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Abstract

3+

This paper reports for the first time ultrasound, EGCG assisted synthesis of pure and Eu
(1-5 mol %) activated Ca,SiO4 nanophosphors having self-assembled superstructures with high
purity. The shape, size and morphology of the product were tuned by controlling influential
parameters. It was found that morphology washighly dependent on EGCG concentration,
sonication time, pH and sonication power. The probable formation mechanism for various
hierarchical superstructures was proposed. The PL studies of Ca,SiO4:Eu’* phosphors can be
effectively excited by the near ultraviolet (UV) (396 nm) light and exhibited strong red emission
around 613 nm, which was attributed to the Eu’* (5D097F2) transition. The concentration
quenching phenomenon was explained based on defect to Eu’* energy transfer, electron-phonon
coupling and Eu’*- Eu’" interaction. The Judd—Ofelt intensity parameters and radiative
properties were estimated by using PL emission spectra. The photometric studies indicate that
the obtained phosphors could be a promising red component for possible applications in the field

of white light emitting diodes.

Keywords: Sonochemical synthesis; Nanophosphor; Light emitting diodes; Photoluminescence;
Superstructures.
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1. Introduction

Advances in nano/bulk superstructures have been led by the improvement of novel synthesis
routes which offer the control of size, morphology, surface area of the product for selective
applications. Recently, it has been reported that various nanostructures have been prepared by
sonochemical process with several advantages over other methods namely uniform size
distribution, higher surface area and high purity. In this method, consumption of high intensity
ultrasound offers a novel and versatile approach for obtaining self assembled nanomaterials. The
chemical reaction which occurs at high temperature and pressure in a short duration of time
provides the necessary environment for the nucleation and to self oriented hierarchical
superstructures [1, 2]. The molecules in the solution undergo chemical reaction followed by
acoustic cavitation and formation (nucleation) of bubbles. Further, when it was subjected to
ultrasonic radiation (20 kHz-10 MHz) there will be a growth by diffusion of solute atoms into the
bubbles and mechanical collapse of critical — sized bubbles in the liquid solutions. During
collapsing (< 1 ns), the temperature and cooling rate was extremely high (5000 - 25,000 K, >
1011 K/s), causing the broken of chemical bonds. Further, in ultrasonic irradiation faster
hydrolysis rate was achieved as a result crystallinity of material greatly enhanced [2].

Nanophosphors may have more advantages over traditional micronsized phosphors as a
result, electrical and optical properties greatly enhanced. Further, nano sized particles exhibit
quantum size effect, as well as high surface to volume ratio, band gap can reduce, enhance the
luminescence and improves the surface and interfacial effects [3, 4]. Therefore, phosphors are
significant materials for the potential applications, like fluorescent lamps, light emitting diodes
(LEDs), field emission display (FEDs), plasma display panels (PDPs) and high energy detectors
[5, 6]. Among these applications phosphor converted white light emitting diodes (pc-WLEDs)

are important candidates for solid state lighting because of their excellent properties such as long
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operational lifetime, energy saving, high brightness, higher luminescent efficiency, compactness,
and environment friendliness [7].

Silicates are highly chemical resistance and visible light transparency and hence theyare
attractive class of inorganic materials used for wide range of applications [8]. Further, they have
been extensively studied due to their high thermal, chemical stabilities, low cost, excellent water
resistance and strong absorption in the near-UV region [9]. RE activated silicate phosphors have
considerable practical applications such as display devices, detectors systems, immunoassays,
scintillators, LEDs etc. Table.l shows the various Eu’* activated silicate hosts prepared by
different chemical methods [10-16].

Herein, for the first time we report controlled fabrication of several hierarchical
superstructures of Ca,SiO4:Eu’* nanophosphor with high yield and good uniformity using EGCG
ultrasound assisted synthesis. In addition, various novel self-oriented superstructures were also
obtained by varying the experimental conditions. Effect of morphology on sonochemical time,
power and the pH of the precursor solution were discussed in detail. The possible formation
mechanism of different hierarchical superstructures was put forward on the basis of time-
dependent experiments. To evaluate the potential applications of the product, the photometric
properties (PL, CIE, CCT and color purity) of Ca;SiO4:Eu’* nano/ micro superstructures were
studied in detail.

2. Synthesis
Undoped and Eu’* doped Ca,SiO4 nano/microstructures with varying Eu’* jons concentrations
were synthesized by EGCG assisted ultrasound method. The chemicals used for the synthesis
were tabulated in Table 2. The stoichiometric quantities of precursors were considered for the
preparation of Eu’* doped Ca,SiO,. 11.099 g of CaCl, as a source of calcium dissolved in 50 ml

of distilled water and 11.18 ml of tetra ethyl orthosilicate (TEOS) as a source of silicate in to
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distilled water which make up the solution to 50 ml. These aqueous solutions were thoroughly
mixed in a magnetic stirrer to get a uniform solution. The different concentrations of Eu’* ions
(1- 5 mol %) was also added in the above solution. 5 g of EGCG (C2,H;3011; 458.372 g / mol)
extract was dissolved in 100ml double distilled water and added to the resultant mixture slowly
(5, 10, 15, 20 and 25 ml). Then, the solution mixture was stirred ultrasonically (ultrasonic
frequency 20 kHz, power 300 W) at fixed temperature of 60 + 3 °C and by varying sonication
time (1 - 6 h). The solution was kept undisturbed until a white precipitate was formed. The
precipitate was filtered and washed several times by distilled water and ethanol to remove any
unreacted material in the centrifuge instrument. The precipitated powder was dried at 60 = 3 °C
for 3 h in a vacuum oven and calcined at 950 + 10 'C used for further characterizations. The
schematic diagram for the synthesis of Eu’* doped Ca,SiO4 nanophosphor was shown in Fig. 1.
2.1. Characterization

Phase purity and crystallinity of nanophosphors were measured using a powder X-ray
diffractometer (PXRD, Shimadzu 7000). Cuk, (1.5411&) radiation with nickel filter was used.
Scanning electron microscopy (SEM) measurements were performed on a Hitachi table top,
Model TM 3000. Transmission electron microscopy (TEM) was performed on a Hitachi H-8100
accelerating voltage up to 200 KV, LaBg¢ filament equipped with EDS (Kevex sigma TM Quasar,
USA). The prepared samples were dispersed on a sticky carbon pad. The thin layer of gold (Au)
was deposited on the sample to get better image quality. The diffuse reflectance spectroscopy of
the samples was recorded on spectrometer Perkin Elmer (Lambda-35). The Jobin-Yvon
spectroflourimeterfluorolog-3 operational with 450W xenon lamp as an excitation source was

used for photoluminescence (PL) measurement.



3. Results and discussion

The SEM images of the optimized Eu’* (4 mol %) doped Ca,SiO4 phosphors without EGCG. at
different sonication times (1, 2, 3, 4, 5 and 6 h) was shown in Fig. 2. By comparing the
micrographs of the phosphors by various sonication times, it was evident that ultrasound duration
time significantly changes the morphological features. The SEM micrographs of Ca,SiO4: Eu’*
(4 mol %) nanophosphor obtained forl h sonication exhibit an agglomerated particles (Fig.2 (a)).
When the ultra-sonication time was increased to 2 h, the needle-like shape morphology was
dominated (Fig.2 (b)). However, when the sonication time was increased to 3 h, flower like
morphology was obtained (Fig.2 (c)). When increase the reaction time of 4 h showed the
formation of large number of long needle-like shaped with well-defined morphology with typical
widths of (30-50) £ 5 pum and lengths in the range of (80-140) £3 um respectively. Normally in
sonochemical synthesis two types’ of reactions occur; (i) interaction between cavitation bubble
with the surrounding bulk solution leads to crystalline nature and (ii) inside the collapsing
bubbles leads to amorphous material. In the present case, crystalline powders with needle like
morphology was obtained, hence the formation of the Ca,SiO4 was in the interfacial region. The

formation mechanism of the needle-like morphology was based on the electrostatic interaction
between Ca** and SiO; ions at the beginning and then followed by their assembly on the surface

of micelles. The unstable bubble formed in the liquid-solid interface initially stats collapsing at
one weaker surface and then leads to jetting forms the needles like morphology. The mechanism
for the formation process of needle-like morphology can be shown schematically illustrated in
Fig. 3.

The above-mentioned synthesis procedure was repeated along with 25 ml of EGCG for

different time duration. Effect of sonication time on 25 ml optimized EGCG was reported in
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Fig. 4. In the presence of EGCG, the uniform, smooth spherical shaped spheres were formed. By
comparing the SEM micrographs of with and without EGCG, it can be evident that uniform and
smooth spherical shaped was tuned by sonication time.

Further, effect of various concentrations of EGCG (5 - 35 ml) on morphology was
studied with fixed sonication time (1 h) and was shown in Fig. 5. It was observed that particles
having large agglomeration were noticed for Sml of EGCG (Fig.5 (a)). However, with increase
of EGCG concentration to 10 ml, agglomeration was slightly reduced. Further, with increase of
EGCG concentration to 15, 20 ml, the product exhibit smaller and bigger sized spherical
particles as observed in Fig. 5 (d & c). When EGCG concentration was 25, 30 and 35 ml,
smooth spherical shaped particles were noticed. On the basis of SEM studies, the formation of
Ca,Si04 uniform spheres can be explained by a vesicle-template mechanism as shown in
Fig. 6. The ultrasonic wave originated ‘the self-aggregation of EGCG molecules to form

spherical micelle structures. These micelles were metastable and characterized by active ligands

on their surfaces. As EGCG was a cationic surfactant, SiOf_ions in the solution were easily
attracted to the micelle surface. Thus, the SiOf_ ion-covered micelles could be formed, which

provided nucleation domains for the succeeding reaction between SiO;  and Ca” to form hollow

spheres. During ultrasound irradiation of solution, the extreme but transient local conditions
affected by acoustic cavitations could not only speed up the dissolution of Ca(NO3),to generate
Ca” ions progressively but also facilitate the uniform deposition of the amorphous Ca,SiO4
nanophosphors onto the surface of the templates. The micelle template could be effectively
extracted by a washing without damaging the spherical structures.

Effect of pH on morphological features was studied by adding ammonia into the reaction

mixture (Fig.7a). It was observed that the pH may greatly influence the morphology of the



product. Further, by changing the appropriate pH value of the precursor solution could
prominently alter the size and dimension of the assembly units and growth pathway. In the
growth stage, many of the tiny assembly units extend to grow into hierarchical superstructures.to
reduce the surface energy. The actual formation processes was more complicated and may
require more studies. Several factors may influence to obtain hierarchical superstructures,
including crystal- face attraction, electrostatic and dipolar fields associated with the aggregate,
Vander Waals forces, intrinsic structures and external factors. The schematic representation of
possible growth mechanisms to end up with various hierarchical superstructures was shown in
Fig.7 (b). It was well known that optimized sonication condition normally results in reduced
particle sizes, highly uniform in particle distribution and reduction in synthesis time, when
compared to conventional routes. Therefore, the effect of sonication power on structures, were
performed under different frequencies (20 & 22 kHz). Initially, when the frequency of 20 kHz
was applied, the particles observed to spherical and more agglomeration (Figs.8 (a & b));
whereas with increase the frequency of sonication to 22 kHz, a uniform spherical shaped

particles were formed (Figs.8 (c & d)).

The plausible reaction mechanism for the step by step formation of Ca,SiO4 phosphors
was given in Fig. 9. Free radical initiated hydrolysis takes place for the formation of metal
orthosilicate complex. Initially ultrasonication assisted splitting of water takes place and it reacts
with tetraethyl orthosilicate to form orthosilisic acid (H4S104) (Step 1). Further, hydrolysis may
takes place by the replacement of C;HsO™ with —OH group on silicon and four ethanol molecules
for the formation of each orthosilicic acid molecule (Step 2). Subsequently, when ionic reaction
sets on, resultant HsS10,4 with metal nitrate forms respective metal orthosilicate (Step 3). In the

final stage a spherical shaped metal orthosilicate particles were observed in the presence of



EGCG (Step 4). It was believed that EGCG play an important role in control the nucleation and
growth rate during the reaction. Similar type of interaction of mechanism between EGCG and
CdO NPs was proposed in our earlier report [17]. Herein, the EGCG establish a coordinate bond
with metal orthosilicate to form micelles and facilitates the typical nucleation (Fig.9). It was
assumed that micelles was formed in which coordinated metal with rings B and D diol groups
become polar hydrophilic exterior and A and C rings of EGCG hydrophobic and become

interior.

Step 1: Ultrasound irradiation and formation of free radicals
H,0 — H +OH
H + H — H,
H + OH —> H,0
OH + OH —= H;0,

Step 2: Formation of orthosilicic acid

OEt OEt OH
H + OH + EtO—?i—OEt — EtO—?i—OH HO—?—OH + C,H,OH
OEt OEt )) OH
TEOS Orthosilicic acid

Step 3: Formation of Calcium orthosilicate.

OH

2+ ~
[ Ca ?
HO—?I—OH +2Ca(NO3z)y —— > 0—Si—0O + 4HNO,
OH O ca”

Metal orthosilicate bulk

Step 4: Formation of Calcium micro/nano structures.

Ca, O 0 o0 O
o'—?i—o' + EGCG —> o 0O
O Ca,’

Metal orthosilicate bulk Metal orthosilicate nano

/microsuperstructures



Fig.10. shows TEM and HRTEM images of 6h sonication time, without and with EGCG in
Ca,SiO4: Eu’* (4 mol %). TEM images clearly evident that the particles were nearly spherical
and size was 60 = 2 nm without EGCG used samples (Fig.10 (a)). Further, the polycrystalline in
nature clearly evident in selected area electron diffraction pattern (SAED) (Inset Fig.10 (a)). The
interplanar spacing was estimated to be 0.30 £ 0.04 nm (Fig.10 (b)). Fig.10 (c & e) shows the
TEM and HRTEM images clearly evident needle and spherical shaped particles with size of
around 17 £ 3 nm respectively. The HRTEM images clearly evident the polycrystalline nature

with interplanar spacing values of (0.38 = 0.005) and (0.33 £ 0.002) nm respectively.

Fig.11. shows the PXRD patterns of as formed and calcined Ca,SiO4:Eu’*(1 — 5 mol %)
nanophosphors. The as formed product was readily indexed to calcium silicate hydrate (JCPDS
card no. 33-0306) [14]. The PXRD patterns.of calcined Ca,Si04:Eu’ (I =5 mol %) at 900 °C
readily indexed to B-phase which was well matched with JCPDS card no. 36-0642 [14]. Further,
no impurity peaks were present in'the product indicating that Eu’* and Ca®* ions homogeneously

substituted in the host.

The acceptable percentage difference (D;) between radii of dopant ion Eu* (0.947 A) and

substituted ion Ca** (1.181&) should not be more than 30 % which was obtained by the formula

-R . .
D = 2 4" In the present case estimated value of D, for Ca,SiO4:Eu’* was found to be 19 %.

S

So, it was believed that the Ca>* was replaced by Eu’" in the host.

The average crystallite size (D) was calculated by using Scherrer’s formula,

D= 0.8941
Pcosd




where D ; the average crystallite size, A ; the wavelength of the X-rays (0.15405 nm), and 0 ; the
diffraction angle and £ ; full-width at half maximum (FWHM) of the peaks in the PXRD

patterns. The average crystalline size (D) was calculated for different Eu’" doped Ca,SiO,
nanophosphors were summarized in Table.3. The crystallite size increases with increase of
dopant Eu’* concentration which was due to the increase in strain leading the replacement of
Ca’" ions by Eu’* ions of smaller radii. To calculate the crystallite size and strain present in the
nano/microstructures W—H (Williamson—Hall) fitting method was used [18]. The strain can be

estimated by take a slope of the linear fit between fcos@/ A along y-axis and sin @/ A along x-

axis and was shown in Fig.12. The estimated values of size and strain were summarized in a
Table.3.

Fig.13 shows the diffuse reflectance spectra (DRS) of undoped and Eu’* doped Ca,SiO4
nanophosphor recorded in the range 200 - 800 nm at RT. In the shorter wavelength region the
spectra exhibit a weak absorption band may be due to formation of meta-stable states between
valence band and conduction band by the Eu’* ions due to more absorption of host matrix. The
several electronic absorption bands were observed in the longer wavelength region which was
assigned from ground state 'Fy to various excited states of Eu’* ions [19]. Due to variation in
particle size red shift of the bands were observed in the DR spectra with increase in Eu’*
concentration.

The Kubelka—Munk (K-M) theory was utilized to determine the energy band gap (Eg) of

synthesized undoped and Eu’* doped Ca,SiOsnanophosphors from DR spectra. The intercept of
the tangents to the plots of [F (Rw)hv]”2 versus photon energy Vv was shown in Fig. 14. The

Kubelka—Munk function F(R.) and photon energy (/V) was calculated by following equations

[20]:
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where R.; reflection coefficient of the sample, A; the absorptionwavelength.The calculated band
gap energies were summarized in Table.3. The degree of structural order and disorder into the
matrix was leads to changes in E,and also which will change the distribution of energy levels
within in the band gap [21]. Furthermore, the degree of structural order—disorder of the matrix
was mainly depends on the preparation methods as well as experimental conditions which can
favor or slow up the formation of structural defects, which wasalso cause for the variation in the
E,.

Inset of Fig.15 shows the excitation' spectrum of Eu’* doped Ca,SiO; (4 mol %)
nanophosphor monitored at 613 nm. The broad band at 261 nm was due to the charge transfer
transition of Eu’*—0”. The charge transition band was due to the fact that a transfer of electron
from 2p orbital of an oxygento an empty 4f shell of dopant Eu’* ions. The excitation spectra of
Ca,Si0,: Eu’* exhibit peaks at 299, 320, 360, 381, 393 and 414 nm were attributed to transition
of 'Fo>’Fs, 'Fo>"He, 'Fo> Dy, 'Fo>°L;, 'Fy>"Le, and 'Fy=> D5 respectively [19]. According
to Jorgensen, the CTB energy (ECT) was proportional to difference in optical electronegativities

between ligand anion X and center cation M was given by
E,(em™)=x,,(X)= 2, (M)]30x10% cm ™" oo (4)

where 7, (X) and Kopt (M); optical electronegativities of the ligand and central metal ion

respectively, E_ ; the energy of charge transfer band. Substituting the values of %, (X)=3.38

and %, (M) (Eu*) = 1.78 into Eq. (4), the position of O*>Eu’* CTB can be calculated to be

208 nm. It clearly shows that Ca,SiO4 nanophosphor may be an efficient host and sensitizer with
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an energy transfer from O” to Eu’* ions. The Eu’" ions were widely used as luminescence
activators with an emission of red light andit was a promising structural probe. The energy level
of Eu’ ions arises from the 4f — 4f transition and was shown in Fig.16. The PL emission
spectrum of Eu* doped Ca,SiO, nanophosphor was sensitive to the surrounding environment.
The transition *Dy>'F; due to magnetic dipole will be dominate when inversion symmetry site
was occupied by Eu®* ions [22]. In contrast, the transition *Dy=>'F, due to electric dipole will be
dominate when non-centrosymmetric site was occupied by Eu’* jons [23]. In the present case
Eu’* jons embedded in non-inversion centrosymmetric of hosts. Therefore, a red emission
intensity due to >Dy=>’F, was dominate than that of orange emission intensity due to’Dy=>’F in

Eu’* doped Ca,SiO4 nanophosphor.

The PL emission spectra of Eu’* doped Ca,SiO4 nanophosphor was recorded at
Aexc=393 nm. Emission spectra exhibit five peaks at 570, 593, 613, 654 and 702 nm which were
attributed to *Dy=>"Fy, >Do>'F1.°Dg=>"F,. "Dy>F; and *Dy>'Fy ; 4f° configuration of Eu’ ions,
respectively [24, 25]. In emission spectra, the narrow bands were due to electron shielding effect
in rare-earth ions (Eu3+). The intensive peak at 613 nm was attributed to the hypersensitive
transition between the >Dy and 'F, levels of the Eu’" in the host Ca,SiO4 matrix aroused due to a
forced electric dipole transition. The weak emission peak at 593 nm attributed to of *Dy>’F,
transition ascribed to magnetic dipole transition and was insensitive to site symmetry. To
measure the degree of distortion from the inversion symmetry of the local environment of the

Eu’" ions in the host matrix, the asymmetric ratio (Az;) was an important parameter [26];

§1,0D,~"F )
§II(SD0_>7P12)d2’

A=
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where I; and I,; intensity of magnetic dipole transition at 593 nm and electric dipole transition at
613 nm respectively. Therefore the value of A,; for Ca,SiO4:Eu’ increases in the beginning then
it decreases with further increase in Eu’* concentration (Fig. 17). The effect of various Eu’*
concentrations on the PL intensity of Ca,SiO4:Eu’* nanophosphor was studied and shown in
Fig.17. In the present case, PL intensity increased with increase in Eu’* concentration up to
4 mol % and afterwards it starts decreases due toconcentration quenching. The origin of
concentration quenching phenomena may be explained based on [27]:

(i) Defect to Eu’* energy transfer.

(i1) Electron-phonon coupling and multiphonon assisted energy transfer.

(iii) Eu™*- Eu’* energy transfer.

Due to the absence of defect to Eu’" energy transfer transition in the present work
indicating that this type of energy transfer mechanism was not responsible for concentration
quenching phenomena. In the excitation spectrum of Ca,SiO4:Eu’" nanophosphor weak bands
between 380 - 450 nm due to transitions 'Fp—’D, and 'Fy—’D3 was shown in Fig. 18. The
transition 'Fop—’D, was a-pure electric dipole (PED) transition, it is clear from energy level of
Eu’* that energy difference between D, and “Ds3 (2500 cm™) was much larger than vibrational
energies of chemical bonds in inorganic compounds [28]. Hence, weak bands between the
transitions' were due to the phonon-assisted (one or multi-phonon)transition. In multi-phonon
process, the nonradiative rate Wyr can be calculated by using the modified exponential energy-
gap equation of Van Dijk and Schuurmans [29];

Wy = By exp[-a(AE - 2ho,, )] e (6)

where S, (10" sy and « (4.5x107 cm); constants respectively and #@__ ; the energy of the

active phonons. The calculated multiphonon relaxation was found to be 240 s™ and was very

small and not responsible for the concentration quenching in RE ion doped materials.
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Huang—Rhys factor § was used to characterize the phonon-assisted transition (PAT) for

determine nonradiative transition given by the relation [30];

where Ipat and Izp; the integrated intensities of the phonon-assisted transition and zero phonon
line, respectively. The calculated Huang—Rhys factor S was found to be 0.25, which was greater
than expected value. The value of the Huang—Rhys factor proves the existence of week electron-
phonon coupling between Eu’* dopant and Ca,SiO4 host. Thus multiphonon assisted energy
transfer was not due the cause of quenching. Hence it may be concluded that the nonradiative
energy transfer between rare earth Eu’" ions was reason for concentration quenching. The
nonradiative energy transfer between Eu’* was mainly due to exchange interaction,
radiationreabsorption, or a multipole—multipole interaction. The self-quenching of Eu’* ions can
happen when the separation between two closest Eu’* jons was such that the interaction between
the two Eu’* ions was conceivable which leads to increase in the nonradiative relaxation and
diminish the luminescence intensity. Initially, the PL intensity increases and then decreases due
to smaller radius of Eu’" as compared to Ca**ions but at higher intensity the charge imbalance
leads to cross relaxation and on radiative transitions causes concentration quenching [31].
At higher concentration of Eu’* ions the distance between the activator ions decreases which
leads to the non-radioactive energy transfer among Eu’* jons.In this context, the critical distance

(R.) can be estimated from the following equation [32]:

3
R~ @®)
ATTX N

where V; the volume of the unit cell,X; the critical concentration Eu’* ions and N; the number of

sites in the unit cell. The schematic representation of Blasse’s formula was shown in Fig.19.
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Presently, V; 342.69 10\3, X.; about 0.04 and N; 4, resulting in the critical distance of (15.99 +
0.007) A. The calculated value of R, was greater than 5 A for the Eu* jons results that the multi-
pole—multi-pole interactions in the Ca;Si04 host [33]. Suppose electric multipolar interaction
was responsible in the energy transfer, there were several types of interactions may be possible
namely dipole—dipole (d—d), dipole—quadrupole (d—q), quadrupole-quadrupole (g—q), etc.
Therefore it was a necessity to reveal which type of interaction responsible in the energy transfer.
Dexter and Schulman [33] stated that the multi- polar interaction intensity can be resoluted based
on the change in the emission intensityfrom the emitting level that has multipolar interaction.

The ratio emission intensity (I) to concentration of activator.ion follows the equation;

Lol ©)

Where ¢ ; the activator concentration, Q ; a constant of multi- polar interaction and equals 6,8,
or 10 and less than 6 for dipole=dipole; dipole— quadrupole or quadrupole—quadrupole
interactions and charge transfer mechanism respectively, and K and f ; constants for the given

host lattice under the same excitation condition.

where (A =logk—1log 8). The curve of log I/y v/s log 7 in Ca,Si04:Eu’* phosphor was shown

in Fig. 20 and clearly confirms that the relation was approximately linear and the value of slope
was ~ -1.946. The calculated value Q was found to be ~ 5.8 was nearly equal to 6. This result
indicates that the charge transfer mechanism was due to dipole-dipole interaction for the
concentration quenching observed in Ca,SiO4:Eu’* phosphor.

Fig.21 shows Commission International De I-Eclairage (CIE) 1931 chromaticity diagram

[34, 35] for Ca,SiO4:Eu’* (1 - 5 mol %) nanophosphors. The CIE co-ordinates were calculated
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using PL emission spectra at the excitation of 393 nm and the values were summarized in a
Table.4. It was noticed that the CIE co-ordinates (x = 0.6185, y = 0.3810) for 4 mol % was
located in red region and nearly same as the National Television System Committee (NTSC)
standard values of pure red color (0.67, 0.33). By varying the concentration of Eu’* ions from
1 to 5 mol %, color tuning can be observed (shown in the inset of Fig. 21). The cotrelated color
temperature (CCT) was one the important parameter to know the color appearance of the light
emitted by a source, relating its color with respect to a reference light source when heated up to a
specific temperature in K [36]. CCT was calculated by transforming the (X, y) coordinates of the
light source to (Up, Vo) by using the following relations, and by determining the temperature of
the closest point of the Planckian locus to the light source on the (Uy, V) uniform chromaticity

diagram (Fig.22) [37]:

. (11)
—2x+12y+3

, 9

e —— (12)
—2x+12y+3

Also, the quality of white light in terms of color correlated temperature (CCT) was given by

McCamy empirical formula CCT = —437 n’ + 3601 n° — 6861 n + 5514 .31 (theoretical)
wheren = (x - x_)/(y — y.); the inverse slope line and chromaticity epicenter was at x. = 0.3320
and y. = 0.1858 [38]. Values of CCT calculated for each sample was summarized in Table.4.
The obtained values were well acceptable range and may be useful in home appliances. Any
nanophosphor material can be distinguished by their dominant wavelength and colour purity.

This conception was most useful for the narrow banded light sources. The CCT calculation was
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most useful broad banded light sources. The color purity of the emitted light from the Ca;Si04

host can estimate by following equation [39]:

\/('xs _xi)z + (ys - yi)2

color purity =

where (x_,y,); the coordinates of a sample point, (x,,y,) ; the coordinates of the dominant
wavelength and (x;, y,); the coordinates of the illuminant point. The estimated values were

given in Table.4, which indicated that purity of the red color increases with increase of Eu’*
concentration.

The intensity parameters were calculated by using Judd-Ofelt theory for the study of site
symmetry and luminescence behavior of rare earth doped host matrix [40, 41]. Previously, these
parameters were calculated by using absorption spectra. However, in the present case emission
spectra has been used for estimation of intensity parameters. The relation between radiative

emission rates and the integrated emission intensities was given by the equation [42]:

A _ = _ ho, (14)

A()—l IO—I h UO—Z,4

where lpy and hvp.;; integrated emission intensity and energies corresponding to transition
*Dy—"F; J =1, 2, 4) respectively.

The radiative transition rates (Ao.y) of electric dipole is expressed as

B 647&'4/@3 n(r12+2)2 ZQ
D 3prey 9 A7

where A _,,; the coefficient of spontaneous emission, e ; the electronic charge, A, ; the wave

number of the corresponding transition, h ; the Planck's constant, Syq ; the strength of the

2

magnetic dipole and n ; the RI of the prepared sample. KS DOHU (’1)H7F ,> ; squared reduced

17



matrix element of Eu’* and were 0.0032 and 0.0023 for J = 2 and 4 respectively and these value
was independent of the chemical environment [42]. Thus, by using Egs. (14) and (15), the
values of €); and Q4 were tabulated in a Table. 5. The variation in the value of €2, with different
Eu’ concentration specifies that Q, was more sensitive to the ligand environment. The
parameter €, shows it dependence on the covalency between rare earth ions and ligand anions
because parameter Q, replicate the asymmetry of the local environment at the Eu®* ion site. The
increase in the value of Q, with concentration shows decrease in the symmetric nature of Eu’* in
this host. The radiative properties such as transition probabilities (Ar), radiative lifetimes (Traq)
and branching ratios (Pg) for the excited states of Eu’* ions were calculated by using estimated

value of J-O parameters with following equations [39, 43].

A=A e (16)
1

Trad (l//‘]): A (l//J) """"""""" (17)

Bly)= —Ag’”(% L — (18)

The measured branching ratio for Eu®* doped Ca,SiO4 nanophosphor to be 0.99 > 0.50 suggests
that present nanophosphor can emit laser radiation more effectively and was suitable for

displaying devices.
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4. Conclusions

A series of red emitting Ca,Si04: Eu’* (1- 5 mol %) nanophosphors were prepared by facile
EGCQG assisted ultrasound method. The hierarchical superstructures largely depend on sonication
time, pH and concentration of EGCG. The growth mechanism of spherical; hierarchical
superstructures was proposed. The PXRD patterns of phosphors calcined at 950 °C confirms
single B-phase of Ca;SiO4. The energy gap (E,) value varies from 4.69-5.16 €V. The phosphor
exhibit intense red emission assigned for the transition (°Dy>'F,) at 613 nm. PL intensity
increases up to 4 mol % and then diminishes due to self-quenching effect. The optimized red
emitting phosphor exhibited high efficiency and color purity. Further, the phosphor showed CIE
chromaticity co-ordinates and CCT values which are very close to the values of standard red
phosphors. Hence, the phosphor obtained by ultrasound route may be useful for display and

solid state lightning applications.
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Figure Captions:

Fig.1.Schematic for the synthesis of Eu’* doped Ca,SiO4nanophosphor by ultrasonication
method.

Fig.2.SEM images of Ca,Si04: Eu’* (4 mol %) nanophosphor with different sonication times (1,
2,3, 4,5 and 6 hrs) without EGCG.

Fig.3.Schematic representation of formation process of needle - like morphology in Ca;SiOy:
Eu’* (5 mol %) nanophosphor.

Fig.4. SEM images of Ca,SiO4: Eu* (4 mol %) nanophosphor with different sonication times (1,
2,3,4,5 and 6 hrs) with EGCG (25 ml).

Fig.5. SEM images of Ca,SiO4: Eu’* (4 mol %) nanophosphor with different concentration of
EGCG (10, 15, 20, 25, 30 and 35 ml) with 1hr of ultrasonic irradiation time.

Fig.6.Schematic representation of formation process of hollow spheres morphology in Ca,SiOy:
Eu’* (4 mol %) nanophosphor.

Fig.7 (a).SEM images of Ca;SiO4: Eu** (4 mol %) nanophosphor with various pH values (5,7, 9,
11 and 12) with 1hr of ultrasonic irradiation time.

Fig.7 (b).Schematic representation for the formation of hierarchical superstructures of Ca;SiO4:
Eu’ (4 mol %) nanophosphor with various pH values.

Fig.8. SEM images of Ca,SiQ: Eu’* (4 mol %) nanophosphor with different sonication power
(20 and 22 kHz).

Fig.9. Schematic representation of Ca,SiO4: Eu’* nanostructures in the presence of EGCG.
Fig.10. TEM and HRTEM images of Ca,SiO4: Eu’* (5 mol %) nanophosphor.

Fig.11(a). PXRD patterns of as formed and Ca,SiO4: Eu’* (1-5 mol %) nanophosphor.
Fig.12. W=H plots of Ca,SiOy4: Eu’*(1-5 mol %) nanophosphor.

Fig.13. Diffuse reflectance spectra of undoped and Ca,SiO4: Eu®* (1-5 mol %) nanophosphor.
Fig.14.Energy band gaps of undoped and Ca,SiO,: Eu® (1-5 mol %) nanophosphor.

Fig.15. PL emission spectra of Ca,SiO4: Eu’* (1-5 mol %) nanophosphor at Aee= 393nm. Inset
shows the PL excitation spectra of Ca,SiO4: Eu’* (4 mol%) nanophosphor at Aepi= 613
nm.

Fig.16.Energy levels diagram of Eu’* doped Ca,SiO, nanophosphor.
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Fig.17. Effect of concentration of Eu®*on the 613 nm emission and the variation of asymmetric
ratio in Ca,S104 nanophosphors.

Fig.18. PL excitation spectrum, withthe enlarge portion, showing the phononassisted transition.
Fig.19. The Schematicrepresentation of Blasse’s relation.

Fig.20. Relation between log(x) and log (I/x)in Ca;SiO4:Eu’* (1-5mol %) nanophosphor.
Fig.21. CIE diagram of Ca,SiO4:Eu’* (1-5 mol %) nanophosphor.

Fig.22. CCT diagram of Ca,SiO4:Eu’* (1-5 mol %) nanophosphor.
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Table Captions:

Table.1. Method of preparation, formation temperature and morphology of the product obtained
in various silicate phosphors.

Table.2.The chemicals used in the present study.

Table 3: Estimated crystallite size, strain and energy gap (E,) values of Ca,Si04:Eu**(1-5mol %)
nanophosphor.

Table.4. Photometric characteristics of Eu®* doped Ca,SiO4 nanophosphors.

Table 5: Judd-Ofelt intensity parameters (£2,, €4), Emission peak wavelengths (A, in nm),
radiative transition probability (At), calculated radiative (7.q) lifetime, branching ratio
(Br) and asymmetric ratio (Ay;) of Ca,Si04:Eu’*(1-5mol%) compounds (Aex = 393 nm).
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Fig.1. Schematic for the synthesis of Eu’* doped Ca,SiO4 nanophosphor by ultrasonication
method.
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Fig.2. SEM images of Ca,SiO4: Eu’* (4 mol %) nanophosphor with different sonication times (1,
2, 3,4, 5-and 6 hrs) without EGCG.
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Fig.3. Schematic representation of formation process of needle - like morphology in Ca;SiOy:
Eu’* (4 mol %) nanophosphor.
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Fig.5. SEM images of Ca,SiO4: Eu’* (4 mol %) nanophosphor with different concentration of
EGCG (10, 15, 20, 25, 30 and 35 ml) with 1hr of ultrasonic irradiation time.
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Fig.7(a). SEM images of Ca,SiO4: Eu’* (4 mol %) nanophosphor with various pH values (5, 7, 9,
11 and 12) with 1hr of ultrasonic irradiation time.
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Fig.8. SEM images of Ca,SiOy: Eu** (4 mol %) nanophosphor with different sonication power
(20 and 22 kHz).
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Fig.9. Schematic representation of Ca,SiO4: Eu’* nanostructures in the presence of EGCG.
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Fig.10. TEM and HRTEM images of Ca,SiOy4: Eu®* (4 mol %) nanophosphor.
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Fig.13. Diffuse reflectance spectra of undoped and Ca,SiO4: Eu®* (1-5 mol %) nanophosphor.
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Fig.15. PL emission spectra of CasSiQ4: Eu’* (1-5 mol %) nanophosphor at Aee= 393 nm.
Inset shows the PL excitation spectra of Ca,SiO4: Eu’* (4 mol%) nanophosphor at
Aemi= 613 nm.
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Fig. 20. Relation between log(x) and log (I/x) in Ca,SiO4:Eu’ (1-5 mol %) nanophosphor.
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Table.1. Method of preparation, formation temperature and morphology of the product obtained
in various silicate phosphors.

Material Method of Formation Morphology of Reference
preparation temperature the product

Sr,Si04:Eu’* Spray-drying 1150 °C Microspheres Hao Feng et al.
process [10]

Sr,Si04:Eu’* Solution 900 °C Porous
combustion and irregular Nagabhushana et
method shaped particles al: [11]

CaSrSiO4:Eu’* Co-precipitating 1200 °C Pop-corn like Sakthivel Gandhi
solvo- thermal structure et al. [12]

ZnySiO4:xEu’* Solid state 800 °C Irregular shaped Nur Alia Sheh
method particles Omar et al. [13]

Ca,Si04:Eu’* Solution 950 °C Highly porous and
combustion agglomerated Sunitha et al. [14]
process particles

Mg,SiO4:Eu’ Solution 350°C Highly porous Ramachandra
combustion and irregular Naik et al. [15]
process morphology

Mg,SiO4:Eu’ Polyacrylamide . 900 °C Irregular shaped Tabrizi et al. [16]
gel method particles

Ca,Si04:Eu’* Sonochemical 900 °C Hierarchical Present work
synthesis superstructures
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Table.2. Chemicals used in the present study.

Material Assay
Tetra ethyl orthosilicate 99.9% Sigma Aldrich (India)
Calcium nitrate 99.9% Sigma Aldrich (India)
Europium nitrate 99.9% Sigma Aldrich (India)
Anhydrous Sodium hydroxide 99% S D fine-chem. limited (India)
Ethanol 99% S D fine-chem. limited (India)
EGCG 99.9% Phyto Biotech Pvt. Ltd. (India)
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Table 3: Estimated crystallite size, strain and energy gap (E,) values of Ca,SiO4:Eu’
(1-5 mol %) nanophosphor.

Crystallite
Eu’** conc. Crystallite size(nm)
size(nm) Strain (x 10'4) E,; value
(mol %) [D-S approach]
[W-H approach]
1 20.0 21 1.4 5.16
2 20.5 23 1.7 4.82
3 17.0 20 1.8 4.78
4 20.6 24 1.4 4.75
5 18.8 19 1.9 4.69
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Table.4. Photometric characteristics of Eu’* doped Ca,SiO4 nanophosphors.

Eu3+
C"‘(’;f;’lt‘;;i"“ X Y CP(%)  CCT (K)
1 0.6053 0.3941 96.78 5860
2 0.6180 0.3814 94.28 3557
3 0.6170 0.3824 9454 3293
4 0.6185 0.3810 95.78 3570
5 0.613 0.3858 96.63 4126
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Table 5: Judd-Ofelt intensity parameters (£2,, €4), Emission peak wavelengths (A, in nm),
radiative transition probability (Ar), calculated radiative (7.q) lifetime, branching ratio (Br) and
asymmetric ratio (Ay;) of Ca,SiO4:Eu’ (1-5 mol %) compounds (Aex = 393 nm).

Ca,SiO4:Eu™  Judd-Ofelt intensity Emission

conc. parameters (x10’ cm?) peak Ar(s")  Twa  Br Ax
(mol %) wavelength
Q, Q4 Ap In Nm (ms)
1 3.66 5.01 613.14 82.51 12.11 0.999 0.945
2 3.87 5.56 612.80 87.19 1146 0.998 0.891
3 3.72 6.58 613.32 83.84 1192 0.993 0.931
4 3.89 6.13 612.80 87.56 1142 0.999 0.888
5 4.11 6.06 613.74 9270  10.78 0.998 0.849
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Research highlights

. Ca,Si04:Eu’" hierarchical superstructures were synthesized by facile EGCG
ultrasound assisted synthesis.

. The particle nucleation and growth of Ca,SiO4:Eu’* superstructures were analyzed
systematically.

. Plausible mechanisms for the morphological evolution of superstructures were
proposed.

. The obtained superstructures could be a promising red component for possible
applications in white LEDs.
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