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ABSTRACT

Graphene-based nanomaterials have significant potential to be used as coating materials for glass performance. In this
work, reduced graphene oxide (rGO)-coated tellurite glass was synthesized via melt-quenching and low-cost spray
coating techniques for improving the optical properties in the glassy matrix. The structural properties investigated
using X-Ray Diffraction (XRD) confirmed the structural arrangement of an amorphous nature phase meanwhile,
Scanning Electron Microscopy (SEM) analysis proved the morphological structure images of rGO onto the tellurite
glass surface. The refractive index value of rGO-coated glass was found higher in the range of 2.402 - 2.775 due to
the graphene-based effects. The optical bandgap energy value of rGO-coated glass was improved from 1.913 - 2.980
eV which correlated to the changes in rGO absorption characteristics. The Urbach energy showed a high number of
defects in absorption with the presence of rGO structures. By virtue of improved optical properties, the rGO-coated
glass may be beneficial to be used as a glass coating material for high optical performance of fiber optics.
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ABSTRAK

Bahan nano berasaskan grafin mempunyai potensi ketara untuk digunakan sebagai bahan salutan untuk prestasi
kaca. Dalam kajian ini, kaca tellurit disalut grafin oksida terkurang (rGO) telah disintesis melalui teknik lebur
lindap dan salutan semburan kos rendah untuk meningkatkan sifat optik dalam kaca matriks. Sifat struktur yang
dijalankan menggunakan pembelauan sinar-X (XRD) mengesahkan susunan struktur fasa sifat amorfus manakala,
analisis mikroskop pengimbasan elektron (SEM) membuktikan imej struktur morfologi rGO pada permukaan
kaca tellurit. Nilai indeks biasan kaca disaluti rGO didapati lebih tinggi dalam julat 2.402 - 2.775 disebabkan oleh
kesan berasaskan grafin. Nilai tenaga jurang jalur optik kaca disaluti rGO telah meningkat dari 1.913 - 2.980 eV yang
dikaitkan dengan perubahan dalam ciri penyerapan rGO. Tenaga Urbach menunjukkan bilangan kekurangan yang
tinggi dalam penyerapan dengan kehadiran struktur rGO. Berdasarkan sifat optik yang dipertingkatkan, kaca disaluti
rGO bermanfaat untuk digunakan sebagai bahan salutan kaca untuk prestasi tinggi gentian optik.

Kata kunci: Kaca telurit; nanozarah erbium; rGO

INTRODUCTION insulating sp* carbon atoms and may tune the bandgap

Graphene oxide (GO) is oxidized from graphene derivative
that possesses an atomic arrangement similar to the
graphene sheet due to its oxygenated carbon backbone
and adhered mostly with hydroxyl, carboxyl, carbonyl,
and epoxide groups on nanosheets (Al-Gaashani et al.
2019). GO has attracted attention as a unique material
and solution-possessable multifunction carbon platform
via modifying the electronically conducting sp? to

of GO sheets which in turn also affects nonlinear optical
(NLO) properties of GO (Abozied et al. 2021; Aradhana et
al. 2018). The tuning of bandgap caused by the existence
of various oxygen-containing functional groups localized
at the edges enables GO as a promising prospect in the
field of optoelectronics, sensors, electrodes, as well as
lithium-ion batteries (Bhuyan et al. 2016; Cao et al.
2017). However, the higher graphitic structure defects
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and hydrophilic nature that existed in GO nanostructures
attribute to the weakest optical absorption (Gao et al.
2019). In addition, the role of various functional groups
in GO showed weak interactions such as van der Waals
forces, electrostatic interactions with negatively-charged
surface oxygen functional groups, or m-m interactions
with the delocalized n orbitals of graphitic sp? carbon
domains (Aradhana et al. 2018). Therefore, we introduce
a functionally reduced graphene oxide (rGO) as a novel
candidate to replace GO in order to tune the optical
properties in glass materials by controlling its oxygen
content via an electrochemical reduction approach of GO.
On reduction, some of the oxygen groups are removed
during reduction that allowing the absorption efficiency to
be improved, as well as the bandgap energy (Bonavolonta
et al. 2021). Hence, we expect that reduced graphene
oxide-coated tellurite glass, ZBTEr (NPs)-rGO with the
existing layered structure onto the glass surface may
improve the optical performance of the glass network
system.

Tellurite-based glasses are non-crystalline solids
that possess many advantages over conventional borate,
phosphate, and silicate glasses, which have been
extensively studied for their numerous optical, photonics,
and laser applications (Azlan et al. 2019; Umar et al.
2017). Fortunately, tellurite glasses present excellent
optical properties which are characterized by having a
low melting point, high refractive index (~2.0), high
dielectric constant, good chemical stability, wide infrared
(IR) transmission range (1-6 um), and lowest maximum
phonon energy (~750 cm™) among other oxide glasses
(Said Mahraz et al. 2013; Wshah et al. 2021; Zhang et
al. 2021a, 2021b). All these make the tellurite glass
become a promising host material when combined with
rGO which may enhance the optical properties of glass
materials mainly for fiber optics applications. Rare-earth
elements are required for different purposes when doped
into glasses, resulting in the possible demand for laser
and optical devices (Marzouk, Azooz & El Batal 2021).
Thus, it has been identified that Er’*" nanoparticles,
categorized as the lanthanide oxide nanoparticles
significantly may enhance the optical performance of
laser glass as reported by Azlan et al. (2019). Additionally,
erbium-doped glasses are attractive as may be presented
by the upconversion process using near-infrared (NIR)
radiation whereby, the transition starts from the excited
state (*I ,,) to the ground state (*I ,,) (Liu et al. 2017).

In the present study, the aim was to prepare the
tellurite-based glasses coated with rGO by utilizing a
simple and low-cost spray coating technique. We first
partially reduced GO into rGO using an electrochemical
reduction process, and subsequently, the tellurite glass

surface was coated with rGO. The morphological
structures, refractive index, and optical bandgap energy
of the ZBTEr (NPs)-rGO glasses were further investigated.
To the best of our knowledge, such an investigation
for obtaining highly improved optical properties of
ZBTEr(NPs)-rGO glass has not been reported yet.
Moreover, this novel study significantly achieves the
interesting performance for fiber optics technology as rtGO
itself would present as a coating material for production
in glass coatings.

MATERIALS AND METHODS

PREPARATION OF RGO

Graphene oxide was synthesized by using an
electrochemical exfoliation method. First, two graphite
rods were connected to a 5 V static potential of direct
current (DC) power supply that has been immersed into
an 0.1 M electrolyte solution containing sodium dodecyl
sulphate (SDS) surfactant for 24 h exfoliation process.
Then, the process of an electrochemical reduction can be
explained as the reduction of functional groups existing
in GO, which are the epoxide and hydroxyl located on the
basal plane of GO which acts as the major components
whereas the carbonyl, carboxyl, quinones, lactols, and
phenols, are distributed at the edges of GO as the minor
components (Sharma et al. 2020). The obtained GO
solution was immediately reduced using the hydrazine
hydrate as the reducing agent in a triple neck, round
bottom flask and ready for immersion process. The
mixture was then followed by additional stirring for 24
h at a temperature of ~95 °C.

FABRICATION AND DEPOSITION OF TELLURITE-BASED
GLASSES

Prior to the preparation of rGO solution via an
electrochemical reduction approach as presented
above, the tellurite-based glass samples were initially
synthesized based on the chemical composition of
(0.47(1-y)) TeO, + (0.2(1-y)) B,O, + (0.29(1-y)) ZnO
+ Er,0,(y) containing Er,O, nanoparticles with varying
molar composition of (y = 0.005, 0.01, 0.02, 0.03, 0.04,
and 0.05 mol%). The basic laboratory chemicals were
Tellurium (IV) Oxide, TeO, (Alfa Aesar, 99.99%), Boron
Oxide, B,O, (Alfa Aesar, 98.50%), Zinc Oxide, ZnO
(Alfa Aesar, 99.99%), and Erbium (III) Oxide, Er,O,
(Alfa Aesar, 99.99%), respectively. The weighed batches
were well-mixed in a platinum (Pt) crucible for the pre-
heating process at 400 °C for 1 h and subsequently, melted
at 900 °C for 2 h. The refined molten was then rapidly
quenched into heated a stainless-steel mold based on the



appropriate dimensions. The glass samples were annealed
which was regulated at 400 °C for 1 h in order to avoid
the mechanical stress. The furnace was switched off and
left to cool down overnight at room temperature before
being polished to attain a smooth and flat surface. The
synthesized glass samples were then coated with rGO
by using the low-cost spray coating technique. Finally,
the rGO-coated tellurite glass samples were annealed
at 400 °C for 1 h and ready for optical and structural
characterizations.

SAMPLE CHARACTERIZATION

The rGO solution was coated on the tellurite-based
glasses surface via a low-cost spray coating technique.
The nozzle of an airbrush system was used for the
coating process at approximately ~10 c¢cm constant
distance from the nozzle to the glass surfaces. The
morphological studies of samples were analyzed using
a scanning electron microscope (SEM, Hitachi SU8020)
and energy dispersive X-ray (EDX), working at an
accelerating voltage of 2 — 30 kV with a magnification
range from 1 — 200 K X. A Bruker, D2 Phaser X-ray
Diffraction (XRD) operating at Cu-Ko emission (A =
0.154 nm), using a 20 angular range from 20° - 90° was
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performed to prove an amorphous nature of glass samples.
Meanwhile, the optical properties of glass samples were
characterized via UV-Vis spectroscopy (Agilent Cary 60
Spectrophotometer).

RESULTS AND DISCUSSION

MICROSTRUCTURAL ANALYSIS

The micrographs and morphological observations of
the ZBTEr (NPs)-rGO glass surface were investigated via
scanning electron microscopy (SEM), as illustrated in
Figure 1(a) and 1(b), respectively. The images show the
folded regimes and wrinkles due to the large formation
of agglomeration rGO structures. Moreover, it can be
seen that the appearance of wavy-like structures which
indicates the separated graphitic nanosheets during the
successful reduction process. Meanwhile, the flakes of
rGO are unevenly distributed over the glass surface,
as shown in Figure 1(b). This may be correlated to the
high percentage of rGO accumulated in a specific region
on glass surface due to the uncontrolled spray coating
technique thus, resulting in highly dense agglomerated
rGO nanostructures. In addition, the presence of very
thin and bright layers was observed for ZBTEr (NPs)-
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FIGURE 1. Top view images of ZBTEr (NPs)-rGO glass surfaces showing the different
rGO structures at 0.03 mol% Er,0, nanoparticles concentration with the magnification of
(a) 70 K X, (b) 50 K X, (c) — (d) EDX spectra at the different regions of rGO
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rGO glass surface as these characteristics were believed
due to the well-dispersed of rGO throughout the
electrochemical reduction process and therefore, the rGO
layers were seen to be visible and obviously transparent.
These findings were supported by EDX analysis which
clearly confirmed that rGO was composed of several
possible elements including, carbon (C), oxygen
(0), sodium (Na), and sulphur (S). It can be noticed
from Figure 1(c) and 1(d) that the presence amount
of C element exhibited the highest weight percentage
estimated at approximately ~2.53% to 5.40% than the
other elements.

X-RAY DIFFRACTION (XRD) ANALYSIS

Figure 2 shows the XRD pattern of all prepared rGO-
coated tellurite glasses which was recorded in the range
0f20° <6 <80°. The presence of a broad hump between
20° and 30° angle validates the absence of any sharp
crystalline diffraction peaks on the diffractogram of
ZBTEr (NPs)-rGO glasses. The XRD results also confirm
the amorphous in nature as supported by the existence
of long-range disorder arrangement of glass materials
(Yusof, Ghoshal & Azlan 2017).
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FIGURE 2. XRD pattern of ZBTEr(NPs)-rGO glasses

OPTICAL BANDGAP AND URBACH ENERGY

Ultraviolet-visible (UV-Vis) spectroscopy is the vital
analysis to investigate the nature of glasses by identifying
the optical properties such as the optical absorption,
optical bandgap, and Urbach energy (Effendy et al. 2021).
The fundamental optical bandgap may be correlated
with the valence and conduction bands whereby the
electrons move freely from the valence to the conduction
bands in order to allow the electrical conductivity in the
material. The optical bandgap of glass samples can be
determined from the absorbance spectra, which firstly
calculate the optical absorption coefficient, a(w) by the
following relation:

o(@)=2.303(5) (1)

where A and d are denoted as the absorbance and
thickness of glass samples, respectively.

According to Mott and Davis’s theory, the relation
between absorption coefficient, a(w), and photon energy,
T was utilized to determine the optical bandgap energy
in glass materials as given herewith (Mott, Davis &
Weiser 1972):

_ B(Rhw—Eopt)™

(X(Cl)) T e (2)

where S is a constant called the band tailing parameter;
E, is the optical bandgap; and » represents the constant
index which refers to the optical transitions.

The optical bandgap of glass samples was
estimated from Tauc’s plot, a graph plotting of (Aw)
vs (aAw) which extrapolates the linear portion to the
x-axis and gives the value of bandgap (Eopt), as shown

in Figure 3. The calculated optical bandgap value for



ZBTEr (NPs)-rGO glasses were found to be in the range
between 1.913 and 2.980 eV which is decreased compared
to the ZBTEr (NPs) glasses, as presented in Figure 4 and
tabulated in Table 1, respectively. It could be observed
that the deposition of rGO onto the glass surface alters the
bandgap energy of ZBTEr (NPs)-rGO glasses which may
be due to the absorption transitions in C=0 (n-) and C=C
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(m-m*) states present in the graphitic material, respectively
(Sreeja et al. 2017). Moreover, the improvement in
optical absorption is due to the increased amount of sp?
hybridized carbon atoms in rGO whereby, the oxygen
contents are partly removed during the reduction process.
The glass coating reveals the strong bonding interaction
between the rGO and tellurite-based glass surfaces and
thus, decreasing the optical bandgap.
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FIGURE 3. Tauc’s plot of (a Aw)"? against photon energy, Aw of ZBTEr (NPs)-
rGO glasses
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(NPs)-rGO glasses
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TABLE 1. Comparison of optical bandgap energy (£ ) between ZBTEr (NPs) and ZBTEr (NPs)-rGO glasses

opt

Er,0, nanoparticles concentration Optical bandgap energy, Eopt (eV) Optical bandgap energy, E__ (eV)
(mol%) ZBTEr (NPs) ZBTEr (NPs)-1GO
(Azlan et al. 2015)
0.005 3.882+0.1 1.913 +£0.1
0.01 3.876 £ 0.1 2.537+0.1
0.02 3.870+0.1 2.370£0.1
0.03 3.860 + 0.1 2.624+£0.1
0.04 3.850+0.1 2.980+£0.1
0.05 3.840 £ 0.1 2.931+0.1

Urbach energy, AE is a parameter typically
relates to the degree of structural disorder in amorphous
materials which converts the weak bonds into defects
(Tiwari & Dhondiyal 2021). The degree of disorderliness
occurred in amorphous materials due to the additional
broadening and thus, could attribute to the tailing of
energy states in the forbidden gap (Shakeri & Rezvani
2011). Consequently, the Urbach energy values can be
determined by taking the reciprocals of the slopes of
the linear portion based on the plotted graph between log
(a) and photon energy (hAw) curves. The Urbach energy
can be expressed as:

This exponential behavior gives the increase in band
tail states associated with the valence and conduction
bands which caused the reduction in optical bandgap
energy (Dimitrov & Sakka 1996; Sreeja & Anila 2019).
Figure 5 and Table 2 present the variation of Urbach
energy values of ZBTEr (NPs)-rGO glasses which was
found in the range of 0.118 to 0.408 eV. In this work,
the increasing trend in Urbach energy values from 0.005
to 0.02 mol% indicates the higher number of defects in
the glass network or an increase in non-bridging oxygen
(Amjad et al. 2013). Meanwhile, the Urbach energy
values were seen to gradually decrease by increasing the
Er,O, nanoparticles content attributed to the decrease in
broadening of static disorder-related parts (EI-Diasty,
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FIGURE 5. Variation of Urbach energy values for ZBTEr (NPs) and
ZBTEr (NPs)-rGO glasses



Wahab & Abdel-Baki 2006). This trend can also be
correlated with the low level of oxygen atoms and the
formation of agglomerated structures that appeared on

267

the glass surface that caused the lower defects compared
to the ZBTEr (NPs) glasses. In addition, these results
are clearly proved by the morphological analysis, as
demonstrated in Figure 1.

TABLE 2. Comparison of Urbach energy (AE) between ZBTEr (NPs) and ZBTEr (NPs)-rGO glasses

Er,0, nanoparticles concentration

Urbach energy, AE (eV)

Urbach energy, AE (eV)

(mol%) ZBTEr (NPs) (Azlan et al. 2015) ZBTEr (NPs)-rGO
0.005 0.265+0.1 0.307 £0.1
0.01 0.270 0.1 0.383+0.1
0.02 0.272+0.1 0.408 + 0.1
0.03 0.273+0.1 0.225+0.1
0.04 0.271+0.1 0.143+0.1
0.05 0.276 0.1 0.118 + 0.1

REFRACTIVE INDEX

The refractive index is an important measurement that
may affect the candela distribution of the transmitted light
and easy to change the intensity of light by improving
the refractive index value of the material (Tiwari &
Dhondiyal 2021). Theoretically, the fundamental of
refractive index can be estimated using the optical
bandgap energy (Dimitrov & Sakka 1996) and thus, can
be written as:

nio1_ /@
w20 )

where 7 is the refractive index and E  represents optical
bandgap energy.

It can be observed from the plotted graph that
the refractive index value of ZBTEr (NPs)-rGO glasses
exhibit an increasing trend in the range of 2.402 to 2.775
compared to ZBTEr (NPs) glass, as shown in Figure 6
and tabulated in Table 3. This trend can be correlated to
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FIGURE 6. Variation of refractive index values for ZBTEr (NPs) and
ZBTEr (NPs)-rGO glasses
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the high number of sp* carbon atoms and redistribution
of delocalized m-electrons resulting from the removal of
the oxygen functional groups in rGO nanosheets which
attributes as the main component of optical nonlinearity
in this glass material (Omidvar et al. 2018). On the
other hand, the enhanced value in the refractive index
of ZBTEr (NPs)-rGO glass confirms the formation of

localized energy levels form between the conduction and
valence bands and may create the free carriers belonging
to the sp? electron domain in rGO structures (Jiménez-
pérez et al. 2018). Therefore, the result significantly
shows the great performance of graphene-coated glass
material whereby, the refractive index values achieve the
condition under the refractive index of fiber core must be
slightly higher than that of cladding.

TABLE 3. Comparison of refractive index (n) values between ZBTEr (NPs) and ZBTEr (NPs)-rGO glasses

Er,0, nanoparticles concentration

Refractive index, n

Refractive index, n

(mol%) ZBTEr (NPs) (Azlan et al. 2015) ZBTEr (NPs)-rGO
0.005 1.774 £ 0.1 2.775+0.1
0.01 1.818 £ 0.1 2.534+£0.1
0.02 1.830 £ 0.1 2.591+0.1
0.03 1.855+0.1 2.506 £0.1
0.04 1.878 £ 0.1 2.402 £0.1
0.05 1.924 £ 0.1 2416 +£0.1
CONCLUSION Penyelidikan Fundamental (FRGS) Fasa 1/2018 (Grant

In summary, the optical properties of ZBTEr (NPs)-rGO
glasses have been successfully studied. The optical
bandgap energy of ZBTEr (NPs)-rGO glasses decreased
than ZBTEr (NPs) glasses. It is noticed that low oxygen
content in rGO coating onto glass surfaces improves the
optical properties of glass samples. The XRD analysis
validated that the ZBTEr (NPs) glasses are amorphous
in nature. The SEM images proved the existence of
rGO structures on the glass surface. The decreasing
value in optical bandgap energy of ZBTEr (NPs)-rGO
glasses was due to the changes in optical absorption
characteristics. The Urbach energy value presented the
high defects after being coated with rGO. The refractive
index of ZBTEr (NPs)-rGO glasses also demonstrated a
high value than ZBTEr (NPs) glasses which can be related
to the bonding between delocalized n-electrons and lower
oxygen content existed in rGO layers.
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