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ABSTRACT: Low-temperature vaterite-type LuBO; (7-LBO)
was prepared by a solid-state reaction method at high temper-
ature. The reasoning of the existence of vacancy-stabilized 7-LBO
was investigated for the first time using neutron diffraction
patterns, Fourier transform infrared (FT-IR) spectra, and high-
resolution transmission electron microscopy. The results clearly
demonstrated that the B and O vacancies in 7-LBO came into
being during the heating process. The existence of an open B;O,
ring consisting of BO; and BO, units in 7-LBO due to the B and
O vacancies was demonstrated by FT-IR. The vacuum ultra-
violet—ultraviolet spectroscopic properties of 7-LBO were studied
in detail. In addition, the luminescence mechanism of Ce* in 7-
LBO was put forward and discussed with that of calcite-type

LuBO, (-LBO).

1. INTRODUCTION

Over the past decades, the rare-earth (RE) orthoborates
REBO; have attracted tremendous attention because of their
extraordinary optical properties, such as excellent damage
threshold, high vacuum ultraviolet transparency, and high
luminescent efficiency of Ce®* (or Eu*)."” It is notable that
LuBO,;:Ce* with calcite type (i.e, f-LBO:Ce®") is the most
famous orthoborate as a scintillator, which has been widely
investigated during the past decade. The light yield of a calcite-
type S-LBO:Ce* polycrystallite is about 3 and 135 times that
of commercial scintillators Bi,Ge;O;, (BGO) and PbWO,
(PWO), respectively. In addition, it exhibits several excellent
properties such as fast decay (about 33 ns) and nonhygroscopy,
etc.’ Therefore, single crystals of f-LBO:Ce®" doped with Sc
were successfully grown by Hatamoto et al. in 2011 using the
Czochralski method.** Unfortunately, its overall light yield
drops to less than 60% of BGO after doping with Sc. However,
it is very difficult to grow pure S-LBO (calcite-type) single
crystals because of the phase transition between calcite (/-
LBO), low-temperature vaterite (z-LBO), and high-temper-
ature vaterite (4-LBO) phases. The true structures of z- and f5-
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LBO, as well as the origin of their phase transitions, have long
been a subject of interest and controversy.

There are few reports about the phase transitions of LBO. As
early as 1961, the phase transition of LuBO; was first observed
using hi§h—temperature X-ray diffraction (XRD) and thermal
analysis.” After that, Ren et al. investigated the crystal structure
of high-temperature vaterite y-LBO and reported that the
observed high-temperature vaterite y-LBO was isostructural
with the hexagonal structure of YbBO; with space group P6;22
(No. 182).” Furthermore, the temperature dependence of
Raman spectroscopy was used to investigate the phase
transition in LuBO;.” It was believed that the phase transition
between 7- and f-LBO is related to the broken bond of one B—
O in the cyclic B;Oy rings at high temperature, leading to an
open B;O, ring consisting of BO; and BO, units. However, the
origin of the phase transitions and the true crystal structures of
LuBO; have not been studied to date. Thus, a clear
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understanding of the true crystal structures and the phase
transitions between different LuBO; phases not only opens a
new avenue for growing large S-LBO single crystals with high
performance as scintillators but also provides some new insights
for an in-depth understanding of the luminescence mechanism.
Generally, XRD, Fourier transform infrared (FT-IR), and
Raman techniques are used to characterize the crystal structures
of REBO;. The recent high-resolution luminescence spectra
were applied to study the features of cations”® but revealed a
difficulty in unambiguously distinguishing between the
alternatives of having either two or three cation sites in the
structure. Thus, the neutron powder diffraction as a
complementary structure solution tool was used to clarify the
structures of LuBO; because the coherent elastic scattering
lengths of rare earth, oxygen, and boron are of the same order
of magnitude [b.(Lu) = 7.21 fm, b.(*'B) = 6.65 fm, and b.(O)
= 5.803 fm]. The problem of the high absorption of neutrons
by boron was overcome by using the ''B isotope. Herein, we
put forward the reasoning of the existence of low-temperature
vaterite 7-LBO for the first time, using neutron diffraction
patterns, FT-IR spectra, and HRTEM. Moreover, the
luminescence properties of Ce®" in these two phases have
also been investigated based on their crystal structures.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Undoped LuBO; and Rare-Earth-Doped
LuBO;. The polycrystalline undoped LuBO;, Lu''BO;, and Ce**-
doped LuBOj samples were prepared by a solid-state reaction method.
The starting materials were Lu,O; (Aldrich, 99.999%), H;BO,
(Aldrich, 99.99%), H,"'BO; (Aldrich, 99.99%), and CeO, (Aldrich,
99.999%). Suitable amounts of raw materials were weighed out and
subsequently mixed and ground together in an agate mortar. The
powder mixtures were then transferred into a platinum crucible with a
cover. Subsequently, those powder mixtures were fired at 1200 °C for
24 h in a chamber furnace in air. After firing, the samples were
gradually cooled to room temperature in the furnace. There was no
apparent reaction of the products with the platinum crucibles.
However, it is difficult to obtain a single phase of #- and f- LBO
when using stoichiometric amounts of Lu,0; and H;BO; (H;"'BO;)
because of evaporation of B,Oj; at high temperature. Thus, 10% excess
of H;BO; (H;"'BO;) was used for the preparation of a single phase to
compensate for evaporation of B,Os. For a high-pressure test, f-LBO
was heated at 1250 and 1350 °C under 6 GPa for 30 min in a Walker-
type Multi Anvil Press and then quenched to room temperature by
turning off the voltage supply to the resistance furnace, which reduced
the temperature to room temperature in a few seconds. The pressure
was maintained during the temperature quenching and then released
slowly. The concentration of the Ce** activator is 1 mol % of Lu*" in
7- and f-LBO.

2.2. Sample Characterization. The powder XRD data for phase
identification were collected with a Rigaku D/max-2550 V
diffractometer (Cu Ka, scanning rate = 2°/min at 40 kV and 50
mA). The neutron powder diffraction data were collected at the NIST
with a copper monochromator (4 = 1.5403 A) at room temperature.
The lattice parameter was calculated by a combination of the Rietveld
and Lebail methods in GSAS, and all structure refinements were
performed using GSAS software. The morphology and selected-area
electron diffraction (SAED) were investigated by using high-resolution
transmission electron microscopy (HRTEM; JEOL200CX). FT-IR
spectra were recorded with a Spectrum 100 (PerkinElmer) in a
scanning range from 2000 to 400 cm™'. The vacuum ultraviolet—
ultraviolet (VUV-UV) excitation spectra and VUV excited emission
spectra were measured at the VUV spectroscopy station of Beijing
Synchrotron Radiation Facility, Institute of High Energy Physics,
Chinese Academy of Sciences. The electron energy of the storage ring
is 2.5 GeV, and the beam current is approximately from 160 to 60 mA
in measurement. An ARC-VM-502-S monochromator (1200 g/mm)
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was used for the excitation spectra and an ARC SP-308
monochromator (1200 g/mm) for the emission spectra, and the
signal was detected by a Hamamatsu H7421-50 photomultiplier. The
pressure in the sample chamber was 2 X 10 mbar. The resolution of
the instruments was about 0.2 nm. The relative VUV-UV excitation
intensities of the samples were corrected by comparing the measured
excitation intensities of the samples with the excitation intensities of
sodium salicylate (0-HOC4H,COONa) in the same excitation
conditions. All of the luminescent spectra were recorded at room
temperature. The transient decays were recorded on an Edinburgh
Instruments (FLS920) spectrofluorimeter equipped with both
continuous (450 W) and pulsed xenon lamps.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure of the Low-Temperature
Vaterite #-LBO. Figure 1 shows the powder XRD patterns
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Figure 1. Powder XRD patterns of standard f-LBO (a), f-LBO
prepared at 1200 °C for 24 h (b), S-L''BO prepared at 1200 °C for 24
h (c), and S-LBO:Ce** (1 mol %) prepared at 1200 °C for 24 h (d).

of f-LBO, S-L"BO, and S-LBO:Ce** (1 mol %) prepared at
1200 °C for 24 h using 10% excess of H;BO, (H;''BO,). All of
them are consistent with the standard $-LBO pattern (ICSD
no. 16525), and no impurity was obtained. In addition, 7z-LBO,
7-L"'BO, and #-LBO:Ce** (1 mol %) prepared at 1500 °C for
5 h using a 10% excess of H;BO; (H;''BO,) were obtained as
single-phase materials with 7-ErBO; structure (ICSD no.
422094), as shown in Figure 2.

Figure 3 exhibits the XRD patterns of f-LBO (Figure 1b)
under high-pressure (6 GPa) and/or high-temperature post-
treatments. Here high pressure was applied to S-LBO to check
the possible phase transition from f- to 7-LBO considering the
smaller unit cell volume of the latter (see Table 2). It can be
clearly seen that there is no phase transition of f-LBO under
high pressure at room temperature probably because the energy
barrier of the phase transition from f- to 7-LBO is too high to
overcome. However, when f-LBO was post-treated under high
pressure (6 GPa) and high temperature (1250 and 1350 °C), it
is worth noting that 7-LBO, together with an unknown phase,
appeared in the final product, indicating that part of S-LBO
transforms into 7-LBO. In order to investigate the real structure
of 7-LBO, neutron powder diffraction was applied on z-L''BO,
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Figure 2. Powder XRD patterns of standard #-ErBO; (a), #-LBO
prepared at 1500 °C for 5 h (b), z-L"'BO prepared at 1500 °C for 5 h
(c), and 7-LBO:Ce** (1 mol %) prepared at 1500 °C for § h (d).
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Figure 3. Powder XRD patterns of f-LBO prepared using a solid-state
method at 1200 °C for 24 h (a), f-LBO post-treated under a pressure
of 6 GPa at room temperature for 30 min (b), #-LBO post-treated
under a pressure of 6 GPa and 1250 °C for 30 min (c), and S-LBO
post-treated under a pressure of 6 GPa and 1350 °C for 30 min (d).

benefiting from the high absorption of neutrons by the ''B
isotope.

Figure 4 exhibits the refined neutron powder diffraction
pattern of 7-L''BO at room temperature. The index of the
neutron powder diffraction pattern of z-L''BO using the Dicvol
programs suggested monoclinic cells with parameters a =
11.1733(4) A, b = 6.4612(2) A, ¢ = 9.4628(3) A, p =
112.7632(15)°, and V = 629.93(5) A%, The simulated neutron
powder diffraction pattern using the atomic coordinates of
Y;025¢00sBO;” was very similar to the experimental patterns;
therefore, this structure model was used for subsequent
calculations.'® A pseudo-Voigt peak-shape function was used,
and the absorption correction was applied on the basis of the
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Figure 4. Refined neutron powder diffraction pattern of z-Lu''BO, at
room temperature. The observed data points, calculated profile, and
difference curves are shown. The ticks correspond to the positions of

the Bragg peaks.

experimentally measured transmission of the incident neutron
beam through the sample. The details on data collection and
structural refinements are tabulated in Table 1. The refined

Table 1. Unit Cell Parameters and R Factors of 7-L''BO
Obtained from Rietveld Refinement of the Neutron Powder
Diffraction Data

formula Lu“BoA9z9(9)0293(1)
fw (g/mol) 221.94

space group monoclinic, C2/¢ (No. 15)
a (A) 11.173 (4)

b (A) 6461 (2)

c (A) 9.462 (3)

P (deg) 112.7632(15)
volume (A%) 629.93(5)

V4 12

P (g/em?) 7.343

wavelength (A) 1.5403

20 range 3.0 <26 < 167.75
step size 0.05°

goodness of fit (1) 0.96

R, R,, (%) 5.44, 6.85

atomic coordinates and bond distances of z-L''BO are listed in
Tables S1 and S2 in the Supporting Information (SI).
Observed, calculated, and difference profiles for 7-LMBO are
shown in Figure 4.

The low-temperature 7-LBO phase crystallizes in the
monoclinic system with a space group of C2/c, which is quite
similar to that of 7-YBO,, 7-ErBO;, and 7-YbBO,'! It was
supposed that the low-temperature phase 7-LBO is isotypic to
the typical vaterite-type CaCO;. The misunderstanding of the
crystal structure between #-LBO and vaterite-type CaCO,
stems from their similar XRD patterns, originating from the
relatively weak scattering of B, C, and bridged O atoms.
However, the exact ordering of anions in the structures is
difficult to discern. Figure Sa shows a projection of the crystal
structure of the low-temperature phase LBO along the b axis.
The crystal structure could be described as an alternative
stacking of borate layers and lutetium sheets. The B atoms are
all tetrahedrally coordinated with four O atoms, leading to the
formation of BO, units. In addition, three-membered borate
B;Oy rings are further formed through sharing of the vertices of
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Figure S. Projection of the crystal structure of 7-LBO along the b (a)
and ¢ (b) axes. Coordination polyhedra of the Lul and Lu2 (c) and B
(d) atoms.

two B(3)O, units and one B(4)O, unit (Figure 5d). The
average B—O bond distances are in the range from 1.475(2) to
1.471(5) A, which are similar to typical tetrahedral borate
groups."' The B30, rings are stacked in a shifted arrangement
viewed along the ¢ axis. Earlier structure determinations
assumed that the presence of rare-earth cations inside the
B;O, rings'” can be completely ruled out according to the
result of neutron diffraction. What is more, there are two
different types of O atoms: one is the terminal O atom of the
BO, units, including O1, 02, and O3, and the other is the
bridged O atom of the BO, units, ie., the vertices of the B;O,
rings, including O4 and OS. Figure Sb shows another view of
the structure projected along the ¢ axis. Meanwhile, the Lu®"
ions are located in two different environments. As shown in
Figure Sc, Lul (4c) and Lu2 (8f) are all coordinated with eight
O atoms. The distances of the Lu—O bonds are in the typical
range from 2.200(4) to 2.420(4) A (Table S2 in the SI), which
is consistent with those observed in Lu,WO, [2.185(15)—
2.489(15) A]" but smaller than those of the Er—O bonds
[2.236(2)—2.446(2) A] in ErBO,"" because of the smaller size
of Lu** than Er**.!*

Surprisingly, it is observed that there are B and O vacancies
in 7-LBO according to the Rietveld refinement of the neutron
diffraction pattern tabulated in Table S1 in the SI The
existence of B and O vacancies can be further demonstrated by
TEM images. Figure 6 shows the SAED of 7-LBO along [233]
(a) and [110] (b). The electron diffraction patterns can be
easily indexed, and the monoclinic system of 7-LBO can be
validated. Moreover, parts ¢ and d of Figure 6 show HRTEM
images of the sample in Figure 6b and the corresponding
inverse fast Fourier transform (FFT) pattern of the selected
area marked by red rectangular lines. The stacking fault can be
observed clearly in HRTEM images and its corresponding
inverse FFT pattern. This interesting observation of the
stacking fault is probably related to the existence of B and O
vacancies in z-LBO.

All of the results above reveal that the existence of B and O
vacancies in 7-LBO will introduce the local structure aberration.
Parts a and b of Figure 7 show the coordination environment of
B atoms in the isolated open B3Oy rings lacking O4 or OS
atoms (bridging O atoms), resulting in BO; and BO, units,
which is similar to the crystal structure of y-DyBO; stated by
Huppertz et al."* In addition, two Lu cations in the structure
are both 6-fold-coordinated and lacking O4 or OS atoms
(bridging O atoms), as shown in Figure 7c. In order to compare
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Figure 6. SAED of 7-LBO along [233] (a) and [110] (b). HRTEM
images of the sample in part b (c). Corresponding inverse FFT pattern
of the selected area marked by a white ellipse (d).

(c)

Figure 7. Coordination spheres of the B cations without one O4 or
0OS (a and b) and Lu cations without one O4 or OS5 (c).

the crystal structures of z- and S-LBO, the crystal structure of
S-LBO was refined from the neutron powder diffraction data. It
was indexed in the trigonal unit cell with R3¢ symmetry and the
parameters a = 4.914 (13) A, ¢ = 16210 (7) A, and V =
339.059(2) A3. The Rietveld refinement fit of the neutron
diffraction pattern and the crystallographic data of f-L''BO are
shown in Figures S1 and S2 in the SI and Tables 2 and S3 in
the SI.
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Table 2. Comparison of the Crystallographic Data between
the 7z-L"'BO, #-L"'BO, and 7-LBO Reported

empirical Lu'"Bg939(9) 02931 LuBO; vaterite (z- Lu''BO, calcite
formula vaterite (ﬂ LBOB LBO) (B-LBO)

molar mass 221.94 233.78 233.78
(g/mol)

space group  monoclinic, C2/c hexagonal, P6,/ trigonal, R3¢

(No. 15) mmec (No. 194) No. 167)

lattice
constants

a (A) 11.173(4)

b (A) 6.461(21) 3.727 4.914(13)

c (A) 9.462(30) 8.722 16.21(7)

B (deg) 112.763(15)

cell volume 629.93(5) 104.92 339.05(2)
(A%

V4 12 2 6

caled den51ty, 7.343 742 6.871
(g/em?)

ref this work 11 this work

The coexistence of the BO; and BO,, units in z-LBO can be
further demonstrated by FT-IR, which is one of the most
efficient methods to distinguish the difference of the bonds.
Figure 8 shows the FT-IR of - and #-LBO in the wavenumber
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Figure 8. FT-IR spectra of f-LBO (a) and z-LBO (b).

range of 500—2000 cm™'; their corresponding vibration modes
are tabulated in Table S4 in the SI. Both the planar triangle and
tetrahedral unit have been studied many times, and the
expected locations of the bands can be inferred from ref 16. At
room temperature, the S-LBO phase presents seven peaks
located at 627, 719, 735, 769, 1170, 1230, and 1408 cm™*, while
the 7-LBO phase exhibits seven peaks at about 573, 719, 870,
930, 1014, 1068, and 1408 cm™. In the S-LBO phase, 1170,
1230, and 1408 cm™' in the high-frequency range can be
assigned to the antisymmetric stretching of the B—O bond of
the trigonal BO; units. In addition, in the low-frequency range,
627,719, 735, and 769 cm ™! in the S-LBO phase belong to the
BO; bending. For the #-LBO phase, the corresponding
vibration peaks of the BOj; units (1408 and 719 cm™') and
BO, units (573, 870, 930, 1014, and 1068 cm™') could be
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identified. 1014 and 1068 cm™ in the 7-LBO phase could be
attributed to the stretching relaxation of the tetrahedral BO,
units, and 573, 870, and 930 cm™" in the 7-LBO phase could be
assigned to the B—O—B bending and borate ring deforma-
tion.'®"” Thus, the existence of an open B30, ring consisting of
BO; and BO, units in the 7-LBO phase can be demonstrated
by the FT-IR results.

3.2. Photoluminescence Properties of Ce3* in z- and
B-LBO. The emission and excitation spectra of Ce** in z- and
P-LBO are presented in Figure 9. Under 366 nm excitation,

250 _
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Figure 9. Excitation and emission spectra of LBO:Ce* at room

temperature compared to BGO under the same conditions: (a)
excitation spectrum of f-LBO:Ce** (1 mol %) monitored at 362 nm;
(b) emission spectrum of S-LBO:Ce** (1 mol %) under 337 nm; (c)
excitation spectrum of 7-LBO:Ce** (1 mol %) monitored at 393 nm;
(d) emission spectrum of z-LBO:Ce®* (1 mol %) under 366 nm;
(e)emission spectrum of the BGO powder under 281 nm.

Ce*-activated 7-LBO displays obviously doublet emission
bands in the wavelength range of 375—500 nm with the peak
centers at about 393 and 423 nm, respectively (Figure 9d). For
comparison, we can see that Ce’*-activated f-LBO can be
efficiently excited under 337 nm, introducing a broad emission
band with a peak at 363 nm together with a shoulder at about
397 nm. These two broad emission bands for Ce*" in - and -
LBO can be well decomposed into two Gaussian components,
respectively. It is believed that these two emission sub-bands
are the characteristic splitting of the emission bands of Ce** due
to the spin—orbit splitting of the ground state. These bands
should correspond to the Sd — *F; (J =7/ 2 $/,) transitions of
Ce*. The F, (J=7/, /2) energy gaps of Ce*" in - and f-LBO
are 1850 and 2350 cm™!, respectively, which are very close to
the F] J=7/y%/,) energy gap of Ce** (2000 cm™) in most
Ce’*-activated phosphors.'® Moreover, 7-LBO:Ce* exhibits
emission properties similar to those of Ce®" with almost the
same shape profiles and peak positions when under VUV
photons at 158 nm or UV photons at 249 nm (see Figure 3 in
the SI). There is one principle excitation band in the excitation
spectra of 7-LBO:Ce** located in the wavelength range of 300—
390 nm with the peak centered at 366 nm, regardless of the
monitoring wavelength (Figure 9¢). In addition, a small
shoulder at 343 nm and a weak excitation peak at about 242
nm are observed, which is in good agreement with the
observation in the VUV excitation spectra of 7-LBO:Ce** by
monitoring the emission bands at 393 and 420 nm. The broad
band with a maximum at 158 nm in the VUV region is
considered to be the host absorption band, and the other two
peaks at 219 and 240 nm are attributed to the 4f—S5d transitions

DOI: 10.1021/ic502337x
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of Ce’* (see Figure S3 in the SI). Thus, the excitation bands at
198, 221, 241, 343, and 366 nm are assigned to the transition
from the °F,, ground state of Ce* in 7z-LBO to the excited
levels of the 5d configuration split by the crystal-field
interactions. A broad excitation band with a peak at 337 nm
and a shoulder at 305 nm was observed for f-LBO:Ce*" by
monitoring the emission band at 362 nm. It is worth noting
that both z- and B-LBO:Ce®" exhibit similar emission and
excitation bands; more importantly, the integral area of the
emission bands is about 4 times that of BGO under the same
measurement conditions. Table 3 summarizes the luminescence
properties of Ce’" in - and -LBO for comparison.

Table 3. Luminescence Properties of Ce*" in z- and f-LBO
at Room Temperature

luminescence properties 7-LBO p-LBO
excitation bands (nm) 198, 221, 241, 343, 366 305, 337
emission band maximum (nm) 393, 423 363, 397
D(Ce™, A) (em™) 22020 19670
Stokes shift (cm™) 1870 2120
decay time 7 (ns) 33 20
ref this work this work, 8

It is well-known that the relative energy of the first f—d
transition for different RE*" ions is almost independent of the
host, and the Sd level of RE** ions in the defined crystal shows
somewhat lower energies compared with the 5d orbital energy
of the free RE** ions. Therefore, it is easy to predict that the
decrease of the 5d energy for the different RE** ions in a similar
lattice must exhibit some relationship. Dorenbos provided the
4f—Sd transition energies of triply ionized lanthanides in
various compounds and proposed that the crystal-field decrease
D(Ln,A) for the energy of the 4f"~'5d levels of a lanthanide ion
in compound A relative to the same level energies in the free
ion, i.e.

D(Ln, A) = E(Ln, free) — E(Ln, A) (1)

is almost independent of the nature of the lanthanide ion
doped.

Here, E(Ln,free) is the energy of the first f—d transition of
Ce* as free (gaseous) ions. E(LnA) is the f—d energy
difference of the lanthanide ions Ln** doped in compound A.
The lowest 4f—5d excitation transitions of Ce>*, E(Ce**,7-
LBO) and E(Ce* $-LBO), were found to be 366 nm (ie.,
27320 cm™") and 337 nm (i.e, 29670 cm™"), respectively. The
5d level of free Ce** was 49340 cm™."° Therefore, the f—d
transitions energy of Ce®" in z- and -LBO was decreased by
22020 and 19670 cm ™!, respectively, compared with that of free
Ce** ion. It is implied that D(Ce®",z-LBO) and D(Ce*" -
LBO) were 22020 and 19670 cm ™', respectively.

The fluorescence decay curve of z-LBO:Ce* (1 mol %)
under UV excitation is illustrated in Figure 10, together with
the single-exponential decay fit curve. The monitoring
excitation and emission wavelengths were fixed at the effective
4f—5d transitions of Ce** (ie, A, = 366 nm and A, = 393
nm), respectively. The solid curve of the sample in the interval
from 20 to 300 ns can be well fitted with a single-exponential
decay I(t) = I, exp(—t/z), where I, is the initial spectral
intensity and 7 is the decay time constant of the emission. The
decay time of Ce®" in z-LBO is about 33 ns, which features the
typical decay time value of Ce®" Sd—4f emission in many other
host lattices.”®*" The decay time of Ce** in 7-LBO is a little
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Figure 10. Fluorescence decay curve of 7-LBO:Ce** (1 mol %) at
room temperature.

slower than that of f-LBO (about 20 ns).® It is worth noting
that two different Lu sites in the 7z-LBO crystal structure will
lead to the two exponential terms as expected. However, only a
single-exponential term was observed, probably because of the
fact that the coordination environments for both Lu sites are
too similar to be distinguished. The Stokes shift of Ce®" in
these two host lattices was estimated from the energy difference
between the lowest 5d excitation level and the first emission
band at high energy by the decomposed Ce*" excitation and
emission spectra. The Stokes shift of Ce** in 7-LBO is smaller
than that in -LBO, which is in contrast with the value of the
crystal-field decrease D(Ce’*,A) discussed previously. The
detailed luminescence mechanisms of Ce*" in 7z- and S-LBO
are shown in Figure S4 in the SI, which show the influences,
namely, the centroid shift, crystal-field splitting (CFS), and
Stokes shift from the host lattice on Ce**. The centroid shift
(¢.) of the bonding is commonly associated with the
nephelauxetic effect, which is often attributed to the covalency
between the Ce®* 5d orbital and the p orbitals of the anions.”*
Because of the same types of cation (Lu), anion (O), and
activator (Ce), the centroid shift (e.) of Ce>* should be similar
in both 7- and #-LBO. However, the CFS is mainly determined
by the environment (e.g., coordination number, etc.) of the first
anion coordination polyhedron, and there is no significant
influence of the chemical properties and charge state of the
anions on the CES.** In our present work, it is difficult to
observe all of the CFS of the Ce® Sd levels, making it
impossible to distinguish the separate effect of the nephelaux-
etic effect and CFS. Therefore, the crystal field decrease D(Ln,
A) was used to determine the combined effect of nephelauxetic
effect and CFS. Because the centroid shift (g.) of Ce*" should
be similar in both 7- and #-LBO, the difference of the crystal-
field decrease [D(Ce**,7-LBO) = 22020 cm™' and D(Ce*" -
LBO) = 19670 cm™] can be attributed to the difference of
their CFS effect. As aforementioned, the coordination number
of Lu’* in 7-LBO (CN = 8; the average Ce—O bond is about
2.335 A) is larger than that of -LBO (CN = 6; the average
Ce—O bond is about 2.241 A), leading to the larger CFS effect
in 7-LBO. The Stokes shift (AS) is related to the ease of
relaxation of the excited ion in the lattice. It determines the
difference between the emission and excitation energy, which is
lost during the vibrational relaxation process. Generally, the
Stokes shift tends to decrease in more rigid host lattices. The
Stokes shift of Ce>* in 7-LBO (AS = 1870 cm™") is smaller than
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that of f-LBO (AS = 2120 cm™), indicating that 7-LBO
exhibits more rigid host lattices than -LBO.

4. CONCLUSIONS

The crystal structure of low-temperature vaterite 7-LBO was
investigated, using neutron diffraction patterns, FT-IR spectra,
and HRTEM. It was demonstrated that the vacancy-stabilized
low-temperature vaterite 7-LBO can be obtained at high
temperature. The existence of an open B;O, ring consisting of
BO; and BO, units in 7-LBO introduced by the B and O
vacancies was confirmed by FT-IR. Moreover, the luminescence
properties and corresponding mechanism of Ce** in #- and f5-
LBO were studied in detail. The investigation of the phase
transition between 7z- and f-LBO not only paves the way for
the large-size f-LBO single-crystal growth but also provides
some new insight for the further understanding of the
luminescence mechanism.
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