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Abstract A series of Ba5(VO4)3Cl:Eu3?,K? phosphors

have been synthesized by the molten salt synthesis method.

The crystalline structure, morphology, photoluminescence

properties and lifetimes were characterized using X-ray

diffraction (XRD), field emission scanning electron

microscope (FE-SEM) and photoluminescence spectros-

copy, respectively. XRD indicates that the Ba5(VO4)3Cl:

Eu3?,K? phosphors are synthesized successfully via mol-

ten salt method. SEM image demonstrates that the obtained

phosphors have hexagonal polyhedron morphology. The

photoluminescence spectra reveal that the as-prepared

phosphors exhibit a bright red emission under the excita-

tion of blue or near ultraviolet light. The concentration

quenching was also investigated, and the dipole–dipole

interaction is responsible for the concentration quenching

of fluorescence emission of Eu3? ions in Ba5(VO4)3Cl

phosphor. The present work suggests that the Ba5(VO4)3Cl:

Eu3?,K? phosphors would be a potential candidate for

light emitting devices.

1 Introduction

As a hot topic in the area of displays, lanthanide ion and

transition-metal ion doped phosphors have attracted great

interest due to their extraordinary luminous efficiency and

irreplaceable in light-emitting devices, such as cathode ray

tubes (CRTs), plasma display panels (PDPs), field emission

displays (FEDs), and white-light emitting diodes (w-LEDs)

[1–6]. The red luminescence of Eu3? ions has been

extensively studied as an activator ion because of its dis-

tinct 4f–4f transitions. The f-electrons of Eu3? ions are

well shielded from the chemical environment and own

almost retained atomic character. In consequence, Eu3?

ions have been widely used as the luminescent activator for

a considerable number of phosphors such as Y2O3:Eu3?,

Y2O2S:Eu3?, YVO4:Eu3?, YBO3:Eu3? belonging to the

main red emissive components for trichromatic fluores-

cence materials.

Vanadate is an important class of materials that have

been investigated as the phosphor hosts. In general terms,

these properties are observed when the hosts are doped

with europium and other rare earth ions. Choi et al. [7]

synthesized Eu3? doped Ca3Sr3(VO4)4 phosphors via solid

state reaction, the emission intensity excited at 329 nm is

221 % as high as that of Y2O3:Eu3? excited at 254 nm.

Rao et al. [8] prepared Ca3La(VO4)3:Eu3? by a chemical

co-precipitation method, and the red-emitting phosphor

exhibits an intense narrow line emission at 618 nm under

the excitation of 305 nm. Wang et al. [9] fabricated

YVO4:Eu3? nanocrystallines using molten salt synthesis

(MSS) method, and investigated the energy transfer from

the charge transfer band of V–O to Eu3? ions.

Ba5(VO4)3Cl crystallizes in the well-known apatite

structure type, with space group P63/m, a = 10.5468 Å,

c = 7.7437 Å and Z = 2. The crystal structure contains

isolated (VO4)3- tetrahedrons that are bridged by Ba2? ions.

The intermediate Cl- anions, situated on positions with �3
symmetry, are octahedrally surrounded by Ba2? cations
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[10]. In the apatite structure there are two types of cationic

site (M1 and M2), the first type of site M1 has trigonal

symmetry due to the tricapped trigonal prism formed by

nine oxygen atoms surrounding the cationic site, and the

second type of z inversion symmetric octahedron M2 is

seven coordinated with five oxygen atoms and two X- ions.

It is well-known that the apatite type Sr5(PO4)3Cl is

unsurpassed as a phosphor host-matrix and Eu2? doped

Sr5(PO4)3Cl has been used as a commercial blue-emitting

phosphor in the past decades [11–13]. However, to the best

of our knowledge, there is no report devoting to the prep-

aration of chloro-vanadato-apatites Ba5(VO4)3Cl by the

MSS method and the photoluminescence (PL) properties of

Eu3? doped Ba5(VO4)3Cl phosphors. In this work, the

applicability of a simple MSS method for preparation of

Ba5(VO4)3Cl:Eu3? was examined to overcome this gap,

and the PL properties were investigated in details.

2 Experimental

The Ba5(VO4)3Cl:Eu3?,K? phosphors were synthesized by

the MSS method. BaCO3 (A.R), BaCl2�2H2O (A.R),

NH4VO3 (A.R), KCO3 (A.R) and Eu2O3 (99.99 %) were

used as the raw materials. The stoichiometric amounts of

starting materials were weighted and mixed in an agate

mortar and an appropriate weight of KCl (A.R) was added

as the molten salt. After adequately grinding, the powders

were transferred to alumina crucibles and calcined at

900 �C for 3 h. The resulting powders were thoroughly

washed with distilled water and ethyl alcohol to remove

residual potassium salt and dried at 110 �C.

The crystal structure of the phosphors was characterized

by X-ray powder diffractometer (XRD) (Bruker D8 Focus)

with Cu–ka (k = 1.540598 Å) radiation at 40 kV and

40 mA. The morphology and microstructure were charac-

terized with Japan SU8010 field emission scanning electron

microscope (FE-SEM) at 5 kV, 10 lA. Excitation and

emission spectra were measured by fluorescence spec-

trometer (FLUOROMAX-4) with a 150 W xenon lamp as

excitation source. The lifetime was recorded on a spectro-

fluorometer (HORIBA, JOBIN YVON FL3-21), and the

355 nm pulse laser radiation (nano-LED) was used as the

excitation source. All the measurements were carried out at

room temperature.

3 Results and discussion

3.1 Crystal structure and morphology

Figure 1 displays the XRD patterns of the samples

Ba5-2x(VO4)3Cl:xEu3?,xK? (x = 0.30, 0.40, 0.70, 0.90,

1.00 1.10, 1.20, 1.30, 1.40, 1.60) as a function of Eu3?

concentrations x, it can be found that the impurity peaks of

EuVO4 are detected after the concentration of Eu3?

increases to 0.70, which are marked with r, as shown in

Fig. 1a. Except for the peaks of EuVO4, all the other dif-

fraction peaks of the selected samples are in good agreement

with the ICSD 170769 standard card of Ba5(VO4)3Cl and no

characteristic peaks from any other impurities are detected.

It indicates that the main phase of the obtained samples

adopts the same structure as Ba5(VO4)3Cl, illuminating that

the dopants are dissolved in the Ba5(VO4)3Cl host and do

not cause any detectable change in the host structure.

However, the positions of the diffraction peaks are observed

gradually move to the high degree with the increase of Eu3?

contents (x) from 0.30 to 1.60. Figure 1b clearly presents the

three strongest diffraction peaks [(211), (112) and (300)]. It

is observed that the three peaks vary to the high degree

gradually as increasing the Eu3? doping concentration, and

the largest distance is about 0.5�, i.e., the lattice parameters

of Ba5(VO4)3Cl:xEu3?,xK? decrease monotonously with

increasing in Eu3? doping. The reason is probably attributed

to the substitution of Ba2? (RBa = 1.35 Å) with large ionic

radius by Eu3? (REu = 0.947 Å) with small ionic radius.

Figure 2 shows the representative SEM image and EDS

of Ba2.80(VO4)3Cl:1.10Eu3?,1.10K? phosphor prepared at

900 �C for 3 h by MSS method. The SEM image reveals

that the particles have good dispersion. There are mainly

two morphologies in the image. Most of the particles which

are 5–20 lm in size have hexagonal polyhedron morphol-

ogy, and the smaller ones are spherical-like. EDS confirms

that the hexagonal polyhedron particles are Ba5(VO4)3Cl:

Eu3?,K? which is consistent with the XRD pattern.

Generally, the MSS mechanism is a two-step process

consisting of particle nucleation and particle growth [14].

The nucleation process depends on the difference of dis-

solution rates between the reacting oxides in the molten

salt. The morphologies of particles mainly depend on the

particle growth process [15, 16]. Particle growth can be

initiated in two ways when solid particles are dispersed in a

liquid matrix: by an interfacial reaction controlled mech-

anism and a diffusion controlled mechanism. The particles

grow into spherical shapes under the diffusion controlled

mechanism and into faceted shapes under the interfacial

reaction controlled mechanism. Therefore, the interfacial

reaction controlled mechanism plays an important role in

the synthesis of Ba5(VO4)3Cl particles. Additionally, the

author implies that the small spherical-like particles are

precipitated from the molten salt in the cooling process.

3.2 Photoluminescence properties

The excitation spectrum of Ba2.80(VO4)3Cl:1.10Eu3?,1.10K?

phosphor synthesized by MMS method is displayed in Fig. 3.
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The excitation spectrum monitored at 614 nm consists of a

broad excitation band in the vicinity of 220–350 nm and

five sharp 4f transition lines of Eu3?, which cover the ranges

from long-wavelength UV to visible blue-light region

(350–500 nm). The broad band centered at 313 nm is the

charge transfer band (CTB) of Eu3?–O2- interaction. In

addition to the CTB, five more sharp excitation peaks at 363,

382, 395, 416 and 466 nm are also realized, which are

attributed to the direct absorption of the Eu3? ions assigned to

transitions of 7F0 ? 5D4, 7F0 ? 5L7, 7F0 ? 5L6, 7F0 ? 5D3

and 7F0 ? 5D2, respectively [17, 18]. One of the interesting

results of this work is that the phosphors could be strongly

excited both by the near-UV light at 395 nm (7F0 ? 5L6) and

blue light at 466 nm (7F0 ? 5D2), thus making the synthe-

sized phosphors suitable for solid-state light sources. More-

over, the peak at 466 nm dominates the excitation spectrum,

followed by the peak at 395 nm and the CTB.

Fig. 1 XRD patterns of the

Ba5-2x(VO4)3Cl:xEu3?,xK?

phosphors and ICSD standard

card

Fig. 2 FE-SEM image (a) and EDS (b) of Ba2.80(VO4)3Cl:1.10Eu3?,1.10K? phosphor

Fig. 3 Photoluminescence spectra of Ba2.80(VO4)3Cl:1.10Eu3?,1.10K?

phosphors
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The emission spectra achieved by 313, 395 and 466 nm

excitation exhibit similarities by comparing the relative

intensities of the emission lines from Eu3? 4f–4f transitions

corresponding to the transitions from the excited 5D0 level

to the 7FJ (J = 0–4) levels of 4f6 configuration. The

dominated red emission of 614 nm is attributed to the

electric dipole transition 5D0 ? 7F2, indicating that Eu3? is

located at the site of non-inversion symmetry [19]. This is

in agreement with the crystal structure where the Eu3? ions

take of the M sites in the Ba5(VO4)3Cl host lattice without

inversion center. Two emission peaks at about 535 and

554 nm corresponding to the 5D1 ? 7F1 and 5D1 ? 7F2

transitions are very weak due to the high energy phonons.

They can be attributed to the resonant cross-relaxation

process such as Eu3? (5D1) ? Eu3? (7F0) ? Eu3?

(5D0) ? Eu3? (7F3) [20–22].

In order to investigate the concentration quenching

behavior of Ba5(VO4)3Cl:Eu3?,K? phosphors, a series of

Ba5-2x(VO4)3Cl:xEu3?,xK? phosphors were prepared via

MMS method. Figure 4 depicts the emission spectra of

Ba5-2x(VO4)3Cl:xEu3?,xK? (x = 0.30, 0.40, 0.70, 0.90,

1.00, 1.10, 1.20, 1.30, 1.40, 1.60) phosphors. It can be

observed that all the emission spectra excited at 466 nm

show roughly the same position of emission peaks, except

for the intensity. The insert illustrates the dependence of

integrated emission intensities for the transitions originat-

ing from 5DJ (J = 0–4) levels on Eu3? concentrations. It is

seen that the integrated emission intensities increase with

the increasing concentration of Eu3? before the maximum

intensity, and then reduce at higher concentrations due to

concentration quenching; the optimal concentration of

Eu3? is 1.10. The concentration quenching behavior in the

case of electric multiple interaction between luminescent

centers has been quantitatively expressed by Van Uitert’s

model. In this model, the relationship between the fluo-

rescent intensities and their corresponding doping

concentrations of the luminescent center can be mathe-

matically represented as follows [23]:

I ¼ x

Kð1þ bxQ=3Þ ð1Þ

where I is the integral emission intensity, x is the

luminescent center concentration; K and b are constants

for a certain system; Q represents the interaction

mechanism between rare earth ions, Q = 3, 6, 8 or 10

for exchange, electric dipole–dipole (d–d), electric dipole–

quadrupole (d–q) or electric quadrupole–quadrupole (q–q)

interactions, respectively. Equation (1) can approximately

be reduced to Eq. (2) for bxQ/3 � 1:

lg
I

x

� �
¼ �Q

3
lg xþ AðA ¼ lg K � lg bÞ ð2Þ

The curve of lg(I/x) versus lgx in Ba5(VO4)3Cl:Eu3?,K?

phosphor based on Fig. 4 is shown in Fig. 5. Obviously, an

approximately linear relation between lgI/x and lgx can be

found and the slope is about -2.2. The Q value can be

calculated as 6.6 based on the linear fitting by using

Eq. (1), which is close to 6. Thus, this result indicates that

the electric d–d interaction is the major mechanism for the

concentration quenching of fluorescence emission of Eu3?

ions in Ba5(VO4)3Cl phosphor.

The kinetic decay curve for the representative emission of

Eu3? (614 nm, 5D0 ? 7F2) in Ba4.20(VO4)3Cl:0.40Eu3?,

0.40K? was measured, as shown in Fig. 6. The decay curve

for 5D0 ? 7F2 (614 nm) of Eu3? can be well fitted with a

double exponential function: [24, 25]

I ¼ A1 expð�t=s1Þ þ A2 expð�t=s2Þ ð3Þ

where I is the luminescence intensity at time t, t is the time,

A1 and A2 are constants, and s1 and s2 are the decay times

for the exponential components. Moreover, the average

lifetime (s) can be determined using the calculation below:

Fig. 4 Emission spectra of

Ba5-2x(VO4)3Cl:xEu3?,xK?

(x = 0.30, 0.40, 0.70, 0.90,

1.00, 1.10, 1.20, 1.30, 1.40,

1.60) phosphors on Eu3? doping

content (x), the inset shows the

dependence of integrated

emission intensity on the

concentration of Eu3? in

Ba5-2x(VO4)3Cl:xEu3?,xK?

with kex = 466 nm

5114 J Mater Sci: Mater Electron (2013) 24:5111–5116

123



s ¼ ðA1s
2
1 þ A2s

2
2Þ=ðA1s1 þ A2s2Þ ð4Þ

Consequently, it can be seen from Fig. 6 that the average

lifetime of Eu3? at 614 nm was determined to be 0.564 ms.

In addition, the decay curve indicates that there are two

different luminescence centers existing in the Ba4.20(VO4)3

Cl:0.40Eu3?,0.40K? phosphor. And this result implies that

Eu3? randomly occupied M1 and M2 site in the Ba5(VO4)3Cl

host lattice.

Figure 7 represents the CIE 1931 chromaticity coordinates

of Ba2.80(VO4)3Cl:1.10Eu3?,1.10K? phosphor which were

calculated based on the corresponding emission spectrum.

The CIE coordinates of Ba2.80(VO4)3Cl:1.10Eu3?,1.10K?

phosphor is (0.652, 0.347) which is so close to the NTSC

standard value (0.67, 0.33). And no significant change can be

observed while varying the concentration of Eu3?.

4 Conclusions

In summary, the novel red emitting phosphors Ba5-2x

(VO4)3Cl:xEu3?,xK? were obtained via the MSS method at

900 �C for 3 h. The as-prepared phosphors have hexagonal

polyhedron morphology and exhibit a bright red emission

under blue or near-ultraviolet excitation. The present work

suggests that the novel phosphors could be a potential

candidate for light emitting devices. However, the mor-

phology and particle size distribution are less than satis-

factory. In the further work, composite molten salt and the

rate of molten salt and raw materials would be employed to

improve the morphology and particle size distribution of

Ba5(VO4)3Cl:Eu3? phosphors.
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