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Abstract

EuBO3, TbBOj3, Eu(Ill) and Tb(III)-doped boron oxide compounds with Ln (Eu and Tb)/B molar ratios of 1/10 and 1/1 were synthesized by a
hydrothermal method and their morphologies, crystal structures and spectral properties were examined by scanning electron microscopy (SEM),
X-ray diffraction crystallography, UV-visible absorption, and photoluminescence spectroscopy. 2D and 3D-photoluminescence image profiles of
Eu(Il) were observed between 570 and 720 nm, and were attributed to the *Dy— 'F, (J=0,1,2,3,4) transition, while emission peaks of Tb(III)
between 450 and 700 nm corresponded to the D, —’F, (J=6,5,4,3) transition. Overall, this study describes a method of understanding
photoluminescence mechanism and developing efficient phosphor materials using borate compounds.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Lanthanide borates (LnBOj3) have attracted increasing atten-
tion in recent years due to their chemical stability, vacuum UV
transparency, and ability to act as good luminescent host
materials [1-6]. Borates with different morphologies have been
synthesized by various methods including hydrothermal,
solvothermal and sol-gel methods [7-20]. Corbel et al.
synthesized triclinic EuBO3; by a solid state reaction and
reported detailed crystal structures and sharp luminescence
profiles measured at 77 K and 12 K [8]. Velchuri et al.
prepared non-uniform micron sized rare earth orthoborates,
LnBO; (Ln=Tb, La, Pr, Nd, Sm, Eu, Gd, Dy, Y), via a
metathesis reaction and characterized their properties by
powder X-ray diffraction and FT-IR spectroscopy [6]. Uniform
micron size LnBO3 (Ln=Gd, Nd, Sm, Eu, Tb, and Dy)
microplates could be synthesized via hydrothermal conversion
from Ln(OH); nanorods at a reaction temperature of 180-
200 °C [9]. Xu et al. utilized the hydrothermal method to
synthesize nest-like, rose-like, cruller-like, and flower-like
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three-dimensional architectures of Eu(Ill)-doped YBO; by
varying the ratios of the added surfactants [10]. Orange-like
LnBO;:Eu™ (Ln=Y and Tb) mesocrystals were prepared by a
hydrothermal process and reported by Liu et al. [3].

Eu(Ill) and Tb(III) ions have most commonly been studied
as activators for red and green phosphor materials, respec-
tively. To develop phosphors emitting red and green colors,
Eu(IlT) and Tb(III) ions have been doped into LnBOj5 as a host
material. Jia et al. doped Eu(IIll) and Tb(IIl) into a straw-sheaf
like LaBOj3 host material and observed strong red and green
emissions with lifetimes of 1.68 and 2.13 ms, respectively [4].
When guest ions such as Li* and Mg>" were introduced, the
luminescence for Eu(Ill)-doped microsphere YBO;5 host mate-
rial was shown to be enhanced [2]. TbBO5 has been used as a
host material for doping various concentrations of Eu(IIl) ions,
which was Tb 1_X)B03:xEu3+ (x=0-1) microspheres [12]. By
varying the Eu(IIl) compositions, Yang et al. could tune the
luminescent color (green, yellow, orange, to red-orange) and
found that the energy was efficiently transferred from Tb(III)
to Eu(Ill) ions in the host material [12].

In the present study, the Ln (Eu and Tb)/B molar ratio was
fixed at 0.1 and 1.0 to examine the photoluminescence char-
acteristics of Eu(IlT) and Tb(IIl)-doped boron oxide compounds
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before and after thermal annealing. When the Ln/B ratio was 1.0,
LnBO; was obtained by thermal annealing. 2D and 3D photo-
luminescence imaging of the Eu(Ill) and Tb(III)-doped boron
oxide compounds was then performed to elucidate the photo-
luminescence mechanism, which is a very important step in
development of efficient luminescent materials.

2. Material and methods

Eu and Tb borates (EuBOs; and TbBOs) and Eu(Ill) and
Tb{II)-doped (Ln/B molar ratio=0.1 and 1.0) boron oxide
(written as Eu(IIl)-BO, and Tb(IlI)-BO,) powders (or granules)
were synthesized by the hydrothermal method as described
below. For compounds with a molar ratio of B/Eu=1.0 (or B/
Tb=1.0), 10.0 mL of 0.1 M Eu(Ill) or Tb(I) nitrate solution
was mixed with a stoichiometric amount of B,O5; (Sigma-
Aldrich, 99.98%), after which 15.0 mL of Millipore water was
added. Upon complete homogeneous mixing, 1.0 mL of 32%
ammonia solution was added to obtain precipitates, after which
the solution was transferred to a 125 mL Teflon-lined stainless
steel autoclave and reacted in a 210 °C oven for 12 h. The final
powder product was centrifuged, fully washed and then dried in
an 80 °C oven for further characterization. Samples with an B/Eu
(or B/Tb) molar ratio of 0.1 M ratio were obtained by the same
procedure under the same conditions. The as-prepared powder
samples were annealed at 700 °C for 4 h in a furnace, after which
their surface morphology was examined by scanning electron
microscopy (SEM, Hitachi SE-4800). In addition, X-ray diffrac-
tion (XRD) patterns of the powder samples were measured using
a PANalytical XPert Pro MPD diffractometer with Cu Ko
radiation, while diffuse reflectance absorption spectra were
recorded using a Cary5000 UV-visible spectrophotometer, FT-
IR spectra were obtained using a Thermo Fisher Scientific iS10
spectrometer and a Scinco FluoroMate FS-2 was utilized to take
2D and 3D-photoluminescence image profiles.

3. Results and discussion

Fig. 1 shows the SEM images of as-prepared and annealed
Eu(II)-BO, samples with B/Eu(Ill) molar ratios of 10/1 (written
as Bjo/Eu;) and 1/1 (written as B;/Eu;). The as-prepared B q/
Eu; and B,/Eu; samples showed particle and feather-like
morphologies, respectively. Upon annealing, the morphologies
of the samples changed distinctively (Fig. 1). Optical micro-
scopy images revealed that the morphologies of the bulk states
for the B;o/Eu; and the B,/Eu; samples were opaque and
semitransparent, respectively. Under UV (365 nm) irradiation,
the samples emitted red of differing brightness, with the
annealed B;¢/Eu; sample generating the brightest color.

Fig. 2 shows the SEM images of as-prepared and annealed
TbID)-BO, (B,¢/Tb; and B,/Tb;) samples. Changes in mor-
phology were observed after annealing as for the B/Eu
samples. The morphologies for the bulk states were very
similar to those of the B/Eu samples. For the B/Eu samples,
optical microscopy images showed that the B,o/Tb; and the
B,/Tb, samples were opaque and semitransparent, respec-
tively. Under UV irradiation of 365 nm, the Tb(III)-boron

oxide compounds emitted a green color, with the brightest
color being observed for the as-prepared B;o/Tb; sample.

Fig. 3 displays the XRD patterns of the as-prepared and
annealed and Eu(III)-BO, (left) and Tb(III)-BO, (right) sam-
ples with B/Ln (Eu, Tb) molar ratios of 10/1 and 1/1. For
the as-prepared sample with the molar ratio of B/Eu=1.0
(Bi/Eu;), the XRD peak was broad with no characteristic
features. However, upon annealing at 700 °C, the XRD
showed very clearly sharp patterns that were in good agree-
ment with those of hexagonal EuBO3 (JCPDS 13-0485). Three
major peaks at 20=19.97°, 26.85° and 33.64° were assigned
to the (002), (100), and (102) planes, respectively. Other
planes were assigned to the corresponding XRD peaks (Fig. 3).
For the sample, when the molar ratio was B/Tb=1.0 (B,/Tb,),
the XRD patterns were very similar to those of the B/Eu,
sample. Before annealing, no characteristic features were
observed. For the 700 °C annealed sample, the XRD patterns
were in good agreement with those of hexagonal TbBOj;
(JCPDS 24-1272). Three major peaks were found at
20=20.24°, 27.22° and 34.02° and assigned to the (002),
(100) and (102) planes, respectively. When compared to the
XRD peak positions of EuBOs5, slightly larger 26 values were
observed, indicating a smaller d (=lattice plane distance)
value, which originated from the smaller ionic radius of Tb(III)
than that of Eu(III).

Fig. 4 displays the UV-visible absorption spectra of
as-prepared and annealed Eu(III)-BO, (left) and Tb(III)-BO,
(right) samples with molar ratios of B/Ln (Ln=Eu, Tb) of 10/1
and 1/1. For the Eu(Ill)-BO, samples, sharp and small peaks
were commonly found between 350 nm and 600 nm. These
peaks were attributed to the transitions from the ground state
("Fy) of Eu(Ill) to excited states such as Dy, °Dy, °D,, °Ds,
5L6, and 5G6 [21]. The broad absorption band at 250 nm was
attributed to a charge transfer band, which became broader
after thermal annealing. For the as-prepared Tb(III)-BO,
samples before annealing, weak peaks were commonly found
and assigned to the transitions from the ground state (7F6) of
Tb(II) to excited states such as °Dy, °Ds, °L;o and °D, [21].
Upon annealing, the weak peaks of Tb(III) were diminished.

Fig. 5 shows the FT-IR spectra of as-prepared and annealed
and Eu(Ill)-BO, (left) and Tb(IIl)-BO, (right) samples with
B/Ln (Ln=Eu, Tb) molar ratios of 10/1 and 1/1. The FT-IR
spectra of Eu(Ill)-BO, samples were very similar to those of
Tb(III)-BO, samples.

For the as-prepared samples, a broad peak was commonly
found at 3400 cm ™ 1, which was ascribed to the OH stretching
mode. For the annealed samples with a B/Ln (Ln=Eu, Tb)
molar ratio of 1.0 (EuBO; and TbBOs3), the IR peaks between
800 and 1200 cm " were consistent with those of the vaterite-
type borate, and the peak at around 1340 cm~ ' was attributed
to asymmetric stretching of the BO; of LnBO; [16,17].

As shown in the FT-IR spectra, the OH groups are
commonly present for both as-prepared and annealed samples.
The OH group is known to quench luminescence via non-
radiative relaxation processes [22-25]. Therefore, it is very
important to eliminate the OH groups for achieving applica-
tions to the fields such as optical detectors and light emitting



Y. Sohn / Ceramics International 40 (2014) 2467-2475 2469

B/Eu ratio = 1

E

-~

Fig. 1. SEM images of as-prepared and annealed B;¢/Eu; and B;/Eu; samples. Optical microscopy images (with a light source at the top and the bottom) show the
morphology of the bulk state. Photos show the color under a UV lamp (365 nm) (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.).
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Fig. 2. SEM images of as-prepared and annealed Tb(III)-BO, (B;¢/Tb; and B;/Tb;) samples. Optical microscopy images (with a light source at the top and the
bottom) show the morphology of the bulk state. Photo images show the color under a UV lamp (365 nm) (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.).

displays [20,22]. The luminescence quenching is plausibly
reduced by employing a surface modification technique and
synthesizing core—shell type structures [26].

Fig. 6 displays the excitation/emission spectra and the
corresponding 2D and 3D-photoluminescence image profiles
for the as-prepared (left column) and annealed (right column)
Eu(Il)-BO, samples with a B/Eu molar ratio of 10/1. An
excitation wavelength of 395 nm was selected to record the
emission spectrum from 560 to 720 nm. The excitation

wavelength corresponds to the direct “Le«'F, excitation
transition of Eu(Ill) [21]. The emission peaks are associated
with the following transitions of the Eu(IIl) ion: Dy—F,
(J=0-4); °Dy—"Fy (579.4 nm), *Dy—'F, (588.7 nm and
5942 nm), °Dy—'F, (6140 and 622.1 nm), °Dy— 'Fs
(652.2nm), and °Dy—'F, (683.9nm, 692.7nm, and
700.5 nm) [21]. The dominant emission wavelength of
614nm (°Dy—'F,) was chosen to generate an excitation
spectrum. Various sharp peaks between 350 nm and 560 nm
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Fig. 3. Power X-ray diffraction patterns of as-prepared and annealed and Eu(IIl)-BO, (left) and Tb(IIT)-BO, (right) samples with molar ratios of B/Ln (Ln=Eu and
Tb)=10/1 and 1/1.
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Fig. 4. UV-visible absorption spectra of as-prepared and annealed and Eu(IIl)-BO, (left) and Tb(III)-BO, (right) samples with molar ratios of B/Ln (Ln=Eu and
Tb) of 10/1 and 1/1.
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Fig. 5. FT-IR spectra of as-prepared and annealed and Eu(IIT)-BO, (left) and Tb(III)-BO, (right) samples with molar ratios of B/Ln (Ln=Eu and Tb) of 10/1
and 1/1.

were already assigned to the transitions from the ground ’F,  to the Eu’™—O?~ charge transfer, which was significantly
state to the excited states, as shown in the UV-vis absorption enhanced upon thermal annealing [20]. The corresponding 2D
spectra (Fig. 4). The broad band below 300 nm was attributed and 3D photoluminescence image profiles clearly showed the
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Fig. 6. Excitation/emission spectra (top) and 2D/3D photoluminescence images (bottom) of as-prepared (left column) and annealed (right column) Eu(IIl)-BO,
samples with a B/Eu molar ratio of 10/1. Insets show the CIE coordinates for the corresponding samples at an excitation wavelength of 395 nm (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.).

total excitation and emission characteristics. The Commission
Internationale del'Eclairage (CIE) color coordinate obtained at an
excitation wavelength of 395 nm was in the red region. The
excitation and emission spectra for the annealed sample shown in
Fig. 6 (right column) were different from those for the as-
prepared samples. These findings indicate that the sites of Eu(III)
changed upon thermal annealing. The intensities corresponding to
5D2 and 5D2<—7F0 transitions were somewhat enhanced; however,
other transitions from the F, state showed no critical changes in
spectral positions or shapes. In the corresponding 2D and 3D
photoluminescence image profiles, the emission by an indirect
excitation between 250 nm and 300 nm was greatly enhanced.
The CIE color coordinate at an excitation wavelength of 395 nm
was in the red region, but shifted slightly to the center.

Fig. 7 shows the excitation/emission spectra and the corre-
sponding 2D and 3D-photoluminesce profiles of as-prepared (left
column) and annealed (right column) Eu(Il)-BO, samples with a
B/Eu molar ratio of 1/1. For the two (left and right) excitation
spectra, the peaks could be assigned as described above in Fig. 6.
The different emission profiles originated from different local
sites of Eu(IlI), which also depend on the concentration of Eu(III)
[7,21]. Upon thermal annealing at 700 °C, the sample showed a
crystal structure of EuBOs. Specifically, the broad peak below
350 nm was reduced while the intensities corresponding to the
D, and °D,<’F, transitions were greatly enhanced. The two
emission profiles were very similar and associated with *Dy— F;
(J=0-4) transitions of the Eu(Ill) ion. The charge transfer band
was not significant when compared with that of Eu(Ill)-BO,
samples with a B/Eu molar ratio of 10/1 (Fig. 6). The CIE color
coordinate at an excitation wavelength of 395 nm was located at a
much deeper red region than samples with the B/Eu molar ratio
of 10/1. As shown in Fig. 7, the chromaticity value was almost
the same for the as-prepared and annealed samples.

Fig. 8 redisplays the emission spectra at various excitation
wavelengths for the as-prepared and annealed Eu(III)-BO,
samples with B/Eu molar ratios of 10/1 and 1/1. For samples
with a molar ratio of 10/1, the emission peak profiles were very
similar to the excitation wavelengths, except for the peak
intensities. However, for samples with a molar ratio of 1/1, the
emission profiles were different, especially for the peak
corresponding to the °Dy—’F, transition. Two peaks at
613 nm and 625 nm were found at an excitation wavelength
of 260 nm. As the excitation wavelength increased, the two
’Dy—'F, transition peaks merged to a broad peak at 615
nm, while the 5D0—>7F1 transition peak at 593 nm became
broader and asymmetric. These findings were likely due to
coexistence of two different sites of Eu(Ill) [18]. Two different
photoluminescence profiles could then be expected by the
indirect excitation wavelengths below 300 nm and the direct
excitation (<—7F0) transitions [27].

Fig. 9 shows the excitation/emission spectra and the
corresponding 2D and 3D-photoluminescence profiles for the
as-prepared (left column) and annealed (right column) Tb(III)-
BO, samples with a B/Tb molar ratio of 10/1. An excitation
wavelength of 370 nm was selected to record the emission
spectrum from 560 to 700 nm. The excitation wavelength
corresponds to the direct 5G6<—7F6 excitation transition of Tb
(III). The distinctive emission peaks are associated with the
following transitions of the Tb(III) ion: D, —"F; (J=6,5,4,3);
D, — "Fg (491 nm), °D, - "Fs (544 nm), °D,— "E, (585 nm),
and > D4—>7F3 (623 nm). After thermal annealing at 700 °C, the
emission profiles and peak positions showed no critical
change. For the excitation spectrum taken at a fixed emission
wavelength of 545 nm (°D,— ’Fs), the strong peaks between
300 nm and 400 nm were assigned to the direct 5L10, 5G6,
5D3<—7F0 excitation transitions of Tb(IIl). The excitation
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Fig. 7. Excitation/emission spectra (top) and 2D/3D photoluminescence images (bottom) of as-prepared (left column) and annealed (right column) Eu(III)-BO,
samples with B/Eu ratios of 1/1. Insets show the CIE color coordinates for the corresponding samples at an excitation wavelength of 395 nm.
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Fig. 8. Emission spectra of as-prepared (left column) and annealed (right column) Eu(III)-BO, samples with a B/Eu molar ratio of 10/1 (top) and 1/1 (bottom) at
various excitation wavelengths.
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Fig. 9. Excitation/emission spectra (top) and 2D/3D photoluminescence profiles (bottom) of as-prepared (left column) and annealed (right column) Tb(III)-BO,
samples with a B/Tb ratio of 10/1. Insets show the CIE coordinates for the corresponding samples at an excitation wavelength of 370 nm (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 10. Excitation/emission spectra (top) and 2D/3D photoluminescence profiles (bottom) of as-prepared (left column) and annealed (right column) Tb(III)-BO,
samples with a B/Tb ratio of 1/1. Insets show the CIE coordinates for the corresponding samples at an excitation wavelength of 370 nm (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).

spectrum showed a significant change below 300 nm after
thermal annealing. The broad peak below 300nm was
attributed to the 4f°—4f’5d" transition of Tb(IIl) [12,20],
which increased significantly after thermal annealing. As
expected, the CIE color coordinate obtained at an excitation
wavelength of 370 nm was located in the green region.

Fig. 10 shows the excitation/emission spectra and the
corresponding 2D and 3D-photoluminescence profiles of as-
prepared (left column) and annealed (right column) Tb(III)-

BO, samples with a B/Eu molar ratio of 1/1. The annealed
sample showed the crystal structure of TbBO;. The emission
peaks were very similar to those of the Tb(III)-BO, samples
with a B/Eu molar ratio of 10/1, but the (5D4—>7F6)/
(5D4—>7F5) was somewhat enhanced for the sample with a
molar ratio of 1/1. The emission peaks were associated with
the following transitions of the Tb(II) ion: D, 'F,
(J=6,543); D,—’F¢ (491 nm), °D,—'Fs (544 nm),
5D4—>7F4 (588 nm), and 5D4—>7F3 (622 nm). For the
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excitation spectrum, the 4f% > 4f75d" transition of Tb(III)
below 300 nm increased significantly upon thermal annealing,
and this band was much stronger than the peaks between
300 nm and 400 nm. The four different Tb(III)-BO, samples
(Figs. 9 and 10) showed similar CIE color coordinates at an
excitation wavelength of 370 nm, and were positioned in the
green region.

4. Conclusions

The hydrothermal method was employed to synthesize
EuBOj3;, TbBO3;, Eu(Ill) and Tb(IIl) containing boron oxide
nanostructures with a Ln/B molar ratio of 1.0 and 0.1. The as-
prepared and 700 °C annealed samples were characterized by
scanning electron microscopy (SEM), X-ray diffraction crys-
tallography, UV-visible absorption, and photoluminescence
spectroscopy. When the Ln/B molar ratio was 1.0, hexagonal
EuBOj3 and TbBO; could be obtained by annealing at 700 °C,
as demonstrated by the XRD patterns. 2D and 3D-
photoluminescence image profiles were obtained to fully
understand the energy transfer and photoluminescence
mechanism of the nanostructures. The Eu(Ill) containing
samples commonly showed various emission peaks between
560 and 720 nm, which were associated with the *Dy—F;
(J=0,1,2,3,4) transitions of the Eu(IIl) ion. For the Tb(II)
containing samples, the emission peaks observed between
450 nm and 700 nm were attributed to °Dg— 'F, (J=6,5.4,3)
transitions of the Tb(IIl) ion. The 2D and 3D photolumines-
cence imaging profiles provide new insights for the develop-
ment of efficient phosphor materials using borate compounds.
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