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a cyan blue-emitting
Ba3La2(BO3)4:Ce

3+,Tb3+ phosphor for use in dental
glazing materials: color tunable emission and
energy transfer†

Gyu Jin Jeong,ab Tae Wook Kang,*a Young Ji Park,a Ye Jin Park,ac Younki Lee,b

Byungseo Bae*d and Sun Woog Kim *a

The Ce3+/Tb3+ doped Ba3La2(BO3)4 phosphors were synthesized by a conventional solid state reaction

method. The synthesized phosphor samples are a single phase of Ba3La2(BO3)4 and showed angular-

shaped fine grains with average particle size from 5 mm to 10 mm. The Ba3La2(BO3)4:Ce
3+ phosphors

showed an asymmetric broad blue emission under excitation at 365 nm and the Ba3La2(BO3)4:Tb
3+

phosphors exhibited typical green emission assigned to the 4f–4f transition of Tb3+ under excitation at

254 nm. Under near-UV (365 nm) excitation, Ba3La2(BO3)4:Ce
3+,Tb3+ phosphors showed both a blue

emission band and green emission peaks due to Ce3+ and Tb3+, respectively. By optimizing the

composition, cyan-blue emission with high color purity (CIE chromaticity coordinate values x ¼ 0.2557

and y ¼ 0.3839) was obtained for the Ba3La2(BO3)4:0.05Ce
3+,0.03Tb3+ phosphor, and the internal

quantum efficiency of the phosphor at the excitation wavelength of 365 nm is estimated to be 50%. The

dental glazing paste prepared by mixing organic binder, Ba3La2(BO3)4:Ce
3+,Tb3+ phosphors, and low Tg

glass was successfully vitrified when it was heated at 600 and 700 �C, and showed high chemical

stability of the luminescence properties in acidic aqueous solution (pH ¼ 4).
Introduction

Phosphors have been widely applied in displays and lamps and
are signicantly important materials in our daily life. In
particular, rare earth ion doped phosphors have been widely
studied for application in a variety of luminescent materials
such as general solid state lighting, display devices, electrolu-
minescent devices, optical information storage, X-ray detectors,
and TV monitors due to their excellent photoluminescence
properties.1–3 Among these phosphor applications, phosphor-
converted light-emitting diodes (pc-LEDs) have great potential
in the eld of high performance solid-state lighting system such
as ashlights, indicating lights, and automobile headlights
because of their lower power consumption, long life, high color
rending index and conversion efficiency.4–6
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Recently, many investigations have been devoted to the
search for new application elds for phosphor materials, such
as plant growth,7–11 optical sensors,12–17 cosmetics18,19 anti-
counterfeiting20 and road signs/lanes.21,22 In addition, the
phosphors have been used in the dental eld to enhance the
aesthetics of articial crowns and restoration.21–29 Under UV-
light irradiation, human natural teeth emit cyan blue color
with peak at 450 nm and the photoluminescence (PL) properties
of teeth make whiter and brighter for human natural teeth in
daylight.30 The articial crowns and restorative materials can
match the shade of the natural teeth to satisfy aesthetic
requirements by adding phosphors or pigments.25,26,31 The
studies to develop the paste containing phosphor powder and
glass frit, which called the dental glazing, are recently con-
ducted to improve the aesthetics of articial crowns and
restoration.

In the present study, therefore, we have focused on the Ce3+

and Tb3+ co-doped phosphors to realize a development of the
dental glazing paste in accordance with aesthetic requirements
for articial teeth. It is well-known that the Tb3+ ion-doped
phosphors show the sharp green emission due to the 4f–4f
transition of Tb3+ under UV excitation and the Ce3+ ion-doped
phosphors show the broad blue emission due to the 5d–4f
transition of Ce3+ under UV excitation.32–37 The PL properties of
the Ce3+ and Tb3+ co-doped phosphors have been investigated
RSC Adv., 2021, 11, 24949–24957 | 24949
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by several researchers.38–45 Although Tb3+ ion-doped phosphors
have a weak optical absorption in near-UV region, the Ce3+ and
Tb3+ co-doped phosphors show a strong green emission under
excitation which is considered to be due to the energy transfer
from Ce3+ to Tb3+. These phosphors exhibit a color tunable
emission by changing the concentration of Ce3+ and Tb3+ ions
in the host lattice. These results indicate that the Ce3+ and Tb3+

co-doped phosphors can be expected as one of the suitable
candidate for the cyan blue emission phosphor to achieve
aesthetic requirements for teeth application.

In this study, using Ce3+ and Tb3+ ions as activators, cyan
blue emitting Ba3La2(BO3)4:Ce

3+,Tb3+ phosphors were synthe-
sized by a conventional solid state reaction and the photo-
luminescence properties were characterized. The dental glazing
pastes were prepared by mixing the as-prepared Tb3+/Ce3+ co-
doped phosphor powders, an organic binder and a low Tg
glass frits with a composition of (K,Na)2O–B2O3–Al2O3–SiO2.
The photoluminescence properties and chemical stability
against acid aqueous solution of the dental glazing pastes were
investigated.

Experimental

Ce3+/Tb3+ doped Ba3La2(BO3)4 phosphors were synthesized by
a conventional solid state reaction method. BaCO3 (Junsei
Chemical Co., Ltd., 99%), La2O3 (Daejung Chemical & Metal
Co., Ltd., 99.9%), B2O3 (Junsei, >95%), CeO2 (LTS, 99.98%),
Tb4O7 (LTS, 99.95%) were used as starting materials with no
further purication. In Ce3+/Tb3+ doped Ba3La2(BO3)4 phos-
phor, the amount of Ce3+ was adjusted between 1 to 15 mol%
and the Tb3+ content was varied from 1 to 15 mol%. These raw
materials were mixed in a stoichiometric ratio using an agate
mortar for 5 times, and then the mixture was calcined at 800 �C
for 6 h in a ow of 5%H2–95% N2 gas to reduce Ce4+ to Ce3+ and
Tb4+ to Tb3+. Aer the calcination, the samples were reground in
a mortar and heated again at 1200 �C for 6 h in a ow of 5% H2–

95% N2 gas.
To prepare the dental glazing paste, the as-prepared Tb3+/

Ce3+ co-doped phosphor powders mixed with an organic binder
and a low Tg glass with a composition of (K,Na)2O–B2O3–Al2O3–

SiO2. Then the homogeneous mixture was mixed and aged
using wet ball milling process at room temperature for 24 h. The
as-prepared dental glazing pastes coated on alumina plate
using brushing method and then heated at 300–700 �C for 0.5 h
in air atmosphere.
Table 1 Crystallographic data of Ba3La2(BO3)4 and Ce3+/Tb3+ doped Ba

Formula Ba3La2(BO3)4 Ba3(La,Ce)2(BO

Crystal system Orthorhombic Orthorhombic
Space group Pnma Pnma
a (nm) 0.77735(4) 0.77692(5)
b (nm) 1.70989(1) 1.71059(12)
c (nm) 0.90422(3) 0.90271(4)
Rwp (%) 10.99 11.36
Rp (%) 8.10 8.40
S (%) 2.36 2.65

24950 | RSC Adv., 2021, 11, 24949–24957
The crystal structure of the resultant powder samples was
identied using X-ray powder diffraction (XRD, Bruker D8
advance), and the detailed crystallographic data were obtained
by Rietveld analysis using the RIETAN-FP package.46 To deter-
mine the valence state of Ce and Tb ion in the Ba3La2(BO3)4:-
Ce3+,Tb3+ phosphor, X-ray photoelectron spectroscopy (XPS;
JEOL, JPS-9000) was measured at room temperature. The
morphology of the samples was characterized using scanning
electron microscope (JEOL, JSM6700F). The photoluminescence
emission (PL) and excitation (PLE) spectra were measured at
room temperature using a uorescence spectrophotometer (PSI,
DARSA PRO 3400). PL spectra of Ce3+/Tb3+ doped Ba3La2(BO3)4
phosphor were obtained for excitation at 365 nm, and PLE
spectra were recorded for emission at 450 and 543 nm. The
internal quantum yield was measured using a spectrophotom-
eter (PSI, DARSA PRO 3400) with a uorescence integrating
sphere unit (PSI, DARSA PRO 3400) at excitation wavelength of
365 nm. The photoluminescence properties of dental glazing
paste were also characterized using a uorescence spectropho-
tometer (PSI, DARSA PRO 3400). The time-resolved photo-
luminescence (TR-PL) was carried out using a confocal
microscope (MicroTime-200, Picoquant, Germany). A single-
mode pulsed diode laser (375 nm with 30 ps pulse width and
average power of�1 mWoperating in 1 MHz repetition rate) was
used as an excitation source. To evaluate the chemical stability
of the photoluminescence properties for the dental glazing
paste, the acid resistance was investigated with HCl aqueous
solution (pH ¼ 4).

Results and discussion
Crystal structure analysis of Ce3+/Tb3+ doped Ba3La2(BO3)4
phosphors

Crystallographic data and structure renement parameters of
the Rietveld renement of the XRD patterns of the Ce3+/Tb3+

doped Ba3La2(BO3)4 phosphor are summarized in Table 1, and
the representative XRD pattern of the Ba3La2(BO3)4 host
material is shown in Fig. 1. The representative XRD patterns of
the Ce3+/Tb3+ doped Ba3La2(BO3)4 phosphors are shown in
Fig. S1–S3† and the rened structural parameters of the Ba3-
La2(BO3)4 host material and Ce3+/Tb3+ doped Ba3La2(BO3)4
phosphors are summarized in Tables S1–S4.† The data of the
orthorhombic structure Ba3La2(BO3)4 from the inorganic
crystal structure database (ICSD no. 98-003-9277) were used
for the starting model. As shown in Table 1, the nal R-factor
3La2(BO3)4 phosphors

3)4 Ba3(La,Tb)2(BO3)4 Ba3(La,Ce,Tb)2(BO3)4

Orthorhombic Orthorhombic
Pnma Pnma
0.77708(2) 0.77610(2)
1.70686(5) 1.70481(4)
0.90220(2) 0.90225(1)
10.00 10.64
7.31 7.84
2.57 3.08

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Rietveld refinement result for X-ray powder diffraction data of
Ba3La2(BO3)4. Red symbol: measured pattern, green solid line: calcu-
lated pattern, blue solid line: difference between their intensities.

Fig. 3 XRD patterns of (a) Ba3La2(BO3)4:Ce
3+, (b) Ba3La2(BO3)4: Tb

3+,
(c) Ba3La2(BO3)4:Ce

3+,Tb3+ phosphors doped with different concen-
trations and Ba3La2(BO3)4 reference (ICSD 98-003-9277).
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View Article Online
values, Rwp, Rp, and S, converged to 10.99, 8.10, and 2.36,
respectively, which verify the phase purity of the as-prepared
sample. The representative XRD pattern of Ba3La2(BO3)4 was
well indexed to the reported data and no impurity phases were
detected in the XRD pattern. The nal rened results conrm
a single phase of the Ba3La2(BO3)4 that is crystallized in
a orthorhombic structure in space group Pnma (no. 62) with
rened lattice parameters a ¼ 0.77735(4) nm, b ¼
1.70989(1) nm, c ¼ 0.90422(3) nm, and V ¼ 1.20187 nm3. A
schematic of the Ba3La2(BO3)4 crystal structure is shown in
Fig. 2, produced using VESTA.47 According to the crystal
structure analysis, Ba2+ and La3+ ions occupied in three
different dodecahedral sites (8d and 4c) and there are three
kinds of boron sites (8d and 4c) with 3-fold coordination. The
lattice volume of the Ba3La2(BO3)4 phase decreased with
doping the Ce3+ and Tb3+ in the crystal lattice, which indicates
that the small size of Ce3+ (ionic radius: 0.1143 nm for 8
coordination48) and Tb3+ (ionic radius: 0.1040 nm for 8 coor-
dination48) are successfully substituted into the larger La3+

ions sites (ionic radius: 0.1160 nm for 8 coordination48). Fig. 3
shows the XRD patterns of Ba3La2(BO3)4:Ce

3+, Ba3La2(BO3)4:-
Tb3+, Ba3La2(BO3)4:Ce

3+,Tb3+ phosphor samples with different
concentrations. The XRD patterns of all samples were in good
agreement with a single phase of highly crystalline ortho-
rhombic structure (ICSD no. 98-003-9277) with space group
Pnma (#62). With increasing the Ce3+ and Tb3+ ion contents in
the Ce3+/Tb3+ doped Ba3La2(BO3)4 phosphors, a peak shi to
a higher diffraction angle is observed because La3+ in the host
Fig. 2 A schematic of the Ba3La2(BO3)4 crystal structure.

© 2021 The Author(s). Published by the Royal Society of Chemistry
material is partially substituted with the smaller Ce3+ and Tb3+

ions to form solid solutions. To investigate the valence state of
Ce and Tb ions, binding energy of electrons in Ba3La2(-
BO3)4:Ce

3+,Tb3+ phosphors was measured using XPS and the
result is shown in Fig. S4.† The Ce 3d and Tb 3d XPS spectra
are well known to split into two peaks of 3d3/2 and 3d5/2 due to
the spin–orbital interaction. The XPS spectra of both Ce 3d
and Tb 3d state exhibit two clear peaks at 889.9 eV (3d3/2) and
901.9 eV (3d5/2), and at 1242.8 eV (3d3/2) and 1275.9 eV (3d5/2),
respectively, which can be assigned to those of 3+ oxidation
state of Ce and Tb ions. In addition, no peaks that would
suggest the presence of other oxidation states of Ce and Tb
ions were observed. These results support that the Ce and Tb
ions successfully substituted in the La3+ sites as Ce3+ and Tb3+

in the Ba3La2(BO3)4 host lattice. The morphologies of the Ce3+/
Tb3+ doped Ba3La2(BO3)4 phosphors were observed by SEM as
seen in Fig. 4. The particles of all powder samples were
composed of angular-shape ne grain with the average size of
around 5–10 mm.
RSC Adv., 2021, 11, 24949–24957 | 24951
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Fig. 4 SEM images of (a) Ba3La2(BO3)4:Ce
3+, (b) Ba3La2(BO3)4: Tb

3+, (c)
Ba3La2(BO3)4:Ce

3+,Tb3+ phosphors.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/2
8/

20
26

 8
:2

4:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Photoluminescence properties of Ce3+ doped Ba3La2(BO3)4
phosphor

The photoluminescence emission (PL) and excitation (PLE)
spectra of Ba3La2(BO3)4:Ce

3+ phosphors with different concen-
tration of Ce3+ ions are presented in Fig. 5. The PLE spectra
recorded by monitoring the emission at 470 nm exhibited
a broad excitation band from 270 to 400 nm, which was
attributed to 4f / 5d transition of Ce3+ ions. The PL spectra of
Ba3La2(BO3)4:Ce

3+ phosphors recorded under 365 nm excitation
showed a broad non-symmetry blue emission band from
400 nm to 650 nmwith amaximum peak at 470 nm due to 5d/

4f transition of Ce3+ ions. The emission of Ce3+ usually includes
two bands of the transitions of 5d-excited state to 2F7/2 and

2F5/2
states, and the emission spectra seem to consist of two of them
in a single band. The emission peak wavelength of the Ce3+ 5d
/ 4f transition shis to the longer wavelength (lower energy)
Fig. 5 The (a) excitation (lem ¼ 470 nm) and (b) emission (lex ¼ 365
nm) and spectra of Ba3La2(BO3)4:Ce

3+ phosphors with different
concentrations of Ce3+.

24952 | RSC Adv., 2021, 11, 24949–24957
direction with increasing Ce3+ concentration for the sample,
which can be attributed to the change of the crystal eld
strength around Ce3+ in the host lattice. The crystal eld
strength increases with increasing the amount of Ce3+ substi-
tution for La3+ in the Ba3La2(BO3)4 lattice because the average
bond length of Ce3+–O2� becomes progressively shorter by
lattice shrinkage.49 The emission peak intensity of Ba3La2(-
BO3)4:Ce

3+ phosphors was increased with the Ce3+ concentra-
tion up to 0.05 mol%, and then decreased probably due to the
concentration quenching effect. The internal quantum yield of
the 0.05 mol% Ce3+ doped Ba3La2(BO3)4 phosphor at the exci-
tation wavelength of 365 nmwas estimated to be 50%. Thus, the
optimum concentration of Ce3+ ions was conrmed to be 0.05,
and it was kept as a constant value to prepare Ce3+/Tb3+ co-
doped Ba3La2(BO3)4 phosphors.

Photoluminescence properties of Tb3+ doped Ba3La2(BO3)4
phosphor

Fig. 6 shows the PL and PLE spectra of Ba3La2(BO3)4:Tb
3+

phosphors with different concentration of Tb3+ ions. The PLE
spectra recorded by monitoring the emission at 543 nm, there
are a broad band from 225 to 300 nm, corresponding to the
spin-allowed energy transition from the 4f8 to 4f75d congura-
tion of Tb3+. A number of small absorption peaks at 300–400 nm
correspond to the spin-forbidden 4f–4f transition (7F6 /
5L1,5,10,

7F6 / 5D3). Under 254 nm excitation, the Ba3La2(-
BO3)4:Tb

3+ phosphors exhibited a well-known characteristic
Tb3+ green emission, and no self-activated emission was
observed in the undoped samples. The emission peaks of
Fig. 6 The (a) excitation (lem ¼ 543 nm) and (b) emission (lex ¼ 254
nm) spectra of Ba3La2(BO3)4 phosphors doped with different
concentrations of Tb3+.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Ba3La2(BO3)4:Tb
3+ phosphors at 490, 547, 585, and 623 nm

correspond to the 5D4 /
7F6,

5D4 /
7F5,

5D4 /
7F4, and

5D4 /
7F3 transitions of Tb3+ ions, respectively.50–52 The emission
intensity of Ba3La2(BO3)4:Tb

3+ phosphors was increased with
increasing the Tb3+ concentration up to 0.10, and then
decreased due to the concentration quenching effect. In
particular, the emission intensity of 0.15 showed a dramatically
decrease. The concentration quenching of luminescence is
generally observed in phosphor materials in which a large
amount of luminescence ion is doped into the host lattice.53,54

By increasing the luminescence ion concentration in host
lattice, the distance between two adjacent luminescence ions is
decreased and the interaction between the luminescence ions is
enhanced, which usually results in the concentration quench-
ing due to the nonradiative energy transfer between two lumi-
nescence ions.53,54 The internal quantum yield of the 0.10 mol%
Tb3+ doped Ba3La2(BO3)4 phosphor at the excitation wavelength
of 365 nm was estimated to be 60%.
Fig. 7 The (a) excitation (lem ¼ 547 nm) and (b) emission (lex ¼ 365
nm) spectra of Ba3La2(BO3)4:Ce

3+,Tb3+ phosphors with different
concentrations of Tb3+.
Photoluminescence properties of Ce3+ and Tb3+ doped
Ba3La2(BO3)4 phosphor

To develop the cyan blue-emitting phosphors with similar to
that of human teeth, Ce3+ and Tb3+ co-activated Ba3La2(BO3)4
phosphors synthesized and their optical properties were char-
acterized. In Ce3+/Tb3+ co-activated Ba3La2(BO3)4 phosphors,
the concentration of Ce3+ was xed at the optimal value of
0.05 mol% and the concentration of Tb3+ was varied in the
range of 0.01–0.15 mol%. The PLE and PL spectra of Ce3+/Tb3+

co-activated Ba3La2(BO3)4 phosphors are shown in Fig. 7. The
PLE spectra monitored at 547 nm (Tb3+ 5D4–

7F5 transition
emission) consists of two strong broad bands with peaks at
about 247 nm and 330 nm due to the 4f8 / 4f75d transition of
Tb3+ and 4f1 / 4f05d transition of Ce3+, respectively. These PLE
spectra are evidence of energy transfer from Ce3+ to Tb3+ in
Ba3La2(BO3)4:Ce

3+,Tb3+ phosphors. The intensities of the
optical absorption bands due to 4f8 / 4f75d transition of Tb3+

and 4f1 / 4f05d transition of Ce3+ were effectively enhanced by
increasing the Tb3+ ion contents in Ba3La2(BO3)4:Ce

3+,Tb3+

phosphors. Under the excitation of 365 nm, the emission
spectra exhibit a broad band of Ce3+ ions in the blue light region
and a series of strong emission lines at 490, 545, 585, and
623 nm due to the 5D4–

7FJ (J ¼ 6, 5, 4, and 3) transitions of Tb3+

ions in which the green emission line at 542 nm from 5D4–
7F5

transitions dominate. Although the emission spectra of the
phosphors were recorded for excitation at 365 nm (optical
absorption due to Ce3+), the Ce3+ emission intensity increased
with increasing the concentration of Tb3+ in Ba3La2(BO3)4:-
Ce3+,Tb3+ phosphors, whereas Tb3+ emission effectively
enhanced. The energy-transfer efficiency of Ce3+ / Tb3+ in
Ba3La2(BO3)4:Ce

3+,Tb3+ phosphors increased remarkably with
increasing the Tb3+ contents. These results are evidence of
energy transfer from Ce3+ to Tb3+ in the Ba3La2(BO3)4:Ce

3+,Tb3+

phosphors. As shown in Fig. 7 inset, it can be found that color-
tunable blue-to-green emission can be obtained with increasing
Tb3+ content due to Ce3+ / Tb3+ energy transfer. Additionally,
the CIE coordinates for the Ba3La2(BO3)4:Ce

3+,Tb3+ phosphors
© 2021 The Author(s). Published by the Royal Society of Chemistry
could be changed from the (x ¼ 0.2368, y¼ 0.3388; blue) to (x ¼
0.3006, y ¼ 0.4914; green) by controlling the different emission
compositions of the Ce3+ and Tb3+ contents. Among the
different amount of Ce3+/Tb3+ co-doped Ba3La2(BO3)4 phos-
phors, the emission color of the Ba3La2(BO3)4:0.05Ce

3+,0.03Tb3+

phosphor is very close to cyan light of commercial materials for
use in dental glassing.

To determine the energy transfer from Ce3+ to Tb3+ in Ba3-
La2(BO3)4:Ce

3+,Tb3+ phosphors, the luminescence lifetime of
the phosphors were recorded by confocal microscope. Fig. 8
illustrates the decay curves of Ba3La2(BO3)4:0.05Ce

3+ and Ba3-
La2(BO3)4:0.05Ce

3+,0.13Tb3+ phosphors monitored at 470 nm
for Ce3+ emission. The decline of lifetime further demonstrated
the presence of energy transfer from Ce3+ to Tb3+. Additionally,
efficiency of energy transfer (hET) between Ce3+ and Tb3+ can be
calculated by following equation:55

hET ¼ 1 � s/s0

where s and s0 represent uorescence lifetime of phosphors
with and without Tb3+ doping. The average lifetime of Ba3-
La2(BO3)4:0.05Ce

3+,0.13Tb3+ phosphors with and without Tb3+

doping can be calculated as 14 ns and 11 ns, respectively. It
obviously shows that the average lifetime of Ce3+ ions decreases
with Tb3+ ions doping. The efficiency of energy transfer from
Ce3+ to Tb3+ in the Ba3La2(BO3)4:0.05Ce

3+,0.13Tb3+ phosphors
was estimated to be approximately 21.5%.
RSC Adv., 2021, 11, 24949–24957 | 24953
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Fig. 8 The decay curves of Ba3La2(BO3)4:0.05Ce
3+ and Ba3La2(-

BO3)4:0.05Ce
3+,0.13Tb3+ phosphors.

Fig. 9 (a) The photograph of dental glazing pastes coated on alumina
plate and the PL spectra of the dental glazing pastes heated at 300–
700 �C for 0.5 h, (b) the emission spectra of the dental glazing paste
before and after pH 4 test.
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Characterization of dental glazing paste using Ce3+/Tb3+ co-
doped Ba3La2(BO3)4 phosphor

The dental glazing paste using the Ce3+/Tb3+ co-doped Ba3-
La2(BO3)4 phosphor was prepared by mixing with an organic
binder and a low Tg glass with a composition of (K,Na)2O–
B2O3–Al2O3–SiO2. The as-prepared dental glazing pastes
coated on alumina plate using brushing method and then
heated at 300–700 �C for 0.5 h in air atmosphere. Fig. 9 shows
the photograph of dental glazing pastes coated on alumina
plate and the PL spectra of the dental glazing pastes heated at
300–700 �C for 0.5 h. The pastes heated at 300–500 �C was
observed no vitrication, whereas, in the case of the pastes
heated at 600 and 700 �C, vitrication was successfully
observed. The emission peak intensity of the dental glazing
pastes decreases with increasing the heating temperature
(Fig. 9(a)). The reduction of the emission intensity of the Ce3+

or Eu2+ doped phosphors owing to re-heating is well known in
phosphor-in-glass (PiG) application.56–62 The reduction of the
emission intensity is well known to be due to the oxidation of
Ce3+ into Ce4+ (or Eu2+ into Eu3+) in the phosphors, and the
oxidation of luminescence ions usually results in the thermal
degradation of the photoluminescence efficiency of the
phosphors.63,64

To evaluate the chemical stability of the photo-
luminescence efficiency of the as-prepared dental glazing
pastes using the Ce3+/Tb3+ co-doped Ba3La2(BO3)4 phosphor,
the acid resistance of the as-prepared dental glazing pastes
was carried out in HCl aqueous solution (pH ¼ 4). The pH
values of drink such as an orange juice, coke, ade and etc. is
about 3–4. The dental glazing pastes coated on alumina plate,
which prepared by heating at 600 �C, was treated with HCl
aqueous solution and soaked for 48 h, and then washed with
water and dried at 80 �C for 24 h. Aer the HCl aqueous
solution treatment for 48 h, which is very hard condition, the
emission intensity of the dental glazing paste was decreased to
85% of the non-treatment sample as shown in Fig. 9(b). This
result evidences that the dental glazing paste possesses high
resistance to the acid solution.
24954 | RSC Adv., 2021, 11, 24949–24957
Conclusions

In this study, we demonstrated the possibility of the Ba3La2(-
BO3)4:Ce

3+,Tb3+ phosphors for use in dental glazing paste. The
Ba3La2(BO3)4:Ce

3+,Tb3+ phosphors were synthesized in a single
phase form by a conventional solid state reaction method. The
Ba3La2(BO3)4:Ce

3+ phosphors showed a asymmetric broad blue
emission with maximum peak at 470 nm under excitation at
365 nm due to the 5d/ 4f transition of Ce3+, and themaximum
emission peak intensity was obtained for the Ba3La2(-
BO3)4:0.05Ce

3+. The Ba3La2(BO3)4:Tb
3+ phosphors exhibited

typical green emission assigned to the 4f–4f transition of Tb3+

under excitation at 254 nm, and the highest green emission
intensity was obtained for the Ba3La2(BO3)4:0.10Tb

3+. Under
near-UV (365 nm) excitation, Ba3La2(BO3)4:Ce

3+,Tb3+ phosphors
showed both blue emission band and green emission peaks due
to the Ce3+ and Tb3+, respectively, and the emission color of the
phosphors can be tuned from blue to green by changing Ce3+/
Tb3+ ratio. By optimization of the composition, cyan-blue
emission with high color purity was obtained for the Ba3La2(-
BO3)4:0.05Ce

3+,0.03Tb3+ phosphor, and the CIE chromaticity
coordinate values for the phosphor were x ¼ 0.2557 and y ¼
0.3839 under excitation at 365 nm, which is close to the cyan-
blue emission for natural teeth. The internal quantum effi-
ciency of the phosphor at the excitation wavelength of 365 nm is
© 2021 The Author(s). Published by the Royal Society of Chemistry
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estimated to be 50%. To prepare the dental glazing paste, the
Ce3+/Tb3+ co-doped Ba3La2(BO3)4 phosphor powders mixed with
an organic binder and a low Tg glass with a composition of
(K,Na)2O–B2O3–Al2O3–SiO2. For the samples heated at 600 and
700 �C, the dental glazing paste showed clear vitrication and
they showed a high chemical stability of the luminescence
properties for acid aqueous solution (pH ¼ 4). These results
indicate that the Ce3+/Tb3+ co-doped Ba3La2(BO3)4 phosphor are
a suitable candidate as a luminescent material to produce the
dental glazing paste with a high aesthetic.
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quenching of Tb3+ luminescence in LaOBr and Gd2O2S
phosphors, Mater. Res. Bull., 1979, 14, 1403.

55 U. Caldiño, A. Speghini, E. Álvarez, S. Berneschi,
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