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Abstract

A red long-lasting phosphorescent material, monodisperse Y2O2S: Eu3+, Mg2+, Ti4+ nanospheres have been prepared successfully.

Y(OH)(CO3): Eu3+ nanospheres were firstly synthesized via an urea-based homogeneous precipitation technique to serve as the precursor.

Nanospheres long-lasting phosphors Y2O2S: Eu3+, Mg2+, Ti4+ were obtained by calcinating the precursor in CS2 atmosphere. XRD investigation

shows a pure phase of Y2O2S, indicating no other impurity phase appeared. SEM observation reveals that the structures are nanosphere. The

Y2O2S: Eu3+, Mg2+, Ti4+ nanospheres with particle size about 100–150 nm show uniform size and well-dispersed distribution. After irradiation by

ultraviolet radiation with 325 nm for 5 min, the phosphor emitted red color long-lasting phosphorescence corresponding to typical emission of

Eu3+ ion. The main emission peaks are ascribed to Eu3+ ions transition from 5DJ (J = 0, 1, 2) to 7FJ (J = 0, 1, 2, 3, 4). Both the PL spectra and

luminance decay revealed that this phosphor had efficient luminescent and long-lasting properties. It was considered that the red-emitting long-

lasting phosphorescence was due to the persistent energy transfer from the traps to the Ti4+ and Mg2+ ions.
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1. Introduction

With the rapid development of science and technology, the

demand for materials is growing rapidly. The particle size of

materials should be decreased farther because of the component

miniaturization, intelligence, highly integration, high-density

storage and ultra-fast transmission [1–4]. During the recent

half-century, long-lasting phosphors have been developed

rapidly. The afterglow of such phosphors generally lasts for a

long time in the darkness and the colors cover from blue to red.

Based on the unique property, they have potential applications

in many different fields, such as safe indicators, fluorescent

lamps, urgent illumination system, cathode ray tubes, etc. [5–

9]. Now, Y2O2S: Eu3+, Mg2+, Ti4+ micron-phosphor is unable to

meet the needs of society. Therefore, the preparation of Y2O2S:

Eu3+, Mg2+, Ti4+ nano-phosphor are great significant in the

optical material research.
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Nowadays, the development of the long-lasting phosphors

focus on the materials which with nanostructures [10–13]. After

ultra-fine or nanometer treatment, Y2O2S: Eu3+, Mg2+, Ti4+

phosphorescent material shows a lot of new optical, electrical

characters and has an unmatchable advantage in comparison

with the bulk materials [14–16], because of the nano-effects

which include size effect, surface state effects, etc.

Until now, there is still no conclusion on the impact about the

nano-effect on the luminescence properties of rare earth

compounds and luminescent materials, the research results

obtained are quite different and even sometimes on opposite

[17]. In addition, the difference between nano-materials

preparation technologies can also cause many factors which

affect on the powders of different morphology, particle size

distribution and luminescence properties. So there much work

about the properties of nano-rare earth luminescent materials

should be done.

At present, this kind of nano-powder phosphor is

synthesized generally by wet-chemical method [4,18]. Scien-

tists have made prominent contribution in the relevant fields.

La2O2S ultra-fine powder materials were synthesized by

anhydrous ethanol as a solvent system through solvothermal
na Group S.r.l. All rights reserved.
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Fig. 1. XRD patterns of (a) the precursor generated by homogeneous precipi-

tation technique and Y2O2S: Eu3+, Mg2+, Ti4+ powders after being calcined at

(b) 1000 8C; (c) 1100 8C; and (d) 1200 8C.
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under 300 8C [19]. However, a series of nano-rare earth

oxysulfides including La2O2S, Eu2O2S, etc. were synthesized

by solvothermal under 150 8C. To further reduce the reaction

temperature, they used the ethylenediamine as a solvent system.

Whereas, the failure on the synthesis of Y2O2S: Eu3+, Mg2+, Ti4+

nano-powder can be ascribed to the lower temperature in the

process of the solvothermal [20]. Micron-powders were

synthesized by increasing the temperature to 280 8C in the

process of solvothermal [21]. Therefore, how to make Y2O2S:

Eu3+, Mg2+, Ti4+ nano-long afterglow phosphor is still a

challenging job.

In this paper, we propose an effective method to prepare

nanosphere red long-lasting phosphors with uniform size and

well-dispersed distribution. Y2O2S: Eu3+, Mg2+, Ti4+ nano-

spheres have been prepared by using urea as the precipitant

through homogeneous precipitation technique followed by sulfur

treatment process in CS2 atmosphere [22]. The homogeneous

precipitation technique which exhibits some advantages of low

processing temperature, high homogeneity and purity of the

products has become a promising method for the preparation of

nanospherical materials. Such well-dispersed Y2O2S: Eu3+,

Mg2+, Ti4+ nanospheres show persistent red emission after UV

illumination at room temperature, exhibiting potential in

photoluminescent application. The results indicate that the

nanosphere Y2O2S: Eu3+, Mg2+, Ti4+ phosphor has promising

long-lasting phosphorescence in potential applications with good

thermal stability, high chemical durability and low cost.

2. Experimental

The experiment consisted of two steps. Firstly, 0.1 mol Y2O3,

0.008 mol Eu2O3 was dissolved in concentrated HNO3. Then

appropriate amount of urea was added into Y(NO3)3 and

Eu(NO3)3 aqueous solution with vigorous stirring for 2 h to form

a clear solution, kept the concentration of urea 0.5 mol l�1. And

then mixture began to react when the mixture was heated to

90 8C. When the production was cooled down to about 50 8C
naturally after reacting completely, white Y(OH)(CO3): Eu3+

precipitations were collected. The co-precipitated precursors

were filtered, washed with distilled water and ethanol three times

each, and finally dried at 100 8C for 24 h.

In the second step, Y2O2S: Eu3+, Mg2+, Ti4+ phosphors were

prepared by a gas aided sulfur treatment through calcining

Y(OH)(CO3): Eu3+ precursor using CS2 as a sulfurization

agent. Sulfur powder was put in a sealed graphite crucible, and

pre-fired at 800 8C for 4 h. During the heat treatment, sulfur

reacted with graphite to form CS2, which was absorbed in the

vacancies within the graphite layer. Then the dried precursors

together with the mixture of 0.001 mol Mg(OH)2
�4Mg-

4MgCO3
�6H2O, 0.001 mol TiO2 were placed into the graphite

crucible and calcined at 1100 8C for 4 h.

Both the as-prepared Y(OH)(CO3): Eu3+ precursor and the

final Y2O2S: Eu3+, Mg2+, Ti4+ phosphorescent products were

characterized. The structures of the products were determined

by a Rigaku Model D/max-II B X-ray diffractometer with Cu

Ka1 (l = 0.15405 nm) radiation at a 0.028 (2u) min�1 scanning

step. The morphologies of the powder were observed by
employing scanning electron microscopy (SEM, Philips XL-

30) and transmission electron microscopy (TEM, Philips

TECNAI 10), the photoluminescence spectra and intensity

were measured by a spectra fluorophotometer (Hitachi F-4500).

The thermoluminescence (TL) spectra were measured by

FJ427A1 (China) in the temperature range of 30–300 8C at a

heating rate of 2 8C/s. All measurements were carried out at

room temperature expect for the TL spectra.

3. Results and discussion

3.1. Crystal structure of the products

To make sure our results are reliable, we prepared our

samples and checked their structures carefully. Fig. 1 shows the

XRD patterns of the precursor generated by homogeneous

precipitation technique and Y2O2S: Eu3+, Mg2+, Ti4+ powders

after being calcined at different temperatures. No obvious

diffraction peak appears in Fig. 1a, which indicates that the

precursor compound is amorphous without calcination. It is

obvious from Fig. 1b that the sample calcinated under 1000 8C
has a cubic Y2O3 structure, while the other two samples (Fig. 1c

and d) possess hexagonal Y2O2S structure. For the product

calcined at 1100 8C for 4 h, the XRD patterns of the powder

match well with the values in the standard Y2O2S card (JCPDS

No.24-1424). The phase analysis demonstrates that Y2O2S:

Eu3+, Mg2+, Ti4+ has hexagonal crystal structure with the unit

cell dimensions: a = 0.385 nm, c = 0.666 nm, which are very

close to the standard lattice parameters provided by the powder

diffraction file, PDF #24-1424. Obviously, the substitution of

Y3+ with trace Eu3+, Mg2+ and Ti4+ does not remarkably change

the crystal structure and lattice parameters of Y2O2S.

3.2. Morphology of the Y(OH)(CO3): Eu3+ precursor

The microstructures of Y(OH)(CO3): Eu3+ precursor are

studied by the SEM patterns and presented in Fig. 2. It can be[(Fig._1)TD$FIG]
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Fig. 2. The SEM images of the Y(OH)(CO3): Eu3+ precursor with the different in the concentration of Eu3+-doped (a) 4%; (b) 6%; (c) and (d) 8%.
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seen from the micrograph that the sample possesses a large

number of uniform nanospheres. With the increase in the

concentration of Eu3+-doped (4%, 6%, 8%), nanospheres can

be obtained with the diameter reduced from 400–500 nm to 80–

150 nm gradually. Large number of studies show that the

nanospheres with lesser particle size and better dispersion can

be obtained by increasing the concentration of Eu3+-doped. It

could be concluded from the figures that a suitable Eu3+

concentration in precursor is around at 8%, and the nanospheres

with the diameter of 80–150 nm (Fig. 2c and d).

3.3. Morphology of the Y2O2S: Eu3+, Mg2+, Ti4+

nanospheres

Morphology of the sulfur treatment synthesized Y2O2S:

Eu3+, Mg2+, Ti4+ is investigated by SEM, as followed in Fig. 3.

The calcination of the precursor in CS2 atmosphere leads to the

formation of Y2O2S: Eu3+, Mg2+, Ti4+. It also can be seen that

the sizes of these oxysulfide nanospheres are similar to the

initial precursor, implying that the shape of nanospheres can be

still kept even through the high-temperature sulfur treatment

process. The shape of nanosphere precursor can be inherited to

Y2O2S only by calcination in CS2 environment.

It should also be noted here that a suitable calcinating

temperature is required for the preparation of pure phased

Y2O2S: Eu3+, Mg2+, Ti4+ nanosphere. When sulfured at

1000 8C (Fig. 3a), the Y2O3 monodisperse nanosphere which

inherit the shape of precursor completely with size of 100–

200 nm can be obtained. When the temperature of sulfur is

1100 8C (Fig. 3b and c), pure phased Y2O2S: Eu3+, Mg2+, Ti4+

can be obtained. All the structure shows nanosphere shape with

diameter of 100–150 nm and well-dispersed can also be

observed. When the temperature rises to 1200 8C (Fig. 3d),

some particles are agglomerate and the morphology of
nanoparticles has been subverted into irregularly shaped

particles because the temperature of sulfur is too high.

Therefore, the suitable temperature for the preparation of

nanosphere Y2O2S: Eu3+, Mg2+, Ti4+ is around 1100 8C.

Compared with our previous experiments [23], it is found

that the final products could not remain the shape of precursor

by using other flowing gas but not CS2. Preliminarily, we can

conclude that the atmosphere, in which the precursor is

calcined, plays an important role in keeping the shape of the

nanosphere. Additionally, this atmosphere may be a key factor

for a close morphological retention between the precursor and

the final products nanosphere Y2O2S. Therefore, we also need

an elaborate research on the mechanism to explain the details

about this process.

3.4. Luminescence property of the red phosphor

Fig. 4 illustrates the excitation and emission spectra of

nanosphere Y2O2S: Eu3+, Mg2+, Ti4+ phosphors calcined in CS2

atmosphere under 1100 8C for 4 h. It is clear that the emission

spectra and the excitation spectra are similar to bulk Y2O2S:

Eu3+, Mg2+, Ti4+ phosphor. It is clear from Fig. 4a that the

excitation spectrum is a wide band with two peaks attributing to

the Eu3+–O2� CTB (charge transfer band) and Eu3+–S2� CTB.

For bulk Y2O2S: Eu3+, Mg2+, Ti4+, one at 266 nm corresponds

to Eu3+-O2� CTB, and the other at 315 nm to Eu3+–S2� CTB.

For nanosphere Y2O2S: Eu3+, Mg2+, Ti4+; One at 260 nm

corresponds to Eu3+–O2� CTB, and the other at 325 nm

corresponds to Eu3+–S2� CTB. The emission spectra of bulk

and nanosphere Y2O2S: Eu3+, Mg2+, Ti4+ phosphors were

shown in Fig. 4b. When the phosphors are excited by 325 nm,

they produce visible light with different wavelengths. This

indicates the typical intrinsic transition of Eu3+ within different

energy levels. The strongest red-emission line at 615 and
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Fig. 3. The SEM images of the sulfur treatment synthesized Y2O2S: Eu3+, Mg2+, Ti4+ at (a) 1000 8C; (b) and (c) 1100 8C; and (d) 1200 8C.
[(Fig._4)TD$FIG]

Fig. 4. (a) Excitation and (b) emission spectra of the Y2O2S: Eu3+, Mg2+, Ti4+

phosphors.
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625 nm corresponds to transition from 5D0 to 7F2 level of Eu3+

ion. From the emission spectra, we can confirm the formation of

the oxysulfide host by the strongest emission at lem = 625 nm.

Nonetheless, either Mg2+ or Ti4+ ion does not change the shape

of excitation and emission spectra dramatically. Compared with

bulk material, the excitation bands in nanosphere show no

apparent blue-shift.

3.5. Afterglow decay curves of the red phosphors

The afterglow decay curve of the nanosphere Y2O2S: Eu3+,

Mg2+, Ti4+ phosphor calcined under 1100 8C is shown in Fig. 5.

It is obvious that co-doped Mg2+ and Ti4+ ions can lead to long

afterglow. The phosphor shows a rapid decay at the beginning

and the long-lasting phosphorescence further. The afterglow

mechanisms can be explained by the contribution from the

electron traps formed by the co-doped Mg2+ and Ti4+ ions.

[(Fig._5)TD$FIG]

Fig. 5. The decay curve of the Y2O2S: Eu3+, Mg2+, Ti4+ phosphors.
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When the Y2O2S: Eu3+ phosphor is co-doped with both Mg2+

and Ti4+, the Mg2+ and Ti4+ ions occupy the same lattice sites as

Y3+ ions do. To keep charge balance, 2 Y3+ ions were replaced

by 1 Ti4+ and 1 Mg2+ ion. However, such replacement breaks

the charge balance around local lattice site and causes the

formation of new electronic donating and accepting levels

between the host lattice band gap, that is, an excessive positive

charge which serves as the electron trap around the doped Ti4+

ion was created. One of ions absorbs energy and thermally

transfers the excited electrons to another ion which serves as

trap centers. The trap of stored energy which is constituted by

Ti4+ and Mg2+ ions serves as the donor leveling, and Eu3+

serves as the acceptor leveling. The trapping of excited

electrons and thermally released processes cause the appear-

ance of afterglow [7,22].

It is clear that the afterglow decay curves are different

between nanosphere Y2O2S: Eu3+, Mg2+, Ti4+ phosphors and

bulk sample. After ultra-fine or nanometer treatment of

phosphorescent material, the afterglow property will be

reduced because of the decrease of particle size, the increase

of specific surface area and the surface defects. Therefore, the

afterglow property of phosphorescent material with smaller

particle size is not as well as bulk material.

3.6. Thermoluminescence for the red phosphor

From the reports [24], the glow peaks between 323 and

383 K in the thermo-luminescent curve benefit the appearance

of afterglow. It is obvious that there is a peak around 360 K,

which is related to the afterglow of Y2O2S: Eu3+, Mg2+, Ti4+

phosphor. As is shown in Fig. 6, thermo-luminescent curve of

nanosphere Y2O2S: Eu3+, Mg2+, Ti4+ phosphor is similar to the

bulk sample. According to the report [25], the defects

introduced by doped ions played a key role in the long-lasting

phenomenon. The doped Mg2+ and Ti4+ ions may replace Y3+

to shape some defects to capture free electrons and holes.

During the heat process, the holes or electrons trapped will be
[(Fig._6)TD$FIG]

Fig. 6. The thermo-luminescent curve of the Y2O2S: Eu3+, Mg2+, Ti4+ phos-

phors.
released, and then the electron–hole recombination produces

afterglow phenomenon. The trap energy level can be estimated

using the following half peak width method [26]:

E ¼ 2kðTmÞ2

T2 � Tm

(1)

where k is the Boltzmann’s constant; Tm the temperature value

corresponding to the peak of the thermo-luminescent curve; T2

the temperature value corresponding to the point on the right

side of the thermo-luminescent curve, where the peak intensity

is half of the peak value. By calculating the traps energy level of

the nanosphere Y2O2S: Eu3+, Mg2+, Ti4+ phosphor is about

0.52 eV, which shows a suitable trap depth and therefore

produces long-lasting afterglow for the nanosphere Y2O2S:

Eu3+, Mg2+, Ti4+ phosphor.

4. Conclusion

In this paper, a promising red long-lasting phosphorescent

material, single crystalline nanospheres Y2O2S: Eu3+, Mg2+,

Ti4+, has been prepared through urea-based homogeneous

precipitation technique followed by a subsequent sulfur

treatment process. The results show that the final product with

smooth surface and uniform size of 100–150 nm inherited the

nanosphere structure from the precursor calcined in CS2

atmosphere at 1100 8C for 4 h. When excited by 325 nm, the

phosphor has a very strong and broad emission band at 625 nm,

which is attributed to the transition of Eu3+ between the 5D0

states and 7F2 states. The introduction of Mg2+ and Ti4+ ions is

good for the formation of complex holes and electron traps,

which result in the long-lasting phenomenon.
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