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Abstract

Y3Al 5O12:Ce3+ (YAG:Ce3+) nanophosphor powder was synthesized by glycothermal method, where a reaction between aluminum iso-
propoxide and acetates of yttrium and cerium(III) was induced in 1,4-butylene glycol in autoclave. According to X-ray diffraction profiles,
YAG crystal structure was formed after glycothermal treatment at 300◦C for more than 1 h. The aggregation of the primary particles of
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10 nm diameter was confirmed by TEM observation and dynamic light scattering. The intensity of photoluminescence (PL) due t→ 4f
ransition of Ce3+ increased with increasing the aging time at 300◦C during glycothermal treatment. The inductively coupled plasma at
mission spectroscopy revealed that the atomic ratio of Ce/(Y + Ce) remained unchanged irrespective of the aging time at 300◦C. Therefore

his suggests that prolonged aging promotes the homogeneous incorporation of Ce3+ into the interior of particle. Based on the characteriza
y thermal analysis and infrared absorption spectroscopy, the coordination of 1,4-butylene glycol and acetate on the surface o3+

anophosphors possibly plays a significant role in the PL enhancement.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Ce3+-doped yttrium aluminum garnet (Y3Al5O12), abbre-
iated as YAG:Ce3+, can convert from blue light to yellowish
reen light. This optical function is useful for potential appli-
ations such as solid-state light-emitting devices. YAG:Ce3+

hosphor is produced by conventional solid-state reaction
t 1100–1400◦C [1,2]. Lower temperature syntheses, such
s spray-pyrolysis[3,4], co-precipitation[5,6], sol–gel pro-
essing[2,7–11]and hydrothermal method[12,13]have been
eported.

For the optical conversion application, a nanosize phos-
hor is useful for reducing the optical scattering loss.
anoparticles have higher surface to volume ratio as com-
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pared with bulk. A surface site acts as a luminescent k
It is, therefore, necessary to passivate the surface d
of nanophosphor with a surface modifier. For the purp
of preparing nanophosphors modified with organic spe
we focused on solvothermal method. High tempera
(350–600◦C) and high pressure (70–175 MPa) are need
produce single phase YAG by hydrothermal method[12,13].
Inoue et al. developed glycothermal synthesis which is a
of solvothermal synthesis by using glycols as solvents[14].
They reported the formation of single phase YAG from
minum compounds and yttrium acetate in 1,4-butylene g
(1,4-BG) at the temperatures ranging from 280 to 30◦C
under autogeneous pressure[15,16]. Here we report pho
toluminescent (PL) properties of YAG:Ce3+ nanophospho
prepared by glycothermal method. This is the first report
glycothermal method enables us to incorporate a lumine
center into YAG nanoparticles without post heat treatme
high temperature.
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2. Experimental

Aluminum isopropoxide (12.50 mmol) and yttrium(III)
acetate tetrahydrate (7.425 mmol), cerium(III) acetate mono-
hydrate (0.075 mmol) at Ce/(Y + Ce) = 1.0 at.% were sus-
pended in 1,4-BG (52.8 mL) in a glass inner vessel. This
vessel was placed in a 120 mL autoclave (Taiatsu Techno
Corp., TVS-120-N2). Then, 1,4-BG (10.2 mL) was poured
in the gap between the autoclave wall and the vessel. The
autoclave was heated to 300◦C at a rate of 3.1◦C/min with
stirring at 300 rpm and aged at 300◦C for 0.5 h≤ tag≤ 4 h,
wheretag is the aging time. The autogeneous pressure grad-
ually increased during autoclave treatment to reach 5.5 MPa
at the end of aging fortag= 4 h. After cooling to room tem-
perature, ethanol was added to the colloidal solution. After
centrifugating at 104 rpm for 10 min and washing by ethanol
repeatedly three times, the precipitate was dried at 50◦C for
1 day to obtain the powder.

Crystalline phases were identified by X-ray diffractome-
try (XRD, Rigaku Rint 2200), using Cu K� radiation. The
particle morphology and the microstructure were observed
by field emission transmission electron microscopy (TEM,
Hitachi, H-800). The particle size distribution was measured
by dynamic light scattering (DLS, Malvern HPPS). Pho-
toluminescence (PL) and its excitation (PLE) spectra were
measured by a JASCO FP-6500 spectrophotofluorometer,
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Fig. 1. XRD profiles of the samples prepared by glycothermal method and
JCPDS data (no. 33–40) of YAG. Aging time at 300◦C: (a) 0.5 h, (b) 1 h, (c)
2 h and (d) 4 h.

300◦C for tag≥ 1 h were spherical in shape and their mean
diameter was ca. 10 nm irrespective of aging time. The pri-
mary particle is composed of one single crystal domain, as
confirmed by lattice images (see inset inFig. 2). The size of
their coalescent particles observed by TEM is close to the
mean particle size, ca. 50 nm, measured by DLS.

The27Al NMR peaks were observed at 0.6, 50 and 65 ppm
in the SPE-MAS spectrum of the sample aged at 300◦C for
tag= 4 h, whereas the peak at 3.5 ppm was observed in the

F od at
3

here the excitation wavelength of 460 nm was used. A
issolving the sample in an acidic aqueous solution, the
entrations of Ce, Y and Al were determined by inductiv
oupled plasma atomic emission spectroscopy (ICP-A
eiko instruments SPS-1500VR). Solid-state27Al NMR
xperiments were performed with a Bruker ARX-400 sp
rometer operating in a static field of 9.39 T using ma
ngle spinning (MAS) technique, where a zirconia rotor
pun at 10 kHz. The single pulse excitation (SPE) – M
7Al NMR spectra were measured by a singleπ/2 pulse o
idth of 2�s with high power proton decoupling pulse. T

H → 27Al cross-polarization (CP) – MAS27Al NMR spec-
ra were measured by a singleπ/2 pulse of width of 4�s
ith high power proton decoupling pulse, where the con

ime was 500�s. The Al chemical shift was referenced
he external standard of Al(H2O)63+. Thermogravimetry an
ifferential thermal analysis (TG-DTA, Mac Science 20
as carried out in an air flow (200 mL/min) at a heating
f 10◦C /min. Fourier transform infrared (FT-IR) spec
ere measured by Rio-Rad FTS175 spectrometer, using
isk method.

. Results

As shown in XRD profiles (Fig. 1), a single phase o
rystalline YAG was formed after autoclave treatmen
00◦C for tag≥ 1 h, whereas an unidentified intermed
hase was observed attag= 0.5 h. According to TEM obse
ation (Fig. 2), the primary particles of the samples age
ig. 2. TEM micrograph of the sample prepared by glycothermal meth
00◦C for tag= 4 h. The inset is the lattice image.
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Fig. 3. Solid-state27Al MAS NMR spectra of the sample prepared by gly-
cothermal method at 300◦C for tag=4 h. Broken line: SPE; solid line: CP.

CP-MAS spectrum, as shown inFig. 3. Each peak at 0 and
3.5 ppm is assigned to the six-fold coordination for Al, and
the peaks at 50 and 70 ppm are assigned to the four-fold
coordination. The integral intensity of four-fold coordina-
tion relative to that of six-fold coordination in the SPE-MAS
27Al NMR spectrum was 0.484, being smaller than 3/2 for
the bulk[17]. All the Al sites are observed in the SPE-MAS
spectrum, while the Al sites near the surface, i.e. near pro-
tons of organic species adsorbed on the surface are observed
in the CP-MAS spectrum. Therefore, we can conclude that
the four-fold coordination does not exist near the surface of
YAG:Ce3+ nanophosphor.

Fig. 4 shows PLE and PL spectra of samples with dif-
ferent aging times. The asymmetric PL spectrum peaking
at 530 nm is assigned to the 5d (2A1g) → 4f (2F5/2 and
2F7/2) transitions of Ce3+, since Ce3+ with a 4f1 elec-
tron configuration has two ground states of2F5/2 and2F7/2
because of the spin–orbit interaction. The PL intensity
increased with increasingtag. According to elementary anal-
ysis by ICP-AES, the Ce/(Ce + Y) atomic percent, 0.95±
0.05 at.%, remained unchanged irrespective of the aging
time.

The FT-IR peaks corresponding to the symmetric and
asymmetric stretching modes of COO− are observed for the
sample aged fortag= 4 h. This indicates the adsorption of
carboxyl groups in acetate salts of starting materials as well
a hing.
W d at

Fig. 4. PLE and PL spectra of the samples prepared by glycothermal method.
Aging time at 300◦C: (a) 0.5 h, (b) 1 h, (c) 2 h and (d) 4 h.

300◦C for tag= 4 h was heated to 1000◦C at 10◦C/min
in air flow (200 mL/min), the PL intensity decreased by a
factor of ca. 1/8. According to TG-DTA profile, the heating
temperature is enough high to burn out all organic species
adsorbed on nanoparticles.

4. Discussion

The results in this work verify that glycothermal method
enables us to incorporate luminescent center of Ce3+ into
well-crystallized YAG nanoparticles without post heat treat-
ment. The PL enhancement fromtag= 0.5 to 1 h is attributed
to the crystallization because of the reduction of the emission
killers associated with amorphous. By taking the ionic radii of
Y3+, Al3+ and Ce3+ into consideration[18], Ce3+ ions are sub-
stituted for Y3+ ions. The Ce/(Ce + Y) atomic ratio remained
unchanged for samples with different aging times. Therefore,
the increase in the PL intensity of YAG:Ce3+ nanophosphors
with increasingtag could be explained by the following fac-
tors: (i) the actual Ce content in YAG particles, (ii) the valence
states of Ce, i.e. the atomic ratio of Ce3+/(Ce3+ + Ce4+), (iii)
the homogeneity of Ce3+ and (iv) the coordination states
around Ce3+.

We used cerium(III) acetate as a starting material. How-
ever, the oxidation of Ce3+ to Ce4+ during and after gly-
c se of
t
l oge-
n hing
s OH groups in solvents used for synthesizing and was
hen the sample prepared by glycothermal metho
othermal reaction might occur on a surface site becau
he adsorption of oxygen molecules[19]. If Ce3+ ions are
ocalized in the near-surface and/or distributed inhom
eously in individual particles, the concentration quenc
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possibly occur. Prolonged aging promotes the homogeneous
incorporation of Ce3+ into the interior of each particle. This
decreases the concentration quenching to increase the PL
intensity. At the same time, the migration of Ce3+ into the inte-
rior by aging prevents Ce3+ from interacting with adsorbed
oxygen molecules on the surface, resulting in the reduction
from Ce4+ to Ce3+. This also contributes to the increase in
the PL intensity. The surface site of nanoparticles is different
from the interior site of nanoparticles from the viewpoints
of number and symmetry of coordination around Ce3+. The
above-mentioned localization of Ce3+ ions (eight-fold coor-
dination) near the surface and/or nanosizing of YAG:Ce3+

particles appears to affect the coordination for Al3+, result-
ing in no existence of four-fold coordination for Al near the
surface. Further work will be needed to understand the cor-
relation of four factors (i)–(iv).

The organic species are decomposed by heating the
YAG:Ce3+ nanophosphors to 1000◦C, resulting in decreas-
ing the PL intensity. This is entirely opposite to the effect
of heat treatment for the conventional methods on the PL
enhancement. This result suggests that the organic species on
the surface possibly plays a significant role in the passivation
of surface luminescent killers and the prevention of oxidation
of Ce3+ to Ce4+. This is consistent with the above-mentioned
localization of Ce3+ near the surface.

5

nd
a can
i
p e
n difi-

cation, i.e. the adsorption of YAG:Ce3+ nanoparticles with
1,4-butylene glycol and acetates plays a significant role in
the PL enhancement.
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