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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Novel SiO2@CaSiO3:Dy3þ (1–11 mol %) 
nanophosphors (NPs) were synthesized 
by simple solution combustion route. 
� Photoluminescence (PL) and thermolu

minescence (TL) properties of the pre
pared nanophosphors were extensively 
investigated. 
� The photometric properties of the pre

pared samples clearly evident that NPs 
emits warm white color with high color 
purity. 
� The present optimized nanophosphor 

was highly useful for display and 
dosimetry applications.  
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A B S T R A C T   

The novel CaSiO3:Dy3þ (1–11 mol %) nanophosphors synthesized via simple solution combustion route and 
covered with silica (SiO2) by the St€ober method are reported in the present work. The X ray diffraction analysis 
verifies the phase purity of the synthesized samples. The diffraction peaks observed in the recorded powder x-ray 
diffraction patterns are in good relation with those known for the CaSiO3 structure. The photoluminescence and 
thermoluminescence properties of SiO2@CaSiO3:Dy3þ (3 mol %) nanophosphors were extensively investigated. 
The 3-fold enhancement in the photoluminescence intensity of nanophosphors after surface coating was 
observed, that may be due to light diffraction and multiplied by shell SiO2. The utility of the prepared samples in 
white light emitting diodes was confirmed by studying photometric properties. The thermoluminescence study of 
the samples with different γ-ray doses showed good linearity up to 4 kGy and, thereafter, the sub-linear behavior 
was noticed. The variation in the thermoluminescence intensity arises as a consequence of competition between 
different trapping centers. The aforementioned results signify that the present material was highly useful for 
display and dosimetry applications.  
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1. Introduction 

In recent years, the morphology engineering has significant appli
cations in various areas, including solar cells, imaging, catalytic, 
dosimetry, etc. [1–4]. Commonly, the nano/micron sized silica particles 
were used in core-shell materials because they are of uniform tunable 
sizes and less expensive than other materials [5,6]. The size and number 
of coatings of the nanophosphors (NPs) were well controlled by means of 
silica core. The silicate based hosts show promising luminescence 
behavior owing to their exceptional thermal, chemical, mechanical 
stability and structural diversity [7–11]. The exciting luminescence 
characteristics of the silicate-based host materials may be due to their 
energy storage tendency which can be capable of converting energy into 
light emission either by optical stimulation or thermal stimulation [12, 
13]. Further, the Dy3þ ions were extensively utilized as an activator in 
many efficient hosts in order to produce white light emission originated 
from the 5D→4F transitions [14,15]. Till date, the silicate-based NPs 
were prepared by several routes, namely, the solid state reaction 
method, sol-gel, hydrothermal, solvothermal, solution combustion (SC), 
etc. [16–19]. Among them, the SC route was considered to be 
economical, least energy utilization and eco-friendly for the fabrication 
of various NPs [20,21]. The white light-emitting diodes (WLEDs) were 
considered as a next generation light sources that will replace the con
ventional incandescent and fluorescence lamps, because of its high lu
minous efficiency and lifetime, energy saving, eco-friendly, simple 
fabrication, enhanced stability and economic benefits [22–26]. The 

silica (SiO2) covered NPs exhibit outstanding advantages, including high 
surface area, chemical stability, bio-compatibility, tunable pore size and 
shell thickness, high optical transparency, less toxicity, etc. Further, rich 
Si-OH groups offers significant wide range of applications, such as drug 
transport carriers, bio-imaging, luminescent probes in various fields, 
DNA sequencing, clinical diagnosing and immunoassaying [27,28]. 
Thermoluminescence dosimetry is a versatile technique for assessment 
of ionizing radiations (gamma, beta and X-rays), patient, personal and 
environmental dosimetry, dating of geological and archaeological 
samples. In addition, this method can also be probed lattice defects as 
well as trapping centers in large energy band gap NPs [29,30]. The key 
process involved in this technique is the light emission from heated 
samples, in which unconfined electrons were previously stored. These 
electrons recombine with holes, resulting in TL glow curves. The trap
ping parameters (activation energy, order of kinetics and frequency 
factor) can be clearly elucidates from the glow peak variation [31]. 
Herein, the photoluminescence (PL) and thermoluminescence (TL) 
properties of SiO2@CaSiO3:Dy3þ (1–11 mol %) NPs prepared via SC 
route were investigated in detail. 

2. Experimental 

2.1. Synthesis of SiO2 particles by St€ober method 

The well-known St€ober route was followed to synthesize the SiO2 
uniform spheres [32,33]. In the present work, tetraethyl orthosilicate 

Fig. 1. Schematic to illustrate synthesis of SiO2@CaSiO3:Dy3þ (1–11 mol %) NPs.  
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(TEOS, 99 wt %) was added into 42.4 mL ethanol solution of 5.4 ml 
double distilled H2O and 29.4 mL NH3*H2O (25-28 wt %) to synthesize 
the SiO2 particles. The obtained precipitate was centrifuged, washed 
with double distilled water and dried at ~80 �C for 20 h. 

2.2. Synthesis of CaSiO3:Dy3þ NPs via solution combustion route 

The simple SC route was employed to fabricate CaSiO3:Dy3þ (1–11 
mol %) NPs. The analytical reagent (AR) grade Calcium nitrate tetra
hydrate [Ca(NO3)2⋅4H2O; 99.99%, Sigma Aldrich], Dysprosium (III) 
nitrate hexahydrate [Dy(NO3)3.6H2O; 99.99%, Sigma Aldrich] and 
TEOS were used as starting materials and oxalyl dihydrazide was used as 
a fuel [ODH:C2H6N4O2] [34]. The appropriate quantities of calcium 
nitrate (11.099 g) and TEOS (11.18 mL) were mixed uniformly with 
distilled water using a probe sonicator. Further, various concentrations 
(1–11 mol %) of dysprosium nitrate were added to the above solution. 
The resulting reaction mixture was introduced into a preheated muffle 
furnace kept at 500 � 10 

�

C. Initially, the precursor solution was 
dehydrated thermally and undergo auto-ignition of liberating gases. The 
final product was calcined at ~950 �C for 3 h and used for further 
studies. 

2.3. Synthesis of SiO2@CaSiO3:Dy3þ NPs 

The phosphor coating with silica nanoparticles was performed via 
the sol-gel method. The proper amount of phosphor (10 g) was dispersed 
in a methanol (1 L) solution containing monodispersed silica nano
particles for 2 h. The resulting phosphor powders were separated via 
centrifugation at a rotation speed of 3000 rpm for 20 min. Then, the 

phosphor powders were washed with deionized water several times and 
dried at 80 �C for 1 day. Similarly, different layers of coatings (I, II, III) 
were obtained by identically maintained the composition of the reaction 
mixture and reaction conditions, with the exception of the addition of 
phosphor. The resulting phosphor powders were recovered with the 
same procedures. The schematic diagram of the synthesis of SiO2@ 
CaSiO3:Dy3þ (1–11 mol %) NPs is shown in Fig. 1. 

2.4. Characterization 

The following tools were utilized for the characterization of the 
prepared samples; (i) Powder X-ray diffraction (PXRD): Shimadzu 
diffractometer (Model no � 7000), (ii) Morphological and particle size 
analysis: Hitachi made (SEM, Model No.-TM 3000) and (TEM, Model No. 
H-8100), (iii) Diffuse reflectance (DR) measurements: PerkinElmer 
Spectrometer (Lambda-65) (iv) PL and TL studies: Horiba Fluorolog-3, 
modular Spectrofluorimeter and Nucleonix TLD reader. 

3. Results and discussion 

3.1. Powder X-ray diffraction (PXRD) analysis 

The PXRD patterns of undoped and Dy3þ (1–11 mol %) doped CaSiO3 
NPs depicted in Fig. 2 (a). The diffraction profiles are in good relation to 
the monoclinic phase of CaSiO3 (JCPDS No. 84-0655) [35]. No signifi
cant variations were noticed in profiles upon increase of Dy3þ concen
tration, and it indicates that the incorporation of Dy3þ ions does not alter 
the CaSiO3 structure. In un-doped sample, the crystallization takes place 
along (320) plane, whereas, for doped samples, the crystallization 

Fig. 2. (a) PXRD patterns, (b) W-H plots, (c) DR spectra and (d) energy band gap plots of CaSiO3:Dy3þ (1–11 mol %) NPs.  
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proceeds along (202) and (402) planes. The decrease in intensity of 
(320) peak may be attributed to lattice distortion induced by the dopant. 

The Scherrer relation and Williamson and Hall method were utilized 
for the elucidation of average crystallite sizes (D) and strain (ε), as fol
lows [36]: 

D ¼
0:90 λ
β cos θ

(1)  

β cosθ ¼ ε ð4 sinθÞ þ
λ
D

(2)  

where β is the full width at half maximum in radian, λ is the X-ray 
wavelength (1.542 Å), and θ is the Bragg angle. Plotting graph between 
4 sinθ along X – axis and βcosθ along Y – axis gives a straight line (Fig. 2 
(b)). The slope and intercept of the straight line on the Y – axis gives the 
values of ε and D, respectively. The estimated values of ε and D for 
CaSiO3: Dy3þ (1–11 mol %) NPs are tabulated in Table 1. The small 
changes in the obtained D values are attributed to neglected strain 
component in the Scherrer relation. 

3.2. Diffuse reflectance (DR) studies 

The DR spectra of CdSiO3:Dy3þ (1–11 mol %) NPs are shown in Fig. 2 
(c). The spectra exhibit many electronic absorption bands at ~322 nm 
(6H15/2 → 4I11/2), ~350 nm (6H15/2 → 6P7/2), ~364 nm (6H15/2 → 4I13/ 

2), ~381 nm (6H15/2 → 6F5/2), ~796 nm (6H5/2 → 6F7/2), and ~1071 nm 
(6H5/2 → 

6F9/2 þ
6H7/2) related to the Dy3þ transitions [37]. The small 

red shifting of peaks was observed, which may due to the variations in 
the D values. The Kubelka-Munk theory was utilized for the calculation 
of the optical band gap (Eg) of NPs using the following equations [38]: 

Table 1 
Estimated crystallite size (D), micro-strain and lattice strain of prepared CaSiO3: 
Dy3þ (1–11 mol %) NPs.  

CaSiO3: Dy3þ

(mol %) 
Crystallite size (nm) Micro-strain ε 

(x 10� 3) 
Lattice 
strain 
є (x10� 3) Scherrer’s 

method 
W-H 
method 

1 31 43 1.11 3.19 
3 31 39 1.09 3.47 
5 31 42 1.12 3.29 
7 30 31 1.15 4.39 
9 33 35 1.11 3.89 
11 30 41 1.02 2.24  

Fig. 3. SEM micrographs of CaSiO3:Dy3þ (1–11 mol %) NPs.  

T.B. Nijalingappa et al.                                                                                                                                                                                                                        



Materials Chemistry and Physics 249 (2020) 123070

5

FðR∞Þ¼
ð1 � R∞Þ

2

2R∞
(3)  

hν¼ 1240
λ

(4)  

where R∞ is the reflection co-efficient and λ is the wavelength. The band 
gap plots of CaSiO3:Dy3þ (1–11 mol %) NPs are given in Fig. 2 (d). The 
Eg values were found to be in the range of 5.35–5.68 eV. The small 
variations in Eg values are noticed for the prepared samples, which may 
due to order or disorder structural changes appears from different 
experimental conditions. 

3.3. Morphological studies 

The SEM micrographs of CaSiO3:Dy3þ (1–11 mol %) NPs are shown 
in Fig. 3. It is seen that particles exhibit irregular shapes with a large 
number of pores and voids. The TEM images of CaSiO3:Dy3þ (5 & 9 mol 
%) NPs are shown in Fig. 4(a and b). The irregular and aggregated 
morphological structures are clearly noticed. From HRTEM image 

shown in Fig. 4 (c), the interplanar spacing (d) between was found to be 
~0.55 nm. The SAED pattern of CaSiO3:Dy3þ (5 & 9 mol %) NPs clearly 
evidences the high crystallinity of the product and the (320), (202), 
(321) and (402) planes are well indexed (Fig. 4 (d)). The EDS spectrum 
of the CaSiO3:Dy3þ (5 mol %) NPs confirms the presence of Ca, Si, O and 
Dy3þ elements (Fig. 4 (e)). 

The uniform spherical structure of core SiO2 is shown in Fig. 5 (a). 
However, SiO2@CaSiO3:Dy3þ (C-I) exhibits dumbbell like structures 
(Fig. 5 (b)). When the CaSiO3:Dy3þ NPs coating was increased to II and 
III, the smooth surface structure with small pores is observed (Fig. 5(c, 
d)). The TEM images of SiO2@CaSiO3:Dy3þ (5 mol %) with C-I & II coat 
NPs are shown in Fig. 5(e,f). It is evident in the images that core SiO2and 
CaSiO3:Dy3þ (5 mol %) can be easily identified. The continuous rings in 
the SAED pattern of NPs evidences the good crystallinity of the sample 
and they were well indexed to (522), (040), (522), (202), (402) and 
(320) planes of monoclinic CaSiO3 (Fig. 5g). From the HRTEM pattern, 
the lattice spacing (d) was calculated to be ~0.58 nm (Fig. 5h). 

Fig. 4. (a & b). TEM, (c) HRTEM images, (d) SAED pattern and (e) EDAX spectra of CaSiO3:Dy3þ (5 mol %) NPs.  
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Fig. 5. (a-d). SEM images, (e,f) TEM images, (g) SAED patterns and (e) HRTEM of SiO2@CaSiO3:Dy3þ (1–11 mol %) NPs.  
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3.4. Photoluminescence (PL) properties 

The PL excitation spectrum of SiO2@CaSiO3:Dy3þ (3 mol %) NPs 
with different coating levels upon λEmis ¼ 574 nm is shown in Fig. 6 (a). 
The PLE spectrum consists of peaks at ~325, 350, 364, 387 and 423 nm, 
which are ascribed to the f-f transitions of Dy3þ ions [39]. Fig. 6 (b) 
represent the PL emission spectra of CaSiO3:Dy3þ (1–11 mol %) NPs 
excited at 350 nm. The spectra exhibit intense characteristic peaks in the 

blue (~485 nm), yellow (~575 nm) and red (~666 nm) regions, which 
are attributed to the 4F9/2→6HJ (J ¼ 15/2, 13/2 and 11/2) transitions of 
Dy3þ ions [40]. 

The effect of surface coatings on PL intensity was investigated in 
detail. The spectra of SiO2@CaSiO3:Dy3þ (3 mol %) NPs with different 
coating levels (without and with 1–3 coat) under λExc ¼ 350 nm are 
shown in Fig. 6 (c). The 3- fold enhancement in the PL emission intensity 
after surface coating was observed. The variation of PL emission 

Fig. 6. (a) PL excitation spectra, (b) Emission spectra of CaSiO3:Dy3þ (1–11 mol %) NPs, (c) Emission spectra of SiO2@CaSiO3:Dy3þ (1–11 mol %) NPs, (d) Plot of PL 
intensity v/s Dy3þ concentration, (e & f) CIE and CCT diagram of SiO2@CaSiO3:Dy3þ (1–11 mol %) NPs, respectively. 

T.B. Nijalingappa et al.                                                                                                                                                                                                                        



Materials Chemistry and Physics 249 (2020) 123070

8

intensity as a function of the SiO2 coatings and Dy3þ concentration is 
shown in Fig. 6 (d). The maximal PL intensity is noticed for SiO2 coated 
NPs (coat 4). 

The variation of PL intensity was owing to well-known concentration 
quenching phenomena. The concentration quenching may be attributed 
to the energy transfer between two neighboring Dy3þ ions. According to 
Dexter theory, the critical distance between dopant ions can be esti
mated using the following relation [41]: 

Rc � 2
�

3V
4Xcπ ​ N

�
1 =3 (5)  

Where V is the unit cell volume, Xc is the critical concentration of dopant 
ions, Nis the number of ions per unit cell. In the present case, N ¼ 4, V ¼

786 (Å)3 and Xc ¼ 0.03. The value of Rc was estimated to be ~10.2 Å. 
The obtained value of Rc is greater than 5 Å, and it indicates that the 
multipolar-multipolar interaction is noticeable for concentration 
quenching. 

The International Commission on Illumination (CIE) coordinate 
values of the prepared samples were estimated by using the emission 
spectra recorded under the 350 nm excitation. The estimated chroma
ticity coordinates (x, y) are found in the white domain of the CIE 
chromaticity diagram (Fig. 6 (e)). In addition, the correlated color 
temperature (CCT) ((Fig. 6 (e)) values and color purity (CP) were 
calculated using the relations described in the literature [42]. The 
average CCT and CP values were found to be ~6272 K and 88%. The 
results clearly evidenced the possible use of the phosphors in WLEDs 
applications. 

Fig. 7. TL glow curves of (a) CaSiO3:Dy3þ (1–11 mol %) NPs, (b) CaSiO3:Dy3þ (5 mol %) NPs under various gamma dose (1–6 kGy), (c) SiO2@CaSiO3:Dy3þ (1–11 
mol %) NPs, (d) SiO2@CaSiO3:Dy3þ (1–11 mol %) NPs under various gamma dose (1–8 kGy), (e & f) Deconvoluted glow curves of coated and uncoated CaSiO3:Dy3þ

(5 mol %) NPs. 
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3.5. Thermoluminescence (TL) studies 

The TL glow curves of CaSiO3:Dy3þ (1–11 mol %) NPs are given in 
Fig. 7 (a). The glow curves contain a broad peak at ~213 �C. The effect 
of Dy3þ concentration on TL intensity is shown in the inset of Fig. 7 (a). 
The shape of TL spectral curves remains the same, however, the incre
ment of intensity is noticed up to 5 mol % and thereafter it decreases. 
The concentration quenching phenomena were responsible for such 
intensity diminishing nature. In Fig. 7 (b), the TL glow curves are shown 
for optimized CaSiO3:Dy3þ (5 mol %) NPs at different γ-ray dose (1–6 
kGy). The spectra exhibit a broad and intense glow peak at 208 �C. A 
small shift in the peak position with different γ-ray doses is clearly 
noticed. The variation in TL intensity with different γ-doses is shown in 
the inset of Fig. 7 (b) and the linear increment in the TL intensity with 
increase of γ-dose was observed. Such increment in the TL intensity is 
appeared due to the surface defect generation upon γ-ray dose. 

The TL glow curves of SiO2@CaSiO3:Dy3þ (3 mol %) NPs with 
various coatings (1-3) recorded at 1 kGy γ-ray dose are shown in Fig. 7 
(c). No obvious change in the shape are two-fold enhancement in the 
glow intensity are clearly observed. The maximum TL intensity curve 
was observed for SiO2@CaSiO3:Dy3þ (3 mol %) NPs with coat (3). In 
Fig. 7 (d), the TL response of the 3 coated SiO2@CaSiO3:Dy3þ (3 mol %) 
NPs is shown as a function of γ-ray dose. A broad, intense peak centered 
at ~208 �C is clearly obtained. Also, a linear increment in the TL in
tensity up to 4 kGy is noticed. However, the noticeable sub-linear/ 
saturation nature with further increase of γ-ray dose is observed in the 
inset of Fig. 7 (d). Such variation in the TL intensity was arises as a 
consequence of creation of the more defects and overlapping of defect 
centre takes place, which has no contribution to the additional TL 
output. 

The glow curves were deconvoluted using Gaussian fit method 
(Fig. 7 (e, f)) and the kinetic parameters were estimated [30]. In addi
tion, the following relation was utilized to estimate geometric form 
factor (μg): 

μg¼
T2 � Tm

T2 � T1
(6)  

where, Tm is the maximum TL temperature, T1 and T2 are the full width 
at half maximum temperatures. Further, the activation energy was also 
determined using Chen’s method as described in the literature [43–47]. 
Further, frequency factor was estimated using the following relation: 

βE
kT2

m
¼ s exp

�
� E
kTm

�

½1þðb � 1ÞΔm� (7)  

where β is the linear heating rate and b is the order of kinetics. The ki
netic parameters of the prepared samples are estimated and they are 
listed in Table 2. The trap depth of the deconvoluted peaks is obtained to 
be ~0.57 and 1.38 eV. The effect of heating rate (3–9 

�

C/s) on TL glow 
curves is systematically studied and it is given in Fig. 8 (a). The linear 
increase of TL intensity and peak shift towards higher temperature with 
increase of heating rate (3–9 

�

C/s) are noticed. The variation in the TL 
glow curve intensity and peak position can be explained by the fact that 
at lower heating rates the charge carriers have sufficient time and were 
migrating towards their combination centre results in re-trapping. 

Hence, these charge carriers were not responsible for actual 
luminescence. 

4. Conclusions 

Novel SiO2@CaSiO3:Dy3þ (1–11 mol %) NPs were prepared via SC 
route using ODH as a fuel. The diffraction profiles endorse the mono
clinic phase of CaSiO3 (JCPDS No. 84-0655). The noticed variations in 
the Eg values (5.35–5.68 eV) may be due to order/disorder structural 
changes arises from various experimental conditions. The PL emission 
spectra consist of the peaks in blue (~485 nm), yellow (~575 nm) and 
red (~666 nm) regions, which are attributed to the transitions 4F9/ 

2→6HJ (J ¼ 15/2, 13/2 and 11/2) of Dy3þ ions. The 3- fold enhancement 
in the PL emission intensity after surface coating was noticed. The 
studied photometric properties (CIE, CCT and CP) evidenced its possible 
use in WLEDs applications. The linear increment in the TL intensity with 
increase of γ-dose was due to generation of surface defects upon γ-ray 
dose. The kinetic parameters, namely, activation energy, form factor and 
frequency factor, were estimated using Chen method. The aforemen
tioned results open a new avenue of the prepared samples for display 
devices and dosimetry applications. 
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Table 2 
Kinetic parameters (E, s) of CaSiO3:Dy3þ (1–11 mol %) NPs by various methods.  

Method Peak 1 Peak 2 Peak 3 Peak 4 

EðeVÞ s ​ ðs� 1Þ EðeVÞ s ​ ðs� 1Þ EðeVÞ s ​ ðs� 1Þ EðeVÞ s ​ ðs� 1Þ

Peak shape 0.91 3.97 Eþ18 0.62 1.21 Eþ20 0.83 5.52 Eþ10 2.37 1.10 Eþ16 
VHR 0.67 1.65 Eþ11 0.75 3.60 Eþ12 1.06 1.77 Eþ13 1.24 1.78 Eþ20 
TLAnal Program 0.76 9.10 Eþ08 0.54 6.04 Eþ04 0.89 1.51 Eþ07 1.73 3.85 Eþ13 
Graphical 0.89 1.19 Eþ09 1.11 3.26 Eþ13 1.57 1.09 Eþ08 1.86 2.54 Eþ12 
CGCD 0.89 9.19 Eþ10 0.55 1.72 Eþ05 0.72 3.69 Eþ05 1.87 3.63 Eþ14  

Fig. 8. TL glow curves of CaSiO3:Dy3þ (5 mol %) NPs (a) under various heating 
rate (3–9 

�

C/s). 
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