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Abstract: There is considerable attention devoted to the use of agricultural waste as a raw material
substitute for commercial silica in the development of borosilicate glasses doped with rare earth
oxides. Here, we present a novel structure for borosilicate glasses made from rice husk ash with a 25%
molar ratio of extracted SiO, and doped with neodymium (GRN) or dysprosium (GRD). Adding rare
earth oxides to borosilicate glasses by the melt quenching method enhanced optical transmission due
to the presence of their tetrahedral geometries. GRN samples showed few bands near zero, which
constitutes good utility for band rejection filters in image devices, and the samples exhibited energy
values ranging from 3.03 to 3.00 eV before and after gamma irradiation. Optical transmissions of GRD
samples showed peaks at 25,974, 22,172, 13,333, 11,273, 9302, 7987, and 6042 cm~ L. Deterioration
in transmittance was observed when the investigated samples were exposed to irradiation doses
of 20 and 50 kGy in the wavenumber range of 12,500 to 50,000 cm~1; however, different behaviors
after irradiation with 50 kGy caused an increase in transparency in comparison to 20 kGy irradiation,
which was pronounced for higher wavenumbers (greater than 12,500 cm™!). Photoluminescence
emission and excitation spectra of the glass-doped Nd** (GRN) and glass-doped Dy>* (GRD) samples
were determined. GRD exhibited emission in the blue and yellow regions of the visible spectrum,
which gave a white flash of light. Chromaticity coordinate (CIE) measurements of GRD samples
indicated the origin of its luminous color relative to the standard white light region.

Keywords: agriculture waste; neodymium; dysprosium; glass; photoluminescence and optical prop-

erties

1. Introduction

There is considerable global interest in agriculture waste management due to increases
in waste generated each year, which has a huge mass on land. Solid wastes are difficult to
degrade naturally. The most common method for alleviating the solid agriculture waste is
burning of these wastes, but this method leaves ash. Scientists have given great attention
to completely removing agricultural waste from soil and converting it to valuable products
such as glass [1,2]. Glass as a final product from agriculture waste has several benefits
depending on the oxides added during the preparation of the glass. Agricultural waste is
considered to be a rich source of SiO, and charcoal [3], which serve as raw materials for
glass formation. Extracting SiO, from agricultural waste (rice husk) and finding different
ways to do so has attracted attention in scientific and commercial fields [4]. Agriculture
solid wastes can produce well-known forms of glass as silicates; to enhance the optical
properties of the prepared glass [5] (recycled from wastes), rare earth oxides can be added
(e.g., Dy203 and Nd,03).
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Doping of glass with rare earth elements (REs) gives new properties to the glass net-
work and is considered one of the most vital topics in glass science owing to its distinguish-
ing behavior in different applications, especially in the fields of optical communications [6],
solid-state lasers (mid-IR laser fabrics) [7], and frequency converter devices [8], which
arise from the amazing optical, chemical and physical properties of REs. This glass is also
being used in photonic devices, optical fibers, solid-state lasers, wave guides, temperature
sensors, and white LEDs [9].

Glass doped with trivalent RE elements has increased hardness and a higher elastic
module and chemical durability because of the strength produced in these glass types
compared to glass doped with transition metals [10], and they form luminescence glasses
with 5d-5d and 4f—4f electronic transitions and exhibit several sharp lines in the UV region
and near IR owing to the shielding effects of 5s and 5p orbitals [11,12]. The gap between
the ground level and the first excited level is smaller than those of other elements, allowing
these glasses to exhibit several bands in their UV spectra [13,14].

Scintillators glasses are transparent glass doped with specific elements (such as dys-
prosium) that are able to emit white flashes when excited by energetic particles (neutrons,
protons, electrons, x-particles, etc.) or photons (y- or X-rays). They can be used as radiation
detectors in numerous fields, such as astrophysics, medical imaging, security devices, nu-
clear science, geological exploration, and high energy physics [15]. The white flash of light
in glasses doped with dysprosium is known to result from emission in two spectroscopic
regions, the yellow and blue regions [9].

However, glass-doped neodymium also has been widely applied as a band rejection
filter in image display devices; this results from absorption bands arising from transitions
in the 4f shell of Nd3* [16,17]. Additionally, Nd** can produce glass used for halogen
lamps, owing to the ability of glass-doped Nd** to absorb UV rays. Glass-doped Nd>*
imparts good chemical durability and high hardness, which makes this type of glass a
preferred choice for refractory glasses.

Gamma irradiation can heal or induce defects and lead to formation of color centers
inside the glass network; this depends on the rate and type of radiation, the glass com-
position, or the addition of doping elements. Changes inside the glass network can be
followed through the optical, structural, or physical behavior of the glass when exposed
to irradiation, and this helps to determine the ability of the glass samples to deal with
radiation, which in turn aids in the manufacture of glasses that depress the harmful effect
of radiation or other glasses that benefit from the positive effect of radiation.

This work is designed to study the optical transmissions, optical energy band gaps
and luminescence properties of borosilicate glasses made from agricultural waste such
as rice husk ash and doped with Nd,O3; and Dy;0O3 to meet quality standards. This
demonstration will pave the way for development of new innovative waste composites and
for technologically important uses of waste. When doping Nd3* or Dy>* into glass, unique
optical properties are obtained. Glass-doped Dy>* can be used in white light applications
as scintillators glasses, and it emits light in the yellow and blue regions. Glass-doped
Nd>* can be used in band rejection filters in image display devices because it prevents the
transmittance of light at several wavelengths due to electronic transitions within its 4f shell.
Furthermore, the effect of successive irradiation doses on these properties is discussed.

2. Materials and Methods
Glass samples were prepared with a mol% chemical composition of 25% SiO,—30%
Na;0—45% B,03, and doped with 4% Dy,O3 or Nd,O3 by the conventional technique of

melt quenching. The chemical reagents used were high purity NayCO3, H3BO4, Nd, O3,
and Dy,0;3 (Sigma Aldrich, 99.99%, St. Louis, MO, USA).



Materials 2021, 14, 5607

30f15

Si0O, was extracted from rice husk. First, rice husk was washed several times with
normal and deionized water to remove dust, and then drained of water with a plastic bowl.
In the second step, drained samples were leached with HCl (2M hydrochloric acid) for 2 h
then drained and washed with distilled water again to remove fabrics. The husk was dried
at 120 °C in an oven for 4 h. Finally, the treated rice husk was incinerated at 700 °C for
1/2 h to obtain silica (SiO;).

In preparing the glass samples, a digital balance (£0.0001) was used to weigh the
molar percentages of the reagents, which were then mixed and stirred for 30 min to obtain
a homogenous mixture, preheated at 400 °C for 1 h, and then melted at 1100 °C for 1/2 h.
Molten samples were cast on stainless steel plates to form glass samples, which allowed
annealing at 400 °C for 1 h. The samples were polished by silicon carbide and cut for
measurements.

The structures of the synthesized glass samples were determined via X-ray diffraction
(Shimadzu XRD-6000, Nishinokyo, Japan) in the range of 26 = 4° to 90°. Energy-dispersive
X-ray spectroscopy (EDX, Bruker, Mannheim, Germany) was used to verify the elemental
compositions of the rice ash and the prepared glass samples by the aiding of mapping
method with SEM to give a complete knowledge about homogeneity of the component
distribution. Scanning Electron Microscopy (SEM) EM, ZEISS, EVO-MA10, (Jenna, Ger-
many), a V-770 UV-visible/NIR spectrophotometer was used with wavelengths ranging
from 190-1800 nm (3200 nm option); for our samples, it was sufficient to measure up to
1900 nm, as no observed peaks were recorded at higher wavelengths. A UV-visible/NIR
spectrophotometer was equipped with two detectors; a PMT detector was used to measure
the samples in the UV to visible region. A Peltier-cooled PbS detector was used to mea-
sure the samples in the NIR region. Photoluminescence spectra were measured at room
temperature by a fluorescence spectrometer (Jasco FP-6500, Tokyo, Japan) using a Xenon
lamp as the excitation source with a 0.1 s scan speed, 0.25 nm step length and 0.2 nm slit
width. Indian Gamma cell (°*Co) was used as a source of gamma rays with a dose rate of
0.9722 kGy/h at RT.

3. Results and Discussion
3.1. Structural Identification Technique [XRD, EDX, and SEM]

The prepared glass samples were checked by X-ray diffraction to determine if the
samples were crystalline or non-crystalline in nature. All samples were studied at room
temperature. As shown in Figure 1, X-ray diffraction showed a broad band at 20 =27 °C that
indicated the amorphous nature of the prepared glass samples. EDAX (energy dispersive
analysis by X-rays) was carried out to analyze the rice ash components, which showed
approximately 87% SiO, yield from treated rice ash.

Intensity

20 40 60 80

Figure 1. XRD spectra of GRN and GRD glass samples.
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The same technique was used to determine the average glass composition after prepa-
ration. It was found that the element ratios in the glass samples were very near the initial
weights of participating elements in the glass preparation, as shown in Table 1.

EDX spectra of rice ash (RA) (produced by treating and burning rice husk at 700 °C)
and the spectra of either Nd3*- or Dy>*-doped borosilicate glasses (separately extracted
from rice ash) in GRN and GRD samples are illustrated in Figure 2, which gives the com-
ponent percent inside the glass network. Figure 3a,b show images of Scanning Electron
Microscope (SEM) provided with elemental mapping spectra for prepared borosilicate
glasses doped with Nd,Oj3 or Dy,0O3 from rice ash, which illustrates a homogenous dis-
tribution of all elements specially doping elements (Nd,O3 or Dy,03) inside the glass
matrix.

Ti Mn
KCa BaTi MnFe Fe Cu Zn
40 60 80 100 120

K Ti Fe
LA, Ba '\"dMn CuZn

CuZn

Figure 2. EDX spectra for (a) RA, (b) GRN, and (c) GRD samples.
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Figure 3. Cont.
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Figure 3. SEM and Elemental mapping for (a) GRN (b) GRD samples.

Table 1. EDX Analysis of RA, GRN, and GRD Samples.

Elements
Na Mg Al Si P S Cl K Ca Ti Mn Fe Cu Zn Ba B Nd Dy
RA 014 05 04 04 870 65 001 005 019 004 001 032 18 043 049 013 15 O 0
GRN 362 687 067 09 21.01 502 493 043 235 19 002 011 199 033 082 035 11.5 459 0
GRD 344 583 1.05 083 1855 513 553 014 258 146 0.03 013 134 031 086 013 126 0 9.09

Sample

3.2. UV Transmittance Spectroscopy Analysis
3.2.1. Deconvoluted Absorption Spectra of GR Sample

The role of doping in the color and transparency of the investigated glasses before
irradiation is illustrated in the inset of Figure 4.

1.0 1

0.8 1

0.6 1

0.4 1

Normalized Absorbance

0.2 1

0.0

200 250 300 350 400
Wavelength (nm)

Figure 4. Deconvolution of normalized absorbance spectra of GR with inset pictures of GRN and
GRD samples.

GRN samples showed a transparent purple color, and GRD had a colorless transparent
appearance. This figure depicts the optical absorption spectra of undoped borosilicate
glass extracted from rice husk (GR) in the wavelength range 200 to 1800 nm. The spectrum
of the GR glass revealed a broad UV-Vis absorption band extending from 190 to 400 nm.
The spectrum showed only distinct and broad UV absorption in the UV region up to
370 nm. After deconvolution of the spectrum, five peaks at 197, 245, 285, 322, and 365 nm
could be identified for the undoped glass, which is expected to be related to two types
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of defects. The first is for silicon-electron-center defects (Si-ECs), and the other is for
silicon-oxygen-hole-center defects (SIOHCs) at 245 and 285 nm [18,19]. Another absorption
peak at 365 nm is associated with Fe** ions [17], while peaks at 197 nm are attributed to
the absence of one or more electrons from Non Bridging Oxygen’s (NBOs) to give Non
Bridging Oxygen’s Hole Centers (NBO-HCs) in addition to the creation of HCs of Al inside
the glass system from rice ash [18,20]. Peaks near 322 nm can appear due to the presence of
borate groups. However, the UV-visible-NIR region showed 9 distinct bands for the GRN
glass and 8 distinct bands for the GRD glass, as shown in Figure 5a,b.
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Figure 5. Transmittance spectra of (a) GRN and (b) GRD samples at room temperature.

3.2.2. Transmittance Spectra of GRN

Transmittance spectra of borosilicate glass extracted from rice husk and doped with
4% neodymium oxide (GRN) before and after irradiation with 20 and 50 kGy gamma rays
are shown in Figure 5a. In general, Nd*>" showed different behaviors in amorphous fields
and crystalline fields. In an amorphous field, the transition of an excited electron occurs
between the ground and excited levels, where each band consists of multiple random levels
resulting in homogenous broadening in the crystalline host, where Nd** can be located in a
regular crystal field [21]. Several bands were observed in the spectra because of the electron
transitions from the ground level (*Ig ;) to higher energy levels in the 4P3 configuration of
Nd3*, [22]. The spectrum reveals small UV transmittance bands at 28,409, 23,255, 21,141,
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and 19,531 cm ™! for transitions to higher levels (4111/2 + 4D3/2 + 4D5/2), 3P1/2, (4G11/2 +
2K15/2 + 2G9/2 + 2D3/2), and (4G9/2+2F13/2+4G7/2), respectively. Then, stronger bands at
19047, 17,182 cm ™! were related to other transitions to (*Gs /o + 2G, /2) and ’Hy; /2 states,
and a weak band at 14,684 cm ™! indicated the transition to the *Fg, level; finally, three
medium bands at 13,422, 12,437, and 11,415 cm ™! were related to (483/2 + 4F7/2), (4F5/2 +
2Hy /2), and 4F, /2 transitions, respectively. Other bands at 30,769 cm~! were related to Fe3*
impurities in the raw materials; the 27,027 cm ! band was related to the structure of BO3
and NBO-HC from silica, while the band at 15,923 cm~! was related to Fe?*. The band at
17,241 cm~!, which was assigned to the transition 41 /2 — 4Gs /2, is the most hypersensitive
band depending on the surrounding environment of Nd. This band follows the selection
rules |AJl1 <2, ALl <2and |AS| =0[23]. Generally, the band at 12437 cm 1 is used to
pump Nd3* activated lasers with semiconductor laser diodes (GaAs) [24]. The GRN glass
sample shows several bands at 52,631 — 30,769, 28,409, 19,047, 17,241, 13,440, and 12,391
cm ™!, with transmittance values near 0%; the transmittance of these wavelengths can be
prevented by this type of glass, so this glass is recommended for use as an effective band
rejection filter. The transmittance values of these peaks move closer to zero after irradiation
with 20 and 50 kGy.

Gamma rays are ionizing radiation that induces several new properties in glass due
to the creation of new defects, and they can also generate new color centers by capturing
excited electrons and forming positive holes. When the GRN sample was exposed to 20
and 50 kGy gamma rays, the optical transmittance spectra were similar, but bands had
lower transmittance due to the capture of electrons produced by gamma irradiation by
Nd3* ions. No additional bands appeared after irradiation. Gamma irradiation plays an
effective role in enhancing the function of the prepared glass as a band rejection filter, since
after irradiation the intensities of the observed peaks approached zero % transmittance.

The indirect energy gap (Eg) for glass-doped Nd was observed to decrease from 3.03
to 3.022 and then to 3.00 eV after irradiation with 20 and 50 kGy doses, which is dominant
in the sample as it is glass-amorphous in nature. While a small amount of the component
of the glass matrix may seem to distribute inside the glassy network by crystalline order
giving direct energy gap values as following 3.52, 3.49, 3.42 eV before and after irradiated
with 20 and 50 kGy; respectively. The energy gap determines the energy of absorbed
light; this decrease in Eg values is related to an increase in the number of NBOs produced,
indicating that the energy required to absorb light decreases. The direct and indirect optical
energy gaps can be calculated as below, in which « represents the absorption coefficient, v
is the frequency, and B is a constant:

a(v) = B(hv — Eg)hv (1)

This gives a linear relation between [(ohv)Y/2 or (ahv)?] and aw, and Eg values may
be obtained from linear extrapolation to zero, as shown in Figure 6a,b and Table 2.

300
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Figure 6. Tauc plot of GRN samples before and after gamma irradiation doses for (a) direct and (b)
indirect energy gap.



Materials 2021, 14, 5607

8 of 15

Table 2. Energy Gap Values for GRN and GRD Glasses Before and After Gamma Irradiated.

Direct Energy Gap Indirect Energy Gap
Sample After Irrad. After Irrad.
Before Irrad. Before Irrad.
20 kGy 50 kGy 20 kGy 50 kGy
GRN 3.52 3.49 3.42 3.03 3.022 3.00
GRD 3.03 2.97 2.87 2.90 2.81 2.78

3.2.3. Transmittance Spectra of GRD

Figure 5b shows transmittance spectra for the GRD glass before and after irradiation.
Bands were observed in relatively similar locations, but with remarkable changes in in-
tensities. No additional bands appeared after irradiation. Several bands were observed at
25,974, 22,172, 13,333, 11,273, 9302, 7987, and 6042 cm~1; these were derived from Dy3+ ions
as a result of broadening of the f-f transition resulting from the °Hys,, ground state into
(*Tiz/2 + *F7/2), *Tis 2, °Fa2, °F7 /0, (*Hy 2 + ©Fo 2), (°F11/2 + ®Hy ), ®Hyy /2 excited states,
respectively [25-27]. These bands were broad due to the amorphous nature of the glass
system [28]. However, the band at 7987 cm ! is an intense band that obeys the selection
rules IASI =0, IALI <2,and IAJI <2[29], and is known as a hypersensitive transition
that is due to the transition 6H15/2 — 6F11/2 + 6H9/2.

After irradiation with 20 and 50 kGy doses, the intensities of the peaks change along
with wavelengths. From spectra beginning at 12,500 cm™~!, the transmittance decreased
after gamma irradiation, especially at 17,241 cm™~!; this was due to an effect induced by
borate as a result of NBO conversion of BO3 into BO4 groups, which overlapped with
NBO hole centers in silica after irradiation. Additionally, the presence of impurities such
Fe®* in rice husks and other chemical raw materials played an obvious role in the changes
in this area due to the conversion of Fe>* to Fe?* under the influence of radiation. The
transmittance of the GRD sample increased after irradiation in the visible region and was
more pronounced in the NIR region due to the capture of electrons produced by gamma
irradiation involving Dy®* <+ Dy>* ions. The observed high transparency in the visible and
NIR regions revealed that the composition possessed a promising scintillation character,
which was confirmed by the following photoluminescence studies.

Lowering of indirect Eg values from 2.90 to 2.81 and then to 2.78 eV also lowering in
direct Eg from 3.03 to 2.97 and then 2.87 eV was observed after irradiation due to increases
in NBOs and defects as illustrated in Figure 7a,b and Table 2, where the Dy>* ions present
in the glass structure are unable to absorb all of the excited electrons ejected by irradiation.
The change in the energy gap after gamma irradiation was evidence that modifications
occurred due to the effects of radiation.

2.0
12 (b) GRD indirect
(a) GRD Direct

— Before Irrad
After 20 kGy
8 —— After 50 kGy

—— Before Irrad.
After 20 kGy
After 50 kGy

0.5

0.0
20 22 24 26 28 3.0 3.2 1.8 2.0 22 24 2.6 2.8 3.0 3.2

hv hv

Figure 7. Tauc plot of GRD samples before and after gamma irradiation doses for (a) direct and
(b) indirect energy gap.



Materials 2021, 14, 5607

9of 15

3.3. Photoluminescence
3.3.1. Photoluminescence of GRN

Neodymium is a lanthanide metal that has a [Xe] 4f* 65 electronic configuration in
the ground state. Excitation of electrons in the 4f shell allows transitions that result in
emission after irradiation at 585 nm, while electrons in other orbitals do not contribute to
luminescence. The photoluminescence of Nd** can be ascribed to the transition between
the excited level 4f2 5d! and ground level 4f, and the resulting emission depends mainly
on the structure of the host material [30,31].

Emission and excitation spectra resulting from excitation at Aexc = 585 nm and emission
at Aeyi = 1060 nm are shown in Figure 8a,b. Figure 8a shows 3 emission peaks at 926, 1072,
and 1353 nm. Borosilicate glass-doped Nd ions were pumped with an output laser at
585 nm that gave resonance with the 4Fs 2+ ’H, /2 level of neodymium and excited the
4F, /2 metastable level, giving broad emissions at 926 nm for 4, /2, 1072 nm for 4y, /2, and
1353 nm for 4135 /2. This broad emission was due to the amorphous nature of the host. The
transition *Fj /2 — 1 /2 showed the highest peak intensity due to the lasing transition
power of this glass [32,33]. The expected reason for the decreased intensities of the other
two peaks compared to that for 4I1; /, involves the capability of Nd** ions to accept excited
electrons in the ground state. After irradiation, the intensity of the *F3,, — 1072 nm
transition increased after a 20 kGy dose and then decreased slightly with a 50 kGy dose,
which can be explained by the quenching effect of Nd>*. Figure 8b shows six excitation
peaks at 515, 595, 690, 730, 812, and 880 nm; by increasing the y-ray dose, the excited Nd3*
ions form a cluster of Nd** and this promotes multiphonon relaxation and subsequent
quenching [16].
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Figure 8. (a) Emission spectra and (b) Excitation spectra of GRN samples before and after gamma irradiated.

3.3.2. Photoluminescence of GRD

Dy®* is one of the important candidate rare earth elements to be applied for white-
light applications, due to its emission in the yellow and blue regions [9]. Therefore, if
glass doped with Dy>* is excited in the UV /blue region, it emits white light to be used
for W-LEDs. Photoluminescence excitation for borosilicate glass doped with Dy>* can
be detected with an emission wavelength of 574 nm, as shown in Figure 9a. Figure 9a
shows an excitation spectrum with 8 peaks at 323, 337, 347, 363, 386, 423, 451, and 473 nm,
resulting from f-f electronic transitions from ®Hjs /2 to (*M;7 /2 + 6P, /2) 4y /2 6p, /2 (4111 /2
+5Ps5/2), (*liz/z + *F7/2), *Gi1/2, *lis/2, and *Fo 5, respectively [34].



Materials 2021, 14, 5607

10 of 15

5e+5
(a) Aexc =349 nm

4e+5
_é‘ Before irrad.
2 —— After 20 kGy
o 3e+5 —— After 50 kGy
2
£
c
o
w 2e+5 -
0
£
w

1e+5

) A A N

400 500 600 700 800 900
Wavelength (nm)
5e+5
(b) A= 574 nm

4e+5
> Before Irrad.
x —— After 20 kGy
g —— After 50 kGy
o 3e+5
i)
£
c
.0 2645
;§ e
o
X
w

1e+5

0 L T T T == T

300 350 400 450 500 550

Wavelength (nm)

Figure 9. (a) Emission spectra and (b) Excitation spectra of GRN samples before and after gamma
irradiated.

Photoluminescence emission spectra containing 4 emission bands for borosilicate glass
doped with Dy** ions are shown in Figure 9b, with Aexc = 349 nm. Two small bands are
seen at 665 and 754 nm, two intense bands are seen at 482 nm in the blue region for the
4Py, — ®Hjs /5 transition owing to the effect of the magnetic dipole transition, and another
is seen at 570 nm in the yellow region for the *Fg,, — ®Hy3, transition arising from the
hypersensitive transition from the forced electric-dipole that obeys the selection rule | AS|
=0, |ALI <2and |AJI < 2. Moreover, the intensity of the peak at 482 nm for the 4F9 /2
— OH5 /2 transition is lower than the intensity at 570 nm of the 4F, /2 — ®Hys /2 transition.
It is known that *Fg,, — ®Hy3, is a hypersensitive transition that depends mainly on the
host matrix; on the other hand, *Fq /2 = oHy5 /2 results from the strength of the crystal field
in the matrix. The dominant appearance of the ®Hj3, transition ensures the symmetric
distribution of Dy®* in the glass matrix environment [35].

The emission band shapes and distributions were identical before and after irradiation,
which indicated the shielding of the 4f shell by the electrical field originating from the outer
552 5p° electrons. The only intensity changes occurred due to self-emission inside the glass
network under radiation, which is known as the quenching effect. The quenching effect
occurred due to interactions between gamma rays and the glass matrix that were different
from those of the UV excitation process. In UV excitation, there was direct excitation of
luminescent ions (Dy>*), but gamma rays react with defects (holes, color centers, electrons)
in the glass matrix to produce extra excited electrons that transfer directly or indirectly to
conductive levels. The observable white light flash is due to the effect of X-rays, which
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is similar to the gamma ray effect occurring in a dark chamber; due to the difficulty of
following the gamma reaction on glass by eye, there is an opaque cover of the chamber.
This allows use of the prepared glass-doped Dy>* as a gamma or X-ray detector for safety
detector glass in reactors and laboratories.

White luminescence is generated by mixing blue, green, and red colors produced by
the appropriate ratio of three primary red, green, and blue emissions or from mixing yellow
and blue emissions [36]. In the case of white luminescence generated from yellow and blue
mixtures, the Y/B ratio must be calculated to determine the local symmetry of the doping
luminescent material inside the environment and the electronegativity surrounding the
rare earth ions [37]. In Dy**-doped borosilicate glasses extracted from rice ash, the ratio
between the intensities of yellow emission and blue emission (Y /B ratio) is linked to *Fg /2
— %Hy; /2 and 4F, /2 — ®H;s /2 transitions [38]. The asymmetric nature of the prepared
glass is shown to increase, as indicated by an increase in the intensity of the *Fg/, — °Hy3 5
electrical dipole transition [39]. The current work gives Y /B ratios of 2.269 and 2.115 for
Dy3*-doped borosilicate glass before and after irradiation with a 50 kGy dose, respectively,
as given in Table 3. Y/B ratios provide information on the ability of the studied samples to
generate white or yellow light, which differ according to the glass-network environment or
Dy>* concentration. The increase in the Y/B ratio points to the degree of covalent bonding
“Dy3*-0%” in the higher local symmetry of the dysprosium environment [40].

1. Decay curve for GRD samples

Decay lifetimes were measured with Aexc = 350 nm for the borosilicate glasses doped
with Dy>* (GRD) before and after gamma irradiation, as shown in Figure 10. The decay
profile was evaluated to follow emission at 482 nm from the *Fy, excited state level. It
was fitted with exponential equations giving information about the interactions occurring
between Dy>*-Dy>* ions, in which one of them is the donor (excited) and the other is the
acceptor (unexcited) [41].
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— Fitting Line
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Figure 10. Luminescence decay profiles of the 4F9/2 level of GRD glasses before and after gamma

irradiation.

The curves exhibited three components related to fast, medium, and slow relaxation
of ions processes that are expressed by 1, 12, and 13 with values 0.70, 15.34, and 89.33 pus
with contribution percentage about 6480, 822, and 203; respectively for unirradiated GRD
glass sample, while after irradiated with 50 kGy, decay processes (11, 12, 13) are equal to
0.65,14.41, and 76.95 us with contribution percentage 3518, 335, and 73, respectively. The
observed three lifetime quenching process can describe the life time needed for the excited
electron in the excitation transition level before its movement to the ground transition level.
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The energy transfer mechanism can be followed from (*Fg ;) excited energy level of Dy>*
ion to the nearest other Dy>* in its ground level (*H1s,,). This process makes the first
Dy>* ion in intermediate level (*Hg ), while the second Dy>* ion becomes °F3 , that is in
resonance with *Fg /2= 6Hy /2 transition. Finally, both Dy?’Jr ions give fast non-radiatively
decay to the ground state. The distance between Dy>* ions is the main effective parameter
in this mechanism. Therefore, by increment created ions concentration, ion-ion space
decreases and the interaction increases. Upon being irradiated the sample, Dy>* ions
liberated and increased in the matrix, leading to a decrease in decay lifetime. The average
decay times can be expressed with the following formula:

Tavg = (A1T1% + Ao + A313%) /(AT + AsTo + AsTs) ()

where A1, Ay, and Aj are fitting constants as weight coefficient and 1y, 15, T3 are the decay
times in ps. Tayg is approximately 515.4338 pus and decreases to 395.822 us after a 50 kGy
irradiation dose, indicating the existence of ET (Energy Transfer) between the acceptor and
donor [40,41].

2. CIE color chromaticity co-ordinates

Any object can reflect or produce light that causes color, and every color has a special
point on the chromaticity diagram. A chromaticity diagram, which is named a color map,
can be used to indicate the color coordinates of the material with a specified point on the
diagram [36]. A chromaticity coordination can be calculated according to the “Commission
International de I'Eclairage 1931 (CIE)” to determine the performance of Dy>*-doped
borosilicate glasses. Color coordinates are a very important parameter for determining the
ability of luminescent glasses to be used in white LED applications. According to emission
spectra, CIE color coordinates were obtained for the studied samples. Borosilicate glass-
doped Dy3* before and after irradiation with a 50 kGy dose gave CIE color coordinates (x,
y) of (0.37, 0.415) and (0.365, 0.398), respectively, as given by Table 3; this can be depicted
with the chromaticity diagram (CIE 1931) shown in Figure 11a,b for samples before and
after 50 kGy irradiation. The CIE color coordinates were located very near the white region
upon irradiation and moved closer to the white region, giving a white flash with higher
power.

CIE 1931

CIE 1931

Figure 11. CIE coordinate diagram of (a) GRD before irradiation and (b) GRD after irradiated with
50 kGy.
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In addition, white color quality can be determined as the correlated color temperature
(CCT) from the equation proposed by McCamy [42] as follows:

CCT = —449n® + 352n° — 682n + 5520.33 (3)

where the epicenter can be expressed as (xe = 0.332, ye = 0.186) and n is equal to (x—xe)
divided by (y-ye). CCT can determine the nature of the resulting light and whether it
appears as “warm” or “cool”. It is known that “warm” light has a CCT value less than
3200 K and “cool” light has a CCT value greater than 4000 K [42]. Dy>*-doped borosilicate
glasses before and after irradiation gave CCT values above 4000 K, as tabulated in Table 3,
which confirms the ability of these glass types to emit white light with a cool nature; the
sample exhibited a CCT value of 4483.09 before irradiation and this increased to 4541.93
after irradiation.

Table 3. Yellow to blue integrated intensity ratios, average decay time, chromaticity color coordinates,
and CCT of GRD glasses before and after irradiation.

Color Co-Ordination

Sample Y/b xy) CCT
X Y
Before Irrad. 2.269 0.370 0.415 4483.09
After 20 kGy 1.958 0.375 0.377 4157.73
After 50 kGy 2.115 0.365 0.398 4541.93

4. Conclusions

In summary, we have developed a novel glass system by inserting rice husk ash
components and using the melt-quenching technique with two different systems to be
used for varied applications. Not only has this allowed for beneficial employment of
agriculture wastes, but surprisingly, the GRN samples exhibit potential for application as
band rejection filters at different wavelengths and the GRD samples emit in the yellow and
blue regions and give a white flash; this confirms the utility of these glasses as scintillators
glass. The unique structure also results in improved transmittance and photoluminescence
properties, which simplifies many aspects of fabrication and expands the opportunities
for several optical devices. Although the doped borosilicate glasses exhibited more than
one transmittance band due to electronic transitions in both samples, GRN samples gave
several for the glass network and the doped Nd** ions. The GRN glass sample gave more
than one transmittance band with intensity near 0% due to inter-transitions in its 4f shell,
which allows use of this sample as a band rejection filter at the different wavenumbers.
However, in the transmittance spectra of the GRD samples, several bands are observed
related to Dy>* ions transitions from the °Hy5,, ground state to the (*I3 5 + *Fy ), *I15/2,
®F3/, °Fy /2, (*H7 /2 + ®Fg/2), (°F11,2 + ®Hy»), and ®Hyy s, excited states, respectively. For
GRD samples, deterioration in the transmittance was observed when the investigated
samples were exposed to irradiation doses of 20 and 50 kGy in the wavenumber range of
12,500 to 50,000 cm~1; however, irradiation with a 50 kGy dose caused a greater increase
in transparency than a 20 kGy dose, and the difference was more pronounced for higher
wavelengths. PL measurements of GRN samples with Aeyxc = 585 nm gave three emission
peaks at 926, 1072, and 1353 nm for the transition from 4F3/2 to 419/2, 4111/2, and 4113/2,
respectively, indicating the homogenous distribution of Nd3* ions in the borosilicate matrix.
GRD samples emitted in the yellow and blue regions with Aexc = 349 nm, which resulted
in a white flash, confirming the utility of these glass types as scintillators glass. The
emitted white light had a cool nature, as the CCT values of the samples were above 4000 K.
Additionally, the Y/B ratio was calculated as 2.269 and 2.115, values that confirmed the
symmetrical distribution of Dy>* ions in the surrounding media. This is the first report
of borosilicate glasses doped with Nd3* or Dy>* and is made from borosilicate extracted
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from rice ash waste. We believe that this represents a major step towards production
of high-performance glass that can be integrated with other glass systems derived from
agricultural waste.

Author Contributions: Conceptualization, A.A., O.I. and S.A.E.A.; methodology, A.A and O.L;
software, A.A and O.I; validation, A.A., O.I. and S.A.E.A,; formal analysis, A.A., O.I, S.A.E.A. and
EE,; investigation, A.A., O.I, S.A.E.A. and FE; resources, A.A., O.I, S.A.E.A. and FE; data curation,
A.A., OI,S.AE.A. and FE,; writing—original draft preparation, A.A and O.1; writing—review and
editing, A.A and O.L; visualization, A.A., O.I. and S.A.E.A ; supervision, F.E.; project administration,
A.A,; funding acquisition, A.A. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Deanship of Scientific Research, grant number 10197-cos-
2020-1-3-1 during the academic year 1442 AH/2020 AD.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors gratefully acknowledge Qassim University, represented by the
Deanship of Scientific Research, on the financial support for this research under the number “10197-
€0s-2020-1-3-1 during the academic year 1442 AH/2020 AD”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tuscharoen, S.; Ruengsri, S.; Kaewkhao, J. Development of Barium Borosilicate Glass Using Rice Husk Ash: Effect of BaO. Adv.
Mater. Res. 2013, 770, 201-204. [CrossRef]

2. Ruengsri, S.; Insiripong, S.; Sangwaranatee, N.; Kaewkhao, J. Development of barium borosilicate glasses for radiation shielding
materials using rice husk ash as a silica source. Prog. Nucl. Energy 2015, 83, 99-104. [CrossRef]

3. Umar, S;; Halimah, M.; Chan, K.; Latif, A. Physical, structural and optical properties of erbium doped rice husk silicate
borotellurite (Er-doped RHSBT) glasses. |. Non-Crystalline Solids 2017, 472, 31-38. [CrossRef]

4. Ugheoke, I.B.; Mamat, O. A critical assessment and new research directions of rice husk silica processing methods and properties.
Maejo Int. J. Sci. Technol. 2012, 6, 430-448.

5. Onojah, A.D.; Agbendeh, N.A.; Mbakaan, C. Rice husk ash refractory: The temperature dependent crystalline phase aspects.
IJRRAS 2013, 151, 246-248.

6. Jiang, J.; Shang, X.; Wang, H.; Xu, Y.-B.; Gao, Y.; Zhou, Q. Diagnostic value of contrast-enhanced ultrasound in thyroid nodules
with calcification. Kaohsiung J. Med. Sci. 2015, 31, 138-144. [CrossRef] [PubMed]

7.  Sojka, L.; Tang, Z.; Furniss, D.; Sakr, H.; Oladeji, A.; Beres-Pawlik, E.; Dantanarayana, H.; Faber, E.; Seddon, A.B.; Benson, T.M.;
et al. Broadband, mid-infrared emission from Pr3+doped GeAsGaSe chalcogenide fiber, optically clad. Opt. Mater. 2014, 36,
1076-1082. [CrossRef]

8.  Wang, H.-Q.; Batentschuk, M.; Osvet, A.; Pinna, L.; Brabec, C.J. Rare-Earth Ion Doped Up-Conversion Materials for Photovoltaic
Applications. Adv. Mater. 2011, 23, 2675-2680. [CrossRef]

9.  Jha, K,; Jayasimhadri, M. Spectroscopic investigation on thermally stable Dy3+ doped zinc phosphate glasses for white light
emitting diodes. J. Alloy. Compd. 2016, 688, 833-840. [CrossRef]

10. Adel, A; Farag, M.; EI-Okr, M.; Elrasasi, T.; El-Mansy, M. Preparation and Characterization of Phosphate Glasses Co-doped with
Rare Earth Ions. Egypt. ]. Chem. 2020, 63, 2-3. [CrossRef]

11.  El-Alaily, N.; Sallam, O.; Ezz-Eldin, F. Effect of gamma irradiation on some spectroscopic properties of phosphate glass containing
samarium ions. J. Non-Crystalline Solids 2019, 523, 119604. [CrossRef]

12. Kassab, L.R.P; de Araujo, C.B. Linear and nonlinear optical properties of some tellurium oxide glasses. In Tecnological Advances
in Tellurite Glasses: Properties, Processing and Applications; Rivera, V.A.G., Manzani, D., Eds.; Springer: Cham, Switzerland, 2017;
Chapter 2; pp. 15-39. ISBN 978-3-319-53038-3. [CrossRef]

13. Praveena, R.; Venkatramu, V.; Babu, P,; Jayasankar, C. Fluorescence spectroscopy of Sm3+ ions in P205-PbO-Nb205 glasses.
Phys. B: Condens. Matter 2008, 403, 3527-3534. [CrossRef]

14. Pisarska, J.; Pisarski, W.; Dominiak-Dzik, G.; Ryba-Romanowski, W. Spectroscopic investigations of Nd3+ ions in B,O3-PbO-

Al,O3-WOj3 glasses. . Mol. Struct. 2006, 792-793, 201-206. [CrossRef]


http://doi.org/10.4028/www.scientific.net/AMR.770.201
http://doi.org/10.1016/j.pnucene.2015.03.006
http://doi.org/10.1016/j.jnoncrysol.2017.07.013
http://doi.org/10.1016/j.kjms.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25744236
http://doi.org/10.1016/j.optmat.2014.01.038
http://doi.org/10.1002/adma.201100511
http://doi.org/10.1016/j.jallcom.2016.07.024
http://doi.org/10.21608/ejchem.2019.15556.1944
http://doi.org/10.1016/j.jnoncrysol.2019.119604
http://doi.org/10.1007/978-3-319-53038-3_2
http://doi.org/10.1016/j.physb.2008.05.027
http://doi.org/10.1016/j.molstruc.2006.01.061

Materials 2021, 14, 5607 15 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Zaman, F,; Rooh, G.; Srisittipokakun, N.; Kim, H.; Kaewnuam, E.; Meejitpaisan, P.; Kaewkhao, ]. Scintillation and luminescence
characteristics of Ce3+doped in Li;O-Gd;O3-BaO-B,0Oj3 scintillating glasses. Radiat. Phys. Chem. 2016, 130, 158-163. [CrossRef]
Mohan, S.; Thind, K.S.; Sharma, G.; Gerward, L. Spectroscopic investigations of Nd3+ doped flouro- and chloro-borate glasses.
Spectrochim. Acta Part A: Mol. Biomol. Spectrosc. 2008, 70, 1173-1179. [CrossRef] [PubMed]

Boonin, K.; Kaewkhao, J.; Ratana, T.; Limsuwan, P. Preparation and Properties of BiO3-B,O3-NdO3 Glass System. Procedia Eng.
2011, 8, 207-211. [CrossRef]

Sallam, O.; Alhodaib, A.; El Aal, S.A.; Ezz-Eldin, F. Influence of gamma ray on optical and structural properties of commercial
glass enriched with copper oxide. Inorg. Chem. Commun. 2020, 124, 108388. [CrossRef]

Kaewjaeng, S.; Kothan, S.; Chaiphaksa, W.; Chanthima, N.; Rajaramakrishna, R.; Kim, H.; Kaewkhao, J. High transparency
LapO3-Ca0-B,03-5i0; glass for diagnosis x-rays shielding material application. Radiat. Phys. Chem. 2019, 160, 41-47. [CrossRef]
Ezz-Eldin, F; Mahmoud, H.; Abdelaziz, T.D.; El-Alaily, N. Response of commercial window glass to gamma doses. Phys. B:
Condens. Matter 2007, 403, 576-585. [CrossRef]

Zamratul, M.; Zaidan, A.; Khamirul, A.; Nurzilla, M.; Halim, S. Formation, structural and optical characterization of neodymium
doped-zinc soda lime silica based glass. Results Phys. 2016, 6, 295-298. [CrossRef]

Azevedo, J.; Coelho, J.; Hungerford, G.; Hussain, N.S. Lasing transition (4F3/2—4I11/2) at 1.06um in neodymium oxide doped
lithium boro tellurite glass. Phys. B: Condens. Matter 2010, 405, 4696-4701. [CrossRef]

Pascuta, P; Pop, L.; Rada, S.; Bosca, M.; Culea, E. The local structure of bismuth borate glasses doped with europium ions
evidenced by FT-IR spectroscopy. |. Mater. Sci. Mater. Electron. 2007, 19, 424-428. [CrossRef]

Algradee, M.A; Sultan, M.; Samir, O.M.; Alwany, A.E.B. Electronic polarizability, optical basicity and interaction parameter for
Nd, O3 doped lithium-zinc—phosphate glasses. Appl. Phys. A 2017, 123, 524. [CrossRef]

Chimalawong, P,; Kirdsiri, K.; Kaewkhao, ].; Limsuwan, P. Investigation on the Physical and Optical Properties of Dy3+ Doped
Soda-Lime-Silicate Glasses. Procedia Eng. 2012, 32, 690-698. [CrossRef]

Ajroud, M.; Haouari, M.; BEN Ouada, H.; Maaref, H.; Brenier, A.; Garapon, C. Investigation of the spectroscopic properties of
Nd3+-doped phosphate glasses. J. Phys. Condens. Matter 2000, 12, 3181-3193. [CrossRef]

Speghini, A.; Peruffo, M.; Casarin, M.; Ajo, D.; Bettinelli, M. Electronic spectroscopy of trivalent lanthanide ions in lead zinc
borate glasses. J. Alloy Compd. 2000, 300-301, 174-179. [CrossRef]

Chimalawong, P.; Kaewkhao, J.; Kedkaew, C.; Limsuwan, P. Optical and electronic polarizability investigation of Nd3+-doped
soda-lime silicate glasses. . Phys. Chem. Solids 2010, 71, 965-970. [CrossRef]

Bulus, L; Dalhatu, S.A.; Hussin, R.; Shamsuri, W.IN.W.; Yamusa, Y.A. The role of dysprosium ions on the physical and optical
properties of lithium-borosulfophosphate glasses. Int. ]. Mod. Phys. B 2017, 31, 1750101. [CrossRef]

Rajiv, A.; Reddy, M.S.; Uchil, J.; Reddy, C.N. Thermal and Optical properties of Sodium-Phospho-Zinc-Neodymium oxide glass
system. J. Adv. Sci. Res. 2014, 5, 32-39.

Peijzel, PS.; Vergeer, P.; Meijerink, A.; Reid, M.E; Boatner, L.; Burdick, G.W. 4fn—15d—4fn emission of Ce3+, Pr3+, Nd3+, Er3+,
and Tm3+ in LiYF4 and YPO4. Phys. Rev. B. 2005, 71, 045116. [CrossRef]

Bokare, A.; Pai, M.; Athawale, A.A. Surface modified Nd doped TiO2 nanoparticles as photocatalysts in UV and solar light
irradiation. Sol. Energy 2013, 91, 111-119. [CrossRef]

De Oliveira, M.A.S.; De Aratjo, C.B.; Messaddeq, Y. Upconversion ultraviolet random lasing in Nd"3+ doped fluoroindate glass
powder. Opt. Express 2011, 19, 5620-5626. [CrossRef]

Jyothi, L.; Upender, G.; Kuladeep, R.; Rao, D.N. Structural, thermal, optical properties and simulation of white light of titanium-
tungstate-tellurite glasses doped with dysprosium. Mater. Res. Bull. 2014, 50, 424-431. [CrossRef]

Kaur, S.; Arora, D.; Kumar, S.; Singh, G.; Mohan, S.; Kaur, P; Kriti; Singh, D. Blue-yellow emission adjustability with aluminium
incorporation for cool to warm white light generation in dysprosium doped borate glasses. |. Lumin. 2018, 202, 168-175.
[CrossRef]

Talewar, R.A.; Mahamuda, S.; Swapna, K.; Rao, A. Near UV based Dy3+ ions doped alkaline-earth chloro borate glasses for white
LED’s and visible lasers. Opt. Laser Technol. 2019, 119, 105646. [CrossRef]

Sun, X.-Y.; Zhang, J.-C.; Liu, X.-G.; Lin, L.-W. Enhanced luminescence of novel Ca3B206:Dy3+ phosphors by Li+-codoping for
LED applications. Ceram. Int. 2012, 38, 1065-1070. [CrossRef]

Pisarska, J. Optical properties of lead borate glasses containing Dy3*ions. J. Phys.: Condens. Matter 2009, 21, 285101. [CrossRef]
[PubMed]

Vijaya, N.; Kumar, K.U.; Jayasankar, C. Dy>*-doped zinc fluorophosphate glasses for white luminescence applications. Spectrochirm.
Acta Part A 2013, 113, 145-153. [CrossRef] [PubMed]

Klimesz, B.; Ryba-Romanowski, W.; Lisiecki, R. Oxyfluorotellurite glasses doped by dysprosium ions. Thermal and optical
properties. Opt. Mater. 2015, 42, 538-543. [CrossRef]

Rayappan, I.A.; Maheshvaran, K.; Babu, S.S.; Marimuthu, K. Dysprosium doped lead fluoroborate glasses: Structural, optical,
and thermal investigations. Phys. Status Solidi 2011, 209, 570-578. [CrossRef]

McCamy, C.S. Correlated color temperature as an explicit function of chromaticity coordinates. Color Res. Appl. 1992, 17, 142-144.
[CrossRef]


http://doi.org/10.1016/j.radphyschem.2016.08.016
http://doi.org/10.1016/j.saa.2007.10.038
http://www.ncbi.nlm.nih.gov/pubmed/18068421
http://doi.org/10.1016/j.proeng.2011.03.038
http://doi.org/10.1016/j.inoche.2020.108388
http://doi.org/10.1016/j.radphyschem.2019.03.018
http://doi.org/10.1016/j.physb.2007.09.074
http://doi.org/10.1016/j.rinp.2016.05.014
http://doi.org/10.1016/j.physb.2010.08.066
http://doi.org/10.1007/s10854-007-9359-5
http://doi.org/10.1007/s00339-017-1136-6
http://doi.org/10.1016/j.proeng.2012.01.1328
http://doi.org/10.1088/0953-8984/12/13/324
http://doi.org/10.1016/S0925-8388(99)00718-5
http://doi.org/10.1016/j.jpcs.2010.03.044
http://doi.org/10.1142/S0217979217501016
http://doi.org/10.1103/PhysRevB.71.045116
http://doi.org/10.1016/j.solener.2013.02.005
http://doi.org/10.1364/OE.19.005620
http://doi.org/10.1016/j.materresbull.2013.11.013
http://doi.org/10.1016/j.jlumin.2018.05.034
http://doi.org/10.1016/j.optlastec.2019.105646
http://doi.org/10.1016/j.ceramint.2011.08.032
http://doi.org/10.1088/0953-8984/21/28/285101
http://www.ncbi.nlm.nih.gov/pubmed/21828507
http://doi.org/10.1016/j.saa.2013.04.036
http://www.ncbi.nlm.nih.gov/pubmed/23719414
http://doi.org/10.1016/j.optmat.2015.02.012
http://doi.org/10.1002/pssa.201127386
http://doi.org/10.1002/col.5080170211

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Structural Identification Technique [XRD, EDX, and SEM] 
	UV Transmittance Spectroscopy Analysis 
	Deconvoluted Absorption Spectra of GR Sample 
	Transmittance Spectra of GRN 
	Transmittance Spectra of GRD 

	Photoluminescence 
	Photoluminescence of GRN 
	Photoluminescence of GRD 


	Conclusions 
	References

