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Abstract Red emitting phosphor Ca3(VO4)2:Eu3? was

prepared by citric acid-assisted solution combustion

method and characterized by X-ray diffraction (XRD),

transmission electron microscopy (TEM), and fluorescence

spectrophotometer. The influences of Ca to V molar ratio

and synthesis temperature on phase composition, mor-

phology, grain size, photofluorescence properties, and

ultraviolet–visible diffuse reflectance spectra (UV–Vis

DRS) of as-synthesized samples were investigated. The

results indicate that Ca to V molar ratio play a key role for

the changing of phase composition, excitation spectrum,

and luminescence intensity. The sample prepared at

900 �C, keeping Ca/V = 3:2.2, has the highest photolu-

minescence intensity. The possible causes of the effects on

photoluminescence mechanism were also discussed in this

work.

Introduction

It is well known that the famous red emission phosphor

YVO4:Eu3? has been widely used in cathode ray tubes

(CRT), fluorescent lamps [1, 2], and scintillator in medical

image detectors [3]. However, for the high price and rare

reserves of Y2O3 as raw materials, the utilization of this kind

of phosphor is severely restricted. Recently, Ca3(VO4)2 and

rare earth (Re)-doped calcium orthovanadates (Re = Eu,

Sm, Nb, Yb, etc.) artificial crystal materials have attracted

increasing interests due to their potential application in solid

state lasers [4, 5], luminescent [6], and ferroelectric mate-

rials [7], etc. Firstly, calcium is more plenteous and cheaper

than yttrium. Secondly, Ca3(VO4)2 has many excellent

performances, such as the high thermal stabilities, crystal-

lization properties, visible light transmission to be a poten-

tial host crystal. More importantly, the luminescence of

Eu3? ions can be well sensitized by the isolated VO4
3-

group inside Ca3(VO4)2 matrix as it does in YVO4. Hence,

Ca3(VO4)2:Eu3? may hopefully be a low-cost candidate for

YVO4:Eu3?. These advantages have impelled more and

more researchers to study experimental synthesis process

and characterization of rare earth-doped Ca3(VO4)2

phosphor.

So far, several techniques such as solid state reaction

[6, 8–10], co-precipitation [11, 12], hydrothermal [13, 14],

sol–gel [15–17], and combustion method [18] etc. have

been used to prepare vanadate phosphors. The conventional

solid state reaction requires multi-step process including

raw material mixture, repeated intermediate grinding, and

relatively longer calcination time to obtain pure phase

composition as well as high crystallinity degree. This

means time-consuming and energy-intensive [19]. How-

ever, in solution reaction components can be well-mixed at

the molecular level and stoichiometry control [20]. So it is

easy to get homogeneous concentrated liquid precursor

through a simple processing. In addition, combustion

reaction can provide sufficient heat to the system during a

short synthesis process. Hence, the solution combus-

tion method turns out to be a good way to synthesize

complex compositions with good homogeneity, crystallin-

ity, and high surface area [21]. Considering researches on

using sol combustion route to synthesize vanadate-based
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luminescent materials are very limited. This work focuses

on employing a citric acid-assisted sol combustion method

to synthesize Ca3(VO4)2:Eu3? phosphor. The influences

of Ca to V molar ratio and synthesis temperature (here-

after termed as T) on the phase composition, fluorescence

properties, and ultraviolet–visible diffuse reflectance

spectra (UV–Vis DRS) of as-synthesized samples are dis-

cussed in detail, and the explanation on luminescence

mechanism of this phosphor is also given in the present

study.

Experimental

Sample preparation

High purity europium oxide (Eu2O3), analytical reagent

ammonium metavanadate (NH4VO3), calcium nitrate

tetrahydrate (Ca(NO3)2�4H2O), citric acid (C6H8O7�H2O),

and 2 M nitric acid (HNO3) were taken as raw materials.

The stoichiometric ratio of Eu2O3 and Ca(NO3)2�4H2O,

where Eu3? to Ca2? molar ratio is 0.05:0.95, were dis-

solved in HNO3 to get mixed solution. Then C6H8O7�H2O

and NH4VO3 were, respectively, added into the above

mixed solution with different molar ratio of Ca to V under

stirring and heating at about 70–80 �C. The sol precursor

was obtained after stirring for 30 min, which was placed

into a furnace preheated at a definite temperature for 1 h in

air.

Characterization

The phase composition of as-synthesized samples was

checked by X-ray powder diffraction (Philips X’Pert Pro

MPD, Cu Ka, 40 kV, 40 mA, k = 1.5418 Å). The mor-

phologies and particle sizes were analyzed with a JEM-

100CX transmission electron microscopy running at an

accelerating voltage of 80 kV. Excitation and emission

spectra were measured on Hitachi F-7000 fluorescence

spectrophotometer with xenon lamp as excitation source.

The UV–Vis diffuse reflectance spectra (UV–Vis DRS)

were collected on a Hitachi U-3010 spectrophotometer

within the range of 200–800 nm. BaSO4 was used as a

reference material. The diffuse reflectance data were then

converted to absorbance data using the Kubelka–Munk

function:

FðRÞ ¼ ð1� RÞ2

2R
¼ K

S

where R represents the reflectance, while K and S corre-

spond to the effective absorption and scattering, respec-

tively [22]. All the measurements were performed at room

temperature.

Results and discussion

Phase compositions

Three samples with different molar ratios of Ca to V from

3:2 to 3:2.5 are synthesized at T = 900 �C. Their XRD

patterns are depicted in Fig. 1. Sample (a), Ca/V = 3:2, is

a mix-phase of Ca3(VO4)2 (JCPDS 19-0259) and Ca10V6

O25 (JCPDS 52-0649). All diffraction peak positions and

the relative intensities of sample (b) are matched well with

those of Ca3(VO4)2. In the case of sample (c), Ca3(VO4)2 is

the major phase with a minor of Ca2V2O7 (JCPDS 38-

0284). It indicates that under the same synthesis tempera-

ture (900 �C) pure calcium orthovanadate is obtained as

Ca/V = 3:2.2 rather than 3:2 (stoichiometric ratio), but

further increase in vanadium will form another impure

phase in the product. For the sample (a), if rewritten the

molecular formula of Ca10V6O25 as 3x(Ca3V2O8)�x(CaO)

(x = 1), It could be found that Ca10V6O25 may be formed

by a further reaction between superfluous CaO and

Ca3(VO4)2. From another perspective, the volatilization of

V2O5, which generated in the prophase of combustion,

results in the actual Ca/V \ 3:2. That is to say V2O5 is

easily volatile at 900 �C during the violent combustion

processing for its low melting point of 690 �C. However,

further increasing the amount of vanadium will make the

reaction between Ca3(VO4)2 and excessive V2O5 come true

and lead to the formation of a new phase 2y(Ca3V2O8)�
y(V2O5), such as Ca2V2O7 (y = 1/3) as shown in Fig. 1c.

These results reveal that vanadium is easily lost com-

pared with calcium in the combustion process. Hence, pure

Fig. 1 XRD patterns of the samples prepared at different molar ratios

of Ca to V: (a) 3:2, (b) 3:2.2, and (c) 3:2.5, keeping T = 900 �C,

and the standard patterns of Ca3(VO4)2, Ca10V6O25, and Ca2V2O7
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calcium orthovanadate cannot be synthesized under the

condition of sol combustion reaction by mixing reactants

followed a strict stoichiometric ratio. In order to prepare

pure Ca3(VO4)2 phase appropriate adjustment of the Ca to

V ratio is necessary to compensate for the volatilization

loss of vanadium during combustion reaction process.

Figure 2 presents the XRD patterns of samples prepared

at different temperatures with Ca/V = 3:2.2. The diffrac-

tion peak positions and the relative intensities of all the

samples obtained at three temperatures are matched well

with those of the Ca3(VO4)2 patterns. No characteristic

reflections corresponding to any source materials or

impurities are detected in the patterns. This shows that pure

Ca3(VO4)2 can be obtained at any of the three synthesis

temperatures, as long as keeping Ca/V = 3:2.2 constant.

With the increase of temperature from 700 to 900 �C, the

height of reflections enhance and the Full Width at Half

Maximum (FWHM) of diffraction peaks narrow down, for

the peak of (0210) the FWHM is 0.22608 at 700 �C,

0.21268 at 800 �C, and 0.21188 at 900 �C. The degree of

crystallinity and grain diameter increases gradually with

the raising of synthesis temperature.

Morphologies

TEM images in Fig. 3 show the morphologies and the

particle sizes of samples obtained at 700 �C (a), 800 �C

(b), and 900 �C (c), corresponding to Fig. 2a, b, and c,

respectively. The irregular particles are inosculated with

each other as shown in Fig. 3a and b. The grain boundaries

are vividly visible in Fig. 3b. The particle size of samples

is about 30–300 nm at 700 �C, 80–400 nm at 800 �C, and

larger than 600 nm at 900 �C. This is consistent with the

trend shown in Fig. 2.

Fluorescence properties and UV–Vis absorption

spectroscopy

The excitation spectra of samples prepared at different

Ca/V, at T = 900 �C, exhibit a broad band between 200

and 350 nm with a main peak at 277 nm and a weak

shoulder at about 305 nm as shown in Fig. 4. Noticeably,

excitation curve of sample (a) splits into two peaks located

in 277 and 306 nm with similar intensity. This could be

due to the mix-phase of Ca3(VO4)2–Ca10V6O25 in sample

(a) and the difference of excitation energy between the two

phases. In the vanadate phosphors, the excitation band

extending from 200 to 350 nm attributes to the absorption

of VO4
3- groups in host lattice. The peak at 277 nm and

the weak shoulder around 305 nm correspond to the
1A1 ? 1T2 and 1A1 ? 1T1 transition [23], respectively,

originated from the charge-transfer bands (CTBs) localized

within the tetrahedrally coordinated (VO4
3-) group.

Another excitation band sprawled from 350 to 475 nm

assigns to the f–f transitions level of Eu3? ions. Three weak

peaks at 395, 415, and 465 nm correspond to 7F0 ? 5L6,
7F0 ? 5D3 and 7F0 ? 5D2 transitions, respectively.

In Fig. 5, all the emission properties of samples with

various Ca/V characterize the spectroscopy of Eu3? ions.

A orange-red emission at 593 nm and a red emission at

613 nm originate from the magnetic dipole transition
5D0 ? 7F1 and electric dipole transition 5D0 ? 7F2 of

Eu3?, respectively. The other peaks at 557, 655, and

703 nm corresponding to the 5D1 ? 7F2, 5D0 ? 7F3, and
Fig. 2 XRD patterns of the samples, with Ca/V = 3:2.2, prepared

at various temperatures: (a) 700 �C, (b) 800 �C, and (c) 900 �C

Fig. 3 TEM images of the samples synthesized at different temperatures: a 700 �C, b 800 �C, and c 900 �C, keeping Ca/V = 3:2.2 constant
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5D0 ? 7F4 transitions are very weak and barely detectable.

A relatively high peak at 577 nm may be originated from

the 5D0 ? 7F0 transition of Eu3? ions located in both of

Ca3(VO4)2 and Ca10V6O25 crystal lattice. Because the

radius of Eu3? (1.03 Å) is only slightly larger than that of

Ca2? (0.99 Å), Eu3? ion is likely to substitute for Ca2? ion

and acts as the luminescence center. Among the transitions

of Eu3? originating from 5D0 level, 5D0 ? 7F1 transition

(593 nm) satisfies the magnetic dipole selection rules

(DJ = 0, ±1 with J = 0 //? J0 = 0). In free Eu3? ions,

however, the 5D0 ? 7F2 transition (613 nm) is forbidden

(for both magnetic and electric dipoles) [24]. According to

the Judd–Ofelt theory [25, 26], 5D0 ? 7F2 transition

becomes electric dipole type, due to an admixture of

opposite parity 4fn-15d states by an odd parity crystal field

component. In the structure of Ca3(VO4)2 from Inorganic

Crystal Structure Database (ICSD), all of the five Ca2?

sites in Ca3(VO4)2 are asymmetric, viz. without inversion

center. Hence, whichever Ca2? site substituted by the Eu3?

ion in Ca3(VO4)2, the hypersensitive 5D0 ? 7F2 (DJ = 2)

transition will be the most prominent one in its emission

spectrum. The intensity of the magnetic dipole transition

(5D0 ? 7F1), hardly changes with the crystal field strength

around the Eu3? ion, while the intensity of the hypersen-

sitive electric dipole allowed transition (5D0 ? 7F2) is

highly sensitive to structural changes and environmental

effects in the vicinity of the Eu3? ions [27]. Furthermore,

Fig. 5 shows that the height of peak 613 nm is

(b) [ (c) [ (a) and the relative intensities of other weak

emission peaks at 537, 557, and 592 nm, etc. are all con-

sonant with the order. As the phase composition varies with

the Ca to V ratio, from Ca/V = 3:2 to 3:2.5, Ca10V6O25

forms in sample (a) and Ca2V2O7 in sample (c). It indicates

that with the changing of V concentration the reaction

system undergoes a compositionally induced phase transi-

tion that makes a part of Eu3? ions enter into Ca10V6O25 or

Ca2V2O7 crystal lattice. The crystal field environment

around Eu3? ion in these compositions is different.

Because the emission properties of Eu3? are dependent

upon the neighborhood, such as the symmetry, coordinate

environment, V–O–Eu angle, and Eu–O bond length etc.

[28]. The changes of emission intensity could be attributed

to the structural variations nearby the Eu3? ions. In the

present system, Ca2? is the only substitutable ion by Eu3?.

There are five types of asymmetric Ca2? sites in Ca3(VO4)2

and only two in Ca2V2O7 lattice from the ICSD.

In Ca3(VO4)2, the coordination numbers of two non-

equivalent Ca(1)
2? cations are 6 and 8, and the other three

nonequivalent Ca2? are sixfold, sevenfold, and eightfold

coordinated. By contrast, Ca2? cations form in [Ca(1)O8]

and [Ca(2)O6] asymmetric polyhedra in Ca2V2O7 lattice.

The minimum and maximum V–O–Ca angles are 98.6068
and 154.4018 in Ca3(VO4)2, 99.2748 and 141.4068 in

Ca2V2O7. The average, however, is 122.3418 in Ca3(VO4)2

and 123.2258 in Ca2V2O7 indicating that no obvious dif-

ferences in the tow crystals. Thus, the decreasing of

emission intensity with the V concentration changes from

Ca/V = 3:2.2 to 3:2.5 may be attributed to the reduction of

asymmetric Ca2? site types from Ca3(VO4)2 to Ca2V2O7.

Unfortunately the structure of Ca10V6O25, which is detec-

ted in sample (a), is not known. So we made some quali-

tative explanations by comparing the UV–Vis absorption

spectra of host matrix prepared at different Ca/V in later

text.

Under different synthesis temperatures from 700 to

900 �C, keeping Ca/V = 3:2.2, samples have similar

excitation and emission spectra as shown in Figs. 6 and 7.

Spectrum intensity increases in the order of 700, 800, and

Fig. 4 Excitation spectra of the samples synthesized at different

molar ratios of Ca to V: (a) 3:2, (b) 3:2.2, and (c) 3:2.5 keeping

T = 900 �C constant

Fig. 5 Emission spectra of the samples synthesized at different molar

ratios of Ca to V: (a) 3:2, (b) 3:2.2, and (c) 3:2.5, keeping T = 900 �C

constant
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900 �C. The XRD patterns in Fig. 2 revealed that the

crystallization of the single-phase Ca3(VO4)2 becomes

better and better with the increasing of synthesis temper-

ature. Figure 3 also shows that the crystal grains of

Ca3(VO4)2 grow larger at higher temperature. At the same

time, more Eu3? ions can gain larger kinetic energy to

substitute the Ca2? sites and to become luminescence

centers, leading to a high energy transfer efficiency from

VO4
3- groups to Eu3? ions in Ca3(VO4)2. Hence, to some

extent, the increasing of the temperature is beneficial for

improving the red emission intensity of as-synthesized

sample in the conditions of this work.

The UV–Vis absorption spectra of host matrixes pre-

pared at different Ca to V molar ratios and synthesis

temperatures are presented in Figs. 8 and 9, respectively.

All the compositions show broad absorption band ranging

from 200 to 450 nm with two main peaks at about 250 and

305 nm. This band is due to the charge transfer (CT)

transition from oxygen to vanadium (O ? V). In other

words, the electronic transition from the highest occupied

molecular orbital (HOMO) primarily O 2p nonbonding

orbitals with t1 symmetry to the lowest unoccupied

molecular orbital (LUMO) arises from a linear combina-

tion of antibonding V 3d orbitals and O 2p orbitals with

e symmetry [29]. The two peaks at about 250 and 305 nm

may be assigned to 1A1 ? 1T2 and 1A1 ? 1T1 transition

[23], respectively.

All the UV–Vis absorption spectral curves as well as

their trends show good agreement with the excitation

Fig. 6 Excitation spectra of the samples prepared at different temper-

atures: (a) 700 �C, (b) 800 �C, and (c) 900 �C, keeping Ca/V = 3:2.2

constant

Fig. 7 Emission spectra of the samples prepared at different temper-

atures: (a) 700 �C, (b) 800 �C, (c) 900 �C, keeping Ca/V = 3:2.2

constant

Fig. 8 UV–Vis diffuse reflectance spectra of the samples synthesized

at different molar ratios of Ca to V: (a) 3:2, (b) 3:2.2, and (c) 3:2.5,

keeping T = 900 �C constant

Fig. 9 UV–Vis diffuse reflectance spectra of the samples prepared at

different temperatures: (a) 700 �C, (b) 800 �C, and (c) 900 �C,

keeping Ca/V = 3:2.2 constant
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and emission spectra presented from Figs. 4 to 7. Firstly,

from Fig. 8, it can be seen that the sample (b), with

Ca/V = 3:2.2, has the highest absorption intensity between

200 and 350 nm compared with sample (a) and sample (c).

In terms of the phase analysis in section ‘‘Phase compo-

sitions’’, the impurity phase of Ca10V6O25 is found in

sample (a) and Ca2V2O7 in sample (c). And this may be

the direct cause for the decreasing of UV absorption.

Secondly, in Fig. 9, under higher synthesis temperature, the

Ca3(VO4)2 crystal grows more perfect accompanying with

the enhancing UV absorption intensity. This means that the

absorption and energy transfer between VO4
3- groups and

Eu3? ions in Ca3(VO4)2 become more efficient, which

make as-synthesized samples exhibit higher excitation and

emission intensity as shown in Figs. 6 and 7.

The luminescence mechanism of Ca3(VO4)2:Eu3?

phosphor can be depicted using Fig. 10. It is a combine

action of host sensitizing and the radiative transition of

Eu3? ions. Ca3(VO4)2:Eu3? is a typical host sensitizing

luminescence material. Its emission intensity and efficiency

mainly depend on the host absorption and energy transfer

from the host to activators [30]. Once UV photons are

absorbed by the host matrix, the center V5? ions of VO4
3-

groups are excited from the ground state (1A1) to the

excited state (1T1, 1T2). Thereafter, the absorption of UV

photons by the VO4
3- groups inside the host is followed by

a non-radiative transfer to Eu3? and then the VO4
3- groups

return to the singlet (1A1) state from the triplet (3T1, 3T2).

The triplet (3T1, 3T2) ? singlet (1A1) transition connects to

a transfer of an electron from a molecular orbital mainly

localized on one oxygen atom (2pp type) to a molecular

orbital mainly localized on the vanadium atom (de or dt2

type) [31]. Meanwhile the excited Eu3? comes back to the

ground state through a red radiative transition and emits its

characteristic radiation [32]. The five emission lines of

Ca3(VO4)2:Eu3? at about 703, 655, 613, 593, and 581 nm

(in Figs. 5, 7) are assigned to the transitions from the meta-

stable orbital singlet state 5D0 to the spin–orbit states 7FJ

(J = 0, 1, 2, 3, 4) of Eu3? [33, 34]. Based on the results

and discussions in the present study, Ca to V molar ratio

and synthesis temperature mainly bring two facets of

influences on the above photoluminescence process of

Ca3(VO4)2:Eu3? phosphor. (1) Effects on the UV radiation

absorption efficiency (gA shown in Fig. 10) of system.

With the changing of Ca to V molar ratio from 3:2 to 3:2.5,

the host matrix undergoes a compositionally induced phase

transition. As Ca/V = 3:2 (Fig. 1a), the sample contains

Ca10V6O25 impurity phase, while, as Ca/V = 3:2.5

(Fig. 1c), Ca2V2O7 phase is detected. This structural

change leads to the decreasing of UV absorption efficiency

of sample (a) and (c). (2) Influences on the energy transfer

process from VO4
3- groups to Eu3? ions. With the

increasing of synthesis temperature the crystallization of

host matrix becomes more complete. Thus, higher energy

transfer efficiency (gET) can be achieved in the perfect

crystal framework. Besides, the structural difference of

Ca3(VO4)2, Ca2V2O7, and Ca10V6O25 will also change the

gET from VO4
3- groups to Eu3? ions. All of these factors

can affect the red emission intensity of Ca3(VO4)2:Eu3?

phosphor in different degrees.

Conclusions

The results obtained from the above will be summarized as

below.

(1) Ca3(VO4)2:Eu3? red emission phosphor is success-

fully synthesized by a new sol combustion process.

The X-ray diffraction and fluorescence spectropho-

tometer results indicate that pure and highly effective

Ca3(VO4)2:Eu3? red emitting powders can be obtained

through this route.

(2) The molar ratio of calcium to vanadium is a key

factor for the phase composition of samples, which

affects the fluorescence properties of phosphor evi-

dently. The existence of impurity phases will decrease

the ultraviolet absorption efficiency of host matrix

and the energy transfer efficiency from VO4
3- groups

to Eu3? ions, leading to a low excitation and emission

intensities of phosphors. The optimum molar ratio of

Ca to V is 3:2.2 to obtain pure Ca3(VO4)2 phase.

(3) The emission intensity of Ca3(VO4)2:Eu3? phosphor

increases with the raising of the synthesis temperatureFig. 10 Energy transfer process from VO4
3- to Eu3? in Ca3(VO4)2
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from 700 to 900 �C. The sample synthesized at

900 �C as Ca/V = 3:2.2 is endued with the highest

emission intensity in the conditions of this work.
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