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Metasilicates are important class of materials. They find applications in many diverse areas. Silicates are
widely used as adsorbents, sensors, in production of ceramics, as bioactive materials, as microwave dielec-
tric etc. A large number of phosphors based on metasilicate hosts are known. The conventional routes for
synthesis of silicates are the solid state reaction and sol-gel. The synthesis temperature for metasilicates
is usually in excess of 1100 °C. Here, we report for the first time the wet-chemical preparation of alkaline
earth metasilicates. Though the as-prepared compounds were poorly crystallized, annealing at 700°C
was sufficient for the formation of well defined crystalline phases. Photoluminescence was also observed
in these compounds after activating with suitable dopants.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Silicates are most abundant in nature. Depending upon Si:O
ratio, they are classified as ortho (1:4), meta (1:3) and pyro (2:7)
silicates [1]. A more detailed classification is made on the basis of
criteria like coordination number of Si, number of (Si,0)-polyhedra,
multiplicity, etc. [2]. They find applications in many diverse areas
[3]. Silicates are widely used as adsorbents of polysaccharides [4]
and numerous ions such as lead or calcium [5], as potentiometric
sensors of hydrogen ions [6], in production of ceramics [7] or for
sorption of atmospheric CO; [8], to recover cerium from radioactive
waste materials and to adsorb Nd3* jons [9], as bioactive materials
[10,11], as microwave dielectric[12], etc. As akind of biodegradable
ceramic with good bioactivity, beta-CaSiO3; has been widely used
for preparation of beta-CaSiO3/biopolymer composite scaffolds and
has been proved to be an effective additive to create bioactive com-
posites [13-15]. Stratified natural silicates are also used as carriers
of plant protection agents [16].

CaSiOs exists in several polymorphs such as alpha-CaSiO3 (pseu-
dowollastonite), triclinic beta-CaSiO3 (wollastonite), monoclinic
beta-CaSiO3 (parawollastonite) and high-pressure CaSiO3; [17].
Wollastonite (CaSiO3) has received considerable attention due to
its good bioactivity and biocompatibility in recent years [18-21].
Some investigators have pointed out that the bioactivity deter-
mined by the rate of hydroxyapatite formation on wollastonite
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ceramics in SBF solutions is higher than that of the other biocom-
patible glass and glass ceramics [22]. Traditionally, wollastonite
powders were prepared by solid-state reaction at high calcina-
tion temperatures over 1100°C [23], which induces sintering and
aggregation of particles. Furthermore, the milling process to reduce
the particle size generally yields non-homogeneous mixtures on a
microscopic scale and induces lattice strains in the material [24].
«-CaSiOs is obtained by heating the beta form above 1150°C. The
actual transition temperature is susceptible to impurity contents
[25]. The addition of ions smaller than calcium, such as magnesium,
stabilizes the beta CaSiO3 structure, whereas the addition of ions
larger than calcium, such as strontium, stabilizes the alpha-CaSiO3
structure.

SrSi03 exists as-alpha SrSiOs [space group C2/c (15)] and
two high pressure phases designated as delta and delta’ [26]. A
phase stable in the interval 34-59 kbar was originally assigned
orthorhombic structure which was later corrected to monoclinic.
In alpha SrSiO3 [27] the Sr atoms occupy three kinds of sites [Sr(1),
Sr(2) and Sr(3)], which are surrounded by eight O atoms with Sr-O
distances of 2.39 (1)-2.83 (1)A. Three of the distorted SiO4 tetra-
hedra with Si-O bond lengths of 1.48 (1)-1.85 (2) A form a (Si30q)
6-ring by sharing O atoms. The structure consists of Sr2* ions and
(Si30g9) 6 rings alternately packed along the direction perpendicular
to(001).

The compound BaSiO;3 crystallizes in two polymorphic vari-
eties, with a ring structure (pseudowollastonite, a=7.50A,
c=10.58A) (also known as hexagonal, alpha) and a chain struc-
ture (pyroxenoid, a=4.54A, b=5.56 A, c=12.27 A) (also known as
orthorhombic, beta)[28,29]. In solid phase synthesis, BaSiOs is crys-
tallized in the chain polymorphic form.
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A large number of phosphors based on metasilicate hosts are
known. CaSiO3 activated with Pb and Mn is one of the earliest
known, red emitting phosphor [30]. More recent works report lumi-
nescence of doubly activated (Eu,Bi) CaSiO3 [31] and SrSiO3 [32].
Use of Eu2*/Sm3* doped SrSiO; for white light emitting diodes has
been proposed by Cui et al. [33]. MgSiO3:Eu2*, Dy3*, Mn?* was
discovered as a red emitting, long lasting phosphor [34]. The con-
ventional routes for synthesis of silicates are the solid state reaction
and sol-gel [35]. The former is used very widely [36,37]. The syn-
thesis temperature for metasilicates is usually in excess of 1100°C.
There are not many attempts to prepare silicates by precipitation.
Most of the silicates are insoluble in water and thus there are prob-
lems in choosing the water soluble precipitating agent. Na;SiOs3 is
one of the rare, water soluble silicate. However, even today, the
nature of silicate molecules in the solution is far from clear, many
contradictory data have been published regarding these issues [38].
In this paper we describe a new precipitation based synthesis of
some alkaline earth metasilicates using Na,SiO3 as a precipitating
agent.

2. Experimental

All ingredients used in the synthesis are of Analytical Reagent grade. Metasili-
cates were precipitated from aqueous solutions of metal nitrates by slowly adding
Na,SiOs solution. The precipitate formed was filtered, dried and then annealed in
air at 700°C for 1 h. For preparing various activated phosphors, appropriate metal
nitrate was added in the desired quantity to the starting solution and similar proce-
dure was followed. In some cases, for reducing the Cerium and tin activators to the
desired trivalent/divalent state, the phosphors were heated at 700 °C in the reducing
atmosphere provided by burning charcoal. X-ray diffraction patterns were recorded
on Philips PANalytical X'pert Pro diffractometer. Cu line (1.54056 A) was used. Mea-
surements were made in steps of 0.02° over the range 10-80°. PL characteristics
were studied using a Hitachi F-4000 spectrofluorimeter, at room temperature, using
1.5 nm spectral slit width in the range of 200-700 nm. Xenon lamp was used as a
source of excitation.

3. Results and discussion
3.1. CaSiOs

As precipitated powder was poorly crystallized and no sharp
line pattern was observed. The samples annealed at 700°C for 1h
showed good crystallinity. Fig. 1 shows stick patterns deduced from
the diffraction data obtained for the annealed CaSiO3 samples. The
patterns are compared with the major lines in the ICDD data file 76-
0186 corresponding to beta-CaSiO3 which crystallizes in triclinic
structure (space group P-1) with 6 formula units in the unit cell
having lattice parameters a=7.94, b=7.32, c=7.07, alpha 90°02’,
beta 95°22’ and gamma 103°26’ (Fig. 2). An excellent match is seen.
CaSiOs is thus formed at annealing temperature as low as 700 °C by
the procedure described here.
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Fig. 1. XRD pattern for CaSiOs. Stick pattern deduced from XRD data recorded for
CaSiOs are compared with the major lines in the ICDD data file 76-0186. An excellent
match is seen.
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Fig. 2. Unit cell of beta CaSiOs.
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Fig. 3. Photoluminescence (PL) spectra of ns? activators in CaSiOs. (a) Pb%* emission
for 256 nm excitation; (b) Pb%* excitation for 340 nm emission; (c) Bi** emission for
284 nm excitation; (d) Bi* excitation for 347 nm emission; (e) Sn?* emission for
237 nm excitation; (f) Sn2* excitation for 413 nm emission.

Fig. 3 shows PL results for some ns? activators. For ns? type
impurities, the ground level is 1Sy arising from the s configura-
tion and the lowest excited levels are 3Py, 3P; and 'P; derived from
the excited sp configuration. The absorption spectra of ns2 ions in
solids consist of three main bands labeled A, B and C in order of
increasing energy corresponding to transitions !Sq — 3Py, 3P; and
1P, respectively. The C band corresponds to allowed transition,
whereas transitions corresponding to A and B bands are only partly
allowed by spin-orbit coupling and vibronic coupling, respectively.
The A band lies in the UV range. It is markedly sensitive to the
environment [39,40]. The lower-lying 3Py and 3P; excited state lev-
els are responsible for the luminescence features. The transition
from 3Py to the ground 1S state is J-] forbidden and only weakly
allowed by phonon interactions. It is thus characterized by long
radiative lifetime; of the order of milliseconds. The transition from
3P, to 1Sg ground state is partly allowed due to the spin-orbit cou-
pling which mixes the spin-allowed P; level with 3Py level. Such a
mixing results in the radiative lifetime of the order of hundreds of
nanoseconds [41]. The 3Py level is usually called metastable, while
the 3P; level is often referred to as radiative. 3P; and 3Pg levels are
close enough to obtain the thermal population of the 3P; level from
3Py at higher temperatures.
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Fig. 4. Photoluminescence (PL) spectra of CaSiO3:Eu3*. (a) Eu3* emission for 254 nm
excitation; (b) Eu3* excitation for 613 nm emission.

PbZ* emission is in UV region around 340 nm (Fig. 3, curve a).
The corresponding excitation maximum is at 256 nm (Fig. 3, curve
b). These results are in excellent agreement with those reported by
Frolich [30]. CaSiO3:Pb and related phosphors have been studied
quite early. The old work is reviewed by Klasens et al. [42].

UV emission is also observed in CaSiO3 activated by Bi3*. The
position of the emission maximum (347 nm) is quite close to that
observed for Pb%* (Fig. 3, curve c). However, the excitation max-
imum is observed at longer wavelengths (Fig. 3, curve d) around
284 nm. We did not find any literature on Bi3* emission in triclinic
CaSiO3. Excitation spectrum for Bi3* in monoclinic CaSiO3 contains
a band at 359 nm corresponding to 'Sy — 3P; transition [31].

Very weak emission was observed for Sn2* activation. The vio-
let emission peaks around 410 nm when excited by 237 nm (Fig. 3,
curves e and f). On the other hand, Mooney [25] observed strong
green emission in beta CaSiO3. He has mentioned 400 nm emis-
sion in samples containing very small concentrations of Sn2*.
Apparently, only small quantities of Sn%* are incorporated by the
precipitation method.

In contrast to ns? activators, studies on rare earth activators in
CaSiOs are few. Recently, Zhou and Yan [43] reported luminescence
of Eu3* in monoclinic beta-CaSiO3 (parawollastonite) prepared by
sol-gel method. They observed prominent f-f excitation and both
the red and orange emission bands. We have also obtained similar
results for triclinic beta CaSiO3:Eu3* prepared by the precipitation
method. (Fig. 4, curves a and b). The emission spectrum consists of
typical lines around 613 and 592 nm corresponding to °Dg-’F;, ’F,
transitions. The excitation spectrum consists of several sharp lines
around 392, 382, 364, 324 and 304 nm corresponding to transitions
7Fg— 3Lg, "Fo— °G, "Fg— °Dg4, "Fg — °H, 7Fg — °F, respectively.
The band around 250 nm can be attributed to charge transfer exci-
tation. This is consistent with the results of the optical absorption
studies reported by Zhou and Yan [43].

3.2. SrSi0s

As precipitated powder of SrSiO3 was poorly crystallized and no
sharp line pattern was observed. The samples annealed at 700 °C for
1 h showed good crystallinity. Fig. 5 shows stick patterns deduced
from the diffraction data obtained for the annealed SrSiO3 samples.
The patterns are compared with the major lines in the ICDD data file
36-0018 corresponding to monoclinic alpha-SrSiOs. SrSiOs is thus
formed at annealing temperature as low as 700 °C by the procedure
described here.

Fig. 6 shows PL results for some ns? activators in SrSiO3. A strong
emission band is observed around 337 nm for Bi3* (0.2 mol%) for
287 nm excitation (Fig. 6a and b). A broad shoulder is observed to
this band at about 375 nm. The shoulder may be due to aggregation
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Fig. 5. XRD pattern for SrSiOs. Stick pattern deduced from XRD data recorded for
SrSiO; are compared with the major lines in the ICDD data file 36-0018 correspond-
ing to monoclinic alpha-SrSiOs. An excellent match is seen.

of the activator into pairs. Two emission bands were more distinctly
observed for Pb2*. The short wavelength emission band at 283 nm
has a narrow excitation around 239 nm (Fig. 6c and d). A more com-
plicated structure at longer wavelengths with a maximum around
367 nm is observed for 257 nm excitation. The longer wavelength
emission bands may result from the activator in higher aggrega-
tion states. Klasens et al. [42] have mentioned weak Pb2* emission
in SrSiOs3.

Fig. 7 shows PL results for some rare earth activators in SrSiOs.
Ce3* emission (Fig. 7, curve a) is in the violet range with a maximum
around 410nm. The corresponding excitation spectrum (Fig. 7,
curve b) shows a prominent band around 327 nm with a shoulder
at 349 nm. There is also a weak excitation around 280 nm.

PL spectra of Ce3* can be conveniently discussed in terms of the
scheme used by Dorenbos [44-46]. The Ce3* ion has, from a spec-
troscopic point of view, a very simple electron configuration in the
ground and excited state: 4f! and 5d!, respectively. The 4f! state
is split by spin-orbit coupling into a doublet (?Fs 3, 2F;,) with an
energy difference of 2000 cm~1. The 5d! state is split by the crys-
tal field into several components with an averaged total splitting
of some 10,000 cm~!. The emission consists of a transition from
the lowest crystal-field component of the 5d! state to the ground
state. The emission band has two maxima due to the spin-orbit
splitting of the ground state. The spin-orbit split 2D, and 2D5
states of the 5d configuration of free Ce3* are located at 49,700 and
52,100 cm~! above the 4f! (?F5) ground state of Ce3*. When Ce3* is
introduced in a compound the average energy of the 5d configura-
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Fig. 6. Photoluminescence (PL) spectra of ns? activators in SrSiOs. (a) Bi>* emission
for 290 nm excitation; (b) Bi>* excitation for 337 nm emission; (c) Pb?* emission for
239 nm excitation; (d) Pb%* excitation for 290 nm emission; (e) Pb%* emission for
257 nm excitation; (f) Pb?* excitation for 367 nm emission.
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Fig. 7. Photoluminescence (PL) spectra of rare earth activators in SrSiOs. (a) Ce3*
emission for 330 nm excitation; (b) Ce3* excitation for 412 nm emission; (c) Eu?*
emission for 239 nm excitation; (d) Eu?* excitation for 290 nm emission; (e) Dy>*
emission for 350 nm excitation.

tionis lowered and the 2D5; and 2D, states are further split by the
crystal field. Depending on the site symmetry, at most five distinct
5d states may form. The energy difference between the maxima of
the highest and lowest 5d bands in spectra is defined as the total
crystal field splitting (cfs). The energy shift of the average of the 5d
configuration is defined as the centroid shift (c). The combination
of c and cfs leads to the redshift D defined as

D =49,340 - 10" /A; cm™!

where A is the wavelength (nm) of the first 5d absorption band in
ce3*,

The energy of Ce3* 5d — 4f emission in compound is given by,
Eem =Efree — D(A) — DS(A), where Efee is the lowest 4f— 5d Ce3*
transition energy in a free ion. D(A) and DS(A) are the red shift and
the Stokes shift, respectively. The red shift expresses the amount
by which the energy of the first dipole-allowed 4f — 5d transition
is lowered whenever the Ce3* ion is doped in a host crystal. After
4f — 5d excitation, the level is further lowered by the Stokes shift
due to lattice relaxation.

For SrSiO3:Ce3* the red shift is 20,686cm~! and the Stokes
shift 4381 cm~1. The doublet structure in the emission spectrum
is barely observable, but the doublet splitting cannot be calculated
from the spectrum as it is not resolved.

PL spectra for SrSiO3:Eu3* are also shown in Fig. 7 (curves c and
d). f-f transitions of Eu3* are forbidden and Eu3* PL is in general
weak, unless there is excitation by charge transfer or energy trans-
fer from a sensitizer. In general, narrow emission bands may be
observed at about 570, 590, 610, 650 and 700 nm corresponding to
transitions °Dg — “Fg, ’F1, 7F», ’F3, 7F4, respectively. Eu3* emission
usually occurs from °Dg — 7Fj transitions. There are three transi-
tions which are of prime importance Dy — ’F (around 570 nm),
5Dg — ’F; (around 595 nm) and Dy — ’F, (around 610nm). The
first one is strongly forbidden transition and yet observed with
appreciable intensity in some hosts. Dy — F; transition is forbid-
den as electric dipole, but allowed as magnetic dipole. This is the
only transition when Eu3* occupies a site coinciding with a centre
of symmetry. When Eu3* jon is situated at a site, which lacks the
inversion symmetry, then the transitions corresponding to even
values of j (except 0) are electric dipole allowed and red emission
can be observed. >Dy — 7F; transition can also be observed as mag-
netic dipole allowed transition. Further, all the lines corresponding
to these transitions split into number of components decided by
the local symmetry.

For SrSiOs3:Eu3*, emission lines are observed around 591
and 611nm corresponding to °Dg— ’F; and °Dg— ’F, transi-
tions, respectively. The excitation spectrum consists of a broad
band around 250nm which can be ascribed to charge trans-
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Fig. 8. XRD pattern for BaSiOs. Stick pattern deduced from XRD data recorded for
BaSiOs are compared with the major lines in the ICDD data file 26-1402 correspond-
ing to orthorhombic beta-BaSiOs. An excellent match is seen.

fer and several sharp lines attributable to f-f transitions. The
f-f excitation lines can be seen at 530nm (“Fy—°D;), 470 nm
(7F0 — 5D2), 410 nm (7F0 — 5D3), 395nm (7F0 — SLG), 380nm
("Fo —°G), 365nm (“Fg— >Dy), 325nm (“Fg— °H) and around
300nm (“Fg — °F).

Weak f-f emission was observed for SrSiOs:Dy3* also (Fig. 7,
curve e) upon 350 nm excitation. Lines around 481 nm and 573 nm
can be assigned to 4Fo;; — ®Hysp2 and #Fgjp — SHys; transitions of
Dy3*, respectively. These results are similar to those reported by
Kuang et al. [47] who studied SrSiO3:Dy3* as a long afterglow phos-
phor.

3.3. BaSiO;

As precipitated powder of BaSiO3; was poorly crystallized and no
sharp line pattern was observed. The samples annealed at 700 °C for
1 h showed good crystallinity. Fig. 8 shows stick patterns deduced
from the diffraction data obtained for the annealed BaSiO3 samples.
The patterns are compared with the major lines in the ICDD data file
ICDD 26-1402 corresponding to orthorhombic beta-BaSiO3. BaSiO3
is thus formed at annealing temperature as low as 700°C by the
procedure described here. By the conventional solid state reaction
technique, beta-BaSiOs is obtained only above 1100°C.

Fig. 9 shows PL results for some ns? activators in BaSiO3 host.
Both Bi3* and Pb%* exhibited appreciable luminescence in BaSiOs.
Bi3* emission excited by 280 nm is in the violet region, peaking
at 400 nm (Fig. 9, curves a and b), while Pb%* emission is in the UV
region. The prominent peak is around 324 nm. There is also another
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Fig. 9. Photoluminescence (PL) spectra of ns? and Ce3* activators in BaSiOs. (a) Bi3*
emission for 280 nm excitation; (b) Bi** excitation for 400 nm emission; (c) Pb%*
emission for 270 nm excitation; (d) Pb2* excitation for 324 nm emission; (e) Ce3*
emission for 327 nm excitation; (f) Ce3* excitation for 390 nm emission.
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Fig. 10. Co-ordination of Pb?* in beta BaSiO3. Pb2* is expected to be at Ba substitu-
tional site and will have same co-ordination as Ba?*.

band on the long wavelength side at about 375 nm which may be
due to Pb2* pairs. The excitation spectrum also shows structure
with the prominent peak around 270 nm (Fig. 9, curves c and d).
Pb2* is expected to be present at Ba substitutional site coordinating
with 6 oxygen ions (Fig. 10). Ce3* emission is also in the violet/near
UV region, in form of a broad band around 390 nm (Fig. 9, curve
e). The excitation spectrum consists of a maximum around 327 nm
with several shoulders around 290, 315 and 340 nm. These are char-
acteristic of splitting of Ce3* 5d levels in crystal field (Fig. 9, curve
f). The results are in good agreement with those reported by Kelsey
and Brown [48].

3.4. MgSiOs

As precipitated powder of MgSiO3; was poorly crystallized and
no sharp line pattern was observed. The samples annealed at 700 °C
for 1 h showed good crystallinity. The pattern matched with ICDD
76-0490.

Studies on luminescence in MgSiO3 are few. There are no
old data. In relatively recent times, thermoluminescence [49-51]
which is important for study of meteors, photoluminescence of 3d"
activators like Mn2* [52], Ni2* and Cr3* [53,54], which is important
in context of eye-safe lasers, rare earth activators [55] like Dy3*
[56], Eu3* [57], Eu%* [34], etc. and long lasting phosphorescence of
various activators [58] have been reported. There are no reports on
luminescence of ns? activators in this host.

Results on PL in MgSiO3 are more or less similar to those
described for BaSiO3. PLwas observed for the ns? activators Bi3* and
Pb2* and the rare earth Ce3*. Bi3* emission is around 345 nm. There
is also another band on the long wavelength side at about 400 nm
which may be due to Bi3* pairs. The excitation spectrum also shows
double humped, prominent peak with maxima at about 280 and
295 nm (Fig. 11, curves a and b). A shoulder can also be seen on the
short wavelength side around 260 nm. Pb%* PL exhibits much higher
Stokes shift. The excitation maximum is around 265 nm while a
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Fig. 11. Photoluminescence (PL) spectra of ns? and Ce3* activators in MgSiOs. (a)
Bi* emission for 295 nm excitation; (b) Bi** excitation for 345 nm emission; (c)
Pb?* emission for 265 nm excitation; (d) Pb?* excitation for 400 nm emission; (e)
Ce3* emission for 318 nm excitation; (f) Ce3* excitation for 388 nm emission.

very broad emission is centred at 400 nm (Fig. 11, curves c and d).
Ce3* emission in the near UV region is also very broad. The excita-
tion spectrum is better defined, exhibiting a prominent maximum
around 318 nm with several shoulders around 282, 295 and 305 nm
(Fig. 11, curves e and f). These are characteristic of splitting of Ce3*
5d levels in crystal field.

4. Conclusions

Phase pure, alkaline earth metasilicates could be prepared by a
new method based on precipitation followed by thermal anneal-
ing at 700°C. This procedure is much simpler compared to the
conventional solid state reactions involving heating at tempera-
tures exceeding 1100 °C. Activation by various ns2 dopants like Bi3*,
Sn2* and Pb?*, as well as the rare earth Ce3* Eu3* and Dy3* could
also be achieved. Characteristic emissions which are in accordance
with the literature results have been observed. Results on new
phosphors CaSiO5:Bi, MgSiO3:Bi and MgSiO3:Pb are reported. UV
emission was observed for these phosphors. This method will prove
useful for synthesis of metasilicates required for various applica-
tions.
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