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A series of Eu2+, Mn2+ and Tb3+ singly and co-doped Na2.5Y0.5Mg7(PO4)6 phosphors have been prepared by solid-state 

reaction method. X-ray diffraction (XRD) patterns, scanning electron microscopy (SEM), transmission electron microscopy 

(TEM) and energy dispersive spectroscopy (EDS) have been used to characterise the crystal structure, morphology and 

composition of the as-prepared samples. The emission intensities of Mn2+ and Tb3+ are  enhanced due to efficient energy 

transfer from Eu2+ to Mn2+ and Tb3+ in Na2.5Y0.5Mg7(PO4)6. In addition, the energy transfer mechanisms between Mn2+, Tb3+ 

and Eu2+ have been demonstrated. Similarly, white light emission in Na2.5Y0.5Mg7(PO4)6 host can be realized by adjusting co-

doped concentration of Eu2+, Tb3+ and Mn2+. The results indicate that the as-prepared phosphors have a great prospect as a 

phosphor-converted material for light-emitting diodes.

1. Introduction 

White light-emitting diodes (WLEDs), a new generation ligting 

source, are considered as substitutes for traditional incandescent 

and fluorescent lamps because of their many advantages in high 

efficiency, energy saving, long operation time and environmental 

friendliness.
1, 2

 Nowadays, there are two general approaches to 

generate white light from LEDs.
3
 One approach is to mix emission 

light from several single-color LEDs, which can offer high luminous 

efficiency but requires complicated electronics resulting in limiting 

its general lighting applications.
4,5

 The other approach is to combine 

a blue or near-ultraviolet (n-UV) LED chip with phosphors, known as 

phosphor-converted WLEDs (pc-WLEDs), which has aroused the 

researchers' enormous research interest attributing to the 

advantage of a compact package, a single power supply.
6,7

 

Currently, the most common method to obtain WLEDs is to 

combine a blue LED chip with Y3Al5O12:Ce
3+

 (YAG: Ce
3+

) phosphors. 

However, this method suffers from the problems of low color 

rendering index and high correlated color temperature in lack of 

red composition, restricting their application.
8 

To overcome the 

above disadvantages, a n-UV LED chip coated with tricolor (blue, 

green, red) phosphors is applied to preparing WLEDs. 

Unfortunately, the luminescence efficiency is low due to the 

reabsorption of emission colors among different phosphors.
9 

In 

addition, the device of WLEDs with multiple emitting components is 

very complicated and difficult to realize.
10

 To further improve the 

performance of WLEDs, many researches have  carried out on 

single-phased white light-emitting phosphors, which is considered 

to be a promising method due to their merits of color stability and 

relatively simple fabrication process.
11-13

 

As we know, energy transfer between sensitizers and activators 

plays an important role in phosphors. Tb
3+ 

and Mn
2+ 

as activators 

are mainly used to provide green- and red-emitting light in 

fluorescent materials, nevertheless, their luminous efficiency is 

always lower upon n-UV excitation, since the absorption of Mn
2+

 

and Tb
3+

 is spin- and parity-forbidden in n-UV region.
14 

Instead, Eu
2+

 

ion, with strong capability to absorb n-UV light, can transfer its 

energy to activators in co-doped systems and then improve the 

luminous efficiency of activators.
13-15

 Phosphates as a matrix for 

fluorescent materials have attracted much attention in recent years, 

due to their outstanding low preparation temperature, thermal and 

chemical stability at high temperatures.
16

 Fillowite-like compounds 

form a small group of phosphates with chemical compositions 

approximating Na2CaM7(PO4)6 where M is alkali, alkaline earth, and 

rare earth.
17

 This structure contains a large variety of frameworks 

due to metal elements with various coordination polyhedra.
18

 In the 

point of view of fluorescent material design, fillowite-like 

compounds may offer more possibilities for the discovery of a new 

fluorescent material, benefiting from multiple substitution choices 

for foreign cations, such as rare earth ions, transition metal ions. 
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However, as so far, few studies have reported luminescent 

properties of fillowite-like compounds. In 2010, a new phosphate, 

Na2.5Y0.5Mg7(PO4)6 with fillowite-type was first synthesized via the 

flux method by Jerbi et al..
18

 However, there are still no information 

about its luminescent properties. Thus, in this paper, a series of 

novel Na2.5Y0.5Mg7(PO4)6: R (R=Eu
2+

, Tb
3+ 

and
 
Mn

2+
) phosphors are 

synthesized via solid-state reaction method. Their luminescent 

properties and energy transfer mechanisms are also explored in 

detail.  

 

2. Experimental  

 Powder samples were prepared by solid-state reaction method. 

The reagents were Na2CO3 [analytical reagent (A.R.), 99.9% ], 

NH4H2PO4 (A.R., 99.9% ), (MgCO3)4·Mg (OH) 2·5H2O (A.R., 99.9%), 

Y2O3 (A.R., 99.9% ), MnCO3 (A.R., 99.9%), Tb4O7 (A.R., 99.99%), and 

Eu2O3 (A.R., 99.99%). Thermogravimetry and differential thermal 

analysis (TG-DTA) measurements were done prior to preparation of 

Na2.5Y0.5Mg7(PO4)6 (abbreviated as NYMPO4) compound under a 

nitrogen flow using a DTG-60H thermogravimetric analyzer at a 

heating rate of 10℃/min. Fig. 1 shows the TG-DTA of NYMPO4 

compound. According to the TG curve, there are mainly four stages 

in the temperature monitoring range corresponding to the weight 

losses of the precursor via a four-step process. Considering the DTA 

curve, the four-step process can be depicted as follows:
 19, 20

 

NH4H2PO4→ H3PO4 + NH3 ↑ (~ 100℃) 

(MgCO3)4·Mg (OH) 2·5H2O→ (MgCO3)4·Mg (OH) 2 + 5H2O ↑(~ 200℃) 

(MgCO3)4·Mg (OH) 2→ 5MgO+ 4CO2 ↑ + H2O ↑ (~ 450℃) 

5Na2CO3 + 28MgO + Y2O3 + 24H3PO4→ 4Na2.5Y0.5Mg7(PO4)6 + 5CO2 

↑+ 36H2O ↑(~ 800℃) 

According to the formula of NYMPO4: xEu
2+

, yMn
2+

, zTb
3+

 (Eu
2+

, 

Mn
2+

 and Tb
3+ 

substitute for Na
+
, Mg

2+ 
and Y

3+
, respectively; x=1-6 

mol%, y=1-15 mol% and z=5-30 mol%), stoichiometric amounts of 

reagents were mixed and ground sufficiently in an agate mortar. 

Then the mixtures were prefired at 450 ℃ for 3h, 800 ℃ for 3h in the 

air, and finally fired at 950 ℃ for 4 h in a N2/H2 (9:1) weak reducing 

atmosphere.  

The crystal structures, morphology and composition of as-prepared 

samples were analyzed by using a X-ray diffractometer (XRD: XRD-

6000), a field-emission scanning electron microscope (SEM: JSM-

7800F) and a transmission electron microscope (TEM: JEM 2100). 

Diffuse reflectrance spectra were carried on with a UV-Visible 

spectrophotometer (U-3010). Photoluminescence (excitation and 

emission) properties measurements were carried out on a 

Spectrofluorophotometer (RF-5301) with a 150 W xenon lamp as 

the excitation source at room temperature. The decay curves were 

determined on a Fluorescence Spectrometer (FLSP920). 

Photoluminescence quantum efficiency were measured directly by 

internal quantum efficiency measurement system (FLSP920). 

 

3 Results and Discussion 

3.1 Crystal structure, morphology and composition analysis
 

 The morphology and composition of NYMPO4 sample are presented 

by SEM and TEM images, as shown in Fig. 2. The SEM image shows 

that the sample presents a flake-like structure (Fig. 2 (a)), which is 

consistent with the TEM image.(Fig. 2 (b)). Note that the HRTEM 

image exhibits the lattice fringes without clearly visible defects and 

dislocations, as shown in the inset of Fig. 2 (b), indicating that it is 

successful to prepared the crystals of NYMPO4 host via solid-state 

reaction method, and it can be further proved with the XRD results. 

Fig. 2 (c) presents the EDS images of NYMPO4 sample. The results 

show that the signals of Na, Y, Mg, P, and O are detected in 

NYMPO4 sample. The bright spots of EDS mapping correspond to 

the presence of the elements Na, Y, Mg, P, and O, respectively, 

indicating that all elements are distributed uniformly throughout 

the whole area. 

The XRD patterns of undoped NYMPO4, NYMPO4: 5%Eu
2+

, NYMPO4: 

5%Tb
3+ 

and NYMPO4: 5%Mn
2+ 

samples are shown in Fig. 3. 

Considering the structural details of NYMPO4 have been reported by 

Jerbi et al., and not repeated in this paper.
18

 For NYMPO4, the 

standard card is not available, hereby the undoped NYMPO4 is used 

as the reference standard. It is clearly that the characteristic peaks 

are indexed to the pure phase of NYMPO4, no other distinct 

impurities have been found, indicating that Eu
2+

, Tb
3+

, and Mn
2+

 

ions are completely doped in NYMPO4 host lattice without 

significant change in the crystal structure. On the basis of the 

comparison of the effective ionic radii of these cations with the 

given coordination number (Table 1), the Eu
2+

, Mn
2+ 

and Tb
3+ 

ions 

are expected to occupy the Na
+
, Mg

2+ 
and Y

3+ 
ion sites in the 

NYMPO4 host.
21-23

 

3.2 PhotoLuminescence properties 

  Fig. 4 shows the emission spectra of NYMPO4: xEu
2+

 phosphors 

excited by 365 nm, as a function of Eu
2+ 

concentration x (x= 0, 1%, 

2%, 3%, 4%, 5% and 6%). The emission spectra exhibit an 

asymmetric broad band in the 390- 550 nm range due to the 

4f
6
5d

1
→4f

7
 transition of the Eu

2+ 
ions. It is clearly that the emission 

intensity of Eu
2+ 

varies as a function of Eu
2+ 

concentration. The 

optimum Eu
2+ 

concentration is 2 mol %, but somewhat higher 

values lead to concentration quenching attributed to the energy 

transfer among Eu
2+

 ions. Note that the emission peak of Eu
2+ 

is red-

shifted with increasing Eu
2+ 

concentration. This is likely due to the 

crystal field strength increased with an increasing amount of Eu
2+ 

since more Eu
2+

 ions replacing Na
+
 site in NYMPO4.

24
 

Fig. 5 (a) shows the diffuse reflectance spectra of NYMPO4 host and 

NYMPO4: Eu
2+

 phosphor, and the excitation and emission spectra of 

NYMPO4: Eu
2+ 

phosphor. The Stokes’ shift of the Eu
2+

 emission is 

defined as the difference between the absorption energy of the 
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4f
7
[

8
S7/2] → 4f

6
[7F0]5d

1
 transition and the emission energy.

25
 The 

Stokes’ shift of NYMPO4: Eu
2+

 is calculated to be 2076 cm
-1

 by taking 

twice the energy difference between the zero phonon line energy 

and the energy of the emission peak.
26

  It is clearly that the diffuse 

reflectance spectrum of NYMPO4: Eu
2+

 phosphor presents a broad 

energy absorption band in the region of 300−420 nm, assigned to 

the 4f
7
→4f

6
5d

1
 transitions of Eu

2+
 ions, as compared with that of 

NYMPO4 host. Monitored at 423 nm, the excitation spectrum of 

NYMPO4: Eu
2+ 

phosphor contains a broad band extending from 300 

nm to 420 nm originating from 4f
7
→4f

6
5d

1
 transitions of Eu

2+
 ions, 

which matches well with its diffuse reflectance spectrum. This 

indicates that NYMPO4: Eu
2+

 phosphor has a potential application in 

the field of n-UV LEDs, which is because its excitation band covers 

nearly the whole n-UV region.  

The fluorescence decay curves of Eu
2+

 emission in the NYMPO4: 

5%Eu
2+

 phosphor under excitation at 365 nm and monitored at 423 

nm are depicted in inset of Fig. 5 (a). The decay curves of Eu
2+

 ion 

are well fitted to a double exponential equation: 

     2211 /exp/exp  tAtAtI               (1) 

   where I is the luminescence intensity, A1 and A2 are constants, t is 

the time, τ1 and τ2 are lifetimes for exponential components. The 

average decay time (τ*) can be determined by the following 

formula:
27 

   2211

2

22

2

11

* /  AAAA                   (2) 

Based on the Eq 2, the decay time of Eu
2+

 ion in NYMPO4: 5%Eu
2+

 is 

determined to be ca. 3.55 μs. There are three Na sites with 

different coordination numbers (CN = 6, 7 and 9) in NYMPO4 host, 

the
 
average bond length of Na (Ⅰ)-O, Na (Ⅱ)-O, Na (Ⅲ)-O is 2.433 

Å, 2.571 Å and 2.651 Å within polyhedral NaO6, NaO7 and NaO9, 

respectively.
18 

Theoretically, Eu
2+

 ion can randomly occupy Na
+
 sites 

and incorporated into the crystal structure of NYMPO4 because the 

Eu
2+

 ionic radius (r= 1.17 Å for CN= 6, r= 1.20 Å for CN= 7, r= 1.30 Å 

for CN= 9) are similar to that of Na
+
 (r= 1.02 Å for CN= 6, r= 1.12 Å 

for CN= 7, r= 1.24 Å for CN= 9). The double exponential decay curve 

observed for Eu
2+

 indicates that Eu
2+

 is substituted at a minimum of 

two different coordinated sites, which is consistent with its 

structure. 

In general, resonance type energy transfer mainly contains 

exchange interaction and electric multipolar interaction.
24

 Exchange 

interaction usually works for a forbidden transition and the typical 

critical distance is about 5Å, while electric multipolar interaction 

depends on the strength of the optical transitions and can occur for 

critical distance as large as 20 Å.
 28, 29

 To further confirm the process 

of energy transfer between Eu
2+

 ions, here, the critical distance (Rc) 

is calculated based on the concentration quenching of Eu
2+

 ions. 

The value of Rc in NYMPO4: Eu
2+

 phosphor can be estimated by 

using the following relation:
 30

 

3

1
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3
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zx
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                                          (3) 

where V is the volume of the unit cell, Z is the number of formula 

units per unit cell, xC is the critical concentration. For NYMPO4 host, 

V= 8274.6Å
3
, Z= 18 and xC= 2%. Based on Eq 3, Rc is estimated to be 

about 35 Å, with a value higher than 5 Å. Thus, energy transfer 

among Eu
2+ 

ions in NYMPO4: xEu
2+

 phosphors is attributed to 

electric multipolar interaction.  

The emission and excitation spectra of NYMPO4: Mn
2+

 phosphor are 

shown in Fig. 5 (c). Under 410 nm excitation, the emission spectrum 

of NYMPO4: Mn
2+

 phosphor exhibits a weak broad band extending 

from 550 to 690 nm centered at 610 nm corresponding to the spin-

forbidden 
4
T1 (

4
G) →

6
A1 (

6
S) transition of Mn

2+
. Monitored by the 

emission at 610 nm, the excitation spectrum of NYMPO4: Mn
2+

 

phosphor contains three peaks located at 347, 364 and 410 nm, 

which correspond to the transitions from 
6
A1 (

6
S) to 

4
E (

4
D), 

4
T2 (

4
D) 

and [
4
A1 (

4
G), 

4
E (

4
G)] of Mn

2+
, respectively.

31
 Note that the 

excitation band at 410 nm overlaps with the emission band of Eu
2+

. 

Therefore, the resonant type energy transfer from Eu
2+

 to Mn
2+ 

in 

NYMPO4 host is expected, which will efficiently improve the 

luminous efficiency of Mn
2+

 through energy transfer.
 28

 

Fig. 5 (d) shows the emission and excitation spectra of NYMPO4: 

Tb
3+

 phosphor. It is clearly that the emission spectrum consists of 

several sharp peaks located at 488, 541, 585, and 621 nm, which  is 

due to the 
5
D4−

7
FJ=6, 5, 4, 3 transitions of Tb

3+
. In this case, the 

transitions of 
5
D3–

7
F6, 5, 4, 3 are not obvious due to weak intensity 

with respect to that of the 
5
D4–

7
F6, 5, 4, 3 and high Tb

3+ 
concentration. 

Monitored at 541 nm, the excitation spectrum contains a band at 

227nm due to the spin-allowed transitions from the 4f
8
 ground 

state to the crystal-field-split components of the 4f
7
5d

1
 

configuration of Tb
3+

 ion, and several peaks in the 300-470 nm 

region, which correspond to the 4f-4f transition of Tb
3+

.
32

 

 The emission and excitation spectra of NYMPO4: 2%Eu
2+

, yMn
2+

 

phosphors are exhibited in Fig. 6. Each emission spectrum consists 

of two broad bands located at 423 nm and at 610 nm, which have 

been corresponded to the emission band of Eu
2+

 ions and that of 

Mn
2+

 ions (Fig. 5). The emission intensity of Eu
2+

 decreases gradually 

as the Mn
2+

 concentration increases, whereas that of Mn
2+ 

increases simultaneously; in this case, concentration quenching 

about Mn
2+

 is not observed. As shown in the inset of Fig. 6, it is also 

notable that the excitation spectrum of NYMPO4: 2%Eu
2+

, 3%Mn
2+

 

phosphor monitored with 610 nm (Mn
2+

 emission) is similar to that 

monitored with 423 nm (Eu
2+

 emission) except for luminous 

intensity. On the basis of above analysis, combining spectral 

overlapping between the excitation band of Mn
2+ 

and the emission 

band of Eu
2+

 in NYMPO4 host (Fig. 5), the existence of resonance 

type energy transfer from Eu
2+

 to Mn
2+ 

in NYMPO4 host is
 
further 

confirmed.
 29 

According to Dexter’s energy transfer formula of electric multipolar 

interaction and Reisfeld’s approximation, the energy transfer 

Page 3 of 11 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

behavior from Eu
2+

 to Mn
2+

 ion can take place via exchange 

interaction and electric multipolar interaction.
25

 The energy transfer 

mechanism of interaction between Eu
2+

 and Mn
2+ 

can be obtained 

by the following equation:
33

 

3/

0 / CII                       (4) 

where C is the total doping concentration of the Eu
2+

 and Mn
2+

 ions; 

I0 and I are the emission intensity of Eu
2+ 

in the absence and 

presence of Mn
2+

, respectively; θ (=3, 6, 8 and 10) corresponds to 

exchange interaction, dipole-dipole, dipole-quadrupole and 

quadrupole-quadrupole interaction, respectively. Fig. 7 shows the 

pots and linear fitting results of I0/I versus C
θ/3

. This result reveals 

that exchange interaction is the best one among the fitting results, 

indicating that energy transfer from Eu
2+

 to Mn
2+

 ions in NYMPO4 

host is dominated by exchange interaction.  

The energy transfer efficiency (ηT) can be calculated by the 

expression:
 34 

ηT= 1- I/I0 (where I0 and I are consistent with above 

results, respectively.) Thus, the values of ηT are 16.5%, 33.4%, 

40.3%, 47.5% and 53.6% for NYMPO4: 2%Eu
2+

, yMn
2+

 phosphors as 

a function of Mn
2+

 concentration y (y= 3%, 6%, 9%,12% and 15%). It 

can be seen that the ηT increases gradually with the increase of 

Mn
2+

 concentration. Thus, energy transfer from Eu
2+

 to Mn
2+

 in 

NYMPO4 host is efficient. 

Fig. 8 (a) exhibits the excitation and emission spectra of NYMPO4: 

2%Eu
2+

, 20%Tb
3+

 phosphor. Monitored at 423 nm (Eu
2+ 

emission), 

the excitation spectrum of NYMPO4: 2%Eu
2+

, 20%Tb
3+

 shows a 

broad band extending from 300-420 nm which has been attributed 

to 4f
7
 →4f

6
5d

1 
transition of Eu

2+
, as shown in Fig. 5 (a). While 

monitored at 541 nm (Tb
3+ 

emission), the excitation spectrum of 

NYMPO4: 2%Eu
2+

, 20%Tb
3+ 

phosphor contains an excitation band of 

Eu
2+

 and a characteristic excitation peak at 486 nm of Tb
3+

, so which 

can be considered as one evidence for the occurrence of 

nonradiative energy transfer from Eu
2+

 to Tb
3+

.
28

 Excitation into Eu
2+

 

band at 365 nm, the emission spectrum of NYMPO4: 2%Eu
2+

, 

20%Tb
3+

 phosphor contains both the emissions of Eu
2+

 and Tb
3+

 

(
5
D3,4–

7
F6, 5, 4, 3) where the 

5
D3–

7
F6, 5, 4, 3 weak emission lines are 

overlapping with the broad Eu
2+

 emission band. With comparing 

excitation into Tb
3+

 band at 377 nm, the emission intensity of Tb
3+

 

increases, whereas the emission intensity of Eu
2+ 

decreases. The 

results further prove that Eu
2+ 

as a sensitizer transfers its energy to 

Tb
3+ 

in NYMPO4: Eu
2+

, Tb
3+

 phosphors.
29

 Fig. 8 (b) exhibits the 

variations of emission spectra of NYMPO4: 2%Eu
2+

, zTb
3+

 (z= 0, 5%, 

10%, 15%, 20%, 25% and 30%) phosphors excited at 365 nm, as a 

function of z. It is clearly that the emission intensity of Eu
2+

 and Tb
3+

 

ions varies regularly with increasing Tb
3+

 concentration. Note that 

the color tone has gradually changed from blue to yellow-green 

with increasing Tb
3+

 concentration, as shown in the inset of Fig. 8 

(b). In addition, the emission intensity of Tb
3+

 increases, while that 

of Eu
2+

 decreases gradually with increasing Tb
3+

 concentration (Fig. 

8 (c)). In this case, there is no concentration quenching until the 

Tb
3+

 concentration reaches at 30%, at which the ηT is ca. 78%. 

Results indicate the existence of higher energy transfer efficiency in 

NYMPO4: 2%Eu
2+

, zTb
3+

 phosphors. Fig. 8 (d) presents the decay 

curves of Eu
2+

 ion in NYMPO4: 2%Eu
2+

, zTb
3+ 

(z= 0, 5%, λex = 365 nm, 

λem = 423 nm). Based on the Eq 2, the decay time of Eu
2+

 ion in 

NYMPO4: 2%Eu
2+

 and NYMPO4: 2%Eu
2+

, 5%Tb
3+ 

is determined to be 

ca. 3.72 μs and 3.67 μs, respectively. It can be seen that the decay 

time of Eu
2+ 

decreases with the presence of Tb
3+

, with 0.05 μs 

difference, indicating the existence of nonradiative energy transfer 

from Eu
2+ 

to Tb
3+

. 

According to the above results, NYMPO4: 2%Eu
2+

, 20%Tb
3+ 

phosphor 

presents blue-white emission, which is close to the white light 

region. To obtain high quality white light, introduction of red-

emitting component in NYMPO4: 2%Eu
2+

, 20%Tb
3+ 

phosphor is an 

efficient approach, which will enhance the colour saturation. In 

addition, Mn
2+ 

as an activator is mainly used to provide red-emitting 

light in fluorescent materials.
35

 Fig. 9 shows the emission spectra of 

NYMPO4: 2%Eu
2+

, 20%Tb
3+

, yMn
2+

 (y = 1~10%) under 365 nm 

excitation. The emission spectra consist of three major emission 

bands in the entire visible spectral region, which have been 

attributed to the contributions of Eu
2+

, Tb
3+

, and Mn
2+

, as discussed 

above. The color tone of NYMPO4: 2%Eu
2+

, 20%Tb
3+

, yMn
2+

 can be 

tuned from yellow-green light to the white light with increasing of 

Mn
2+

 concentrations.  

The probably energy transfer process between Eu
2+ 

and Tb
3+

 
 
is as 

follows: when the nonradiative relaxation of the excited state 

(4f
6
5d

1
) of Eu

2+
 happens, energy maybe translate to low excited 

state of Tb
3+

. The initial population firstly relaxes to the 
5
D3 level 

and then to the 
5
D4 level, or direct relaxes to the 

5
D4 level, finally 

through radiative transition relaxes into the ground 
7
FJ levels. 

Meanwhile, the energy transition is an irreversible process as the 

energy level of the lowest excited state of Eu
2+

 is higher than that of 
5
D4 level of Tb

3+
. If Tb

3+ 
ion content is higher, the process is more 

frequent. Thus, the emission intensity of Tb
3+

 ion will increase with 

increasing its concentration, meanwhile that of Eu
2+ 

ion decrease. 

Meanwhile, the 4f
6
5d

1
 excited  state of Eu

2+
 is also close to the (

4
A1, 

4
E (

4
G) ) level of Mn

2+
 ions. Therefore, it is highly possible that 

energy transfers from the excited  state of Eu
2+

 to the (
4
A1, 

4
E (

4
G) ) 

level of Mn
2+

. Then, the excited electron relaxes to the 
4
T1 (

4
G) level 

through 
4
T2 (

4
G) intermediate energy level in a nonradiative 

process, followed by a radiative transition from the 
4
T1 (

4
G) level to 

the ground state of 
6
A1 (

6
S), with a typical red emission of Mn

2+
. In 

this system, Tb
3+

 or Mn
2+

 doped phosphors show low luminescence 

efficiencies under n-UV excitation due to the 4f–4f weak absorption 

for Tb
3+

 and the forbidden 
4
T1 → 

6
A1 transition for Mn

2+
. Moreover, 

there is no obvious overlap between the main emission peaks of 

Tb
3+

 and the excitation band of Mn
2+

. Therefore, the 

possibility of energy transfer from Tb
3+

 to Mn
2+ 

is very small, and it 

can be ignored generally. The energy transfer process is 

schematically illustrated in Fig. 10. 

3.3 Quantum efficiency and CIE coordinates 

Quantum efficiency (QE) is an important technological parameter 

for phosphors in application. The internal QE of the NYMPO4: 
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2%Eu
2+

, NYMPO4: 2%Eu
2+

, 10%Mn
2+

, NYMPO4: 2%Eu
2+

, 20%Tb
3+

 and 

NYMPO4: 2%Eu
2+

, 20%Tb
3+

, 10%Mn
2+ 

phosphors were determined 

as 54%, 48%, 44%  and 26% under 365 nm excitation. The internal 

QE of NYMPO4: 2%Eu
2+

, 20%Tb
3+

, 10%Mn
2+

 is low by comparing 

with other tri-doped phosphors. However, the QE of the present 

phosphor can be further improved by controlling the particale size, 

size distribution, morphology and crystalline defects through 

optimization of the processing condition. 

 Fig. 11 summarize the International Commission on Illumination 

(CIE) chromaticity diagram of the NYMPO4: 2%Eu
2+

, zTb
3+

, yMn
2+

 

phosphors under 365 nm excitation. The corresponding CIE 

chromaticity coordinates (x, y) of NYMPO4: 2%Eu
2+

, zTb
3+

, yMn
2+

 

phosphors vary systematically from (0.18, 0.06) to (0.25, 0.12) with 

increasing Mn
2+

 concentration and from (0.16, 0.03) to (0.22, 0.36) 

with increasing Tb
3+

 concentration. Furthermore, from the 

introduction of Mn
2+

 in NYMPO4: 2%Eu
2+

, 20%Tb
3+

 phosphor, the 

corresponding chromaticity coordinates (x, y) change from (0.25, 

0.47) to (0.30, 0.33). As can be seen from the illustration in the 

insert of Fig. 11, the phosphor excited by 365 nm light exhibits 

white emitting-light, which indicates that this kind of novel 

phosphor can be used as a potential candidate for n-UV LEDs. 

Conclusions 

In summary, a series of Eu
2+

, Mn
2+

 and
 
Tb

3+
 singly and co-doped 

NYMPO4 phosphors have been synthesized by solid-state reaction. 

The optimal doping concentration of Eu
2+

 is x = 2%, Rc is estimated 

to be 35 Å. The emission intensities of Mn
2+ 

and Tb
3+ 

can be 

enhanced by co-doping
 
of

 
Eu

2+ 
in NYMPO4 host.

 
The energy transfer 

processes between Eu
2+

 and Mn
2+

/Tb
3+ 

have been investigated in 

detail. The energy transfer mechanism between Eu
2+

 and Mn
2+

 has 

been demonstrated to be the exchange interaction, and ηT is ca. 

55% at y=15%. In NYMPO4: Eu
2+

, Tb
3+

, the energy transfer between 

Eu
2+

 and Tb
3+

 mainly depends on nonradiative transition through 

the excited state of Eu
2+

 to the 
5
D3,4 level of Tb

3+
.
 
Moreover, the 

color tone from blue to white light region can be obtained by 

adjusting the ratio of Eu
2+

, Tb
3+

 and Mn
2+

 concentration. The 

exploration about novel NYMPO4: Eu
2+

, Tb
3+

, Mn
2+

 phosphors may 

provide a new option to design and fabricate n-UV LEDs. 
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Fig. 1 Thermalanalysis of NYMPO4. 

 

 

Fig. 2  (a) SEM image, (b) TEM/ HRTEM images and (c) EDS images 
of  NYMPO4 host. 
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Fig. 4 The emission spectra (λex =365 nm) of NYMPO4: xEu
2+

 with 
varying Eu

2+ 
concentration. 
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Fig.5. (a) The diffuse reflectance spectra of NYMPO4 (1- solid line) 
and NYMPO4: 5%Eu

2+
(2- dotted line), the PL/PLE spectra of 

NYMPO4: 5%Eu
2+

. The inset shows the decay curve of NYMPO4: 
5%Eu

2+
 phosphor. The PL/PLE spectra of (b) NYMPO4: 5%Mn

2+
 and 

(c) NYMPO4: 5%Tb
3+

  phosphor.  
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Fig.6. The emission spectra of NYMPO4: 2%Eu
2+

, y Mn
2+

 phosphors 
with varying Mn

2+ 
concentration. The inset shows the excitation 

spectra of NYMPO4: 2%Eu
2+

, 3%Mn
2+

 phosphor.  
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Fig. 8. (a) The excitation and emission spectra of NMYPO4: 2%Eu
2+

, 
20%Tb

3+
 phosphor. (b) The emission spectra (λex = 365 nm) of 

NMYPO4: 2%Eu
2+

, zTb
3+

 (z =0, 5, 10, 15, 20, 25 and 30%)
 
as a 

function of Tb
3+ 

concentration z. (c) The dependence of emission 
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 and Tb

3+
, and energy transfer efficiency between 

Eu
2+
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3+

 on Tb
3+

 concentration. (d) The decay curves of 
NMYPO4: 2%Eu

2+
, z Tb

3+
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Fig. 10. Simple energy level scheme for energy transfer process  in 

NYMPO4 host. 
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Table. 1 Ionic radii(Å) for given coordination number (CN) of Na
+
, 

Mg
2+

, Y
3+

, Eu
2+

, Mn
2+

 and Tb
3+

 ions. 

Ions Ionic radii (Å) 

 CN=5 CN=6 CN=7 CN=8 CN=9 

Na+   1.02 1.12  1.24 

Mg2+ 0.66 0.72    

Y3+  0.90  1.02  

Eu2+  1.17 1.20  1.30 

Mn2+ 0.75 0.83    

Tb3+   0.92   1.04   
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Graphical abstract 

A color-tunable emission in Na2.5Y0.5Mg7(PO4)6 phosphors can be realized by 

adjusting the ratio of Eu
2+

, Tb
3+

 and Mn
2+

 concentration. 
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