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Abstract To explore the silicate lattice-based nanophos-

phors, a series of Eu3?-doped Z2Si3O8 (Z = Mg, Ca and

Sr) materials were prepared by sol–gel procedure. The

metal nitrates and silica powder were used as precursor

components for the synthesis of these luminescent mate-

rials. Photoluminescence (PL) emission spectra, powder

X-ray diffraction (PXRD), energy-dispersive X-ray spec-

troscopy (EDS), Fourier transform infrared spectroscopy

(FTIR) and transmission electron microscopy (TEM)

spectroscopic techniques were applied for the characteri-

zation of the fabricated materials. Three peaks were

observed at 589, 613 and 650–652 nm corresponding to
5D0 ? 7F1-3 transition in PL emission spectra. Upon

395 nm excitation and at 0.03 mol Eu3?, these nanophos-

phors displayed optimum photoluminescence with the most

intense peak analogous to 5D0 ? 7F2 transition of dopant

ion. The as-prepared phosphor materials were re-heated at

1050 and 1150 �C to observe the consequences of higher

temperatures on the emission intensity and crystal lattice.

XRD analysis confirmed that all the synthesized materials

were of crystalline nature, and the crystallinity was

observed to be improved by increasing the temperature. In

the FTIR spectrum, peaks at 483 and 610 cm-1 proved the

existence of SiO4 group in Ca2Si3O8, and the peak centered

at 417 cm-1 confirmed the presence of MgO6 octahedral in

Mg2Si3O8 materials. TEM images were used to determine

the particle size (13–35 nm) and to study the three-

dimensional structure of nanophosphor materials. The

experimental studies indicate that these materials may be

promising as red-emitting nanophosphors for white light-

emitting diodes.
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1 Introduction

Some recent researches of luminescent materials are pay-

ing attention on the improvement of innovative and profi-

cient phosphors with high luminescence efficacy and

satisfactory thermal and chemical stability. Silicates and

thio-silicate lattice-based phosphor materials have potential

applications in the field of lighting, display devices [1, 2],

solid-state laser, white light-emitting diodes, luminescent

paints, cathode ray tubes, fluorescence and biological

labeling and solar panels, etc. [3–5]. The development of

phosphors requires appropriate host matrix and suit-

able metal ion as a dopant. Lanthanide ions have been

widely used as activators in different host lattices due to the

possibility of various transitions among their abundant

energy levels [6, 7]. The higher energy levels of these ions

can be populated easily and undergo radiative decay to the

ground energy level, resulting in the luminescence. The

f-orbitals, deeply embedded in the ions, are protected from

the chemical environment and result in sharp emission

spectra arising from f–f transitions [8–11]. The red color is

one of the prime components for the development of white

light-emitting diodes (WLEDs) and displays. The synthesis

of red phosphors with satisfactory color rendering index

and the suitable emission color performance is crucial for
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the development of optoelectronic materials [12–14].

Recent studies have proved Eu3? as the most efficient

activator among rare earth ions for the generation of red

color [15, 16].

Presently, researchers have synthesized numerous

phosphors using abundant experimental techniques

including sol–gel [17], hydrothermal [18], microwave,

solid-state reaction [19] and solution combustion [20]. The

foremost disadvantages of the solid-state method are its

long processing time, high reaction temperature, large

particle size and luminescence loss due to crushing [21]. In

the sol–gel technique, the raw chemicals are blended to get

the sol solution with great extent of uniformity; therefore,

the addition of dopants and co-dopants through solutions

becomes easy and efficient. The gel formed on heating

results in the formation of very small pores, and all the

ingredients of the uniform gel mix very well. The excessive

high surface area of samples is responsible for the low-

temperatures synthesis of the materials [22].

In the present study, we have focused on the photolumi-

nescent and structural properties of Eu3?-doped Z2Si3O8

(Z = Mg, Ca and Sr) materials. An effective sol–gel proce-

dure has been used to explore these silicate lattice-based

materials [23]. To evaluate the intensity and color affluence

of these phosphors, the optical properties were examined by

the photoluminescence spectroscopy. For structural inves-

tigations, the prepared materials were characterized with

X-ray diffraction (XRD) analysis, energy-dispersive X-ray

spectroscopy (EDS), Fourier transform infrared (FTIR)

study and transmission electron microscope (TEM) analysis.

2 Experimental

2.1 Materials and synthesis

The powdered samples of Eu3?-doped Z2Si3O8 (Z = Mg,

Ca and Sr) phosphors were synthesized by sol–gel process.

The nitrates of alkaline earth metals (Mg, Ca and Sr),

Eu(NO3)3�6H2O and silica powder were used as precursor

components for the synthesis of these luminescent mate-

rials. Initially, Sr2Si3O8 phosphor was prepared using

0.01–0.05 mol europium(III) ion. For optimum photolu-

minescence performance, the concentration of Eu3? was

fixed (i.e., 0.03 mol), and a series of Z2Si3O8 silicates were

synthesized at 950 �C. The synthetic procedure used to

develop silicate lattice-based materials was consisting of

two steps. In the first step, 3-mol silica powder was dis-

solved in a round-bottom flask (RBF) containing concen-

trated nitric acid solution and stirred using the magnetic

stirrer, resulting in the development of smooth gel. Alter-

natively, alkaline metal nitrates in their stoichiometric

amount [Mg/Ca/Sr (1.97 mol)] and Eu(NO3)3�6H2O

(0.03 mol) were liquefied with distilled water in a silica

crucible. The content of crucible was poured into the RBF

and stirred up to 30 min for homogeneous mixing. The

semisolid paste was formed from the homogeneous mixture

when heated in the silica crucible on the hot plate. The

crucible that contained semisolid paste was placed in the

muffle furnace maintained at the temperature of 950 �C for

1 h, which gave rise to white silicate powders. The influ-

ence of heating on the optical properties and crystallinity of

materials was investigated by re-heating the samples at the

temperatures of 1050 and 1150 �C.

2.2 Characterization

For spectroscopic investigations, all the samples were

ground in the agate motor to obtain the powder form, and

the examinations were performed at room temperature. The

optical characteristics of the prepared materials were

measured using a xenon lamp (excitation source)-assisted

Horiba Jobin–YVON Fluorolog spectrophotometer. The

photoluminescence (PL) emission spectra of the samples

were recorded in 400–700 nm regions. The diffraction

studies were made with X-ray diffractometer (XRD,

Rigaku Ultima IV) using Cu Ka radiations (wavelength of

0.15416 nm). XRD patterns of the materials were recorded

from 15� to 70� (2h) at 4 (�)�min-1, scanning speed of

4 (�)�min-1 and step interval of 0.02�. Energy-dispersive

X-ray fluorescence spectrometer (Panalytical Epsilon 5)

was used for the elemental analysis in these phosphor

materials. TEM (TECNAI, 200 kV, Fei. Electron Optics)

was used to evaluate the particle size of the fabricated

silicate phosphors. The chemical environment and

arrangement of different elements inside luminescent

materials were analyzed from FTIR spectra collected using

Bruker Alpha FTIR spectrophotometer.

3 Results and discussions

3.1 Fluorescence characterization

The PL emission spectra of these materials show sharp

spectral lines from 400 to 700 nm due to the presence of

Eu3?. The characteristics red emission of the as-prepared

samples under ultraviolet excitation in the UV lamp is

shown in Fig. 1. The optical emissions of the synthesized

materials were recorded at 395 nm excitation. Figure 2

displays the graphical representation of synthetic route

used for the fabrication of focused phosphors. The lumi-

nescence power of prepared phosphors was found to

increase without any change in the spectral shape upon

increase in Eu3? concentration. However, the photolumi-

nescent quenching starts as the concentration exceeds
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0.03 mol. The increased amount of dopants in the lattice

results in an enhanced non-radiative decay, consequently,

radiative emission and luminous intensity decrease [24].

The most effective Eu3? concentration in the present

matrix is 0.03 mol. Hence, the photoluminescence char-

acteristics are sensitive to the composition of activator ion

in the crystal matrix. Figure 3 shows typical PL emission

spectra of Sr2Si3O8 with europium ion concentration of

0.01–0.05 mol.

Figure 4 depicts the fluorescence spectra of Z2Si3O8

materials recorded at 395 nm excitation. The emission

spectra exhibits three peaks which can be ascribed to
5D0 ? 7F1-3 transitions, and these spectral peaks confirm the

availability of europium(III) ion in crystal lattice. Out of

these, 5D0 ? 7F1 and 5D0 ? 7F2 are magnetic- and electric-

dipole-allowed transitions correspondingly. The electric-

dipole allowed transition is more intense compared to the

magnetic dipole transition due to lack of inversion symmetry

around europium(III) ions [25, 26]. The higher value of

intensity ratio indicates the greater asymmetry around Eu3?

ions in the crystal lattice. The highest photoluminescence

emission is observed in Eu3?-doped Mg2Si3O8 phosphor as

shown in Fig. 5. The peak positions and colors correspond-

ing to these prepared materials are given in Table 1.

The effect of the change in temperature on the lumi-

nescence strength was also studied by recording the

emission spectra of samples re-heated at higher tempera-

tures of 1050 and 1150 �C. The emission intensity has been

observed to increase without any change of the spectral

shape upon the increase in temperature for respective

phosphors. The increase in luminous intensity with rise in

the temperature is the result of the increase in radiative

phenomenon at a higher temperature. It is worthwhile to

point out that the prepared materials display excellent

photoluminescence and thermo-stability, even at higher

temperatures [27].

Fig. 1 Macro-images of phosphors by stimulating them in UV light

and the absence of UV light: a, b Mg2Si3O8:Eu3?, c,

d Ca2Si3O8:Eu3? and e, f Sr2Si3O8:Eu3?

Fig. 2 Graphical representation displaying synthetic route of silicate

phosphor

Fig. 3 Fluorescent intensity with concentration of Eu3? doped in

Sr2Si3O8 phosphor

123 Rare Met. (2021) 40(9):2610–2617

2612 S. Sheoran et al.



3.2 Decay spectra of phosphors

Figure 6 depicts the decay behavior of Eu3?-doped phos-

phor materials explored at 950 �C for the emission of
5D0 ? 7F2 transition. Decay time resulting from single

exponential function is well-fitted according to Eq. (1):

I tð Þ ¼ I0 exp �t=sð Þ ð1Þ

where I(t) and I0 represent the luminescence intensity at

time t and 0, respectively, and s is the decay time of the

phosphor materials. Table 2 summarizes the decay time

values of the Eu3?-doped phosphor materials.

The Commission International de I’Eclairage (CIE)

color coordinates values are very important considerations

to determine the emissive region for inorganic phosphors.

Table 2 shows the color coordinates value calculated by

CIE calculator for the respective phosphors at different

temperatures. Figure 7 depicts the CIE triangle, showing

that the samples emit pure reddish light, which supports the

PL analysis of the present phosphors [28].

Fig. 4 Photoluminescence emission spectra of Eu3?-activated Z2Si3O8 phosphors: a Mg2Si3O8, b Ca2Si3O8 and c Sr2Si3O8

Fig. 5 Relative PL emission spectra of Eu3?-activated Z2Si3O8

(Z = Mg, Ca and Sr) fluorescent materials

Table 1 Various transitions, main peak and color of Eu3?-activated silicates materials

Materials 5D0 ? 7F1/nm 5D0 ? 7F2/nm 5D0 ? 7F3/nm Main peak/nm Color

Mg2Si3O8:Eu3? 589 613 651 613 Red

Ca2Si3O8:Eu3? 589 613 650 613 Red

Sr2Si3O8:Eu3? 589 613 652 613 Orange red

Fig. 6 Decay profiles of Eu3?-doped phosphor materials at 950 �C

Table 2 CIE color coordinates and decay time values of Eu3?-acti-

vated silicates nanophosphors at respective temperatures

Materials 950 �C 1050 �C 1150 �C Decay

time/ms

(950 �C)x y x y x y

Mg2Si3O8:Eu3? 0.53 0.35 0.54 0.35 0.55 0.35 1.23

Ca2Si3O8:Eu3? 0.47 0.34 0.48 0.34 0.49 0.34 1.37

Sr2Si3O8:Eu3? 0.40 0.34 0.42 0.34 0.44 0.34 1.96

123Rare Met. (2021) 40(9):2610–2617

Synthesis and spectroscopic investigations of trivalent europium-doped Z2Si3O8 2613



3.3 PXRD measurements

PXRD patterns of sol–gel-derived Z2Si3O8 phosphors are

shown in Fig. 8. Eu3?-doped Z2Si3O8 materials show

peaks in 15�–70� region, reflecting the highly crystalline

nature of these phosphors. The diffraction peaks for Eu3?-

doped Mg2Si3O8 phosphor are available at 2h of 17.19�,
22.87�, 23.87�, 25.43�, 27.99�, 29.84�, 30.98�, 32.26�,
39.79�, 41.78�, 52.30�, 61.97� and 62.82�. The main

intense peaks for this phosphor are found at 35.68� and

36.52�. There is no pre-literature available to confirm the

crystal structure of the synthesized phosphors. Literature

study is available only for Ba2Si3O8 materials with appli-

cation in light-emitting diodes (LEDs) development

[29, 30].

Ca2Si3O8 phosphor shows diffraction peaks at 2h of

25.43, 27.71�, 29.84�, 31.83�, 36.09�, 38.3�, 41.35�,
45.76�, 49.60�, 53.30�, 56.70�, 57.10�, 60.10� and 62.96�
with the most intense peak at 21.72�. At a temperature of

1150 �C, these materials exist in the same crystalline form

as at 950 �C, and the increase in temperature enhances the

particle size of the phosphor materials. The diffraction

pattern of these phosphors does not match with that of their

corresponding Z2SiO4- and ZSiO3-based phosphors, indi-

cating that there would be the complete formation of

Z2Si3O8 (Z = Mg, Ca and Sr) phosphors. Although charge

and size issues exist where substitution of Z2? (Mg2?,

Ca2? and Sr2?) in the lattice occurs by Eu3?, each time

there will be a different diffraction pattern observed for

these materials. It means these exist in a different crys-

talline form. The crystallinity and intensity of peak

enhance by increasing the temperature of these phosphors

as shown in Fig. 8. Sr2Si3O8 silicate shows peaks at 17.47�,
21.74�, 25.00�, 26.43�, 35.66�, 39.22�, 43.92�, 47.75�,
56.70� and 57.85�; however, most intense XRD peaks are

present at 30.68� and 31.68�. The crystallite size calcula-

tions were performed by applying Debye–Scherrer’s

formula.

D ¼ 0:9k=b cos h ð2Þ

where D is crystallite size, k is a constant (0.89), b denotes

full width at half maximum, k is the wavelength of X-ray,

and h stands for incident Bragg’s angle. The crystallite size

and crystallinity of the materials strongly influence the

luminescence intensity. The particle sizes of synthesized

phosphors particles are shown in Table 3.

3.4 EDS analysis

Figure 9 represents EDS profiles of the sol–gel-derived

Z2Si3O8 phosphor materials. The spectra demonstrate large

number of peaks that belong to different elements incor-

porated within the host frame. The peaks accessible at

0.525 keV (O), 1.750 keV (Si), 1.125 and 5.825 keV (Eu),

1.400 and 2.500 keV (Mg), 3.711 and 4.050 keV (Ca) and

1.850 keV (Sr) approve the existence of these elements in

the frame. The occurrence of Eu3? peaks in the spectra

reveals the consistent mixing of ions in the silicate lattice.

Nonexistence of other peaks designates the pure formation

of Z2Si3O8 phosphor materials. Table 4 signifies the

Fig. 7 Color triangle demonstrating CIE coordinates synthesized

phosphors at 1150 �C

Fig. 8 XRD patterns of Z2Si3O8:Eu3? samples: a Mg2Si3O8:Eu3?, b Ca2Si3O8:Eu3? and c Sr2Si3O8:Eu3?
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compositions of the explored materials, which are in good

consistency with the stoichiometric ratio of precursors used

for their formation.

3.5 FTIR spectroscopy

The chemical structure of Eu3?-doped Z2Si3O8 phosphors

was analyzed by recording FTIR spectra, as shown in

Fig. 10. The sharp peaks at 483 and 610 cm-1 prove the

presence of SiO4 group in the spectra of Ca2Si3O8 phos-

phor [31, 32]. In the FTIR spectrum of Mg2Si3O8 phos-

phor, the peak present at 417 cm-1 is due to the MgO6

octahedral [33, 34]. The peaks located in between 400 and

1300 cm-1 region give rise to bands due to stretching and

bending modes of silicate bonds. Appearance of peak at

417 cm-1 in Ca2Si3O8 phosphor is due to the lattice

vibrations of Ca–O bond. Peaks centered at 675 and

679 cm-1 in the FTIR spectra of Mg2Si3O8 and Ca2Si3O8

materials are due to the Si–O bond. The band for stretching

vibration of Sr–O bond is reported around 1481 cm-1;

however, corresponding peak is located at 1470 cm-1 in

Sr2Si3O8 phosphor.

3.6 TEM study

TEM is a powerful tool to evaluate the crystallite size of

synthesized phosphor materials. The morphological studies

including the studies of shape and size of particles were

investigated via TEM analysis. Figure 11 displays TEM

images of europium(III)-doped Z2Si3O8 (M = Mg, Ca and

Sr) phosphor materials. All the Z2Si3O8 consist of

nanoparticles which aggregate with nearly spherical mor-

phology. The unbalanced distribution of the flow of mass

and temperature during the synthesis of material is

responsible for the abnormality in the shape and size of

particles. The particle size of the prepared materials lies in

13–35 nm range, and this nano-granular size is clearly

observed in their TEM micrographs. The particle size as

estimated from these micrographs has been found in

accordance with the size calculated from XRD investiga-

tions. The nano-range particles have made them suit-

able for various advanced display technologies and lighting

purposes. Table 5 shows the particle sizes of the samples

investigated via TEM analysis and Scherer’s equation.

4 Conclusion

Novel silicate Z2Si3O8 (Z = Mg, Ca and Sr) materials were

prepared by simple, effectual and rapid sol–gel process at

the temperature of 950 �C. These samples were further

Table 3 Different characteristics of XRD analysis of Z2Si3O8 (Z = Mg, Ca and Sr) materials

Type of phosphor 2h/(�) Area Width/(�) FWHM/rad Crystallite size/nm

Mg2Si3O8:Eu3? 35.68 27057.786 1.6730 0.01460 11.70

Ca2Si3O8:Eu3? 21.72 21262.267 0.7030 0.00600 24.34

Sr2Si3O8:Eu3? 30.68 43983.709 0.7603 0.00663 28.21

Fig. 9 EDS spectra of Eu3?-doped Z2Si3O8 phosphor materials calcined at 950 �C: a Mg2Si3O8:Eu3?, b Ca2Si3O8:Eu3? and c Sr2Si3O8:Eu3?

Table 4 Compositions of phosphor materials from EDX analysis

Materials w/wt% x/at%

(Mg, Ca

and Sr)

Eu3? Si (Mg, Ca

and Sr)

Eu3? Si

Mg2Si3O8:Eu3? 82.80 3.01 14.19 78.40 3.28 18.32

Ca2Si3O8:Eu3? 76.02 3.23 20.75 77.87 3.04 19.09

Sr2Si3O8:Eu3? 73.40 3.12 23.48 72.98 3.34 23.68
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calcined at the temperatures of 1050 and 1150 �C to

examine the influence of temperature on the luminescence

intensity and crystallinity of the materials. The luminescent

properties of the samples were studied by recording their

emission spectra under the excitation of 395 nm. The PL

emission spectra show that these phosphors after re-heating

at 1150 �C and at 0.03 mol Eu3? exhibit maximum lumi-

nescence intensity. Three characteristic emission bands

were obtained at 589, 613 and 650–652 nm which were

accredited to 5D0 ? 7F1-3 transitions. The dominant peak

at 613 nm (5D0 ? 7F2) is responsible for the red color of

these materials. The PL investigation confirms that these

phosphors show excellent color stability. The CIE color

coordinates values of phosphor lie in the red region, con-

firming the PL results. PXRD patterns have shown highly

sharp and intense peaks in 15�–70� region. FTIR spectra

confirm the presence of SiO4 group and MgO6 octahedral

in the Ca2Si3O8 and Mg2Si3O8 phosphor, respectively. The

chemical structure of the prepared silicates analyzed

through FTIR analysis is found in good agreement with

XRD analysis. TEM results appeared reliable with PXRD

examinations. The brilliant photoluminescence intensity of

as-prepared samples reveals that the focused phosphors

could have potential applications in WLEDs, scintillators,

fluorescent panels and display technologies.
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