it can be
attributed to the good bonding of carbon between graphene
and fluorine from PVDF, hence releasing the charge carriers.
On the other hand, even with higher carrier concentrations at
300 °C, Hall mobility was low. The nanocomposite changed
from p-type to n-type when annealed at a temperature above
100 °C. We believe that such changes are attributed to the
oxygen adsorption/desorption and the diffusion mechanism
that depends on temperature. At room temperature, oxygen
absorbed in graphene exhibits p-type behavior but after
annealing in the range of 100—250 °C, the oxygen is released
from the graphene.* It should be noted that the increase in
the majority carrier concentration leads to a strong decrease in
mobility, which indicates ionized impurity scattering as a major
factor limiting mobility in this composite, which is commonly
observed in references 44. 485,

In addition to the electrical property enhancement, the effect
of annealing on the mechanical properties of Gr/PVDF
nanocomposites should be investigated. Investigations are
undertaken to understand the mechanical properties of
annealed Gr/PVDF nanocomposites. It should be noted that
annealing improves the adhesion and stability of Gr/PVDEF
nanocomposites at cyclic mechanical vibrations. More
quantitative and qualitative measurements will be reported in
the future.

4. CONCLUSIONS

In summary, Gr/PVDF films with uniform thickness and good
electrical conductivity were successfully prepared by a solution-

phase mixing technique. A series of prepared Gr/PVDF
nanocomposite films were annealed for 2 h at different
temperatures (100—300 °C) to study the electrical properties
as a function of annealing temperature. The effect of annealing
on the composite was investigated by recording the changes
before and after annealing, and it was found that the annealing
improved the electrical conductivity of the nanocomposite. We
concluded that the interfacial configuration between graphene
and PVDF was improved in the annealing process. The
improved interconnect has an important influence on electrical
conduction and thermal transportation at the interface of
graphene and PVDF. The graphene-network architecture and
graphene alignment in the nanocomposite are important to
take full advantage of the 2D feature of graphene for various
applications.
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