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Abstract Laminar graphene nanosheets have raised pas-
sionate attention due to their incredible physico-chemical
properties. Its wide-scale, high-yield production at low-cost
has made it possible to produce top class promising ver-
satile polymer nanocomposites. Reduced graphene oxide
(RGO) nanosheets were incorporated to prepare optically
tunable and high mechanical strength polymer nanocom-
posite films. RGO-doped poly(vinyl alcohol) (PVA)
nanocomposite films were prepared via solution casting.
Low level RGO doping significantly altered the structural,
optical and mechanical properties of pure PVA films. Most
of the band structure parameters like direct/indirect band
gap, band tail, refractive index, dielectric constant, optical
conductivity and dispersion parameters were investigated
in detail for the first time. Tauc’s, Wemple—DiDomenico,
Helpin—Tsai and mixture rule models were employed to
investigate optical and mechanical parameters. The applied
models reinforced the experimental results in the present
study. Advanced analytical techniques were engaged to
characterize the nanocomposites films.
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1 Introduction

Poly(vinyl alcohol) (PVA) is a distinguished polymer due to
its biodegradable, biocompatible, hydrophilic and unique film
formation and adhesive nature. It possesses good charge
storage ability, large dielectric strength and exciting optical
properties [1]. Its optical and mechanical properties can easily
be improved by introducing small dopant quantity. Much
more attention is diverted towards incorporation of inorganic
nanomaterials into polymers because their combination pro-
vides an easy way to approach processable and
stable nanocomposites, incorporating the promising features
of both participants [2]. Carbon chain is the backbone of PVA
matrix. The hydroxyl groups attached to this backbone are
hydrogen bonding source that play the key role in upgrading
composite formation [3]. The achievement of uniform dis-
persion of polymer nanocomposite is difficult due to the ten-
dency of nanoparticles agglomeration [4]. Laminar carbon
nanosheets of graphene have been reported as a milestone in
different fields of engineering and science because of their
unprecedented physico-chemical properties. The develop-
ment on a large scale at a low cost and high yield enabled this
amazing material to fabricate high strength polymeric nano-
materials. Isolated graphene nanosheets are not found in nat-
ure but functional graphene nanosheets can be prepared
through different routes [5]. Graphene with 2D honeycomb
structure is known to be one of the strongest materials [6]. It
means that the graphene sheets may be considered as ideal
reinforcement nanofiller for the polymer composite. The
doping even at low concentration may enhance the perfor-
mance of nanocomposite as compared to conventional one,
provided the dispersion at molecular level is homogenous and
load is transferred efficiently at nanosheets—polymer inter-
face. Reduced graphene oxide (RGO) synthesized through
hydrazine reaction of graphene oxide (GO) contains residual
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oxygen-functional groups. These oxygen-functional groups
play an effective role in dispersion mechanism of composites.
But the van der Waals forces among adjacent graphene
nanosheets cause agglomeration, so the instability of disper-
sion takes place [7]. Such agglomerations may reduce rein-
forcement effect of dopant in nanocomposite. It is also
reported in the literature that PVA resists the aggregation of
nanoparticles [8]. To get true homogenous dispersion of
nanocomposite at molecular level, it is suggested to use water
as a common solvent. Excellent interfacial adhesion and
efficient load transfer at nanosheets—polymer interface are
also recommended for homogenous dispersion. The most
realistic approach in this regard might be to enhance hydrogen
bonding in nanocomposites.

In the present study, GO was prepared via modified
Hummer’s method. The RGO-PVA nanocomposite films
were prepared using solution casting method, which was
accomplished by adding hydrazine monohydrate into GO—
PVA solution. This method is the cost effective and effi-
cient in preventing restacking the nanosheets into polymer.
Structural, optical and mechanical properties of PVA were
modified using RGO nanosheets as nanofiller. The novelty
of the present work is the investigation of band structure
parameters in detail for the first time. Tauc’s and Wemple—
DiDomenico (W-D) models were used to investigate band
gap and dispersion of refractive index of nanocomposites,
respectively. Helpin—Tsai (H-T) and mixture rule models
were employed to ascertain Young’s moduli of the
nanocomposites. The applied models reinforced the
experimental results in the present study. Optically tunable
and strong nanocomposites of the present study might be
strong candidates in designing the optoelectronic devices.
The nanocomposite films were analyzed using X-ray
diffraction (XRD), UV-visible spectroscopy, Fourier
transform infrared (FTIR) spectroscopy, scanning electron
microscopy (SEM), field emission scanning electron
microscopy (FE SEM) and tensile testing.

2 Materials and methods

2.1 Materials

GO nanosheets were prepared according to the previous
study [9]. Poly(vinyl alcohol) 70-90% hydrolyzed (average
molecular weight 30,000-70,000) and hydrazine monohy-
drate (98%) was procured from Sigma-Aldrich, and
deionized water (18 MQ) from Millipore System, USA.

2.2 Preparation of RGO-PVA nanocomposite films

The RGO-PVA nanocomposite films were prepared
through solution casting process [6]. The GO dispersion
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was prepared in distilled water using sonication bath for
3 h. PVA solution was prepared in distilled water under
magnetic stirring at 60 °C for 3 h. The GO dispersion was
poured slowly into PVA solution and further stirred for 1 h.
Pure hydrazine monohydrate as 1 ml was poured into it.
The dispersion was placed on magnetic stirrer at 100 °C
using an oil bath for 24 h. After completion of reduction
reaction, dispersion was again sonicated at 25 °C for 1 h.
The dispersion was cast on clean glass Petri plate and kept
at 25 °C for drying. The concentrations of RGO in separate
nanocomposite films were set as 0, 0.002, 0.004, 0.008,
0.012 and 0.020% (w/w) with respect to pure PVA con-
tents. After drying, the prepared nanocomposite films were
detached from the glass Petri plates. The films were cut
into appropriate sizes for subsequent analyses. The average
thickness of the nanocomposite films was 150 & 10 pm.

2.3 Characterization techniques

An X’Pert PANalytical XRD machine was employed for
the determination of the presence of RGO nanosheets in
PVA matrix and relative crystallinity of the prepared
nanocomposite films. The XRD machine fitted with CuKo
(1.5406 A) source was operating at 40 mA and 45 kV. The
nanocomposite films were scanned in 26 range of 10°-45°
at 0.5° min~"' scan rate. To examine the interaction of RGO
nanosheets with PVA matrix, FTIR spectra were recorded
using a Perkin-Elmer Spectrum Two spectrometer (Buck-
inghamshire, UK). The instrumental spectral resolution
was 0.5 cm™'. The phase morphological analysis of the
samples was performed using Tescan Vega TS 5130 SEM
machine. The samples were gold coated prior to SEM
scanning, using sputter coater (Blazers Union FL 9496).
The micrographs of the samples were also captured using
JEOL JSM 7500 F field emission electron microscope (FE
SEM). For the measurements of optical parameters, UV—
visible spectrum was recorded with a UV-2800 BMS
spectrophotometer (Biotechnology Medical Services,
USA) in the scanning range 200-800 nm. Mechanical
properties of the prepared samples were studied using an
Instron 4302 Universal Testing Machine (USA) furnished
with 5 kN load cell. The measurements were taken at a
crosshead speed of 100 mm min~" at 25 °C. The prepared
films were shaped into rectangular strips of width 50 mm.
Five strips of each sample were tested on the machine and
the averaged reading was used in calculations.

2.4 Optical parameters

The simplest and direct source of exploring the band
structure including optical band, refractive index and
optical conductivity of a nanocomposite is its optical
absorption spectrum [10]. The abrupt change in absorption
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is called absorption edge. This fundamental parameter is
important for evaluation of band gap and transition nature
[11]. The absorption coefficient (o) of the nanocomposite
films can be calculated using absorption spectroscopy [12]:

A
% =2303", (1)

where A is the absorbance and ¢ is the thickness of
nanocomposite film. The electronic transitions take place
close to absorption edge [13]. The direct and indirect
energy band gap of an optical transition can be calculated
from Tauc’s plot [14]:

ahv = B(hv — E,)", (2)

where & is the Plank’s constant, v is the incident photon
frequency, the factor B depends on the probability of inter-
band transition that is supposed to be constant within the
optical band, hv is the energy of incident photon, E, is the
energy band gap and index x defines nature of transition.
Index x is correlated to density of states distribution; it may
take values of 1/2 for direct allowed or 3/2 for direct for-
bidden transitions. Index x may also take values of 2 for
indirect allowed or 3 for indirect forbidden transitions [15].

When absorption coefficient is low, i.e., & < 10* cm™!
can be defined as Urbach empirical relation [16],

o = o exp (g), (3)

where a is a constant and E, is Urbach energy or band tail
width. For poor crystalline materials, the created localized
states of energy are extended into band gap region causing
the decrease in the band gap. Equation (3) can easily be
modified into straight line equation:

hv
lnoc—lnoc0+E—. 4)

u

it

The Urbach energy can be calculated using the slope of
straight line, by plotting In(e«) against (hv). The refractive
index (n) of a material can be calculated using a relation
containing reflectance (R) and extinction coefficient (K)

[17]:
1/2
4R
7o K2] : (5)

. (1 + R) N
1-R (1-R

The extinction coefficient is related with absorption
coefficient as: K = aA/4m.

The real part (¢;) and imaginary part (g) of optical
dielectric constant can be tabulated using equations
e, =n> — K> and ¢ = 2 n K, respectively. The relation-
ship for calculating the optical conductivity (o) is related
with refractive index, absorption coefficient and velocity of
light in vacuum (c) as ¢ = n ¢ o/4m.

2.5 Mechanical parameters

RGO, one of the strongest materials, can reinforce the
mechanical properties of polymer even at very low level
loadings. The mechanical performance of samples can be
improved using greater aspect ratio RGO nanosheets,
homogenous suspension of nanofiller into polymer and
good nanofiller—polymer interfacial bonding. The
mechanical properties of the samples were accessed via
stress—strain curves and linear fitting of load-gauge length
curves. The H-T and mixture rule modeling curves were
drawn to estimate a Young’s moduli of the present study.

3 Results and discussion
3.1 XRD analysis

An XRD pattern could be employed to detect the presence of
individual nanosheets and to calculate relative crystallinity
of the nanocomposites [6]. Figure la indicates the XRD
fingerprints of both pure PVA and RGO-PVA nanocom-
posite films. The PVA has a characteristic peak at
20 = 20.07° at (101) reflection plane, whereas a broad trace
of RGO nanosheets was observed at 20 = 23.19° in our
previous study [9]. After loading the RGO nanosheets into
PV A matrix, the characteristics peak of RGO was dispersed
and the nanocomposite films showed a single enlarged peak
at about 20 = 20°. The same behavior was observed in all
RGO-PVA nanocomposites. This confirmed a uniform dis-
persion and exfoliation of RGO nanosheets into PVA matrix
at molecular level without restacking and with somewhat
disorder and loss in its structural regularity [18]. The nature
of pure PVA matrix is semi-crystalline. The origin of the
crystallinity is a strong intermolecular hydrogen bonding in
PVA chains. The peak strength of nanocomposites depends
on the number of packed polymer chains [19]. The crys-
tallinity has the direct influence on polymer properties. Its
higher value increases secondary bonding and improves the
strength of the polymer and creates brittleness [20]. Crys-
tallinity of PVA nanocomposite plays an important role on
its mechanical performance because of semi-crystalline
nature of PVA. The relative crystallinity (y.) of RGO-PVA
nanocomposites was calculated using Eq. (6) [21]:

Acrys

T 100, (6)
Aamor + Acrys

Ae =
where A.ys and Ao are the areas of crystalline and amor-
phous regions, respectively. The amorphous and crystalline
regions can be separated in main XRD peak using Origin
software. Figure 1b represents the relative crystallinity of
different RGO-PVA nanocomposite films at different
loadings. The inset of Fig. 1b shows two Gaussian peaks
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Fig. 1 a XRD patterns of pure PVA and RGO-PVA nanocomposite
films, and b relative crystallinity of RGO-PV A nanocomposite films
at different loadings. The inset shows Gaussian fitting XRD peak of

fitted in the main X-ray diffraction peak of 0.02% (w/w)
RGO loaded PVA nanocomposite film. The broad (green
color) and narrow (red color) Gaussian peak was termed as
amorphous and crystalline regions, respectively (Fig. 1b).
The areas under crystalline and amorphous regions were
calculated using Gaussian profile of the peaks. The relative
crystallinity (%) of the nanocomposites was calculated using
Eq. (6). The crystallinity is improved when the peak inten-
sity of the nanocomposite is increased by increasing the
nanofiller loadings [22]. The relative crystallinity of pure
PVA was calculated as 23.7%. Sharma et al. [21] calculated
relative crystallinity of pure PVA as 25.2% using Eq. (6).
Figure 1b shows the increasing trend of relative crystallinity
with loadings. After adding 0.020% (w/w) RGO nanosheets,
the relative crystallinity was increased up to 39.5%. The
variation in the slopes of relative crystallinity of the
nanocomposites is due to the role of inorganic nanofiller as
nucleation center [23, 24]. Thus, on increasing the incorpo-
ration of RGO nanosheets into PVA matrix, the relative
crystallinity increases. This increase in crystallinity might
also be due to extra-ordinary mechanical strength of indi-
vidual RGO nanosheets that could effectively restrict and
order the chain arrangement of polymer [25]. The XRD
patterns depict that the nanocomposites might have
improved mechanical strength with brittleness in nature.

3.2 FTIR analysis

The performance of the nanocomposite could be efficiently
improved by robust interaction at nanofiller—polymer
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0.020% (w/w) nanocomposite. Green, red and blue curves represent
amorphous, crystalline and sum of both the regions, respectively

matrix interface. It is an established fact that -OH and —-C—
OH stretching vibrations play the key role in hydrogen
bond formation and in interfacial interactions [20]. To
estimate the nanofiller interaction with polymer, the sam-
ples’ spectra were recorded and analyzed. Figure 2 indi-
cates the FTIR spectra of pure PVA and RGO doped PVA
samples. A broad absorption peak, extended between 3000
and 3500 cm_l, showed —OH symmetrical stretching and
revealed the existence of robust intermolecular hydrogen
bonding [26]. The absorption peaks at 2800-3000 and
1300-1500 cm ™" were attributed to —CH, stretching and
CH/CH, deformation vibrations, respectively. The
absorption peak at 1723 cm ™" of pure PVA was designated
as stretching vibrations of C=0 group [25]; however, it
disappeared with the addition of RGO nanosheets. The —
OH stretching vibrations peak at 3274 cm™' of nanocom-
posites shifted toward lower wavenumbers by loading
RGO nanosheets in the matrix. The peak shifting phe-
nomenon was associated with the hydrogen bond formation
between PVA chain and RGO sheets and it could be
credited to the dissociation of hydrogen bonding in
hydroxyl group of PVA [27, 28]. The hydrogen bond
reduction in —OH group of PVA matrix might be due to the
addition of RGO nanosheets. By adding more RGO
nanosheets, the hydrogen bonds of PVA chain reduced
furthermore, thereby shifting the peak wavenumber toward
the lower values. The reduction of hydrogen bonding in —
OH group of PVA causes the formation of hydrogen bond
between PVA chain and RGO sheets. This is the property
enhancement key factor [22]. The significant improvement
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Fig. 2 FTIR spectra of pure PVA and RGO-PVA nanocomposite
films

in tensile strength and moduli of the samples is observed in
the present study. The above results declare a strong
interfacial interaction due to the hydrogen bond formation
between residual oxygen-functional groups in RGO and —
OH molecules of PVA chain [29]. The XRD analysis of the
present study also suggests the uniform dispersion of the
RGO nanosheets into PVA matrix at molecular level.

3.3 SEM and FE SEM analysis

Figure 3a represents phase morphology of pure PVA and
0.020% (w/w) RGO-doped PVA film. The inset shows
surface morphology of pure PVA sample. The images
indicate that surfaces of both pure PVA and RGO doped
PVA samples are smooth and regular. Figure 3b represents
FE SEM cross-sectional image of 0.020% (w/w) RGO-
doped PVA sample. The images show the exfoliation and
well dispersion of RGO nanosheets into PVA matrix.

Fig. 3 a SEM micrograph of
0.020% (w/w) RGO-doped PVA
film. The inset is a pure PVA
film micrograph, and b FE SEM
cross-sectional micrograph of
0.020% (w/w) RGO-doped PVA
film
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VAC: HiVac

3.4 Optical characterization
3.4.1 Optical absorbance

Figure 4 indicates the absorption spectra of both pure PVA
and RGO-doped PVA nanocomposites. On loading RGO
nanosheets, the color of PVA film changed from trans-
parent to slightly blackish. The graph showed that
absorption is exponential for PVA nanocomposites and
drastic for pure PVA. It was also observed that absorbance
decreased up to 390 nm. The pure PVA spectrum exhibited
no absorption peak in the visible region. It had a main peak
at 279.7 nm and a weak shoulder peak at 333.7 nm. The
main peak was due to absorption transition 7 — 7* and the
shoulder peak was attributed to n — 7* transition [30, 31].
After adding RGO nanosheets, there appeared a very broad
peak in the UV region. The shifting of pure PVA peak
might be due to hydrogen bond formation between PVA
hydroxyl groups and RGO nanosheets [29]. The formation
of these new bonds into the nanocomposites might be
responsible for change in crystallinity, enhancement of
mechanical strength and tuning the optical properties of
nanocomposites.

3.4.2 Absorption edge, direct/indirect band gap
and Urbach energy

Figure 5a represents the effect of incident photon energy
(hv) on absorption coefficient (o) of pure PVA and RGO-
doped PVA films. It is evident from the plot that PVA
absorption edge acquires lower values of photon energy by
loading RGO nanosheets in the PVA matrix. This obvi-
ously specifies that optical band gap of polymer lowers
with higher doping concentrations. The value of absorption
edge was calculated by extrapolating initial linear portion
of (a—hv) plot curve to zero o value [10]. Figure 5b
describes the plot of (ahv)? versus incident photon energy

Vega ©Tescan lmm  JEOL 2/16/2017
TU Liberec X 3,700 4.0kV LEI GB LOW WD 8.0mm 11:39:43
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Fig. 4 Optical absorbance as a function of wavelength for pure PVA
and RGO-PVA nanocomposite films

(hv) of pure PVA and RGO-doped PVA nanocomposite
films for calculating direct band gap. The direct band gap
was achieved by extrapolating the initial linear portion of
the plot curve to zero (@hv)® value. Figure 5¢ shows the
plot of (ahv)'’? versus (hv) for calculating indirect band gap
of the nanocomposites. The same procedure was adopted
for calculating direct/indirect band gap. The Urbach energy
was calculated using slope of linear portion of the In(o)
versus (hv) plot, shown in Fig. 5d. The values of direct/
indirect band gap of pure PVA and RGO-PVA nanocom-
posites at different RGO loadings are shown in Fig. 5e. The
effect of RGO doping on absorption edge and Urbach
energy is shown in Fig. 5f. By incorporating a very small
quantity of RGO nanosheets (0.012 wt%), there observed a
rational change in absorption edge (5.14-3.26 eV), direct
band gap (5.29-3.59 eV), indirect band gap (4.95-3.20 eV)
and Urbach energy (0.2-0.85 eV) of PVA nanocomposites.
The observed changes indicate that the energy band
structure of pure PVA is modified actually. The decrease in
band gap and increase in band tail are directly linked to
contents of incorporated RGO nanosheets. The doped RGO
nanosheets can create the localized energy states in the
band gap region, which can work as recombination and
trapping hubs. The recombination and trapping centers
narrow down the band gap region and widen the band tails,
resulting in shifting the Fermi level [32].

3.4.3 Refractive index
Figure 6a displays variation in extinction coefficients with
incident wavelength of pure PVA and RGO-PVA samples.

Figure 6b displays variation in refractive index with
wavelength of the prepared samples. A sharp decrease in
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refractive index is observed for pure PVA sample with
initial increasing wavelengths, whereas dispersion attitude
is observed for the nanocomposites. The refractive index of
the nanocomposites is higher than that of pure PVA. It is
also observed that on increasing RGO loadings, refractive
index of the samples increases. Increasing RGO loadings in
PVA matrix can cause the formation of hydrogen bonds
between —OH group of PVA and RGO nanosheets. Inter-
atomic distance drops and, hence, density and refractive
index rise. Incorporating RGO nanosheets into PVA matrix
may be liable for creating localized states in the band gap
region, thus increasing the density. These states boost the
lower energy transections and are responsible for produc-
ing change in refractive index of the samples [33].

3.4.4 Optical dielectric constant

Optical dielectric constant is related to the density of states
(DOS) present in the band gap region, so it is useful in
band structure analysis of the nanocomposites. Figure 7a
shows the real part and Fig. 7b shows imaginary part of
dielectric constant. By increasing the contents of RGO
nanosheets, both parts of dielectric constant are enhancing.
More concentration of nanofiller means generation of more
DOS in the band gap region. As a result, polarization
increases, causing the increment in dielectric constant.
Figure 7a shows that PVA nanocomposites show disper-
sion behavior below 490 nm, and then become smooth. For
lower wavelengths, the nanocomposites pursue the applied
field fluctuations. But at larger wavelengths, the
nanocomposite molecules cannot pursue the field fluctua-
tion because of their inertia. The similar behavior is noticed
for imaginary part (or optical loss) of dielectric constant.
For lower wavelengths, the optical loss rises because of
dipole polarization and for longer wavelengths diploe
polarizations grows weak [17]. This dispersion plays a key
role in the field of optical communication and in designing
the optical devices.

3.4.5 Optical conductivity

Figure 8 displays optical conductivity as a function of
wavelength for the prepared samples. By increasing RGO
contents, optical conductivity rises. It can be observed that
optical conductivity rises at lower wavelengths (higher
photon energy), due to the high absorbance of the samples
in this region and ability of photons to excite electrons. The
RGO nanosheets are well dispersed into PVA matrix
spaces during dispersion process. As a result, a segregated
network is generated, charge carriers are increased and so
the conductivity [17].
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3.4.6 Dispersion parameters

The dispersion of refractive index is an interesting feature.
To explore refractive index dispersion, Wemple and
DiDomenico formulated a single oscillator model [34].
According to this model, an empirical formula for ana-
lyzing dispersion of refractive index is as follows:

EoEq

2
=140
£ — ()’

(7)
where Eq, Eq and hv are oscillator energy (average band

gap), dispersion energy (optical transition strength) and
incident photon energy, respectively. Figure 9a displays

@ Springer

(n2 — 1)7l versus (hv)2 plot for the samples. Parameters E
and E4 were calculated using intercept and slope of the
proportional region of the graph, near the absorption edge.
The intercept is equivalent to (EyE,) and slope is equiv-
alent to —(EoE4)~". The tabulated values of E, and E, as a
function of RGO loading are displayed in Fig. 9b. It is
interesting to note that the W—D model tabulated values of
E, are approximately equal to direct band gap values
obtained by Tauc’s plot of the samples. Both models
confirmed the decreasing behavior of band gap values upon
increasing RGO contents. Figure 9b displays that disper-
sion energy increases with increasing contents of RGO
nanosheets into PVA matrix, so optical transition strength
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Fig. 8 Optical conductivity versus wavelength of the samples

improves due to the generation of charge transfer complex
between RGO and PVA matrix. Hence, degree of disorder
grows up [17].

3.5 Mechanical characterization

Figure 10a represents typical stress—strain plots of pure
PVA and RGO-PVA samples. The trend of plot curves of
the figure indicate that pure PVA film is soft and elastic,
whereas the RGO-PV A nanocomposites are comparatively
hard and brittle. Figure 10b shows the effect of loading
RGO nanosheets on tensile strength and percentage elon-
gation at break of the prepared nanocomposites. Figure 10c
describes the effect of incorporating RGO nanosheets on
Young’s moduli of the nanocomposites along with theo-
retical modeling curves. The figure shows that tensile

(@)

4

T T T T T T T
= 0.002% (w/w) RGO in PVA |
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vvvvv
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(h)* (evy*

(b)
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strength (Fig. 10a) and Young’s moduli (Fig. 10c) of
nanocomposites were enhanced, whereas the elongation at
break (Fig. 10b) decreased on incorporating RGO
nanosheets into PVA matrix. This typical trend is reported
in the earlier literature as well [5, 29, 35, 36]. The Young’s
moduli of the nanocomposites were calculated using linear
fitting of initial linear portion of load-gauge length plot, of
the experimental data. By adding just 0.020% (w/w) of
RGO nanosheets in the PV A matrix, the nanocomposite got
higher strain rate and its tensile strength was increased
from 26.6 MPa of pure PVA to 45.6 MPa and the Young’s
modulus increased from 144 MPa of pure PVA to
162 MPa. The experimental data curve was compared with
both H-T and mixture rule model curves. The H-T model
is frequently used for the prediction of Young’s modulus of
nanofiller-incorporated composites. This model assumes
that the nanofiller might be distributed randomly or parallel
along surface of polymer films. For random and parallel
orientation of RGO nanosheets, the nanocomposite modu-
lus Erandom and Epqranel, respectively, were calculated using
following equations given below [5, 29, 36, 37]:

31+ 1’]L€VC 514 2n1Ve
E, =F — — , 8
random PVA |:8 1— 7’ILVC 81— 7]TVC ( )
1+ 5 &V,
Eparatiel = Epva {#} ) 9)
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ML= | Ee : (10)
-
.
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Fig. 9 a (n2 — 1)_l versus (hv)2 plot of pure PVA and RGO-PVA nanocomposites, and b the values of Ej and Ey at different RGO contents
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posites at different RGO loadings, b tensile strength and elongation at
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;= F lRGOj|
3trco]’

(12)

where Epya, Erco, Vo, Irgo and frgo are Young’s mod-
ulus of pure PVA, Young’s modulus of RGO nanosheets,
volume fraction of the nanocomposites, length and thick-
ness of RGO nanosheets, respectively. The Young’s mod-
ulus of RGO nanosheets was 0.25 TPa [5]. The Young’s
modulus of pure PVA was calculated as 144 MPa from the
experiment. The length and thickness of RGO nanosheets
were taken from our previous study [9]. The weight con-
tents of nanofiller were converted into volume fraction
using following equation:

_ Wppya
Wppya + (1 = W)prgo

where W, ppya, and prgo Symbolize the weight contents,
density of pure PVA and density of RGO nanosheets,
respectively. The density of pure PVA and RGO nanosh-
eets is 1.3 and 2.2 g cm >, respectively [5]. Replacing

Ve

(13)
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curve, H-T random and parallel curves, and mixture rule curve of
nanocomposites at different RGO loadings, and d fracture mechanism
of the nanocomposites

parametric values into relevant equations, H-T predicted
Young’s moduli of nanocomposite films were calculated
under mentioned assumptions and shown in Fig. 10c. The
Young’s moduli of RGO-PVA nanocomposites were also
predicted using a simple tactic of rule of mixtures [35].
This approach is suitable for graphene-filled polymers,
parallel alignment of graphene sheets, uniform strain over
whole nanocomposite and delivers an upper bound of
Young’s modulus. The Young’s moduli of the nanocom-
posites (E.) were calculated using the following equation
and shown in Fig. 10c:

E. = VcEgrGo + (1 — Vc)Epya. (14)

Figure 10c indicates that experimentally calculated data
points for Young’s moduli of pure PVA and RGO-PVA
nanocomposites and these are in good agreement with H-T
(parallel) predicted calculations. Furthermore, the fig-
ure confirms that RGO nanosheets are aligned parallel to
films surfaces. The constancy of experimental data points
shows that external load was transferred successfully to
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RGO nanosheets at RGO-PVA interface, through robust
interactions and assumed that RGO nanosheets were
aligned along the samples surface [34]. The enhanced
mechanical properties of RGO-PVA nanocomposites
might be due to the excellent mechanical properties of
individual RGO nanosheets and residual oxygen-functional
groups of RGO nanosheets that produce strong molecular
interaction among polymer chains [36]. The relative crys-
tallinity has direct influence on mechanical properties of
PVA. The XRD analysis has proved that on incorporating
RGO nanosheets, the relative crystallinity has improved
substantially and, as a result, strength with brittleness is
induced into the nanocomposites, as shown in Fig. 10b.
The XRD, FTIR and SEM analyses showed the strong
uniform dispersion of RGO nanosheets into PVA matrix,
suggesting the enhanced tensile strength and Young’s
moduli of the nanocomposites. Yang et al. [20] prepared
PVA/graphene 3.5% (w/w) nanocomposite and showed
that the tensile strength was increased by 32% and Young’s
modulus by 16% as compared to pure PVA. Li et al. [18]
prepared rGO/PVA 0.1% (w/w) nanofiber and reported that
the tensile strength and Young’s modulus were increased
by 20.6 and 20.8%, respectively. Zhao et al. [38] reported
that graphene/PVA (1.8 v%) nanocomposite enhanced
150% tensile strength and 10 times Young’s modulus. Bao
et al. [25] reported that PVA/graphene-0.8 sample showed
66% increase in tensile strength and for PV A/graphene-0.4
sample and 70% increase in Young’s modulus.

In general, the transmission of tensile load from PVA
matrix to RGO nanosheets is strongly reliant on interfacial
interaction between wrapping matrix and nanosheets, uni-
form dispersion of nanosheets at molecular level, hydrogen
bonding between polymer chains and oxygen-functional
groups of nanosheets and, finally, large aspect ratio of
RGO nanosheets. Consequently, there is a prominent
enhancement in tensile strength and Young’s moduli of the
nanocomposites. The fracture mechanism of the
nanocomposites is described in Fig. 10d. When the sample
is stretched under the effect of an external force, the
adjacent RGO nanosheets start slipping. The polymer
chains provide bridging and stop further slipping. On fur-
ther stretching, the covalently coupled RGO nanosheets
with PVA polymer chains are stretched in the direction of
force with dissipation of large amount of energy. The
hydrogen bonding between RGO nanosheets and PVA
molecular chains is broken slowly. When external force
exceeds the breaking stress, the m-conjugated system of
nanocomposite is destroyed and brittle fracture takes place
[39].

Overall, the XRD analysis was performed to investigate
the crystallinity and uniform dispersion of RGO nanosheets
into PVA matrix. The characteristic peak of individual
RGO nanosheets at 20 = 23.19° was disappeared after

dispersion into PVA matrix and the height of nanocom-
posite peaks at about 20 = 20° was increased. It suggested
the uniform dispersion of RGO nanosheets into PVA
matrix and increased relative crystallinity of the
nanocomposites. The presence of —OH stretching vibra-
tions and shifting of this peak toward lower wavenumbers
in FTIR spectra indicated the strong hydrogen bonding and
interfacial interaction between the RGO nanosheets and the
PVA matrix. The SEM micrographs also showed that RGO
nanosheets were uniformly dispersed into the PVA matrix.
The XRD, FTIR and SEM analyses provided evidence on
uniform dispersion of RGO nanosheets which might be
resulted in the enhancement of mechanical and optical
properties of the PVA nanocomposites. The relative crys-
tallinity of nanocomposites of the present study was
increased from 23.7 to 39.6%. UV-visible spectra revealed
that absorbance was increased with RGO loadings; con-
sequently, the band structure parameters of the nanocom-
posites were modified. The absorption edge and direct
optical band gap of 0.012% (w/w) RGO-PVA nanocom-
posite were reduced from 5.14 to 3.26 eV and 5.29 to
3.59 eV, respectively, as compared to pure PVA matrix.
The indirect band gap and Urbach energy for the same
sample were modified from 4.95 to 3.20 eV and 0.20 to
0.85 eV, respectively. The refractive index and optical
conductivity were significantly enhanced. Tauc’s and W-D
models reported nearly the same values of optical band
gap. The tensile strength of 0.020% (w/w) RGO-PVA
nanocomposite was increased from 25.6 to 45.6 MPa,
whereas the Young’s modulus increased from 144 to
162 MPa, as compared to pure PVA matrix. Both H-T and
mixture rule models reinforced the experimentally calcu-
lated Young’s moduli results. The present study proved
that the structural, optical and mechanical properties of the
prepared nanocomposites were changed entirely.

4 Conclusions

The RGO-PVA nanocomposites were successfully pre-
pared via solution casting. Some drastic changes in struc-
tural, optical and mechanical properties of the PVA matrix
were observed by incorporating small quantities of RGO
nanosheets as dopant. The uniform dispersion of nanosh-
eets at molecular level without restacking of nanosheets
resulted in strong intermolecular hydrogen bonding. This
made the nanocomposites tunable with remarkably
improved mechanical and optical properties. The
mechanical strength, band tail, refractive index and optical
conductivity of the nanocomposites increased, whereas the
direct/indirect band gap decreased with increasing doping
contents. The reduction in optical band gap of PVA might
lead to develop a new material for organic solar cell and
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biosensors. The dispersion of refractive index might lead to
use the nanocomposites in optical communication and
designing of dispersion devices. Such incredible
nanocomposites need to be investigated for more opto-
electronics applications.
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