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Abstract

Sr2�xBaxSiO4:Eu
2þ nanopowders were synthesized by a co-precipitation method using alkaline earth metal nitrates, europium nitrate

hydrate, and 3-aminopropyltriethoxysilane (APTES) as starting materials. The substitution of Ba2þ ions for Sr2þ ions caused the phase

transition from b- to a0-Sr2SiO4. SEM micrographs exhibited uniform anisotropic nanoparticles with high aspect ratios. The

photoluminescence (PL) excitation spectra of Sr2�xBaxSiO4:Eu
2þ consisted of two bands originated from Eu(I) and (II) sites,

respectively, resulting in two corresponding emission bands at around 473 and 543 nm. The PL spectra exhibited the red- or blue-shift of

dominant emission wavelengths, depending on the Ba2þ content.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Alkaline earth metal silicate powders are excellent
phosphors for white light emitting diodes (WLEDs) and
electronic displays. At present, yellow emitting
Y3Al5O12:Ce

3þ (YAG:Ce3þ ) phosphors are commercially
combined with blue LED chips for WLEDs [1–3].

Eu2þ doped strontium orthosilicate (Sr2SiO4:Eu
2þ) is

one of the prevailing green–yellow phosphors for WLEDs
due to its excellent luminescent properties. Several synthe-
sizing methods have been suggested: a conventional solid-
state reaction [4–6] and chemical preparation methods
[7,8]. Sr2SiO4 has two polymorphs of the low temperature
b-form (monoclinic) and high temperature a0-form
(orthorhombic). There are two alkaline earth metal sites
in M2SiO4: ten-coordinated M(I) and nine-coordinated
M(II) by oxygen atoms [9], leading to two emission bands
at around 480 nm and 560 nm assigned to Eu(I) and (II),
respectively [4,5]. On the other hand, it was reported that
two emission peaks of Ba2SiO4:Eu

2þ overlapped to result
in a single band at around 500 nm [5]. Ba2SiO4 is
orthorhombic and isostructural with b-K2SO4 [10].
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The luminescent properties of binary alkaline earth
orthosilicate (M,M0)2SiO4 powders are reported that their
optical properties depend on the cation ratios of M/M0, a
flux, co-doping materials, etc. [10–14].
In this work, Sr2�xBaxSiO4:Eu

2þ nanopowders were
prepared by a co-precipitation method, and then the effects
of Ba2þ ions on the structural and luminescent properties
were investigated.
2. Experimental

Sr2�xBaxSiO4:0.005Eu
2þ nanopowders were prepared

by a co-precipitation method using Sr(NO3)2 (Sigma
Aldrich, 99.995%), Ba(NO3)2 � xH2O (Sigma Aldrich,
99.999%), Eu(NO3)3 � xH2O (Sigma Aldrich, 99.99%),
and H2N(CH2)3Si(OC2H5)3 (APTES; Sigma Aldrich,
Z98%) as starting materials. (0.2 M) of Sr(NO3)2,
Ba(NO3)2, and Eu(NO3)3 were dissolved in deionized
water, and then their solutions were stoichiometrically
mixed in Teflon beakers. Meanwhile, 0.5 M APTES was
dissolved in ethanol and injected dropwise into the mixed
nitrate aqueous solution. This solution was held for 24 h at
room temperature for the slow precipitation reaction. As-
prepared precipitates were washed, mixed with a flux of
2 wt% NH4Cl, and then fired at 1300 1C for 5 h under 5%
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H2 (95% N2) atmosphere in an electric tube furnace for the
reduction process of Eu3þ-Eu2þ .

An X-ray diffractometer (XRD, Rigaku, Miniflex II)
using Cu Ka radiation (l=1.5406 Å) was used to determine
the crystal structure. The particle size and morphology
were observed by a field-emission scanning electron micro-
scope (FESEM, JEOL, JSM-6700F). The photolumines-
cence (PL) spectra were measured by a PL system (PSI,
Darsa-5000) with a 500 W xenon lamp.
3. Results and discussion

The structural dependence of Sr2�xBaxSiO4:Eu
2þ

(SBSO: Eu2þ , 0oxo2) nanopowders on the Ba content
was investigated by XRD as shown in Fig. 1. At x¼0,
XRD peaks of Sr2SiO4:Eu

2þ (SSO:Eu2þ) just corre-
sponded to JCPDS data (38-0271) of the low temperature
b-SSO phase (monoclinic). On the other hand, at x¼0.1
the b-SSO phase was completely transformed into the pure
a0-SSO phase. XRD patterns of a-SSO and b-SSO are very
similar to each other, because the b2a0 transformation is
displacive. Therefore, each phase can be identified by
comparing their distinctive XRD peaks, which are marked
with a0 and b. It was suggested that the substitution of a
small amount of Ba2þ ions for Sr2þ ions of b-SSO could
cause the transformation from b- to a0-form even at room
temperature, even though the a0-SSO phase could not be
quenched to room temperature [4,15]. With the increase in
the Ba content (0.1oxo2.0), the XRD peaks of the
SBSO solid solution continuously moved toward the lower
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Fig. 1. XRD patterns of Sr2�xBaxSiO4:Eu
2þ powders. (a) x¼0, (b)

x¼0.1, (c) x¼0.2, (d) x¼0.3, (e) x¼0.4, (f) x¼0.5, (g) x¼1.0, (h) x¼1.5,

and (i) x¼2.0.
angles (Fig. 1(b)–(h)), and finally they coincided with those
of the orthorhombic BSO phase at x¼2 (Fig. 1(i)). These
shift of XRD peaks were attributed to different ionic size
between Sr2þ (1.31/1.36 Å for coordination number
(CN)¼9/10) and Ba2þ (1.47/1.52 Å for CN¼9/10) ions.
Compared with Sr2þ ions, the larger substituted Ba2þ ions
extended the lattice parameters, and so the representative
XRD peaks of a-SSO (marked as a0 at 2y¼27.1991)
apparently shifted to the lower angles.
SEM micrographs of Sr2�xBaxSiO4:Eu

2þ (x¼0�2.0)
powders are shown in Fig. 2(a)–(i). Pure b-SSO powders
were composed of nanoparticles with high aspect ratios (L/
D, L: length; D: diameter). The diameter (D) ranges about
50–100 nm. This anisotropic growth was attributed to the
preferential binding of reactants to a specific crystal plane,
and this behaviour was closely correlated with the surface
free energy and the surface area of growing crystals. With
increasing Ba2þ content up to x¼1.5 the particle size
slightly increased, thereafter it significantly shortened at
x¼2.0 as shown in Fig. 2(i).
For comparison, the PL excitation (PLE) spectra of

SSO:Eu2þ , SrBaSiO4:Eu
2þ , and BSO:Eu2þ are shown in

Fig. 3. The PLE spectrum of SSO:Eu2þ exhibits two peaks
at around 330 (A-band) and 375 nm (B-band). They are
assigned to two different activation centers: Eu(I) and (II)
sites. The B-band is much higher than the A-band, because
that is more favorable for the 543 nm emission. In the case
of SrBaSiO4:Eu

2þ , the distinction between the A- and B-
bands became smaller due to the incorporation of the
Ba2þ ions as shown in Fig. 3(b), while both bands almost
overlapped for BSO:Eu2þ .
Fig. 4 depicts the PL spectra of Sr2�xBaxSiO4:Eu

2þ

powders that are excited by the A- (left) and B-bands
(right), respectively. The PLE and PL spectra of SSO:
Eu2þ nanoparticles in this work were well matched with
Fig. 2. SEM micro-graphs of Sr2�xBaxSiO4:Eu
2þ powders. (a) x¼0, (b)

x¼0.1, (c) x¼0.2, (d) x¼0.3, (e) x¼0.4, (f) x¼0.5, (g) x¼1.0, (h) x¼1.5,

and (i) x¼2.0.
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Fig. 3. The PLE spectra of (a) Sr2SiO4:Eu
2þ , (b) SrBaSiO4:Eu

2þ , and (c)

Ba2SiO4:Eu
2þ .
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Fig. 4. The emission spectra of Sr2�xBaxSiO4:Eu
2þ powders. (a) x¼0,

(b) x¼0.1, (c) x¼0.2, (d) x¼0.3, (e) x¼0.4, (f) x¼0.5, (g) x¼1.0, (h)

x¼1.5, and (i) x¼2.0 (left: lex¼A band, right: lex¼B band).
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Fig. 5. The variation of the dominant wavelength of Sr2�xBaxSiO4:Eu
2þ

powders. (a) lex¼330 nm and (b) lex¼375 nm.
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those of SSO:Eu2þ powders prepared by a conventional
solid-state reaction method [5]. Pure SSO:Eu2þ powders
have two emission bands at around 475 and 535 nm
dominantly assigned to Eu(I) and (II), respectively,
because the crystal fields surrounding Eu(II) sites
(CN¼9) are stronger than those surrounding of Eu(I)
sites (CN¼10) due to shorter bond lengths of Eu–O [4].
The 473 nm and 543 nm emissions were dominant emission
wavelengths under the A- and B-bands excitations, respec-
tively. This revealed that the A- and B-bands are favour-
able for the Eu(I) and Eu(II) activation, respectively. With
increasing Ba content (x) the PL spectra significantly
changed under both A- and B-bands excitations. This
spectral evolution was very complicated, and it could be
explained by the interference between two emission bands
due to the Eu(I) and Eu(II) sites. The substitution of Ba2þ

ions caused the change of the crystal field surrounding
Eu2þ ions, and its influence was different at the Eu(I) and
Eu(II) sites, leading to the distinctive variation of the PL
intensity and the emission wavelength at each site. This is
described in Fig. 5. Finally, two emission peaks of BSO:
Eu2þ overlapped to be a single band at around 500 nm [5].
Meanwhile, at x¼0.1�1.5, weak red emissions at

around 622 nm were observed under A-band excitation,
but not under B-band excitation. On the other hand, they
were not detected for SSO: Eu2þ (x¼0) and BSO:Eu2þ

(x¼2). These red emissions were possibly ascribed to the
SrO:Eu2þ phase, because SrO:Eu2þ powders, which were
prepared in this work, exhibited red emission bands at
around 616 nm under 300 nm excitation. The previous
work also reported the red emission of SrO:Eu2þ [16].
These findings corresponded to Fig. 1 where insignificant
SrO XRD peaks were observed.
The dominant peak wavelength (DPW) of the emission

spectra of Sr2�xBaxSiO4:Eu
2þ was closely correlated with

x values as shown in Fig. 5(a) and (b). Under A-band
excitations, the increase in the Ba content (x¼0�0.5)
caused DPW to continuously shift to longer wavelengths
(red-shift), whereas the blue-shift was observed at
x¼1.0�2.0. When excited by the B-band, the large red-
shift was attained up to x¼0.2, but further increase
(x¼0.3�2.0) resulted in the blue-shift. A crystal field
strength is related with ionic size by the equation of
Dq�R�5, where Dq is the crystal field strength and R is
the bond length between a centre ion and ligand ions (M–
O) [17]. Consequently, the substitution of large Ba2þ ions
for Sr2þ ions had to reduce the crystal field strength to
result in the blue-shift of SBO:Eu2þ powders with increas-
ing Ba2þ content (x). These unexpected red-shifts at the
low Ba2þ concentration can be explained by considering
two factors: the covalence and the crystal field strength. In
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case of the B-band excitation in Fig. 5(b), at the low
content of Ba2þ ions (x¼0�0.2) the effects of the degree
of covalence, which increased by substituting Sr2þ ions
with large Ba2þ ions, were superior to those of the
weakened crystal field strength due to large Ba2þ ions,
leading to the red-shift. On the contrary, at more than
x¼0.2, the ionic size effects surpassed the contribution of
the covalence because of the high concentration of Ba2þ

ions, resulting in the blue-shift. Meanwhile, under A-band
excitation, DPW exhibited the red-shift at x¼0�0.5,
whereas the higher x values (x40.5) led to the blue-shift
(Fig. 5(a)) in the same way with the B-band excitation.
However, the Ba content for the change from the red- to
blue-shifts of DPW was larger under A-band excitation
(x¼0.5) than under B-band excitation (x¼0.2). DPWs are
dominantly attributed to Eu(I) and (II) sites under A- and
B-band excitation, respectively. Meanwhile, the length of
Eu–O bond at the Eu(I) site is longer than that at the
Eu(II) site due to the larger CN, and so the crystal field
strength effects under A-band excitation were predominant
at higher x value than those under B-band excitation.

4. Conclusions

The substitution of Ba2þ ions for Sr2þ of b-SSO:Eu2þ

powders resulted in the a-SBSO solid solutions, whose
XRD peaks moved toward the lower angles due to the
large Ba2þ ions. The powders consisted of nanoparticles
with high aspect ratios due to the anisotropic growth.
SBSO:Eu2þ powders exhibited the red- or blue-shift,
depending on the Ba2þ content and excitation wavelengths.
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