dudlgolldeolall-d il duls-deolollgdygypitl Sluulyadl dlao
02025 4151 - elyjsddl pgle - Joill aloodl - JgpiioIlg guolddl saoll

| doi.org/10.52866/e5j.2025.01.25.12 I
é )
Effect of rGO Doping Concentration on Optical Parameters

of rGO-PVP Nanocomposite Toward Optoelectronics Applications
Mohammed Fadhil , Ahmed Al-Haddad*

Department of Physics, College of Science, Mustansiriyah University, Baghdad, Iraq

Email: ahmed.al-haddad@uomustansiriyah.edu.ig;
ORCID: https://orcid.org/0000-0001-7296-4704
ABSTRACT:

The important features of reduced graphene oxide (rGO), including good electrical con-
ductivity, large surface area, and mechanical strength, have attracted widespread attention
in many fields. These features elevate rGO to an important position in optical applications
and energy technologies. In this study, a composite material was constructed by mixing
rGO with polyvinylpyrrolidone (PVP), where PVP is a soluble, biocompatible, and flexible
polymer. The nanocomposite with various concentrations of rGO was produced and its opti-
cal capabilities were investigated. The optical properties of the prepared samples including
refractive index, optical conductivity, extinction coefficient, optical dielectric constant, and
loss tangent were improved with increasing rGO concentrations. Moreover, with increasing
rGO concentration, the optical energy gap of the synthesized composites decreased, indicat-
ing increased electronic transitions, and the PVP-G5 sample showed the lowest energy gap
value, indicating better electronic transfer. This work opens the way for the development of
effective, cost-effective, and environmentally friendly materials for various devices.

KEYWORDS: Nanocomposite, Reduced graphene oxide, Polyvinylpyrrolidone, Opti-
cal properties, Energy bandgap.
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1. INTRODUCTION

The amazing features of reduced
graphene oxide (rGO) such as decent
electrical conductivity, massive sur-
face area, and mechanical strength [1],
attracted more attention in a variety
of fields. These characteristics make
rGO an enviable material in electron-
ics, energy storage, and sensors [2, 3].
The reduction procedure itself, which
removes oxygen groups from the
graphene oxide structure, improves the
electrical characteristics of GO, mak-
ing it a strong and flexible component
for complex materials [2, 4].

Polyvinylpyrrolidone (PVP) is a
widely utilized polymer due to their
perfect solubility in water and many
kinds of organic solvents, as well as its
biocompatibility and ability to create
stable films [5]. PVP is widely involved
in food processing, medicines, and uti-
lized in numerous chemical processes
as a stabilizing factor [6]. The flexibili-
ty and ability to create hydrogen bonds
with other molecules make PVP a good
candidate for developing complex and
low-coast materials with better charac-
teristics [7]. PVP is a polymer that is
made from raw materials resulting from

oil and gas. Oil equipment is often ex-
posed to corrosion due to its presence
in an acidic and salty environment. The
role of PVP as a coating to prevent cor-
rosion. Many studies were conducted
that PVP-based composites can uti-
lized as a coating for oil transformation
pipe (carbon steel), , optoelectronic de-
vices, and it has proven successful in
preventing corrosion [8-10].

The combination of rGO and PVP
develops unique qualities of both parts
[11], rGO-doped PVP nanocompos-
ites enhance several physical aspects
e.g. the optical properties, electrical
conductivity, mechanical strength, and
thermal stability [12]. These nanocom-
posite materials expose advanced char-
acteristics and can participate in many
technological applications since rGO
and PVP mixture may interact to im-
prove light absorption, photolumines-
cence, and other optical properties [13,
14]. 1GO-doped PVP nanocomposite
has the ability to extend the light ab-
sorption better than PVP alone, due to
the presence of free electrons in rGO
that absorb light across a wide range of
wavelengths, especially in the ultravi-
olet range. These adjustable properties
may enhance and enlarge their applica-
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tions in solar cells, photosensors, op-
tical fibers, and optoelectronic devices
that require a greater amount of light
absorption [12, 13].

In summary, we aimed to enhance
the optical properties of PVP by add-
ing different concentrations of rGO
nanosheets. The increasing rGO con-
centrations in rGO-doped PVP nano-
composites can be attributed to im-
prove optical absorption, energy
bandgap, and many optical parame-
ters. The understanding of the princi-
ples beneath the optical characteristics
of rGO-doped PVP nanocomposites
will support to design of more efficient
and cost-effective materials for usage
in a variety of optoelectronics devices.
Lastly, this strategy broadens the uses
of such kinds of composites and offers
new paths for material science study
including anti-corrosion coating and

oil recovery applications [15].

2. Experimental and Methods

An exfoliation method was utilized
to synthesize the rGO nanosheets under
optimal conditions, more details were
described in our prior study [16, 17].
To manufacture the PVP and rGO-PVP
nanocomposite with diverse rGO con-

centrations, powder PVP and powders
PVP and rGO were diffused in (100
ml) of deionized water and ultrasoni-
cated for (60 min.) to ensure uniform
diffusion of rGO in the PVP matrix.
The resultant mixture was combined
as PVP-G1 (12.5% rGO, 87.5 % PVP),
PVP-G2 (25 % rGO, 75 % PVP),
PVP-G3 (50 % rGO, 50 % PVP),
PVP-G4 (75 % rGO, 25%PVP), and
PVP-G5 (87.5 % rGO, 12.5 % PVP).
Using a drop-casting method, 0.2 ul of
each above combination was put onto a
clean quartz slide and dried in an oven
at (40 °C) for (1 hour). Scanning elec-
tron microscopy (SEM) was used on the
generated electrodes to evaluate their
morphology with INSPECT F 50-FEA
SEM. The optical characteristics of the
nanocomposite films were examined
using UV-vis spectroscopy on a T70/
T80 Series spectrometer, with data tak-
en in the wavelength range of (300-800
nm). Raman spectroscopy, using a type
inVia™ (Renishaw, UK), helped detect
the vibrational modes of rGO and PVP
inside the nanocomposite films, reveal-
ing insights into their interactions. Fur-
thermore, Fourier Transform Infrared
(FTIR) spectroscopy was used using
a Biotech Engineering Management
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spectrometer to identify the function-
al groups in the nanocomposite films
and validate the formation of bonds be-
tween rGO and PVP.

3. Results and Discussion
Fig. 1 demonstrates the SEM images
of the prepared samples. Fig. 1a shows
thin and transparent layers of rGO ran-
domly overlapping with each other. The
surface appears wrinkled and uneven,

indicating the presence of many de-
fects and cracks in the structure of the
material. In Fig. 1b, the layers of rGO
are shown to be more cohesive and in-
terconnected and the surface appears
smoother and flatter compared to the
image in Fig. la, indicating an addition
of PVP has supported to cover some de-
fects and cracks. In Fig. 1c, the image
reveals fine details of the structure of
rGO-doped PVP at the nanoscale.

Fig. 1. SEM photograph of (a) rGO nanosheet (red colored area), (b) rGO-doped
PVP nanocomposite, and (¢) rGO-doped PVP nanocomposite at the nanoscale, the
magnifications of the SEM images are 120,000x, 4,000x, and 60,000x, respectively.

J

Fig. 2 represents the Raman test of
rGO, PVP, and PVP-G samples. Ra-
man spectroscopy is a valuable meth-
od for studying carbon-based materi-
als’ structures. In Raman spectroscopy,
Carbon-based materials exhibit two
primary vibrational modes (D and G).
The D-band represents the level of

order/disorder caused by a breathing
k-point phonon with A,, symmetry.
The G-band, corresponding to the E,
phonon of Sp? hybrid carbon atoms, in-
dicates the stacking structure [11]. The
peaksat 1327 and 1573 cm identify the
D- and G- bands for RGO, respectively
[18]. The Raman spectrum of PVP-G
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film exposes a broad peak at around
1570 cm’!, signifying the existence of
a carbonyl (C=0) bond in the polymer
structure. Meanwhile, the vibrations of
C-N bonds present a peak at 1349 cm’!
[19]. In rGO, the D-band equals 1327
cm! and the G-band is 1573 cm™!, the
intensity ratio (I/I. = 0.67). However,
with PVA-GS5 nanocomposite, the rel-
ative (I /I, = 0.82) is higher than that
of RGO, the enlargement in the ratio
1s ascribed to the development of new
hydrogen bonds between rGO and
PVP molecules [20]. The full width
at half maximum (FWHM) of D- and
G-bands in the rGO film are 97.2 cm'
and 52.5 cm', respectively.

However, in PVA-GS5, these peaks’
FWHM values increased to 102 cm'
and 57.5 cm'-, respectively. This broad-
ening suggests a major rise in defect
density inside the rGO structure, most
likely produced by the addition of va-
cancies, distortions, and oxygen-con-
taining functional groups. The Tuins-
tra-Koenig relationship was used to
determine the mean size of neighbor-
ing carbons in the rGO and PVA-G5
nanocomposite [21, 22].
Ly=(24x1071) x (I;/Ip) x 2* (1)

When comparing the pure rGO to

PVA-GS5 samples, the L, values showed
a shifting trend from 22.76 nm to 22.30
nm, where A 1s the laser wavelength
and I | and I are the Raman intensities
at D and G peaks, respectively.
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Fig.2 . Raman spectrum of rGO,
PVP, and rGO-doped PVP, the exci-
tation laser wavelengths are 633 nm,

532nm, and 532 nm, respectively.

. /

Fig. 3 shows FTIR spectra for rGO,
PVP, and PVP-G5 samples. A broad
absorption peak observed between
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3000 and 3500 cm™ attributed to O-H
symmetrical stretching. The wide peak
seen at roughly 3430 cm™ in pure PVP,
corresponding to the O-H stretching vi-
bration of the hydroxyl groups, moves
to a lower wavenumber (around 3340
cm™) in the PVP-GS. This shift implies
the establishment of hydrogen bonds
between the hydroxyl groups of PVP
and the oxygen-containing functional
groups on the rGO surface. The sharp
peak at roughly 1648 cm™ in pure PVP,
1s caused by the C=O stretching vibra-
tion of the carbonyl group in the pyrro-
lidone ring [23].

The peak at 1648 cm™ shifts to a
lower wavenumber in the combination.
This little change implies a probable
interaction between the carbonyl group
and the rGO surface. Peaks in PVP at
1272 cm™ and 2935 cm! correspond to
C-N stretching and C-H stretching vi-
brations, respectively [24]. The results
indicate the strength of the interaction
between the O-H group in PVP and the
functional groups in rGO

Transmittance (%)

Transmittance (%)
o <
f=)
=

(8%91)

—— PVP-G5

Transmittance (%)

0.45

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Fig. 3. FTIR spectrum of rGO,
PVP, and rGO-doped PVP.

UV-vis spectroscopy was utilized to
examine the optical characteristics of
rGO, PVP, and rGO-doped PVP nano-
composite across the wavelength range
of 300 to 800 nm. Fig. 4a depicts the
absorption spectra of rGO, pure PVP,
and five rGO-PVP samples with vari-
ous rGO concentrations. At Ultraviolet
absorption, the absorption is mostly due
to m-* electronic transitions inside the
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molecules, these transitions take place
between (C=C) groups and the carbon-
yl groups (C=0) present in the samples
[25]. PVP has the lowest absorption,
rGO has the highest absorption, and
rGO-doped PVP samples fall between
them. The intensity of absorption in-
creases with increasing concentration
of rGO in PVP and the absorption in-
creases due to the strength of the inter-
action between rGO and PVP.

Fig. 4b shows that PVP has the
highest permeability and rGO the least
transmission, and samples PVP-G1-
PVP-G5 are located between them,
the
with increasing rGO concentration in

where transmission decreases
PVP. The absorption of the samples
PVP-G1, PVP-G2, PVP-G3, PVP-G4,
and PVP-G5 moved towards the high-
est wavelength (red shift) compared to
rGO and PVP. The reason for this shift
1s the rGO concentration increases in
the PVP matrix, where the sample con-
centration is directly proportional to its
absorption at a specific wavelength ac-
cording to the Lambert-Beer law [26].
This proves the occurrence of fusion
between PVP and rGO as a result of the
formation of new bonds. Consequent-
ly, there is a difference in the amount of

absorption for each sample depending
on its concentration.

Figures 4c and 4d show the extinc-
tion coefficient and the refractive in-
dex, respectively. The extinction coef-
ficient is the extinction that occurs for
the electromagnetic wave inside the
material, and it is the amount that the
material’s electrons absorb from the
energy of the incident photons. On this
basis, its value 1s determined by the in-
teractions of the electromagnetic wave
with the medium. It was observed that
PVP has the lowest extinction coeffi-
cient and the highest extinction coeffi-
cient for rGO, and PVP-G1-PVP-GS5 1s
located between them, where the ex-
tinction coefficient values rise with in-
creasing concentration of rGO in PVP,
meaning the absorption process in-
creases with increasing concentration.
More precisely, the higher the extinc-
tion coefficient, the greater the amount
of light lost from the beam. The extinc-
tion coefficient serves to understand
the properties of different materials
and how they interact with light. The
extinction coefficient can be calculated
from the following equation [27]:
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- J

hence a is the absorption coefficient

and A is the wavelength.
k=oal/4n (2)

Fig. 4d shows the diagrammatic
plots of the refractive index of PVP and
PVP-G1-PVP-G5 as functions of wave-
length, where it was observed that PVP
has the lowest refractive index, while

n=(1+R)/(1-R)+ 4R/(1—R)* - K2

hence, R is the reflectance.

rGO has the highest refractive index. As
for the samples from PVP-G1-PVP-GS5,
they fall between them, as the refractive
index increases with increasing rGO
concentration. The refractive index of
pure 1GO, pure PVP, and rGO-doped
PVP (PVP-G1-PVP-G5) was computed
using the equation [28]:

3)
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Fig. 5 depicts the optical band gap
(Eg) of PVP-G composites as deter-
mined by the Tauc plot method. There
1s a definite pattern of lowering Eg
as rGO concentration increases. The
calculated direct band gaps for the
PVP-G samples vary from 3.82 to
3.51 eV. This decrease in E, 1s attrib-
utable to the creation of new energy
levels within the bandgap as a result
of defects and chemical interactions
between PVP and rGO [29]. These de-
fect states enable improved electronic
transmission, resulting in greater elec-
trical conductivity in the composite
material. The association between E,
and rGO concentration is inverse. The
AEg/Eg value decreases as rGO con-
centration increases at a decay con-
stant of 2.77+0.13. This indicates that
progressively introducing rGO into the
PVP minimizes the energy gap. This
shift in the energy gap i1s likely owing
to changes in the material’s electrical
band structure caused by the presence
of rGO. For a more precise view, by
increasing the rGO concentration the
AEg/Eg variation presents a growth fea-
ture due to the neglecting of the PVP
impacts on the rGO-doped PVP nano-
composites [27, 30].
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Fig. 5. Tauc plots of direct optical bandgap estimation, (a) rGO nanosheets, (b) PVP
polymer, (¢) PVP-G1 sample, (d) PVP-G2 sample, (¢) PVP-G3 sample, (f) PVP-G4
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Figures 6a and 6b show the real
(¢) and imaginary (¢,) components of
the dielectric constant for rGO, PVP,
and rGO-PVP composites (PVP-G1 to
PVP-GS5) as a function of wavelength.
It was revealed that the rGO-PVP
samples (PVP-GI1 to PVP-G5) exhibit
low dielectric constants at short wave-
lengths (300-400 nm), moderate dielec-
tric constants at medium wavelengths
(300-800 nm), and increasing dielectric

constants at long wavelengths. These
findings show that rGO-PVP samples
can be used in applications requiring
varying dielectric constants at various
wavelengths.

The following relations were used
to calculate € and ¢, from the computed
values of n and k [27]:

g, =n? — k?

g =2nk
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Fig. 7a demonstrates optical con-
ductivity, the samples are identified as
rGO, PVP,PVP-G1,PVP-G2,PVP-G3,
PVP-G4, and PVP-G5. The optical
conductivity of PVP rises dramatically
as the concentration of rGO increas-
es. At shorter wavelengths, the rise in
optical conductivity is more apparent,
demonstrating a high dependence on
rGO concentration. At medium and
longer wavelengths, the optical con-

ductivity stabilizes and exhibits a more
linear behavior with minor fluctuations
depending on the concentration of rGO
in the PVP matrix. The optical conduc-
tivity of the produced samples was ex-
amined using the formula [27]:

nac (6)

v

hence, ¢ and c are the optical con-
ductivity and speed of light, respec-
tively.
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Fig. 7b shows the relationship be-
tween loss tangent (tan 8) and wave-
length (nm) for several different sam-
ples labeled as rGO, PVP, P-G1, P-G2,
P-G3, P-G4, and P-G5. At short wave-
lengths (300-400 nm), all samples
show high values of loss tangent. rGO
shows the highest loss tangent value at
short wavelengths. PVP and (P-G1 to
P-G5) show lower values of rGO, with
a gradual increase in loss with increas-
ing rGO concentration. At intermediate
wavelengths (400-600 nm), the loss
tangent begins to decrease gradually
for most samples. At long wavelengths
(600—800 nm), most samples show sta-
bility in loss tangent values, with some
convergence between samples.

The optical loss tangent epitomizes
the ability of the material to dissipate

of the loss tangent at short wavelengths
indicate greater energy dissipation,
which is clearly observed in samples
with higher rGO concentrations. As
the wavelength increases, the loss tan-
gent gradually decreases, which means
that the samples become more efficient
in reducing energy dissipation. This
effect is more pronounced in samples
containing higher rGO concentrations.
At higher wavelengths, the loss tan-
gent is stabilized due to a slight effect
of rGO, and the differences between
loss tangent values in the samples be-
come negligent. The stability in this re-
gion could be valuable in applications
preferring limited power loss within a
wide range of wavelengths. The fol-
lowing equation was utilized to gauge
the loss tangent (tan 0) [31]:

electromagnetic energy. Higher values tané = g;/e,  (6)
.
(@) (b)
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Fig. 7. (a) the optical conductivity of the prepared samples,
and (b) the loss tangent as a function of wavelength.
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The most important results obtained
in this research are a gradual increase
in absorption and a gradual decrease
in transmittance of samples (PVP-GI
to PVP-GYS) in the ultraviolet region
due to the rGO concentration levels,
as these nanocomposites showed a
greater amount of absorption than the
PVP and less transmittance for nano-
composites compared to PVP alone,
as these two properties can be used
in solar cell applications as well as in
reducing the risks of ultraviolet radia-
tion. Also, a decrease in the energy gap
of the polymer was observed with an
increase in the concentration of rGO,
and this property can be used in solar
cell and supercapacitor applications.
Also, the results showed a gradual in-
crease in the extinction coefficient of
the nanocomposites with an increase in
the concentration of rGO, meaning that
the nanocomposites absorb most of the
light passing through them. Therefore,
these results enhance the performance
of solar cells. Also, the refractive index
of the nanocomposites was observed to
increase gradually with an increase in
the concentration of rGO, as this prop-
erty can be used in optical fibers to
control the light path. The results also

showed an increase in the optical con-
ductivity of the nanocomposites with
an increase in the concentration of rGO,
in contrast to the conductivity being
optically lower for rGO and PVP. This
result is important in anti-corrosion
coating for oil transformation pipe, and
oil recovery and UV protection appli-
cations because these nanocomposites
have the ability to absorb UV radiation
and transfer energy well. The dielec-
tric constant of pure PVP is lower, and
when rGO i1s added to it, the dielectric
properties of the nanocomposite can be
improved, and this feature can be used
in applications of supercapacitors and
optoelectronic devices.

Table 1 represents the best values of
optical parameters for each prepared
sample, and shows that higher values
of extinction coefficient are likely due
to increased interactions with light,
which may contribute to a reduction
in the energy gap and improved elec-
trical conductivity. Increasing the val-
ues of refractive index gradually from
1.34 to 1.83 shows that the material is
becoming more able to refract light by
increasing the rGO nanosheets, which
is good for applications such as opti-
cal lenses. The results also showed a
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decrease in the optical bandgap from
3.97 to 3.51, indicating improved elec-

trical conductivity and increased light
absorption in the materials.

Table 1. The optical calculated parameters of all the prepared samples
(extinction coefficient, the refractive index, direct optical bandgap, optical dielectric
constant real and imaginary, optical conductivity, and the loss tangent).

Samples k n E, g g c Tano
PVP 0.10 1.34 3.82 0.36 0.04 8.41x10" 0.07
rGO 2.98 2.26 3.27 0.10 0.45 1.22x10° 3.84

PVP-Gl1 0.17 1.54 3.97 0.30 0.06 1.44x10" 0.18

PVP-G2 0.21 1.62 3.97 0.27 0.11 1.69x10" 0.37

PVP-G3 0.23 1.70 3.94 0.26 0.20 1.94x10" 0.75

PVP-G4 0.28 1.78 3.66 0.24 0.26 2.23x108 0.98

PVP-G5 0.33 1.83 3.51 0.20 0.35 2.49x10" 1.49

4. Conclusion

In this research, the rGO-doped PVP
nanocomposites are manufactured and
evaluated successfully, these nano-
composites could be a good candidate
for next-generation optoelectronics de-
vices. The rGO additive outstandingly
improves the optical characteristics of
the PVP matrix. The UV-vis, Raman,
and FTIR spectroscopy investigations
verified that the optical features of the
rGO-doped PVP nanocomposites were
significantly enhanced as a result of
the rGO injection into PVP. The in-
creasing rGO concentration formu-
lates a narrower optical bandgap, this

indicates an improvement in electronic
transmission and better interaction be-
tween the components. These findings
suggest that rGO-PVP nanocomposites
are an interesting potential candidate
for flexible, smart, and even next-gen-
eration optoelectronics applications.
The results emphasize to development
of more efficient, environmental, and
low-cost materials for diverse optical
applications. Overall, this work offers
new promises for material science
and the creation of novel, high-perfor-
mance nanocomposite materials can be
involved in cost reduced advanced in-
dustrial technologies such as anti-cor-
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rosion coating and optoelectronic de-

vices.
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