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Abstract: A series of LiBaBO3:RE (RE=Eu2+/Tb3+/Eu3+) phosphors had been synthesized by the high-temperature solid-state 

reaction method. The X-ray diffraction (XRD), emission spectra, excitation spectra, decay lifetimes, and diffuse reflection 

spectra were utilized to characterize the phosphors. The as-prepared samples had been demonstrated via XRD 

measurement and showed that the Eu2+/Tb3+/Eu3+ can be efficiently doped into the host. The obtained phosphors can emit 

different colors light when doping with different activators. The energy transfer from Tb3+ to Eu3+ occurs in 

LiBaBO3:0.03Eu3+, yTb3+ prepared in the air. While an abnormal reduction phenomenon was reported when Eu and Tb ions 

were co-doped in LiBaBO3 and prepared in an inferior reductive atmosphere, which showed tunable-color from blue to red 

based on energy transfer of Eu2+→Tb3+→Eu3+ ions. And the energy transfer not only can occur between Eu2+ and Tb3+ ions, 

but also Tb3+ and Eu3+ ions. All these results reveal that Tb3+ can play the role of storing the energy for Eu3+, and LiBaBO3 

may be potential candidate phosphors for LEDs. 

1. Introduction 

Rare earth elements and transition metal ions act as important 

activators doped in phosphors for application in modern lighting 

and display fields due to their abundant emission colors to achieve 

spectra conversion [1]. Especially, Eu is the most commonly used 

activator because both Eu3+ and Eu2+ can function as an emission 

center in the host lattices [2-5]. The sensitivity of the energy 

transformation between 4f and 5d energy levels of Eu2+ permits 

possibility to achieve tunable luminescence, in addition, for Eu2+ 

ions, the decay time is short, making the Eu2+ a popular activator [6-

9]. The Tb3+ ion is regarded as a promising green-emitting activator 

for showing sharp lines at about 497, 550, and 597nm due to the 

4f−4f transiFon. As is well-known in the lighting community, Eu3+ 

can produce efficient red emission around 615 nm due to the 5D0 → 
7F2 transition and this has been applied in commercial red 

phosphors for decades like Y2O3:Eu3+ and Y2O2S:Eu3+. It is very 

significant to develop Eu3+ doped phosphors for light emitting diode 

(LED) applications, but the weak absorption of Eu3+ in the blue and 

near-ultraviolet (UV) has limited use in practical LED systems. An 

effective way to solve the above problem is by utilizing energy 

transfer from sensitizers to activators in a proper host [10-12]. Since 

the Eu2+ and Tb3+ ion may be good sensitizers for the Eu3+ ion, it is 

important to study luminescence and energy transfer of the Eu2+, 

Tb3+, Eu3+ co-doped phosphors [13]. 

In this study, we investigated the luminescence properties of 

Eu2+/Tb3+/Eu3+ activated LiBaBO3. The solid-state reaction to 

synthesis the host was employed here and we obtained different 

co-doped phosphors under different conditions. The obtained 

phosphors exhibited good emission properties when individually 

activated with Eu3+, Tb3+ or Eu2+ ions. Besides, under inferior 

reductive atmosphere, we find Eu2+, Tb3+ and Eu3+ can coexist in the 

host, and the co-activated phosphors showed tunable emission 

based on the concentration of activator ions and the selection of 

excitation energy. Our studies indicate that the coexistence of Eu3+, 

Tb3+ and Eu2+ in LiBaBO3 phosphors show rich optical properties, 

which might be a promising material for LEDs with vivid color 

emissions. 

2. Experimental 

2.1. Materials and synthesis 

All the phosphors with compositions of LiBaBO3:xEu, yTb described 

in this work were obtained by a solid-state reaction. In other words, 

the constituent raw materials Li2CO3 (A.R.), BaCO3 (A.R.), H3BO3 

(A.R.), Eu2O3 (99.99%) and Tb4O7 (99.99%) were weighed in 

stoichiometric proportions (using the ratio of synthetic quantity) 

and completely mixed and ground into powder in an agate mortar. 

Then, the mixture was transferred into an alumina crucible and 

heated at 700�	for 3h. Finally, all the mixture grounded again into 

powder for measurement. The specific chemical equations and the 

synthetic conditions can be expressed as follows: 
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We obtained LiBaBO3:xEu2+ and LiBaBO3:yTb3+ phosphors (in 

reductive atmosphere, 95%H2+5%N2), LiBaBO3:xEu3+ and 

LiBaBO3:yTb3+ (in air), respectively, the reaction as follows: 

Ba1-xCO3+
�

�
 Li2CO3+ H3BO3+

�

�
Eu2O3→LiBaBO3:xEu 

Ba1-yCO3+
�

�
 Li2CO3+ H3BO3+

�

�
Tb4O7→LiBaBO3:yTb 

We prepared LiBaBO3:0.03Eu3+, yTb3+ (in air), the reaction as follows: 

Ba1-0.03-yCO3+
�

�
 Li2CO3+H3BO3+

�.�


�
Eu2O3+

�

�
Tb4O7→LiBaBO3:0.03Eu3+, 

yTb3+ 

We achieved Eu2+ and Eu3+ coexisted in LiBaBO3 phosphors (in an 

inferior reductive atmosphere, i.e., in the carbon dust), the reaction 

as follows: 

Ba1-xCO3+
�

�
 Li2CO3+ H3BO3+

�

�
 Eu2O3→LiBaBO3:x(Eu2+, Eu3+) 

We synthesized Eu2+, Eu3+ and Tb3+ coexisted in LiBaBO3 phosphors 

(in an inferior reductive atmosphere, i.e., in the carbon dust), the 

reaction as follows: 

Ba1-0.03-yO3+
�

�
 Li2CO3+H3BO3+

�.�


�
Eu2O3+

�

�
Tb4O7→LiBaBO3:0.03(Eu2+, 

Eu3+), yTb3+ 

2.2. Materials characterization 

The phase structures of the as-prepared samples, i.e., X-ray 

diffraction (XRD) were carefully performed on D8-A25 Focus 

diffractometer (Bruker) measuring at 40KV and 40mA and recording 

the patterns in the range, 2θ = 20 ° to 80 °with scan rate of 0.05 °/s. 

Measurements of excitation and emission spectra were recorded 

with a HITACHI F-4600 fluorescence spectrophotometer using a Xe 

lamp as the excitation source, scanning at 240 nm/min. The decay 

curves of Eu3+ and Tb3+ with HORIBA FL-1057 equipped with a Xe 

lamp as the excitation source while Eu2+ with FLS920 produced in 

Edinburgh Instruments with a microsecond lamp as the excitation 

source. Diffuse reflection spectra on the phosphors were surveyed 

on a HITACHI U4100 machine, at a scanning wavelength range of 

200–800 nm. All these above measurements were performed at 

room temperature. 

3. Results and discussions 

3.1. Crystallization behaviour and structure 

The XRD patterns of samples are measured and a similar diffraction 

patterns are observed for each sample. As a representative, Figure1 

shows the XRD patterns of LiBaBO3:0.03Eu3+, LiBaBO3:0.03Tb3+, 

LiBaBO3:0.03Eu3+, 0.03Tb3+, LiBaBO3:0.03Eu3+, 0.10Tb3+, 

LiBaBO3:0.10Eu3+, 0.03Tb3+. All the diffraction peaks of these 

prepared samples can be assigned to pure monoclinic cell of 

LiBaBO3, in other words, they match well with the standard values 

of PDF card (JCPDS no.81-1808), indicating that the doped Eu, Tb 

ions have no impact on the host structure. Considering the ionic 

radii of Li+ (0.59 Å) and Ba2+ (1.35 Å), we suppose that the rare earth 

ions (1.25 Å for Eu2+, 1.01 Å for Eu3+ and 1.095 Å for Tb3+ ) are 

expected to occupy the site of Ba ion[14-16]. From Figure 1 we can 

also see that the diffraction peaks of the phosphors have a little 

difference with the doping of rare earth ions. This phenomenon is 

associated with the substituting of larger Ba ions by smaller Eu and 

Tb ions and can reflect that the doped ions are completely 

incorporated into the host. All peaks can be successfully indexed by 

a monoclinic cell (P21/c) with parameters close to reported value of 

LiBaBO3 and the fitting obtained cell parameters of a = 6.372 Å, b = 

7.022 Å, c = 7.058 Å, β = 113.89 °, and Z= 4. Figure 2 (a) shows the 

unit cell structure of LiBaBO3; (b) shows the ion bond between B, O, 

Ba and Li, and we see that Li, Ba, and B connected via O ion; (c) 

shows the ion bond between B and O, and the distance is 1.373 Å, 

1.378 Å, 1.390 Å with the angle is 122.50 °, 118.49 °, 119.00 °, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2. Reflectance spectra of host 

The reflectance spectra of inferior reductive LiBaBO3:xEu (x =0, 

0.03, 0.05, 0.10), reduced and non-reduced LiBaBO3:0.03Tb and 

inferior reductive LiBaBO3:0.03Eu, yTb (y=0.03, 0.05, 0.07) 

phosphors were shown in Figure 3 (a) (b) and (c). From Figure 3 (a) 

(b) and (c), we observed the reflectance spectra curve trend is 

substantially the same, that is, the diffuse reflection spectrum of 

the LiBaBO3 host shows a status of high reflection in the wavelength 

ranging from 400 to 800 nm, and decreasing intensity from 300 to 

400 nm that can be attributed to the host absorption band. For the 

reason that their tendencies are substantially the same, I chose 

inferior reductive LiBaBO3:xEu to calculate the host absorption 

Figure 2 Unit cell representation of the crystal structure of LiBaBO3 .Blue, green, red, 

purple represent B, Li, O, and Ba atoms, respectively. 

Figure 1 XRD patterns of LiBaBO3:RE (RE = Eu/Tb) samples. The standard pattern of 

LiBaBO3 (JCPDS no. 81-1808) is provided as reference. 
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band. The Kubelka-Munk absorption coefficient (K/S) relation is 

used to calculate the measured reflectance (R) for the host lattice. 

�

�
=
�����

��
     (1) 

where K represents the absorption coefficient, S the scattering 

coefficient, and R the reflectivity. The fundamental band gap energy 

(absorption edge) of the LiBaBO3 host was calculated to be 

approximately 2.90eV (427nm) from the K/S relation spectrum by 

extrapolation, as given in Figure 3 (d). Obvious differences appear in 

the spectral profiles of ions-doped samples compared to that of the 

host. The strong broad absorption appeared in the 300-420 nm 

near-UV range, which was attributed to the electronic transition 

absorption of the ions. The absorption intensities increase gradually 

with the increasing ion concentrations and the absorption intensity 

of non-reduced host significantly greater than reduced host. 
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3.3. Luminescence properties of Eu doped materials 

Figure 4(a) and (b) depicts the emission and excitation spectra of 

the sintered non-reductive (in the air) and reductive (in the 

atmosphere of 95%H2+5%N2) LiBaBO3:xEu phosphor together with 

their corresponding photograph under 365 nm UV lamp. And the 

spectrums changing with the concentration of Eu3+ is shown in 

Figure S1. By the spectra, the Eu3+ luminescence can be distinctly 

separated from Eu2+ as displayed in Figure 4(a) and (b). From (a), it 

can be seen Eu3+ ions show typical emission lines and the spectral 

region of 580−730 nm corresponding 5D0−7FJ (J = 0, 1, 2, 3, and 4) 

transitions with its typical red light. Figure (b) shows an intense blue 

emission band attributed to the 4f6
5d1→4f7 transition from 400 to 

600 nm comes from the emissions of Eu2+ ions and when monitored 

at 500 nm which is the excitation energy of Eu2+, the sample shows 

a broad intense band from 280 to 430 nm with a maximum at 350 

nm which is due to the 4f7→4f6
5d1 transition of Eu2+ ions, for the 

reason that although Eu2+ have complicated set of energy levels it 

and  can emit a very broad spectrum, due to the involvement of 

seven 4f-electrons [17], the energies of the 4f-5d transitions are the 

lowest in Eu2+ [18], and it will behave differently and emit different 

colors of light in different hosts, moreover, the band gap of LiBaBO3  

is 2.90 ev which is very close to  the crystal field splitting for Eu2+ on 

the octahedral Ba-site(2.70 ev) and Eu2+ occupies octahedral sites in 

LiBaBO3
 [18]. However, when prepared LiBaBO3:xEu in an inferior 

reductive atmosphere (in the carbon dust), the typical emission 

peak of Eu2+and Eu3+ can be found at the same condition in the 

host. Figure(c) shows the PL spectra of the inferior reductive 

LiBaBO3:xEu with different concentrations and their corresponding 

photographs under 365 nm UV lamp. It has been established that 
4f7→4f6

5d1 emission transitions of Eu2+ and in a compound are 

allowed, resulting in broad luminescence spectra and a very short 

lifetime in microsecond regions which will be introduced as 

following, and the sharp emission peaks in the range from 580 to 

730 nm belong to the f−f transiFons of 5D0−7FJ (J = 0, 1, 2, 3, and 4) 

of Eu3+, with a lifetime longer than several millisecond which also 

will be introduced as following. We can infer the coexistence of 

Eu2+and Eu3+ in the host. Since the non-doped sample of LiBaBO3 

does not show any light, the gradual change of the color also prove 

that the coexistence of Eu2+and Eu3+. 

 

 

 

 

  

 

 

 

 

 

To further illustrate the Eu2+ ions and Eu3+ ions can coexist in the 

host of LiBaBO3, the decay time of the inferior reductive 

LiBaBO3:xEu were measured. The decay curves of Eu3+and Eu2+ in 

LiBaBO3:xEu (x =0.03, 0.05, 0.07, 0.10) excited at 396 nm and 350 

nm are measured and depicted in Figure 5 and Figure 6. The Eu3+ 

decay curves were fitted to a single exponential function and the 

Eu2+ decay curves were fitted to quadratic exponential function. The 

average lifetimes of the single exponential curves (Eu3+) was 

calculated by the formula given in the following: 

y=A exp(-x/t)+y0     (2) 

 

Figure 3 (a), (b) and (c) represent the diffuse reflectance spectra of inferior reductive 

LiBaBO3:xEu (x =0, 0.03, 0.05, 0.10), reduced and non-reduced LiBaBO3:0.03Tb and inferior 

reductive LiBaBO3:0.03Eu, yTb (y=0.03, 0.05, 0.07) phosphors respectively, and (d) shows 

Kubelka−Munk absorpFon spectrum for LiBaBO3 host. 

Figure 4 Emission and excitation spectra of LiBaBO3:0.10Eu prepared in the air (a) and 

reductive atmosphere (H2+N2) (b) and emission spectra of LiBaBO3:xEu phosphors prepared 

in an inferior reductive atmosphere (in the carbon dust) together with their corresponding 

photographs under 365 nm UV lamp. 
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where A and y0 are constants, t is the lifetimes. The calculated 

lifetimes are presented in Figure 5. And the average lifetimes of the 

quadratic exponential curves (Eu2+) was calculated by the formula 

given in the following [19]: 

t = (A1t1
2 + A2t2

2)/(A1t1 + A2t2)      (3) 

where A1 and A2 are constants, t1 and t2 are the short and long 

lifetimes. The calculated lifetimes are presented in Figure 6. From 

the decay time, the Eu3+ luminescence can be distinctly separated 

from Eu2+ as displayed in Figure 5 and Figure 6. The longer lifetime 

than several millisecond belongs to the emission transitions from 

Eu3+ ions. And the shorter lifetime of Eu2+ also can be observed 

after laser excitation. This indicates that actually two valence states, 

+2 and +3, are available for Eu ions. Therefore, we can conclude 

that Eu2+ and Eu3+ can coexist in the host under the preparation in 

inferior-reduction at high temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Luminescence properties of Tb doped materials 

The Tb3+ ion exhibits efficient green luminescence in LiBaBO3. Figure 

7(a) shows the emission spectra at 240 nm excitation and (b) shows 

the excitation spectra under 550 nm emission wavelength of 

reduced LiBaBO3:0.07Tb phosphor. The LiBaBO3:0.07Tb phosphor 

revealed a series of excitation peaks between 200 and 400 nm with 

the band maxima at 240 nm due to the d–f transition of Tb3+ ions, 

and the other peaks with a high intensity located at 284, 355 and 

379nm belong to the 5D3–7F4, 5D3 –7F5 and 5D3 –
7F6. When excitated 

an electron from a 4fn ground state to the 5d-configuration, the left 

behind n − 1 electrons in the 4f-shell can not only stay behind in the 

ground state but also in a 4fn−1 excited state [18], so we obtained two 

higher excitation peaks of Tb3+at 240 nm and 284 nm, besides, Tb3+ 

is a lanthanide with more than half filled 4f-shell, and when 

excitated an electron to the 5d-shell, the spin Sd of the 5d-electron 

can be oriented parallel or anti-parallel to the 7/2 total spin Sf of 

the 4f-shell. Thus, it yields a lower energy high spin [HS] (s=8/2) and 

a higher energy low spin [LS] (s= 6/2) level [20]. The spectra mainly 

consist of two big peaks of emission lines, i.e. typical emission of 

Tb3+ ions as shown in (a). The emission bands with a high intensity 

located at 550 nm, 492 nm which belong to the 5D4 –7F5 and 5D4 –
7F6 

transitions. Besides, the dominant green color of the phosphor 

owing to the magnetic dipole (ΔJ = ±1) transition is located at about 

550 nm, which can be explained by the large values of the reduced 

matrix element at J = 5 and the Judd–Ofelt theory [21, 22]. 

 

 

 

 

 

 

 

 

 

 

 

To identify whether the reducing environment will have impact on 

Tb3+ ions in LiBaBO3, LiBaBO3:yTb (y=0.01, 0.02, 0.03) prepared in 

the air and in a thermal-reducing (H2 + N2) atmosphere, and the two 

emission spectrums of LiBaBO3:yTb is shown in Figure 7 (c) and (d) 

(λex=240nm). By comparing the spectral characteristics of the 

emission bands in the two spectrums, it is easily seen that the 

shapes and positions of the emission bands are almost the same. 

The main emission bands of Tb3+ ion in LiBaBO3 were almost the 

Figure 7 Emission (a) and excitation (b) spectra of LiBaBO3:0.07Tb (λex=240nm, λem=550nm); 

emission spectra of reducing (c) and non-reducing (d) LiBaBO3:yTb (λex=240nm). 
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Figure 6 Decay curves of the LiBaBO3:xEu2+ (x = 0.03, 0.05, 0.07, 0.10) phosphors 

(λex= 350 nm, λem= 500 nm). 
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Figure 5 Decay curves of the LiBaBO3:xEu3+ (x = 0.03, 0.05, 0.07, 0.10) phosphors 

(λex= 396 nm, λem= 616 nm). 
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same. Thus, when doping Tb in the host of LiBaBO3, the reduction 

or non-reduction had no influence on it. Besides, from the obtained 

emission spectra, it is evident that the intensity of LiBaBO3:Tb3+ 

phosphors decreased with increasing Tb3+ ion concentration which 

is mainly caused by the non-radiative energy migration between 

two neighbouring Tb3+ ions through ion–ion interactions at high 

concentration. Hence, the intensity decreases with increasing Tb3+ 

concentration. 

3.5. Luminescence properties of Eu
3+

 and Tb
3+

 doped materials and 

energy transfer between Eu
3+

 and Tb
3+

 ions 

Figure 8 (a) (b) depicts the emission and excitation spectra of the 

as-prepared LiBaBO3:0.03Eu3+, yTb3+phosphor in the air. Monitored 

at 616 nm, the sample shows a lot of excitation bands from 200 to 

475 nm and with a maximum at 396nm due to the 7F0−5L6 transition 

of the Eu3+ ions. At the excitation of 396 nm, the excitation 

spectrum shows an intense red emission band attributed to the 

5D0−7F2 transition of the Eu3+ ion. 

Generally, the Tb3+ ion is used as an activator in green phosphors, 

whose emission is mainly due to transitions of 5D3→7FJ in the blue 

region and 5D4→7FJ in the green region ( J = 6, 5, 4, 3, 2) depending 

on its doping concentration [22]. In order to show the tunable 

luminescence, we can co-dope different rare earth ions by varying 

their concentrations [23]
. In our experiment, we not only added yTb3+ 

ions into LiBaBO3:Eu3+ host, but also added xEu3+ ions into 

LiBaBO3:Tb3+ host.  We found the emission and excitation spectra of 

the obtained phosphors were almost the same (the emission and 

excitation spectra of LiBaBO3:0.03Tb, xEu as shown in the 

supporting information Figure S2). Here, we chose LiBaBO3:0.03Eu, 

yTb prepared in the air to study. 

As reported in many references [24-27], it is expected that an efficient 

energy transfer can occur from Tb3+ ions to Eu3+ ions. In order to 

investigate the effect of Tb3+ doping concentration on luminescence 

properties, a series of LiBaBO3:0.03Eu3+, yTb3+ (y=0, 0.01, 0.02, 0.03, 

0.05, 0.07, 0.10) phosphors were synthesized. Figure 8 illustrates 

the emission spectra measured at 396 nm and excitation spectra 

measured at 616 nm of the LiBaBO3:0.03Eu3+, yTb3+phosphor with 

different concentrations. It is obvious that high increases of the 

emission intensity when doped with Tb3+ ions, which is due to the 

fact that the luminescence intensities of various rare-earth ions can 

be enhanced or quenched by the energy transfer from other co-

doped rare-earth ions [28-30]. And the red emission of the Eu3+ 

increases gradually and reaches a maximum at x = 0.05. With 

further increment of Tb3+ concentration, the emission intensity 

begins to decrease. On increasing the Tb3+ ion concentration, the 

distance between Tb3+ and Eu3+ ions decreased, thus the energy 

transfer between Tb3+ ions became less pronounced. According to 

the Dexter’s energy transfer theory [31], the critical distance 

between the Eu3+ ions and Tb3+ ions can be calculated using the 

following equation [32]: 

R=2[

�

�����
��/
      (4) 

where V is the volume of the unit cell, N represents the number of 

sites that the Eu3+ and Tb3+ occupy in per unit cell, and yc is the 

critical concentration of Tb3+. For LiBaBO3 host, V = 298.2 Å3, N = 4, 

and yc = 0.05. Therefore, the critical distance RC is calculated to be 

14.176 Å. In oxide phosphor, non-radiative energy transfer usually 

occurs as a result of exchange interaction or multipole-multipole 

interaction [33]. Since the exchange interaction comes into effect 

only when the distance between activators is shorter than 5 Å, the 

mechanism of the emission intensity decreasing of Eu3+ ions and 

Tb3+ ions in the phosphor is dominated by multipole-multipole. 

Thus, we speculate the energy transfer occur from Tb3+ to Eu3+ ions 

under 396 nm excitation wavelength and 616 nm emission 

wavelength.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Samples Lifetime(t1)(ms) Lifetime(t2)(ms) 

0.03Eu3+,0.005Tb3+ 3.9031 1.4551 

0.03Eu3+,0.010Tb3+ 3.2887 1.7571 

0.03 Eu3+,0.020 Tb3+ 3.1341 1.9462 

0.03 Eu3+,0.030 Tb3+ 2.7563 1.9740 

0.03 Eu3+,0.050 Tb3+ 1.8202 2.1088 
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Figure 9 Decay curves of the LiBaBO3:0.03Eu3+, yTb3+ (y=0.005, 0.010, 0.020, 0.030, 0.050) 

phosphors under λem=550 nm, λex= 377 nm (a) and λex=396 nm, λem=616 nm (b). 

Table 1 Calculated lifetime of theTb
3+

 (t1) and Eu
3+

 ion (t2) of 

LiBaBO3:0.03Eu
3+

, yTb
3+

 phosphors 

 

Figure 8 Emission spectra (a) and excitation spectra (b) of LiBaBO3:0.03Eu3+, yTb3+ (y 

represents various doped concentration of Tb3+). Inset (a) shows the emission intensity as 

a function of doped Tb3+ concentration (λex=396 nm, λem=616 nm). 
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In order to determine and estimate the energy transfer efficiency 

(ETE) from Tb3+ to Eu3+ , the decay profiles were carried out under 

377 nm excitation wavelength and 616 nm emission wavelength, as 

shown in Figure 9. The decay curves were fitted to a single 

exponential function. By comparing and estimating, the average 

lifetimes of the single exponential curves was calculated by the 

formula (2) which is given previous. The calculated lifetimes of Eu3+ 

(t2) and Tb3+ (t1) are presented in Table 1. From the obtained 

lifetimes, it is evident that the lifetime of Tb3+ phosphors decreased 

while the lifetime of Eu3+ phosphors correspondingly increased with 

increasing Tb3+ ion concentration for the LiBaBO3 samples co-doped 

with Eu3+ ions, suggesting that the energy transfer indeed occurred 

between Tb3+ and Eu3+ ions. It is noticeable that a considerable 

energy transfer occurred from Tb3+ to Eu3+ when the concentration 

of Tb3+ reaches 0.05. Those illustrate the occurrence of energy 

transfer from Tb3+ to Eu3+ when they are co-doped in the LiBaBO3 

host and provide a necessary condition for synthesizing the single 

phase tunable-color phosphors. 

3.6. Luminescence properties of Eu
2+

 doped materials 

 

 

 

 

 

 

 

 

 

Figure 10 presents the emission (a) and excitation spectra (b) for 

LiBaBO3:xEu2+ (x represents various Eu2+ concentration) (x=0.001, 

0.01, 0.02, 0.03, 0.05, 0.07). Inset (a) shows the emission intensity 

doped Eu2+ concentration at 500 nm. When measured at 350 nm, 

the emission spectrum shows an intense blue emission band 

attributed to the 4f6
5d1→4f7 transition of the Eu2+ ion. Figure 10 also 

shows the blue emission intensity of the Eu2+ increases gradually 

and reaches a maximum at x = 0.05. However, with further 

increment of Eu2+ concentration, the emission intensity begins to 

decrease. As we all know, non-radiative energy transfer usually 

occurs as a result of multipole-multipole interaction in oxide 

phosphors. According to Van Uitert’s report, the emission intensity 

(I) per activator ion follows the equation [34]: 

�

�
�

�

��������/�
     (5) 

where I represents the quenching intensity; x represents Eu2+ 

concentration; k and β represent constants for individual electric 

multipolar interactions; θ= 6, 8, and 10,and represents the dipole- 

dipole, dipole-quadrupole, and quadrupole-quadrupole interactions 

respectively. By the formula (5), log(I/x) acts a liner function of 

log(x) with a slop of (−θ/3). To get the value of θ, the relationship 

between log(I/x) and log(x) is plotted with x ranging from 0.005 to  

0.05. From Figure 11, the value θ was determined to be 5.23416 

from the slope (θ/3) which is close to 6.The result indicates that the 

concentration quenching mechanism of the Eu2+ emission in 

LiBaBO3 host is dominated by the dipole−dipole interaction. 

 

 

 

 

 

 

 

 

 

 

3.7. Luminescence properties of LiBaBO3:Eu, Tb phosphor and 

energy transfer between the Eu
2+

, Tb
3+

 and Eu
3+

 ions 

Figure 12(a) illustrates the emission spectra of the inferior reductive 

LiBaBO3:0.03Eu, yTb phosphor. The emission spectrum measured at 

350 nm exhibits a broad band and several narrow peaks. The broad 

band from400 to 575 nm centered at 500 nm is ascribed to the 
4f6

5d1→4f7 transitions of the Eu2+ ions [35], while the peaks in the 

wavelength ranging from 580 to 650 nm are due to 5D0	−
7FJ (J = 0,1, 

2, 3, and 4) from Eu3+. However, Tb3+-related emission spectrum is 

undetectable in the spectrum of LiBaBO3:0.03Eu, yTb because of 

the energy transfer. In order to prove Tb3+ indeed existing in the 

substance, the monitor at 550 nm which is the typical emission of 

the Tb3+ ions due to its 5D4−7F5 transition was taken, as shown in the 

Figure 12(b). When measured at 550 nm, the excitation spectrum of 

LiBaBO3:0.03Eu, yTb displays a strong broad band peaking at 377 

nm. Besides, a comparison of excitation spectra was taken in order 

to prove that terbium ions indeed exist in the composition as shown 

in Figure 13. When monitoring at 550 nm in single-doped of Tb3+, 

excitation spectrum is a broad range (330-400nm) with the peak at 

around 377nm, and the excitation has a broader band spectrum 

(300-450nm) with the same position peak in the co-doped of Tb and 

Eu measured at 550 nm, compared to excitation spectrum of co-

doped of Tb and Eu measured at 500 nm, which is the characteristic 
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Figure 11 Dependence of log(I/x) on log(x) in LiBaBO3:Eu2+ phosphors. 
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Figure 10 Emission spectra (a) and excitation spectra (b) for LiBaBO3:xEu2+ (x represents 

various Eu2+ concentrations (x=0.001, 0.01, 0.02, 0.03, 0.05, 0.07). Inset: the emission 

intensity as a function of Eu2+ concentration. 
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peak of Eu2+ [36]. The difference between the spectrums can be 

explained by the coexistence of Eu2+and Tb3+.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When the Tb content is increased in the LiBaBO3:0.03Eu phosphor, 

the relative intensities of the green Eu2+ emission lines decrease 

gradually, and excitation peaks located at about 377nm appear to 

be accompanied by a increase of the green Tb3+, indicating the 

efficient ET between Eu2+ and Tb3+. However, Tb3+ ions do not show 

significant peak, because of the coexistence of Eu2+ and Eu3+, and it 

had proved that Tb3+ can transfer energy to Eu3+, so we can explain 

the changes in the emission spectrum in Figure 12 by energy 

transfer of Eu2+ → Tb3+ → Eu3+. 

From the analysis of emission and excitation spectra in the 

LiBaBO3:0.03Eu, yTb phosphor, it is clear that Eu2+, Tb3+ and Eu3+ 

coexist in the single-phase LiBaBO3 phosphors and that energy 

transfer can occur. To learn more about the dynamics of energy 

tranfer processes, luminescence decay curves of the Eu2+ (Figure14) 

and Eu3+ (Figure15) ions in LiBaBO3:0.03Eu, yTb phosphors were 

measured. 

From Figure14, we can see that all the decay curves were fitted to 

the double exponential rule. The average fluorescence lifetimes of 

the Eu2+ ions in phosphors with different doping concentration of 

the Tb3+ are calculated by using equation (3). The calculated 

lifetimes are presented in Figure 14, and the life time becomes 

shorter with the increase of the Tb3+ ions because of the ET from 

Eu2+ to Tb3+. 

 

 

 

 

 

 

 

 

 

 

 

By the same, all the decay curves were fitted to the single 

exponential rule of Eu3+. The average fluorescence lifetimes of the 

Eu3+ ions in phosphors with different doping concentration of the 

Tb3+ are calculated by using the following equation [37]: 

t=
� It�tdt
∞

0

� It�
∞

0
dt

     (6) 

where the I(t) represents the luminescence intensity at time t. So 

the lifetimes of the Eu3+ ions are1.36445, 1.51389, 1.61856, 
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Figure 14 Decay curves of Eu2+ in LiBaBO3:0.03Eu, yTb (y= 0.001, 0.005, 0.01, 0.02, 0.03, 

0.05) phosphors (λex=350 nm, λem=500 nm). 
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Figure 13 Comparison of excitation spectra of LiBaBO3. 
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3.19399, 3.40227 and 3.88193ms for the LiBaBO3:0.03Eu, yTb 

phosphors with y=0.001, 0.005, 0.010, 0.020, 0.030 and 0.050, 

respectively.  Energy transfer efficiency between the Eu2+ and Tb3+ 

ions (η1) and between Tb3+ and Eu3+ions (η2) was also obtained from 

the decay lifetime by using the equation [38]: 

η=1-t/t0     (7) 

where t and t0 are the lifetimes of sensitizer ion with and without 

the presence of activator, respectively. The lifetimes and energy 

transfer efficiencies are shown in Table 2. It is obvious that the 

energy transfer efficiencies between Eu2+ and Tb3+ (η1) increased 

with the concentration of Tb3+ increased. As the same, the energy 

transfer efficiencies between Tb3+ and Eu3+ (η2) also increased with 

the concentration of Tb3+ increased. And we also can see that η1 is 

almost less than η2, which can further explain why there is not 

emission spectrum of Tb3+. 

For a more intuitive explanation of the energy transfer between 

Eu2+, Tb3+, Eu3+, we compare the lifetime values which calculated 

before, and we find that the lifetime values have a great different 

between the single-doped and co-doped of the host. For Eu3+, 

tEu
3+=1.3635ms when we dope 0.03Eu3+ only in LiBaBO3, compared 

tEu
3+=1.4551, 1.7571, 1.9462, 1.9740 ms for LiBaBO3:0.03Eu3+, 

yTb3+(y=0.01, 0.02, 0.03, 0.05), and when Eu2+, Tb3+, Eu3+ coexist in 

LiBaBO3, the lifetime values become 1.61856,  2.19399,  2.40227,  

2.88193 ms. However, for Eu2+, tEu
2+=1.40925 μs when we dope 

0.03Eu2+ only in LiBaBO3, and the value decreases when Eu2+, Tb3+, 

Eu3+ coexist in the host which are 1.25667, 1.22468, 1.16444, 

1.132745 μs. By contrast, we further demonstrate the energy 

transfer actually took place between Eu2+, Tb3+ and Eu3+. 

3.8. Mechanism of energy transfer from Eu
2+

 to Eu
3+

 in Eu
2+

 → Tb
3+

 

→  Eu
3+

 

We first suppose the cascade model of terbium chain 

(Tb3+−Tb3+−Tb3+−...) to explain the mechanism of energy transfer 

from Eu2+ →Tb3+ →Eu3+. In this case, if the energy transfer 

probability between Tb atoms is p (0<p < 1), then the probability (P) 

of terbium chain energy transfer will be pn, for the reason that the 

probability for the cascade energy transfer goes down exponentially 

from ref [39]. However, from Figure 7 (a) and (b)，the overlap 

between the emission and excitation spectra of Tb3+ is very low, 

resulting in the probability (p) of energy transfer between Tb3+ to 

Tb3+ is very low [40−42]. But in this study, the energy transfer from 

Eu2+ →Tb3+ →Eu3+ is relatively considerable, so we bring forward 

the branch model to explain the process of energy transfer for the 

terbium bridge [43], as shown in Figure 16. First, when Eu2+ ions 

excited by UV light, it will give out a blue emission and sensitize Tb3+ 

ions in the ground state. Then, the excited Tb3+ ions may give out a 

green emission and transfer energy to Eu3+, at the same time, the 

excited Tb3+ ion may release energy in the way of cross-relaxation 

with another Tb3+ ion in the ground state, and the Tb3+ which 

absorbed the energy from excited Tb3+will also flow to Eu3+ through 

the process of energy transfer. 

 

 

 

The Eu3+ ions are sensitized by Tb3+ unaffected by the procedure 

that is followed, which is consistent with the decreasing average 

time of Tb3+ in Figure 9 and Table 1. Moreover, the excitation 

spectra of LiBaBO3:0.03Eu3+, yTb3+in Figures 8(a) demonstrate that 

the main emission of Eu3+ originates from the 5D3 (377−398 nm) and       

energy levels of Tb3+, corresponding to step2 and step 4 in Figure 

16. 

The energy transfer of Tb3+→Eu3+ is efficient, however, the 

efficiency of energy transfer in Eu2+→Tb3+ is relatively poor. 

Therefore, it is necessary to raise the content of Tb3+ to shorten the 

average distance of Tb3+-Eu3+ and increase the probability of energy 

transfer in step2 and step 4. Furthermore, the decay time of Eu2+ is 

as short as microseconds, while the values for Tb3+ and Eu3+ are on 

Table 2  Calculated lifetime of the Eu2+ (t1) and Eu3+ (t2) ion and 

the energy transfer efficiency of the Eu2+ (η1) and Eu3+ (η2) ion of 

LiBaBO3:0.03Eu , yTb phosphors. 

Samples 
Lifetime 

(t1) (μs) 

η1=1-

t/t0 
Phosphor 

Lifetime 

(t2) (ms) 

η2=1-

t/t0 

0.03Eu2+ 1.40925 0 0.03Eu3+ 1.36350 0 

0.03Eu2+, 

0.001Tb3+ 
1.28785 

0.086

1 

0.03Eu3+, 

0.001Tb3+ 
1.36445 0.0007 

0.03Eu2+,

0.005Tb3+ 
1.28550 

0.087

8 

 

0.03Eu3+, 

0.005Tb3+ 

1.51389 0.0993 

0.03Eu2+,

0.010Tb3+ 
1.25667 

0.108

3 

 

0.03Eu3+, 

0.01Tb3+ 

1.61856 0.1576 

0.03Eu2+,

0.020Tb3+ 
1.22468 

0.131

0 

0.03Eu3+, 

0.02Tb3+ 
2.19399 0.3785 

0.03Eu2+,

0.030Tb3+ 
1.16444 

0.173

7 

0.03Eu3+, 

0.03 Tb3+ 
2.40227 0.4324 

0.03Eu2+,

0.050Tb3+ 
1.13274 

0.196

2 

0.03Eu3+, 

0.05 Tb3+ 
2.88193 0.5269 

Figure 16 Energy transfer models of terbium chain (cascade model) and terbium 

bridge(branch model). 
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the order of milliseconds, so Tb3+ ions also can play the role of 

storing the energy for Eu3+ [44, 45]. 

3.9. Color-tuning luminescence properties of Eu
2+

/Tb
3+

/Eu
3+

 

activated LiBaBO3 

According to the data of emission spectra of the samples and the 

colorimetric standard promulgated by International Lighting 

Commission in 1931, we calculated CIE color coordinates of the 

sample of LiBaBO3:0.10Eu3+, LiBaBO3:0.10Tb3+ and LiBaBO3:0.10Eu2+ 

were (0.6475, 0.3591), (0.2515, 0.6409) and (0.1575, 0.2276), 

respectively, indicating that the samples have good red, green, or 

blue emission performance when single-doping Eu3+, Tb3+ or Eu2+. 

We can obtain different colors when co-doping the ions [46], such as 

we can get the colors from green to red when co-doping Tb3+ and 

Eu3+, or from blue to red when co-doping Eu2+ to Eu3+, similarly, we 

can obtain the colors from green to blue when co-doping Tb3+ and 

Eu2+. Thus, we make sure that LiBaBO3 is a potential host to apply 

LEDs with doping the right ions concentration. 

4. Conclusions 

In summary, a series of Eu2+/Tb3+/Eu3+activated LiBaBO3 phosphors 

have been synthesized and investigated. The LiBaBO3 host has a 

monoclinic cell with cell parameters of a = 6.372 Å, b = 7.022 Å, c = 

7.058 Å, β = 113.89 °, and Z= 4. Under near-UV excitation, the host 

shows different but intensive luminescence when doped Eu3+, Tb3+, 

Eu2+ respectively. For LiBaBO3, the energy transfer can occur 

between Tb3+ to Eu3+ in the host prepared in the air. Besides, Eu2+ 

and Eu3+ can coexist in an inferior reductive atmosphere and the 

color changes along with the vary concentrations. Importantly, 

when co-doped with Tb and Eu in the same condition, energy 

transfer of Eu2+ →Tb3+→ Eu3+ occurred and we obtained different 

colors of light. The obtained phosphors have excellent 

luminescence properties, and high color purity features. Based on 

these reasons, the phosphors may be promising candidates for 

applications in LEDs lighting. 
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