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A  simple  solid-state  reaction  was  used  to apply  a vitreous-phase  coating  onto  Eu2+-doped  BaCa2MgSi2O8

blue-phosphor  particles.  The  vitreous  phase  was  generated  by  liquid  phase  sintering  at  1200 ◦C.  The
coated  phosphor  exhibited  resistant  to  an  acid  dispersant.  When  a small  amount  of  Al  and  La  was  added
in  raw  materials,  they  were  incorporated  in  the  vitreous  coating  phase.
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. Introduction

In the last few decades, a numerous number of inorganic phos-
hors have been developed. In particular, Eu2+-activated phosphors
ave been actively researched because the intense visible emis-
ion and color controllability are applicable for various lighting
evices. Since Eu2+ emission character is largely dependent on
he coordination environment, the host material should be care-
ully chosen for phosphor development. Silicate-based materials
re appropriate for the Eu2+-activated phosphors [1–17] since
heir high structural and thermal stability enable hard usage. In
ecent years, an alkaline earth orthosilicate Ba3MgSi2O8:Eu2+ has
ttracted much attention because of the intense pure blue emis-
ion under UV or VUV excitation. Their luminescence character has
een intensively studied by many research groups [1–10]. How-
ver, Ba3MgSi2O8 has a serious problem of structural instability
gainst UV irradiation [18]. Therefore, design of the related phos-
hor has been attempted to overcome this problem. In our previous
eport, we investigated the crystal structure of M3MgSi2O8:Eu2+

M:  Ba, Sr, Ca) layered orthosilicates (Fig. 1), and it has been clar-
fied that the instability of Ba3MgSi2O8 is caused by the Ba2+ ions
t layer-embedded B-site [18]. Based on the obtained results, we
ropose BaCa2MgSi2O8 (BCMS), in which the layer-embedded B-

ite is occupied by Ca2+ ions, as an alternative host material [20].
he Ca-substituted compound has been confirmed to be tolerant
o UV irradiation. However, in actual usage, phosphor materials
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are expected to have high chemical durability. In order to improve
the durability, encapsulation of individual phosphors has been
attempted by sol–gel process of tetraethyl orthosilicate (TEOS) and
by heterocoagulation process of colloidal silica [21–26].  In the case
of M3MgSi2O8 orthosilicates, however, similar vitreous-phase coat-
ing can be formed by careful control of synthesis temperature since
the M3MgSi2O8 contains a typical glass network former SiO2 as a
constituent. In this report, a vitreous phase coating was deposit
on BCMS:Eu2+ particles by a simple heat treatment process. The
chemical durability of the coated BCMS:Eu2+ was checked by acid
test using hydrochloric solution. The addition of aluminum and
phosphorous to the coating was  also attempted.

2. Experimental

2.1. Synthesis

Powder samples were prepared from reagent grade BaCO3,  CaCO3, magne-
sium carbonate hydroxide, SiO2, (NH4)2HPO4, Al2O3, La2O3, Na2CO3 and Eu2O3.
A  small amount of NH4Cl was used as a flux. Stoichiometric amounts of the
reagents and the flux were ground and mixed by ball milling with zirco-
nia  beads in 2-propanol for 4 h to form Ba(Ca1.98−xLaxEu0.02)Mg(Si2−xAlx)O8 and
Ba(Ca1.98−yNayEu0.02)Mg(Si2−yPy)O8 (x, y = 0.00–0.05). The mixed reagent powder
was  heated at 1100 or 1200 ◦C for 4 h in a flow of 2% H2–98% N2 gas with an
intermittent re-grinding.

2.2. Characterization

The prepared samples were checked by X-ray powder diffraction (XRD) on a

Rigaku RINT-2200HFV diffractometer using CuK� radiation. Diffraction data were
collected at intervals of 0.05◦ from 10◦ to 120◦ 2� at room temperature. Room-
temperature infrared (IR) transmission spectra were measured by a KBr pellet
method with a JASCO FT/IR-4100 spectrometer. The morphology of the sample par-
ticles was  observed by field-emission scanning electron microscope (FE-SEM) using

dx.doi.org/10.1016/j.jallcom.2011.06.042
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. Crystal structure of BaCa2MgSi2O8 (drawn with VESTA [19]).

 JEOL Ltd. JSM-6500F. For the prepared samples, emission spectra were measured
t  room temperature using a JASCO corporation FP-6500 spectrofluorometer with a
enon discharge lamp used as excitation source. Excitation wavelength was  254 nm.

.3. Acid test

The chemical durability of the prepared samples was  checked by a HCl acid test.
he acid test consisted of placing 0.5 g of a sample in the bottom of a beaker and filling
ith 50 mL  of HCl solution of pH = 4. Two days after, the suspension was  filtered and
ried, and then, the remaining phosphor powder was  weighed. Chemical durability
as  evaluated from the weight reduction after the immersion.

. Results

.1. XRD analysis

Fig. 2 shows the XRD patterns for the prepared samples. Indices
re assigned to the diffraction peaks of BCMS phase. The obtained

atterns agree well with the previous data [20]. When heated at
100 ◦C (Fig. 2(a)), the obtained samples contain Al, La-derived

mpurities, depending on the additive amount. As for the BCMS
hases in the products, no significant peak shift is observed, irre-

ig. 2. X-ray powder diffraction patterns for Ba(Ca1.98−xLaxEu0.02)Mg(Si2−xAlx)O8 (synthe
hesized at 1100 ◦C (c) and 1200 ◦C (d)).
ompounds 509 (2011) 8738– 8741 8739

spective of the additive amount. These results indicate that BCMS
structure was  not affected by Al, La-addition. In the case of 1200 ◦C
synthesis, the Al, La-derived impurities disappeared (Fig. 2(b)).
Instead, as Al, La-additives increase, the diffraction peaks of BCMS
slightly shift to higher 2�, which can be clearly seen in a high
2� region (inset of Fig. 2(b)). Namely, Al, La-addition induced the
shrinkage of the BCMS unit cell in the case of 1200 ◦C synthesis.

On the other hand, when P and Na are involved in the raw mate-
rials, MgSiO3 appears as an impurity phase (Fig. 2(c) and (d)). The
amount of MgSiO3 monotonically increases with an increase in P,
Na-additives. No significant peak shift is confirmed for the BCMS
phase, regardless of synthesis temperature. From these results,
phosphorus addition leads to impurity generation and has little
influence on BCMS structure.

3.2. IR spectroscopy

Fig. 3 shows the IR absorption spectra of the samples. Intense
absorption peaks appear at about 895, 1020, and 520 cm−1 for all
the samples. Generally, absorption peaks at such high wavenum-
bers are attributed to internal vibrations of certain atomic groups.
In the present case, they are derived from three of the four nor-
mal  modes of SiO4 vibration: symmetric stretching vibrations (�1),
asymmetric stretching vibrations (�3) and asymmetric bending
vibrations (�4), respectively. These spectra reveal that IR absorp-
tion character is mainly influenced by synthesis temperature, not
by additives. It can be seen that Al, La- or P, Na-addition has little
influence on SiO4 internal vibrations. Instead, as synthesis tem-
perature increases, SiO4-derived absorption peaks become broader
(Fig. 3(b)), compared to the case of 1100 ◦C synthesis (Fig. 3(a)).

This broadening reflects that high temperature process generated
many types of SiO4 tetrahedra with different vibrational frequen-
cies. However, the broadening is not so obvious for the P, Na-added
sample.

sized at 1100 ◦C (a) and 1200 ◦C (b)) and Ba(Ca1.98−yNayEu0.02)Mg(Si2−yPy)O8 (syn-
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Fig. 3. IR absorption spectra for the samples synthesized at 1100 ◦C (a) and 1200 ◦C (b).
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Table 1
Weight of the remaining sample after two days of HCl acid test.

Sample Weight (%)

BCMS synthesized at 1100 ◦C 86
ig. 4. SEM images of Ba(Ca1.98−xLaxEu0.02)Mg(Si2−xAlx)O8 and
a(Ca1.98−yNayEu0.02)Mg(Si2−yPy)O8.

.3. SEM images

Fig. 4 shows SEM images of the samples. In the case of 1100 ◦C
ynthesis, all the products show similar morphology. They involve
rains about 1 �m in size. Each particle is clearly separated. It can
e also observed that a part of fully grown particles show hexago-
al shape, which reflects the crystal system of BCMS. On the other
and, in the case of 1200 ◦C synthesis, morphology changes. For
he pure and Al-added samples (Fig. 4, y = 0.00), particles with the
ize of 3–4 �m aggregate through a meniscus (neck between par-
icles) and have rounded shape. However, when phosphorus ions
re added (Fig. 4, y = 0.05), each particle moderately maintains its
diomorphic shape and is fully separated.

.4. Emission spectra

All the Eu-doped samples exhibited blue emissions under 254-
m excitation. Fig. 5 shows emission spectra for the samples.
he broad emission peak originates in 5d–4f electron transition
n divalent europium ions. Each peak has a shoulder at about
50 nm,  which comes from Eu2+ ions at two crystallographically
ifferent sites [20]. In the case of 1100 ◦C synthesis, Al, La- or P,
a-addition hardly interferes with Eu2+-emission character (peak
osition, profile and intensity do not change by the additives). How-

ver, 1200 ◦C-synthesized Al, La-added samples exhibit a lowering
n emission intensity (Fig. 5(b)). The low emission intensity is prob-
bly caused by defects or a low relative amount of BCMS phase in
he product.
BCMS synthesized at 1200 ◦C 98
Ba(Ca1.95La0.05)Mg(Si1.95Al0.05)O8 synthesized at 1200 ◦C 96

3.5. Acid test

Table 1 shows the results of the acid test. Only the 1100 ◦C-
synthesized sample showed clear weight loss from dissolution.
However, the sample dissolution was  suppressed by 1200 ◦C
synthesis. After the acid test, the samples still exhibited the Eu2+-
derived blue emission. Spectral changes were not confirmed. Their
XRD patterns assured that the Eu2+-doped samples maintained the
BCMS structure.

4. Discussion

4.1. Low temperature (1100 ◦C) synthesis

The pure BCMS product involved fully separated particles (Fig. 4,
x = 0.00, y = 0.00). A part of them had idiomorphic hexagonal shape,
which assured the high crystallinity of the particles. As shown in
XRD results (Fig. 2(a)), Al-addition had little influence on the BCMS
structure. IR spectra for the pure and Al-added (Fig. 3(a)) also sup-
port the structural similarity of the BCMS phase in the products.
Al and La were involved in impurities, such as BaAl2Si2O8 and
LaAlO3. These results suggest that Al and La were excluded from
the BCMS crystal structure. In the case of P, Na-addition, P-free
MgSiO3 appeared as an impurity phase (Fig. 2(c) and (d)). Prob-
ably, phosphorus vaporization caused non-stoichiometry, leading
to the P-free impurity. The phosphorus vaporization was confirmed
by energy-dispersive X-ray spectroscopy of the products.

4.2. High temperature (1200 ◦C) synthesis

From the XRD patterns of the pure and Al-added samples
(Fig. 2(b)), only BCMS phase was identified. However, it can be con-

cluded that Al or La was not involved in the BCMS phase because,
with aluminum amount increasing, the BCMS unit cell shrunk (inset
of Fig. 2(b)). If Al occupied Si site (or La occupied Ca site), unit cell
would be expanded because of the large ionic radius [27]. In the
present case, the opposite is true. Al and La might be involved in
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ig. 5. Emission spectra for Ba(Ca1.98Eu0.02)MgSi2O8 (a), Ba(Ca1.93La0.05Eu0.02)Mg(Si1
54  nm.

 vitreous phase which could not be detected by XRD. Imaoka et
l. have closely investigated the vitreous-phase formation range
f MO–MgO–SiO2 systems [28]. According to their results, the
hemical composition of M3MgSi2O8 (M:  Ba, Sr, Ca) is located in
he border between vitreous-phase formation and crystallization.
ara et al. reported similar results [29]. Taking their results into
ccount, it is believed that a vitreous phase of BCMS composition
as generated during 1200 ◦C process. In a vitreous silicate, there

re various types of SiO4 tetrahedra in the random network. The
eak broadening in IR absorption spectra (Fig. 3(b)) assures a vari-
ty of SiO4 tetrahedron. The particle growth and the rounded form
n SEM images also support the presence of liquid phase under
he 1200 ◦C condition. The particle growth with meniscus behavior
Fig. 4) originated in liquid phase sintering. Probably, in cooling,
he melt involving SiO2, a typical glass network former, and Al2O3,
n intermediate, formed a vitreous phase together with some con-
tituents, such as Ba, Ca and La. The observed unit cell shrinkage
or BCMS (Fig. 2(b)) probably came from defects induced by non-
toichiometry accompanied by the vitreous-phase formation. From
hese results, we can conclude that a vitreous phase coating was
btained for BCMS:Eu2+ phosphors by a simple solid state reaction
t 1200 ◦C. Although such a meniscus behavior was  not confirmed
or the P, Na-added samples, it was probably due to that SiO2 com-
onent was consumed for MgSiO3 (Fig. 2(d)).

.3. Usefulness of vitreous phase coating on BCMS:Eu2+ phosphor

The results of acid test clearly show that the high temperature
ynthesis has improved the chemical durability of the BCMS:Eu2+

hosphor. It is considered that the high chemical durability was
chieved by the vitreous phase coating, as reported for other
oated phosphors [21–26].  In the present study, added aluminum
id not show an effective result. However, it has been reported
hat aluminosilicate glass has high values of elastic moduli and a
igh resistance to chemical corrosion because aluminum decreases
on-bridging oxygen in the random network [30]. Therefore, the
l-containing vitreous coating obtained in this study is expected

o be more durable against thermal shock. In order to demonstrate
he mechanical strength, further research is required.
. Conclusions

A vitreous-phase coated BaCa2MgSi2O8:Eu2+ phosphor was pre-
ared by a simple solid state reaction at 1200 ◦C. The coating phase

[
[
[
[

.05)O8 (b) and Ba(Ca1.93Na0.05Eu0.02)Mg(Si1.95P0.05)O8 (c). Excitation wavelength was

enhanced acid durability of the phosphor. XRD analyses reveal that
Al, La-additives were incorporated in the coating phase. The coat-
ing phase modified by Al and La potentially improves the chemical
and mechanical durability of the coated phosphor particles.
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