
Solid State Sciences 138 (2023) 107130

Available online 17 February 2023
1293-2558/© 2023 Elsevier Masson SAS. All rights reserved.

Luminescence of alkali rare earth borates A3Ln(BO3)2 (A = Na, K; Ln =
Eu, Tb) 

Adrian T. Hines a,b, Gregory Morrison a,b, Brandon J. Yarbrough a,b, Natalia B. Shustova a,b, 
Luiz G. Jacobsohn c, Hans-Conrad zur Loye a,b,* 

a Center for Hierarchical Waste Form Materials, Columbia, SC, 29208, United States 
b Department of Chemistry and Biochemistry, University of South Carolina, Columbia, SC, 29208, United States 
c Department of Materials Science and Engineering, Clemson University, Clemson, SC, 29634, United States   

A R T I C L E  I N F O   

Keywords: 
Borates 
Flux crystal growth 
Photoluminescence 
Radioluminescence 

A B S T R A C T   

Single crystals of a series of rare earth borates, A3Ln (BO3) (A = Na, K; Ln = Eu, Tb), were synthesized using a 
boric acid/hydroxide melt. The Na3Ln (BO3)2 borates crystallized in the monoclinic system with space group 
P21/n, and the K3Ln (BO3)2 borates crystallized in the orthorhombic system with space group Pnma. The 
luminescence of these borates was investigated under ultraviolet and X-ray excitations for the first time. Radi
oluminescence (RL) measurements showed K3Tb(BO3)2 to be the brightest compound, with an integral intensity 
equal to 55% of the integral emission of Bi4Ge3O12 (BGO) powder.   

1. Introduction 

Luminescence is a relevant functionality in many technologies, from 
lighting to medical imaging and sensing. Luminescent materials can be 
excited in different ways, including ultraviolet (UV) light and X-rays, 
and borates are of interest as host lattices for phosphors due to their 
large bandgap, chemical and thermal stabilities, broad UV transparency, 
and the structural diversity afforded to them by the BxOy building units. 
Elements such as rare earths are particularly useful in designing lumi
nescent materials and, therefore, the combination of these components 
in one material can result in promising functionalities. Many doped and 
self-activated luminescent borates exist, including (Y, Gd, Lu)BO3:Eu3+

[1], SrB4O7:Ln2+ [2], LiY(BO3):Eu3+ [3], Ba3YB9O18 [4], Ln (BO3) (Ln =
Nd, Eu, Gd, Tb) [5], MgB4O7:Ce, Li [6], as well as borate glasses [7–9], 
thus making the exploration of rare earth borates a promising research 
area. 

Materials that luminesce under ionizing radiation have potential for 
use as radiation detection devices to check for the presence of nuclear 
materials. In this regard, the relatively high concentration of boron in 
these compounds may be of interest to neutron detection. The crystal 
growth of these borate materials was achieved via high temperature flux 
growth, an approach that has proven to be an efficient strategy for the 
discovery of new materials in single crystal form [10–14]. These crystals 
are reasonably sized (1 mm) for exploratory purposes. The fact that 

these borates readily form as crystals suggests that large crystal growth 
could be achieved in the future. Herein, we report on the investigation of 
the luminescence of several alkali rare earth borates, namely Na3Tb 
(BO3)2, K3Tb(BO3)2, Na3Eu(BO3)2, and K3Eu(BO3)2, under UV and X-ray 
excitation. 

2. Experimental procedure 

Prior to use, Tb4O7 (Alfa Aesar, 99.99%) was reduced to Tb2O3 by 
heat-treatment at 1000 ◦C under H2/N2 gas flow. Crystals of A3Ln (BO3)2 
(A = Na, K; Ln = Eu, Tb) were obtained by placing 1.0 mmol of Ln2O3 
inside silver tubes and covering them with 5 g of NaOH:H3BO3 (NaOH: 
H3BO3) in an 80:20 mass ratio. The tubes were crimped shut, heated to 
250 ◦C at a rate of 120 ◦C/h and held at that temperature for 1 h, heated 
to 650 ◦C for Eu and 750 ◦C for Tb for 12 h and slow cooled to 100 ◦C at 
6 ◦C/h. The samples were removed from the silver tubes and washed 
with water to remove the flux and isolate the reaction products. 

2.1. Characterization 

The purity of ground samples was confirmed on picked single crys
tals using powder X-ray diffraction. Diffraction data were collected on a 
Bruker D2 Phaser equipped with a Cu K α source (= 1.54018 Å). Powder 
diffraction data are provided in Figs. S1–S4 of the supporting 
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information. 
Photoluminescence (PL) spectra were collected on single crystals of 

Na3Eu(BO3)2, Na3Tb(BO3)2, K3Eu(BO3)2, and K3Tb(BO3)2 using a 
Horiba Micro-SPEX system equipped with a Horiba iHR320 imaging 
spectrograph and a Syncerity CCD detector. Excitation was provided by 
a confocal 375 nm diode laser. Data were collected using Labspec 6 in 
the range of 400–800 nm with a laser excitation source power of 0.4 mW 
and a 10X UV objective. 

Radioluminescence (RL) measurements were obtained using a Frei
berg Instruments Lexsyg spectrofluorometer equipped with a Varian 
Medical Systems VF-50J X-ray tube with a tungsten anode. To achieve 
continuous radiation intensity monitoring, the X-ray source was coupled 
with a Crystal Photonics CXD-S10 photodiode. Scintillation of the 
sample was measured using an Andor Technology SR-OPT-8024 optical 
fiber connected to an Andor Technology Shamrock 163 spectrograph 
coupled to a cooled (−80 ◦C) Andor Technology DU920P-BU Newton 
CCD camera (spectral resolution of ~0.5 nm/pixel). The powdered 
samples filled ~8 mm diameter, 0.5 mm deep cups thus allowing for 

Fig. 1. (a) EuO8 polyhedra edge-share oxygen to form (b) stacked layers of 
LnO8 units with sodium cations in the void spaces (c) EuO8 layer containing 
BO3 trigonal planar units and (d) sheets connected to adjacent sheets via BO3 
units. EuO8 polyhedra are pink, boron polyhedra grey, sodium gold, and oxy
gen red. 

Fig. 2. (a) Full structure image of K3Ln (BO3)2 showing infinite layers with 
potassium ions in the voids (b) infinite chain of [LnO4BO3]

8−
∞ (c) framework 

diagram of K3Ln (BO3)2 (Ln = Eu, Tb). TbO7 polyhedra are light green, boron 
polyhedra grey, potassium polyhedra purple, and oxygen red. 

A.T. Hines et al.                                                                                                                                                                                                                                 



Solid State Sciences 138 (2023) 107130

3

comparison of relative intensities, while bismuth germanium oxide 
(BGO) powder (Alfa Aesar Puratronic, 99.9995% (metals basis)) was 
used as a reference. RL was measured under continuous X-ray irradia
tion (40 kV, 1 mA) with integration time of 1 s. Spectra were automat
ically corrected using the spectral response of the system determined by 
the manufacturer. 

3. Results and discussion 

3.1. Structure description 

Briefly, Na3Ln (BO3)2 (Ln = Eu, Tb) crystallizes in the monoclinic 
system with space group P21/n [10]. The framework structure consists 
of Ln2O14 dimers that are constructed from LnO8 polyhedra. These units 
are joined through two apical oxygens to two adjacent LnO8 polyhedra, 
forming a sheet in the b-direction. The polyhedra within the sheets are 
reinforced via BO3 trigonal planar units in the b-direction and, 
furthermore, the individual sheets are connected to adjacent sheets via 
BO3 linking groups in the c-direction, shown in Fig. 1. The sodium 
cations are located in the void spaces within the framework. There is 
only one crystallographic site for the rare earths. 

K3Ln (BO3)2 (Ln = Eu, Tb) crystallizes in the orthorhombic system 
with space group Pnma. The framework structure consists of LnO7 
polyhedra linked together through trigonal planar borate units, with 
potassium ions located within the channels of the structure. The LnO7 
polyhedra are connected via equatorial oxygen to form infinite chains in 
the bc plane. The chains are reinforced via BO3 trigonal planar units to 
form [LnBO6]

6−
∞ chains that are linked to adjacent chains through BO3 

units, shown in Fig. 2. The K+ ions are located in the void space between 

the chains. There is only one crystallographic site for the rare earths. 

3.2. Luminescence properties 

Typical crystals of K3Eu(BO3)2 and K3Tb(BO3)2 are shown in Fig. 3, 
along with their UV-excited red and green luminescence, respectively. 
Excitation spectra for all compounds are provided in Figs. S5–S8 of the 
supplemental information. The PL emission spectra of Na3Tb(BO3)2 and 
K3Tb(BO3)2, and Na3Eu(BO3)2, and K3Eu(BO3)2 single crystals measured 
at room temperature are shown in Figs. 4 and 5, respectively. The 
luminescence spectra are composed by a series of sharp lines corre
sponding to the 4f-4f electronic transitions of Eu3+ (Fig. 4) and Tb3+

(Fig. 5), as indicated in the figures. The emission spectra for Na3Eu 
(BO3)2, and K3Eu(BO3)2 are dominated by two strong emission peaks at 
590 and 612 nm corresponding to the 5D0 → 7F1 and 5D0 → 7F2 transi
tions, respectively. Generally, insight into the site symmetry of Eu3+ can 
be obtained from the intensities of the 5D0 – 7FJ emissions. When Eu3+

ions are located on a site with inversion symmetry, the 5D0 → 7F1 

Fig. 3. Crystal images of (a) K3Eu(BO3)2, (b) K3Tb(BO3)2, and (c) of them (top 
and bottom, respectively) under UV excitation. 

Fig. 4. Emission spectra of (a) Na3Eu(BO3)2 and (b) K3Eu(BO3)2 measured at 
room temperature under 375 nm excitation. 
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magnetic dipole transition is allowed and the emission peak at 590 nm 
dominates the spectra. In contrast, if the Eu3+ ions occupy sites that do 
not possess inversion symmetry, the 5d configurations are mixed into 4fn 

electron configurations. As a result of the inversion symmetry being 
broken, the 5D0 → 7F2 electric dipole transition is no longer forbidden 
and becomes the most intense, resulting in the dominant emission peak 
at 612 nm [15–18]. This is the case for Na3Eu(BO3)2 and K3Eu(BO3)2, 
where the Eu3+ ions are located on sites in the structure that do not 
possess inversion symmetry. 

For the Tb analogues, the strong emission peaks are centered at 482 
nm, 537 nm, 578 nm, 612 nm and are a result of the 5D4 → 7F6, 5D4 → 
7F5, 5D4 → 7F4, 5D4 → 7D3 transitions, respectively, shown in Fig. 5. No 
luminescence was observed below the 5D4 → 7F6 transition down to 400 
nm, suggesting that radiative 5D3 → 7FJ transitions do not occur. In other 
known luminescent compounds containing Tb3+ [19,20], the maximum 
emission peak occurs between 536 nm and 558 nm (green region). Both 
Na3Tb(BO3)2 and K3Tb(BO3)2 reported herein show a maximum emis
sion peak at 550 nm, in agreement with previous results. 

The luminescence of these borates was also investigated under X-ray 
excitation. Fig. 6 illustrates the radioluminescence emission of K3Eu 
(BO3)2 and K3Tb(BO3)2 powders with images taken with a digital cam
era inside a Rigaku Ultima IV diffractometer operated with a Cu Kα 
source (λ = 1.54018 Å). The red and green colors are typical of Eu3+ and 
Tb3+ activators, respectively. 

Radioluminescence spectra of Na3Eu(BO3)2, K3Eu(BO3)2, Na3Tb 
(BO3)2, and K3Tb(BO3)2 in powder form are shown in Figs. 7 and 8 for 
the Eu and Tb compounds, respectively. The spectra of Na3Eu(BO3)2 and 
K3Eu(BO3)2 are dominated by the sharp emission centered at 610 nm 
characteristic of 4f-4f Eu3+ transitions in sites lacking inversion sym
metry, as discussed above. These results are consistent with the PL 
measurements and revealed the Eu borates to be free of additional 
emission bands that could potentially originate from intrinsic defects. 

The spectra of the Tb borates, Na3Tb(BO3)2 and K3Tb(BO3)2, are 
dominated by the emission line centered at 540 nm characteristic of 4f- 
4f Tb3+ transitions as shown in Fig. 8. As in the case of the Eu borates, 
these results are consistent with the respective PL measurements and 
revealed the Tb borates to be free of additional emission bands or 
intrinsic defects. 

Radioluminescence measurements were also used to estimate the 
relative brightness against commercial Bi4Ge3O12 (BGO) powder. These 
results are shown in Fig. 9 where the integral emission between 300 and 
750 nm of all samples was determined. These measurements revealed 
that K3Tb(BO3)2 was the brightest presenting 55% of the integral 
emission of the BGO powder at room temperature. 

Fig. 5. Emission spectra of (a) Na3Tb(BO3)2 and (b) K3Tb(BO3)2 at room 
temperature under 375 nm excitation. 

Fig. 6. Powdered sample (left) and its respective radioluminescence under X- 
ray irradiation (right) of (a) K3Eu(BO3)2 and (b) K3Tb(BO3)2. 
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4. Conclusions 

Crystals of Na3Eu(BO3)2, K3Eu(BO3)2, Na3Tb(BO3)2, and K3Tb(BO3)2 
were synthesized using a molten hydroxide/boric acid melt and their 
luminescence properties were investigated. The Na3Ln (BO3)2 borates 
crystallized in the monoclinic system with space group P21/n, and the 
K3Ln (BO3)2 borates crystallized in the orthorhombic system with space 
group Pnma. The luminescence of all borates was investigated under UV 
and X-ray excitation, with their emission spectra being characteristic of 
the rare earth element that is present in the structure. K3Tb(BO3)2 was 
the brightest material with its integral emission reaching 55% of BGO 
powder at room temperature. No emission from defects or impurities 
was observed. This work confirms that the investigation of borates offers 
many opportunities for the discovery of new luminescent and scintil
lating materials. 

Accession codes 

CCDC 2161519, 2161521, 2164464, 2161818 contain the supple
mentary crystallographic data for this paper. These data can be obtained 
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing 
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crys
tallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 
+44 1223 336033. 
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Fig. 7. Radioluminescence spectra of Na3Eu(BO3)2 (left) and K3Eu(BO3)2 
(right) measured at room temperature. 

Fig. 8. Radioluminescence spectra of Na3Tb(BO3)2 (left) and K3Tb(BO3)2 
(right) measured at room temperature. 

Fig. 9. Radioluminescence output comparison of all four borates and com
mercial BGO powder. 
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