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Solvothermal reaction of yttrium chloride hydrate and trimethoxy-
borane in 1,4-butanediol in the presence of amines at 315°C directly
yielded YBO; crystals having flower-like morphology (particle size;
3-8 um). The crystal growth toward the ¢ axis was inhibited by adsorp-
tion of amines on the ab plane, and plate-like crystals were formed. The
luminescence chromaticity of Y 9Eu, ;BO3 samples synthesized by sol-
vothermal reaction was different from that prepared by solid-state reac-
tion; samples synthesized by the solvothermal reaction exhibited larger
relative intensity ratio of the emission at 580 nm to that at 610 nm than
samples prepared by the solid-state reaction.

Europium-doped rare earth borate with vaterite structure, in par-
ticular (Gd,Y)BOj3:Eu**, emits red color and represents an important
material as a phosphor for plasma display panels.! One problem is
that the orange emission is stronger than the red. The luminescence
properties of phosphor materials are strongly affected by the particle
size and morphology.?? It has been reported that nanosized or nano-
sheet YBO3:Eu** samples show enhanced intensity of the red emis-
sion.? However, the relationships between morphology and photolu-
minescence property have not been systematically investigated.

Solvothermal method are reactions in a liquid medium at higher
temperatures,* and reaction in water at high temperatures in a closed
vessel is called hydrothermal reaction. We refer to similar reactions
in glycol as glycothermal reaction. We have shown various crystal-
line oxides or mixed oxides can be synthesized by the glycothermal
method.’ In a previous work, we found that YBO; having a sphe-
roidal morphology with a diameter of 1 um was synthesized by gly-
cothermal reaction of yttrium acetate and trimethoxyborane in 1,4-
butanediol.®

In the present work, the morphology of YBO3 was controlled by
the addition of amines to the reaction system, and luminescence
properties of 10% Eu-doped YBO; (YBOs:Eu) thus-synthesized
were investigated.

Trimethoxyborane (12.5 mmol) and yttrium chloride hexahy-
drate (12.5 mmol) were suspended in 100 mL of 1,4-butanediol in
a test tube, and an amine (N/Cl = 5) was added to the tube, which
was then set in a 300-mL autoclave. An additional 40 mL of 1,4-bu-
tanediol and 5 mL of the amine were placed in the gap between the
autoclave wall and the test tube. Butylamine (BA), hexylamine
(HA), and ethylenediamine (EDA) were predominantly used as
the amines. The autoclave was purged with nitrogen, heated to
315°C at a rate of 2.3°Cmin~!, and kept at that temperature for
2 h. After the assembly was cooled to room temperature, the result-
ing products were centrifuged. The product was washed with meth-
anol and water. The samples synthesized from yttrium acetate and
yttrium chloride are designated as P1 and P2, respectively. If amines
were added to the reaction medium, these notations are followed by
abbreviation of the amine in parentheses. For example, P1(HA)
means the product obtained by the reaction of yttrium acetate and
trimethoxyborane in 1,4-butanediol in the presence of HA. For the
synthesis of YBO3:Eu, europium acetate tetrahydrate was used for
P1, and europium chloride hexahydrate for P2. X-ray powder dif-
fraction (XRD, Shimadzu XD-D1) was recorded using Cu Ko radi-
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Figure 1. XRD patterns of: a) P1, b) PI(HA), and c) P2(HA).

ation. The morphology of the products was observed with a scanning
electron microscope (SEM, Hitachi S-2500CX). The luminescence
spectra of YBO3:Eu were recorded under 240-nm excitation on a
Shimadzu RF-5300PC spectrophotofluorometer.

Figure 1 shows the XRD patterns of some of the products. Al-
though P1 had a high crystallinity, the addition of HA inhibited the
crystallization of YBOj3 (Figure 1b). On the other hand, well-crystal-
lized YBOj3 was obtained for P2(HA) although the sample was con-
taminated with a small amount of Y(OH),CL” Since YCl; has a
higher solubility in 1,4-butanediol than Y(OAc)s, the crystallization
of YBOs easily proceeded in the solvothermal reaction of YCl; even
in the presence of amines. Note that the 00/ diffraction peaks were
broader than /kO peaks for P2(HA). The SEM image (Figure S1)3
showed that P1 comprised monodispersed spheroidal particles with
a diameter of 1 um.% P2(HA) was composed of well-dispersed flow-
er-like particles with particle sizes of about 3-5um. The particle
sizes were distributed in a narrow range, indicating monodispersed
particles were formed (Figure S2).® The high-magnification SEM
image showed that each particle was made by aggregation of
plate-like crystals (Figure 2). These results indicate that the crystal
growth toward the ¢ axis was inhibited by the adsorption of amines
on the ab plane, yielding plate-like crystals.

Figure 2 also shows the morphologies of P2(BA) and P2(EDA).
Although the XRD pattern of P2(EDA) was essentially identical
with those of P2(HA) and P2(BA), the aggregation state of plate par-
ticles in P2(EDA) was different from that in P2(HA) or P2(BA). For
P2(EDA), a large number of small plate particles were aggregated
yielding 3—6-um flower-like secondary particles. Therefore, the size
of plate-like crystals and their aggregation state could be controlled
by the amine used.

In the presence of amines such as dipropylamine, triethylamine,
and oleylamine with high steric hindrance, irregularly shaped YBO3
particles were obtained, while n-alkylamines such as BA, octyl-
amine, decylamine, and dodecylamine gave particles made by ag-
gregation of plate-like particles (Figures S1 and S2).% In the case
of diamines, particles with flower-like morphology were obtained
for EDA and 1,8-octanediamine, while 1,4-butanediamine and
1,6-hexanediamine gave irregularly shaped YBO;s particles
(Figures S1 and S2).8
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Figure 2. SEM images of: a) P2(HA), b) P2(BA), and c¢) P2(EDA).

0.7

o <———P2(BA)

Inensity (a.u.)

= P2(HA)

Z 06 ¢

5 T

0 L]

3

§ 0.5+ 7580 600 620 640
= P2(EDA) Wavelength/nm

2

2 04f g

=

Solid state reaction ——————> @

Il Il Il Il
0'30 0.2 0.4 0.6 0.8 1

D(K)Z‘/DI 00

Figure 3. Relationship between the ratio of I(-peak)/I(c-peak) and
the Dyopz/Digo, and emission spectra under 240-nm UV excitation of
YBOs:Eu synthesized by solid-state reaction® (broken line) and
P2(BA) (solid line). *Synthesized from Y,0j3, Eu,03, and H3BO;3 at
1100°C for 3 h.

The luminescence spectrum of YBO3:Eu synthesized under the
conditions adopted for synthesis of P2(BA) is shown in the inset of
Figure 3. The peaks observed at 580-720 nm are due to the transi-
tions from exited Dy level to ’F; (J = 1-4) levels of Eu’t.? The
peaks at 590 (orange emission) and 610 nm (red emission) are des-
ignated as - and B-peaks, respectively, and the intensity ratios of
B-peak to a-peak, I(B-peak)/I(ce-peak), of the solvothermally syn-
thesized products, were much larger than that of the sample prepared
by solid-state reaction (Figure $3).® As shown in Figure 3, the /(-
peak)/I(c-peak) ratio increased with the decrease in the relative
crystallite size ratio (Dggp/D1go) calculated from 002 and 100 dif-
fraction peaks of the plate crystals,® indicating that the high I(8-
peak)/I(c-peak) ratio was observed for YBOj crystals preferential-
ly grown along the ab plane.

Mahiou et al. reported that the crystal structure of YBOs is in the
P63 /m space group, in which yttrium atoms occupy a site with a
point symmetry of Ss.° However, each yttrium atom is coordinated
with eight oxygen atoms in a trigonal bicapped antiprism structure.
Of eight oxygen atoms, two oxygen atoms are located in Wyckoff
6h sites with 1/3 occupancy. Therefore, the actual point symmetry
of the rare earth element is much lower than Sg. Wei et al. examined
the effect of particle size on chromaticity of YBO3:Eu and reported
that the unit cell parameter ratio, c/a, decreased with the decrease in
particle size.” They attributed the high I( 8-peak),/I(c-peak) ratio ob-
served for the samples with smaller particle size to this lattice distor-
tion. In the present study, the samples that exhibited high I( 8-peak)/
I(ce-peak) had large a values, in agreement with the tendency report-
ed by Wei et al.>2 However, expansion or constriction of the lattice
does not alter the local symmetry of the rare earth sites; therefore,
this point is not the origin of the enlarged I(8-peak)/I(x-peak) ratio
because Judd-Ofelt theory predicts that the high ratio of I(8-peak)/
I(a-peak) is caused by the low crystal field symmetry.'® Wei et al.
also pointed out the possibility that the disordered Eu sites on the sur-
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Table 1. Crystallite size, BET surface area and I(B-peak)/I(c-peak) of
YBO;:Eu

Crystallite size/nm BET surface I(f-peak)/

Sample o0y 100y Do/Po0 area /i gl Ho-peak)
P2(BA) 9 86 0.10 37 0.67
P2(BA)* 12 69 0.17 — 0.76
P2(BA)P 101 179 0.56 — 0.51
P2(EDA) 7 49 0.14 52 0.61
P2(HA) 11 77 0.14 31 0.62
Pl 63 141 0.45 9 0.55
Solid

state 120 142 0.85 4 0.35
reaction

2The sample was obtained by calcination of P(BA) at 800 °C. ®The sample
was obtained by calcination of P(BA) at 1100 °C.

face of crystals may contribute to the enhanced I(8-peak)/I(c-peak)
ratio.? However, the surface area of YBOs:Eu did not correlate with
the I1(B-peak)/I(a-peak) ratio (Table 1). Therefore, we proposed the
following scenario: Preferential growth of the crystals toward ab di-
rections gave thin crystals, which are easily curved as shown in
Figure 2. Curved crystals lower the local symmetry of Eu’" sites,
thus causing the enhanced /(8-peak)/I(o-peak) ratio. Since the crys-
tallite size and I(B-peak)/I(a-peak) ratio of the sample obtained by
calcination of P2(BA) at 800 °C were essentially identical with those
of as-synthesized P2(BA), the organic species remaining on as-syn-
thesized P2(BA) particles did not affect the I(8-peak)/I(c-peak)
ratio. Growth of the YBOs3 crystals occurred by the calcination at
1100 °C, and the I(B-peak)/I(x-peak) ratio increased, but the lumi-
nescence intensity drastically increased (Figure $4).%

In summary, the aggregation and morphology of plate crystals
of YBOj; can be controlled by the addition of amine to the solvother-
mal reaction. The ratio of I(8-peak)/I(c-peak) of YBO5:Eu was
controlled by the morphology of YBO; crystals.
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