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Titanate-based luminescent materials have a strong absorption capacity for blue and 
near-ultraviolet light. Here, a sol-gel method is used to prepare a high-efficiency red 
phosphor of magnesium titanate Mg2Sr2-xTiO4: Eu3+, Gd3+ doped with rare-earth ions. The 
optimal doping concentrations of the activator rare earth ion Eu3+ and the sensitizer Gd3+ 
were investigated. Furthermore, the doping of a certain amount of Sr2+ and Na+ effectively 
improves the luminescence properties of silicate luminescent materials. The luminescence 
spectrum shows that the luminescent material has red monochromaticity and the strongest 
red-light emission is 614nm, which can be used for WLED.  
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1. Introduction 
 
To obtain high-quality white light obtained by phosphor-converted technology in LEDs, it 

is urgent to develop red luminescent materials with stable chemical properties and good 
luminescence performance, which can increase the color rendering index and improve the color 
temperature in LEDs [1-7]. One method to produce white light is to use blue GaN/InGaN 
light-emitting diode chips to coat yellow phosphor (Y3Al5O12:Ce3+, YAG: Ce), which can produce 
white light with high efficiency [8]. However, the white light-emitting diode generated by this 
method lacks red light-emitting elements and had been defective such to low color rendering index 
and high color temperature. Traditional red luminescent materials such as (Ca, Sr)S: Eu2+ had poor 
chemical stability, produce harmful gases when heated, and had poor light absorption efficiency 
(laser around 400nm cannot be effectively absorbed) [9]. Scholars [10-13] have done a lot of 
research to solve these problems, and they are committed to the development of cleaner red 
luminescent materials with better color rendering index and good color temperature. Saif et al. [14] 
used a sol-gel method to synthesize a new type of photoluminescence and non-toxic orange-red 
phosphor based on titanate, and toxicity experiments showed that its toxicity was very low. Dawei 
et al. [15] prepared a pure red phosphor K2Ln(PO4)(WO4): Tb3+, Eu3+(Ln=Y, Gd, and Lu) with 
high efficiency and adjustable emission. By adjusting the ratio of Eu3+ and Tb3+, the emission color 
of K2Ln(PO4)(WO4): Tb3+, Eu3+ can be tinted from green to pure red. The quantum efficiency of 
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this phosphor excited at 394nm is as high as 76.45%.  
The luminescent material doped with rare-earth ions has stable physical and chemical 

properties and has the advantages of different morphologies, different colors of light, and high 
color purity [16-18]. Airton et al. [19] reported the effect of Eu3+ doping concentration on the 
structural morphology and spectral properties of Ba2SiO4 and found that the emission intensity and 
quantum efficiency of the doped samples are the highest when the Eu3+ doping amount is 4% and 
5%, respectively. Red phosphors doped with manganese in titanate had also been studied, but 
because of the low quantum efficiency of red phosphors doped with Mn4+, its application in LEDs 
excited by blue chips was limited [20]. In addition, the emission of Mn2+-doped red phosphors can 
be tinted from red to deep red, but this property had not been widely used [21]. Because of its 
stable physical and chemical properties, high vibration frequency, and low phonon energy, titanate 
have a good absorption capacity for blue and NUV light, it is very suitable for use as a luminescent 
substrate material [22]. Dan et al. [23] used a new sol-gel method to synthesize SrTiO3:Pr3+, Mg2+, 
and SrTiO3:Pr3+, Al3+ phosphors based on titanate substrates and found that the addition of 
compensation ions increases the luminous efficiency of red phosphors (SrTiO3:Pr3+). Sanja et al. 
[24] studied the photoluminescence properties of Gd2Ti2O7 nanoparticles synthesized under 
rare-earth doping (Sm3+, Eu3+), and found the strongest orange-red emission when doped with 2.5% 
Sm3+. 

In this paper, Mg2Sr2-xTiO4:Eu3+, Gd3+ red phosphors were synthesized by the sol-gel 
method, and the structure and luminescence properties of Mg2Sr2-xTiO4:Eu3+, Gd3+ red phosphors 
doped with rare-earth ions were discussed. The interaction of Eu3+ and Gd3+ occupying the 
magnesium titanate lattice, as well as the energy transfer and luminescence properties of Eu3+ and 
Gd3+ in the titanate red luminescent material are studied, and the luminous intensity of this 
luminescent material is improved by doping compensator ions. The interaction of Eu3+ and Gd3+ 
occupying the magnesium titanate lattice, as well as the energy transfer and luminescence 
properties of Eu3+ and Gd3+ in the titanate red luminescent material are studied. The result shows 
that Mg2Sr2-xTiO4:Eu3+, Gd3+ red phosphors can be used for LEDs excited by NUV and blue light 
chips. 

 
 
2. Experiment 
 
Mg(NO3)2, Eu(NO3)3, Gd(NO3)3, and C16H36O4Ti were the main medicines needed, 

C₆H₈ O₇  was used as a complexing agent, HO(CH 2CH2O)nH was used as a dispersant, mixed 
and stirred in a water bath at 80℃ for 1 hour, and aged Then it becomes a precursor gel. Then it 
was heat-treated twice in a high-temperature electronic furnace, respectively 380℃, 0.5h; 600℃, 
1h; placed in a high-temperature electronic furnace at 1150℃, 5h calcined to obtain Mg2Sr2-xTiO4: 
Eu3+, Gd3+ powder. The crystal structure of the titanate red luminescent material was determined 
by using the HT100 X-ray diffractometer of American Airt Technology Co., Ltd., the radiation 
source was CuKα, and the scanning was in the range of 10。 To 90。; Observe the surface 
morphology of the powder; the emission lifetime measurement and excitation and emission spectra 
were performed on the RF-5301PC fluorescence spectrophotometer (Shimadzu, Japan). 
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3. Results and discussion 
 
Figure 1 shows a typical XRD pattern of Mg2Sr2-xTiO4: Eu3+, Gd3+ phosphor prepared by 

the sol-gel method, in which no obvious heterogeneous peaks appear for the crystalline form of 
magnesium orthotitanate. The measured XRD patterns were compared with the JCPDS standard 
card, and the PDF card numbered 25-1157 was in good agreement with the crystalline form of 
magnesium orthotitanate (Mg2TiO4). This indicates that the doped rare earth ions Eu3+ and Gd3+ 
successfully entered the Mg2TiO4 lattice and replaced Mg2+ as isomorphic substitutes; the doped 
Eu3+ and Dy3+ ions did not affect the lattice structure of magnesium orthotitanate; So the main 
body of the prepared luminescent material is Mg2TiO4

. The SEM image in the inset shows that the 
powder has uniform particles, clear grain interfaces, a particle size of about the particle size is 
about 0.5~1μm, and the surface of the particles is smooth and nearly hexahedral, with good 
dispersion. 

 

 
 

Fig. 1. XRD pattern of Mg2Sr2-xTiO4: Eu3+, Gd3+ phosphor, the inset in Figure 1 is the SEM micrograph. 
 
 
Fig. 2 gives the excitation and emission spectrogram of the Mg2Sr2-xTiO4: Eu3+, Gd3+ 

phosphors. From Fig. 3, we observe that the excitation spectra of the phosphor are in the range of 
340~480nm and under the excitation of 394 nm. The broad excitation bands appear in the 
short-wavelength range due to the charge transfer and absorption between O-Ti. In the 
long-wavelength range, the two highest emission peaks around 395nm and 465nm are ascribed to 
the Eu3+electric dipole transition of 7F0→5L6、

7F0→5D2, respectively.  



256 
 

 
 

Fig. 2. Excitation and emission spectrogram of Mg2Sr2-xTiO4: Eu3+, Gd3+ luminescent materials,  
the insert in Figure 2 represents CIE coordinates of partial emission spectra in λex=465nm. 
 
 
The excitation peaks of Mg2Sr2-xTiO4: Eu3+, Gd3+ phosphors at 395nm and 465nm can 

correspond to the excitation wavelengths of near-ultraviolet and blue chips, respectively, which 
indicates that the WLEDs excited by NUV light and blue light both can be applied. The 
corresponding emission spectra under the 395nm and 465nm excitation shown in Fig. 2 display 
both have the same peak shape. Among these emission transitions of Eu3+, 
5D0→7F1(578nm,591nm), 5D0→7F2(614nm), and 5D0→7F3(657nm), the peak at 614nm is the most 
intense ones, which indicates that the titanate red luminescent material has good monochromaticity. 
Furthermore, the emission peak intensity is stronger when λex=465nm, the CIE chromaticity 
coordinates of phosphor are close to red emission (0.684, 0.302), that phosphor show better red 
color purity and color temperature is 267805 K, which is a good low color temperature red 
luminescent material. These results suggest that the luminescent material is more suitable for use 
in LEDs excited by blue light chips. 

Fig. 3 depicts the emission spectra of the different doping concentrations of Eu3+ that are 
excited at 465 nm. From Fig. 3, the peak shape and emission peak position of Mg2Sr2-xTiO4 doped 
with Eu3+ remain unchanged. Furthermore, the luminous intensity of Mg2Sr2-xTiO4:Eu3+, Gd3+ is 
effectively improved with the increase of Eu3+ doping. Among the various concentration of Eu3+, 
2.5%mol shows the strongest absorption. When the concentration of Eu3+ is more than 2.5%, the 
emission intensity starts decreasing due to the activator ions being doped too much, and the energy 
enters the quenching site, which makes the matrix and the luminescent center produce 
non-radiative energy transfer, and the concentration quenching causes the luminous intensity to 
decrease. So, the best Eu3+ ions doping concentration is 2.0mol%. 
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Fig. 3. Emission spectra (monitored at 465 nm) of the different doping concentrations of Eu3+. 
 
 
The emission spectra of Mg2Sr2-xTiO4:Eu3+, Gd3+ phosphors doped with different ratio of 

Eu3+: Gd3+ under 465 nm is shown in Fig. 4. From Fig. 4, the presence of Gd3+ does not change the 
peak shape and emission peak position of Mg2Sr2-xTiO4. It is observed that the luminescence 
intensity is the strongest when Mg2Sr2-xTiO4 is doped with Eu3+: Gd3+=1:1, beyond which the 
luminescence intensity decreases. This result may be explained by the fact that the increase in the 
amount of Gd3+ promotes the energy transfer efficiency, the luminous intensity is improved, and 
the excessive amount of Gd3+ causes excessive energy to be consumed in the matrix through the 
quenching center, thereby reducing the luminous intensity. In consequence, the best molar ratio of 
Eu3+ to Gd3+ is 1:1.0. 

 

 
 

Fig. 4. Emission spectra of different ratios of Eu3+: Gd3+. 
 
 
Fig. 5 shows the XRD patterns of Mg2Sr2-xTiO4 doped with Ca2+ and Sr2+. It is found that 

the diffraction peaks become sharper and the replacement effect of Sr2+ is the best when part of 
Mg2+ ions in Mg2Sr2-xTiO4 are replaced by Ca2+ and Sr2+ ions, which indicates that the dopant Sr2+ 
ions can improve the atomic order and crystallinity of the luminescent material. The corresponding 
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SEM image (the inset of Fig. 5) can also be found that the luminescent materials replaced by other 
alkaline earth elements have a smaller particle size, and more uniform and regular particles, which 
shows that the doping of alkaline earth metals has an important effect on the surface morphology 
of the luminescent materials. 

 

 
 

Fig. 5. XRD patterns of Mg2Sr2-xTiO4 doped with Ca2+ and Sr2+, the inset in Figure 5 is  
the corresponding SEM micrographs. 

 
 
Figure 6 shows the emission spectra of the luminescent materials with Ca2+, Sr2+ doping at 

5 mol% with undoped Ca2+, and Sr2+ ions under excitation at 465 nm. The peak positions of the 
emission spectra of the luminescent materials replaced with Ca2+ and Sr2+ changed, and the 
strongest emission peak was red-shifted from 610 nm to 614 nm without replacement, and a new 
emission peak appeared at 655 nm, and the luminescence intensity of the luminescent materials 
replaced with Sr2+ increased most significantly. Figure 6 inset for different Ca, Sr doping amount 
of luminous intensity comparison graph, with Ca2+, Sr2+ doping increases, the luminous intensity 
of the luminous material is enhanced, doping Sr2+ effect is better. The main reason for this 
phenomenon is the doping of Ca2+, and Sr2+ ions, the introduction of dopant ions destroys the 
original lattice layout of Mg2TiO4, resulting in new defects within the structure, the larger the 
radius of the dopant ions so that the crystal tends to be more distorted, the lattice environment 
around the rare-earth ions Eu3+ further distorted, which is more conducive to the energy transfer of 
Eu3+ luminescence center, substantially improving the luminescent properties of light-emitting 
materials. At the same time when Eu enters the matrix lattice as a dopant ion, regardless of Eu2+ or 
Eu3+, it can occupy the position of Sr2+ without destroying the crystal structure to achieve effective 
doping and thus improve the luminescence performance, which is the reason for the stronger 
emitted light from Sr2+-replaced luminescent materials. 
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Fig. 6. The emission spectra of Mg2TiO4: Eu3+, Mg2Ca2-xTiO4: Eu3+(Ca=5 mol%), 
Mg2Sr2-xTiO4:Eu3+(Sr=5 mol%), the inset shows the influence of the concentration on the emission 

intensity of Mg2Sr2-xTiO4: Eu3+, Gd3+phosphor. 
 
 
In Mg2TiO4: Eu3+, one Eu3+ion is expected to replace one Mg2+ion. However, their charges 

are not equal, which makes it difficult to keep the charge balance in the host lattice and the 
luminous performance of the phosphor [18,25]. To solve the problem, the host has a doped charge 
compensation ion. Since Eu3+ replaces Mg2+ in the process of charge loss, the introduction of 
monovalent alkali metal ions can rebalance the charge of the host lattice, and enhance the 
luminescence, improve luminous characteristics. Both the diffraction peaks and half-peak width of 
the Mg2Sr2-xTiO4: Eu3+, Gd3+phosphor have changed due to the incorporation of charge 
compensation ions can improve the atomic order degree and crystallinity of the phosphor to a 
certain extent, which can be seen from the XRD pattern of the luminescent material doped with Li+, 
Na+, and K+, etc. as a charge compensator (show in Fig. 7). The inset in Fig. 7 shown the typical 
characteristic SEM image of the Mg2Sr2-xTiO4:Eu3+, Gd3+phosphor. For all four samples, we found 
that the better surface morphology is the phosphor introduced with charge compensation ions, 
which has a crystallite size decrease, more uniform particle size, and better crystallinity, 
confirming that the best effect is the phosphor doped with Na+ as the charge compensation ion. 
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Fig. 7. XRD patterns of different alkali metal-doped, the inset in Figure 7 is  
the corresponding SEM micrographs. 

 
 
Fig. 8 presents the emission spectra without and using Li+ and Na+=1.5%mol, and 

K+=1.5%mol as charge compensation ions. It is easy to notice that the phosphor with charge 
compensation ions has stronger luminous intensity than without charge compensation ions. Among 
Li+, Na+, and K+ three charge compensation ions, the luminous effect of phosphor doped with Na+ 
is the most significant. This result can be explained that the incorporation of alkali metal ions can 
compensate for the charge defects caused by the substitution of Eu3+ to replace Mg2+, which makes 
the internal charge balance of the crystal lattice, which is beneficial to the improvement of 
luminescence performance. Benefit the Li+ and Na+ has a smaller ionic size, they can easily enter 
the lattice gap to generate cation vacancies, resulting in faster ion diffusion efficiency and 
enhanced charge compensation. The smaller size ions have a high correlation with the oxygen 
vacancies, which can effectively reduce the non-radiative transition caused by oxygen vacancies 
and improve the luminescence performance. In contrast, the larger ion K+ cannot enter the lattice 
gap. Therefore, there is a certain compensation effect at a lower content, so the luminous 
performance improvement is not as significant as Na+ [18,25]. The variation of luminous intensity 
after doped alkali metal as a charge compensator is shown in the inset of Fig. 8. As the amount of 
alkali metal-doped increases, the luminescence intensity of the luminescent material first increases 
and then decreases. The luminous intensity is the strongest when Na+ is used as a charge 
compensator, and the first-rank doped concentration is 1.5 mol%. 
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Fig. 8. Emission spectra of Mg2Sr2-xTiO4: Eu3+, Gd3+ doped Li+, Na+, K+, inset shows the variation of 

emission intensity of 465nm peaks as an influence of concentration of Li+, Na+, K+. 
 
 
4. Conclusions 
 
Red emitting Mg2Sr2-xTiO4:Eu3+, Gd3+ phosphor powder suitable for blue-chip excitation 

has been successfully prepared by the sol-gel method. The position of the main excitation peaks at 
395 nm and 465 nm. The main emission peak is located at 597 nm, 614 nm， and 655 nm, which 
dramatically intense red emission at 614 nm. As we can see from the experimental consequences 
that the luminous intensity of the Mg2Sr2-xTiO4:Eu3+, Gd3+ phosphor is the strongest, when the 
compensation ion concentration is Eu3+=2%mol, Eu3+: Gd3+=1:1, Sr2+=5mol%, Na+=1.5mol%, 
respectively. The incorporation of replacement elements results in a redshift of the emission peak. 
It is demonstrated that the phosphor replaced with Sr2+ emits stronger light because the Sr2+ ion 
radii are closer to Eu3+ and Eu2+, which is more conducive to doping. 
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