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We synthesized pure and Pb2+ ion doped Li6Gd(BO3)3 phosphors via the solid-state reaction method 

at 700oC for 5 h in air. The phase analysis of the synthesized materials was determined using DTA/TGA, XRD, 
and FTIR. The photoluminescence characteristics of pure and Pb2+ doped phosphors were investigated 
at room temperature using a photoluminescence spectrophotometer. The emission and excitation bands of 
Pb2+ doped Li6Gd(BO3)3 were observed at 313 and 242 nm, respectively. The dependence of the PL intensities 
on the Pb2+ concentration for the Li6Gd1–xPbx(BO3)3 (0.005  x  0.025) phosphors was also studied. The 
highest emission intensity was obtained from 0.02 mol Pb2+ doped Li6Gd(BO3)3.  
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Методом твердофазной реакции при 700 C в течение 5 ч на воздухе синтезированы чистые и 
легированные ионами Pb2+ люминофоры Li6Gd(BO3)3. Фазовый состав синтезированных материалов 
определен с помощью методов DTA/TGA, XRD и FTIR. Фотолюминесцентные характеристики чи-
стых и легированных Pb2+ люминофоров исследованы при комнатной температуре с помощью фото-
люминесцентного спектрофотометра. Полосы излучения и возбуждения легированного Pb2+ 
Li6Gd(BO3)3 наблюдались при 313 и 242 нм. Исследована зависимость интенсивностей фотолюминес-
ценции от концентрации Pb2+ для люминофоров Li6Gd1–xPbx(BO3)3 (0.005  x  0.025). Наибольшая ин-
тенсивность излучения получена от 0.02 моль Li6Gd(BO3)3, легированного Pb2+. 

Ключевые слова: люминофор, фотолюминесценция, Li6Gd(BO3)3, Pb2+. 
 
Introduction. In recent years, the study of borate crystals and glasses has attracted considerable interest 

due to their attractive optical and physical properties and wide practical applications. In particular, borate 
compounds, undoped and doped with rare-earth and transition elements, are promising materials for nonlinear 
optics, quantum electronics, and laser technology [1–6], scintillators and thermoluminescence dosimeters [7–11], 
detectors and transformers of ionizing radiation [12, 13] and many other applications [14–16]. From the tech-
nological point of view, glassy borate compounds are more promising materials than their crystalline ana-
logues. The growth technology of the borate single crystals is a difficult, long-term, and very expensive pro-
cess, whereas large high-quality samples of borate glasses can be obtained in a simple, fast, and inexpensive 
way [17]. 
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The Pb2+ ion, as a well-known dopant for many different matrices, is of great scientific and technological 
interest. Due to the diversity of its luminescent properties, it provides the possibilities of fabricating novel 
luminescent materials. Usually, the luminescence of the Pb2+ ion (6s2) is characterized by the ground state 1S0 
and two excited states of singlet 1P1 and triplet 3P0,1,2 transitions, which originate from the 6s2–6s16p1 inter-
configurational transition [18–20]. It has been shown that the effect of the s2 ions on the ground state consid-
erably complicates the situation (e.g., Jahn–Teller effect) [18]. Furthermore, the interaction of Pb2+ ions with 
the host lattice strongly influences its luminescent properties [21, 22].  

Double orthoborate Li6RE(BO3)3 (R = trivalent rare earth ions) crystals are attractive matrix materials ow-
ing to their high transparency in the UV and high damage threshold upon exposure to energetic radiations [23]. 
When activated with RE ions, these materials can also be used as scintillation detectors for thermal neutrons 
and gamma photons. Li6RE(BO3)3 compounds are known to crystallize in the monoclinic system with space 
group P21/c and have an isostructural nature, as a result of which the host lattice can be isomorphically substi-
tuted [24]. Recently, the luminescence properties of Ce3+ [25–27], Tb3+ [28], Eu3+ [29, 30], and Tm3+ [31] 
doped Li6Gd(BO3)3 have been intensively studied. However, until now there has been no research of the lu-
minescence properties of the Pb2+ doped Li6Gd(BO3)3 compound. 

In this study, pure and Li6Gd(BO3)3 phosphors with different mole ratios of Pb2+ were prepared by 
the solid state reaction method. The synthesized materials were characterized using DTA/TGA, XRD, and 
FTIR. After synthesis and characterization of the phosphors, the photoluminescence properties were studied 
using a photoluminescence spectrophotometer at room temperature. 

Experimental. Pure and Li6Gd1–xPbx(BO3)3 (x = 0.005, 0.01, 0.015, 0.020, and 0.025) powders were 
synthesized using the solid-state reaction method at 700C for 5 h in air. As starting materials, Li2CO3 (Sigma-
Aldrich ≥99%), H3BO3 (Merck ≥99.8%), PbO (Merck ≥99.8%), and Gd2O3 (Sigma-Aldrich ≥99%) reactants 
were used. The raw materials were weighed in proportions according to the following chemical reaction: 

6Li2CO3 + (1–x)Gd2O3 + xPbO + 6H3BO3  2Li6Gd1–xPbx(BO3)3 + 6CO2↑ + 9H2O  

Initially, stoichiometric amounts of the starting reagents were thoroughly mixed and ground together in 
an agate mortar and placed in an alumina crucible. Later, the powder materials in the alumina crucible were 
pre-sintered in a muffle furnace at about 450oC for 2 h in air. The preheated treated powders were removed 
from the muffle furnace and re-milled. Then the obtained powders well thoroughly mixed and slowly heated 
at 700oC for 5 h in air. 

The crystal structure of the pure and Pb2+ doped Li6Gd(BO)3 powders was determined on an X-ray Phillips 
X’Pert Pro equipped with CuKα (30 kV, 15 mA, 1.54051 Å) radiation at room temperature. The Fourier infra-
red spectra between 500 and 3500 cm–1 was measured at room temperature with a Shimadzu 8303 FTIR spec-
trometer. A DTA/TG combined system (Perkin Elmer Diamond, USA) was used to determine the reaction 
conditions in the temperature range of 100–1000oC under an inert N2 atmosphere with a heating rate of 
10oC/min. The photoluminescence characteristics of undoped and Pb2+ doped phosphors were investigated 
using a Scinco FluoroMate FS-2 spectrofluorometer equipped with a 150W Xe-arc lamp at room temperature.  

 

 

Fig. 1. DTA/TGA curves of the precursor. 
 
Results and discussion. Thermogravimetry (DTA/TGA) analysis. The thermal decomposition of the pre-

pared powder was analyzed by simultaneous thermogravimetric analysis (TGA) and differential thermal 
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analysis (DTA) in the temperature range from 100 to 1000°C in air with a heating rate of 10°C/min. The 
DTA/TGA curves of the precursor are given in Fig. 1. The thermograms showed a small endothermic peak 
corresponding to the melting of H3BO3 near 135oC. Subsequently, another strong endothermic peak appeared 
at 210oC, which indicated the dissociation of H3BO3 to B2O3 and H2O. This was confirmed from the DTA of 
boric acid and the thermodynamic data. The weight of the sample decreased drastically just after the dissoci-
ation of boric acid. The thermograms revealed an endothermic peak at 780oC due to the melting of 
Li6Gd(BO3)3. This means that the decomposition is almost complete and the crystallization of the Li6Gd(BO3)3 
occurs at 700oC.   

X-ray powder diffraction analysis. Figure 2 illustrates the XRD pattern of the pure and Pb2+ ion doped 
(0.005, 0.01, 0.015, 0.02, and 0.025 mol) powders after heating at 700oC. All the strong reflection peaks of the 
patterns can be indexed as pure monoclinic symmetry, space group P21/c, with crystal lattice parameters 
a = 7.2277 Å, b = 165057 Å, c = 6.6933 Å, β = 105.3737, which are in a good agreement with the literature 
(JCPDS Card Number 54-1119) [24].  
 

 
Fig. 2. XRD patterns of Li6Gd (BO3)3 and Li6Gd1–xPbx(BO3)3 (x = 0.005, 0.01, 0.015, 0.02, and 0.025)  

phosphors and the standard data JCPDS card No. 54-1119 of Li6Gd(BO3)3 compound. 
 

It is seen from the results that Pb2+ ions implanted into the Li6Gd(BO3)3 compound do not change the 
lattice structure of the sample. This indicated that Pb2+ could be doped into the Li6Gd(BO3)3 material instead 
of Gd3+ up to a mole fraction of 0.025 without any additional phase formation.  

Infrared spectrum analysis. The infrared spectrum of the Li6Gd(BO3)3 is presented in Fig. 3. As usual, 
the frequencies of B–O vibrations depend on the boron coordination. IR spectra of Li6Gd (BO3)3 were 
measured at room temperature. The stretching frequencies of a coordinated BOn groups decrease as the 
coordination number n increases. The IR absorption at wavenumbers smaller than 500 cm–1 originates mainly 
from the lattice dynamic modes. The Li6Gd(BO3) material from the analysis of the spectrum IR, BO3

3– ion has 
been identified as two triangular BO3 groups at one corner sharing an O atom. The boron coordination is the 
deciding factor of B–O frequencies. For an isolated, triangular BO3 group, the vibrations are in the region  
ν3 = 1100–1500 cm−1 (asymmetric stretch of B–O), ν1 = 900–1000 cm−1 (symmetric stretch of B–O),  
ν2 = 700–900 cm−1 (out-of-plane bend), and 4 = 450–650 cm−1 (in-plane bend) [32, 33].  

 
 

 
Fig. 3. The infrared spectrum of Li6Gd(BO3)3 at room temperature. 
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Photoluminescence properties of Li6Gd(BO3)3:Pb2+ phosphor. The ground state of the free ion is 1S0, while 
the 6s2–6s16p1 excited states give rise to triplet levels (3P0, 3P1, 3P2) and the 1P1 singlet state. The lowest energy 
1S0→3P0 transition is strongly forbidden, but the 1S0→3P1 transition and the 1S0→3P2 transition become 
allowed due to spin-orbit coupling and coupling to asymmetrical phonon modes, respectively. The 1S0→1P1 
transition is an allowed electric dipole transition [34, 35]. Figure 4 shows the excitation and emission spectra 
of the undoped-Li6Gd(BO3)3 and Li6Gd(BO3)3:2% Pb2+ phosphor. The PL properties can be obtained from the 
undoped sample. It is clear that introduction of the Pb2+ ion into Li6Gd(BO3)3 greatly changed the PL properties 
of Li6Gd(BO3)3. Thus, Pb2+-doped Li6Gd(BO3)3 is representative of a new class of luminescent material. 

 

          
 

Fig. 4. Excitation (a), and emission (b) spectra of (1) undoped-Li6Gd(BO3)3,  
and (2) Li6Gd1–xPbx(BO3) (x = 0.02) at room temperature. 

 
As can be seen from Fig. 4a, the excitation spectrum of the samples shows a broad band centered near 

242 nm, which is assigned to the 1S0→3P1 transition. The emission band was observed at 313 nm from 
the 3P1 excited state level to the 1S0 ground state (Fig. 4b). Additionally, we observed no splitting or multiple 
bands in the emission spectra for prepared phosphors; therefore, we believe that the Pb2+ ions are incorporated 
into only one site (Gd3+ sites and not Li+ sites) in the crystal lattice. The luminescence behavior of 
Pb2+ in Li6Gd(BO3)3 is sensitive to the covalence of Pb2+–O2– bonds. On the other hand, the energy of the 
activator ions (Pb2+) is closely related to the degree of covalence of the activator ion (Pb2+)–ligand (O2–) 
bonds [36]. In many inorganic hosts, the emission band of Pb2+ ion is in the UV region. It is also known that 
in some hosts, Pb2+ ion emits in the visible region. This diversity is strongly dependent on the site occupied 
by Pb2+ ions, electronegativity of the ligand, crystal structure of the host lattice, and temperature [37].  

Change of photoluminescence properties of Li6Gd(BO3)3 depending on the Pb2+ ion concentration. It is 
known that the PL intensities of Pb2+ doped inorganic phosphors always depend on the doped Pb2+ ion 
concentration. So, the emission spectra of the Pb2+ doped Li6Gd(BO3)3 samples with different Pb2+ doping 
concentrations were investigated at room temperature. The dependence of the emission intensity on the Pb2+ 
concentration for undoped Li6Gd(BO3)3 and Li6Gd1–xPbx(BO3)3 (x = 0.005, 0.01, 0.015, 0.02, and 0.025 ) is 
shown in Fig. 5a (λex = 242 nm).  

 

                  
 

Fig. 5. Photoluminescence spectra (a), and relative photoluminescence intensity (b) of pure  
and Li6Gd1–xPbx(BO3)3:Pb2+ (x = 0.005, 0.01, 0.015, 0.02, and 0.025 mole; λex = 242 nm. 
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As can be seen from Fig. 5b, with increasing Pb2+ concentration, the emission intensity of Li6Gd(BO3)3 
increases and reaches a maximum at 0.02 mole. However, when the mol concentration of the Pb2+ ion exceeds 
this concentration level, the emission intensity dramatically decreases due to the concentration quenching. The 
concentration quenching in inorganic phosphors has been attributed to the migration of excitation energy to 
the quenching centers (traps) or to the cross-relaxation mechanisms. At low Pb2+ ion concentrations, the lumi- 
nescence centers are separated, and only a small amount of energy transfers to the traps. When the Pb2+ ion 
concentration in the host exceeds 0.02 mol, the energy can be easily transferred from one luminescence center 
to another, and the nonradiative combination processes increases gradually [38–42]. 

The Stokes shift of Pb2+ doped Li6Gd(BO3)3 compounds was calculated as 8051 cm–1 using the excitation 
band at 242 nm and the emission band at 314 nm. Numerous articles have been published on the luminescence 
of Pb2+ (6s2) in several host lattices. It is shown that the interaction of Pb2+ with the host lattice strongly 
influences the value of the Stokes shift of the emission from the 3P1 excited state of Pb2+ (see Table 1). So, 
there exists a relationship between the structure of the host and the magnitude of the Stokes shift. If we compare 
the Stokes shift of the Pb2+ doped host lattices, the value of the Stokes shift of Li6Gd(BO3)3:Pb2+ is small. 
The small Stokes shift of Li6Gd(BO3)3:Pb2+ indicates a small relaxation in the excited state. 
 

TABLE 1. Spectroscopic Properties of Some Pb2+ Doped Inorganic Hosts at Room Temperature 
 

Host λex, nm λem, nm Stokes shift, cm–1 Reference 
LiCaBO3 
SrAl2B2O7  
Li2SrSiO4  

La2Sr5Mg(BO3)6

265 
277 
271 
254 

296 
420 
381 
361

3952 
12292 
10653 
9162

[19] 
[36] 
[43] 
[44] 

Sr6YAl(BO3)6 277 371 9147 [44] 
CaZr(BO3)2 250 415 16000 [45] 
Li6Gd(BO3)3 250 313 8051 This study 

 
Conclusions. In summary, we have successfully synthesized Li6Gd(BO3)3:Pb2+ phosphors using the 

solid-state reaction method and characterized the obtained materials using DTA/TGA, XRD, FTIR, and PL 
spectra. The emission band of Li6Gd(BO3)3:Pb2+ was observed at 313 nm from the 3P1 excited state level to 
the 1S0  ground state upon excitation with 242 nm. The dependence of the emission intensity on the 
Pb2+ concentration for Li6Gd(BO3)3 was studied in detail. It was observed that the concentration quenching of 
Pb2+ in the host material is 0.02 mole. The Stokes shift for the prepared phosphor was calculated to be 8051 
cm–1. Consequently, these materials are promising for UV-lamp phosphors. 
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