
T
t

J
S

a

A
R
R
A
A

K
C
C
M
O

1

g
c
p
t
i
i
(
t
p
b
c
a
[
i
m
c
u
t
u
a
s
f

0
d

Journal of Alloys and Compounds 516 (2012) 201– 206

Contents lists available at SciVerse ScienceDirect

Journal  of  Alloys  and  Compounds

jou rn al h om epage: www.elsev ier .com/ locate / ja l l com

emplate-free  hydrothermal  synthesis  of  SrSO4:Sm3+ microrods  and  its  electron
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a  b  s  t  r  a  c  t

A  hydrothermal  process  without  using  any  surfactants  or templates  has been  employed  to  prepare  SrSO4

microrods  with  different  crystallographic  morphologies.  The  pH  value  of  the  reaction  solution  is  deter-
mined  to be  the  key factor  in  the  formation  of  rod-like  morphology.  It  is found  that  the length-to-diameter
ratio  (L/D)  of the rod-like  SrSO4 crystals  increases  from  1 to  4 when  the  pH  value  increases  from  3 to  12.
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Besides,  the  effects  of hydrothermal  reaction  time  and  temperature  have  been  investigated  to illustrate
the  morphological  evolution  process  of SrSO4 crystals,  and  it is  also  discussed  that  the  microcrystals
formation  mechanism  of the  evolution  process.

© 2011 Published by Elsevier B.V.
ptical properties

. Introduction

In recent years, the fabrication of nano- to microscale inor-
anic materials with special morphologies and sizes has attracted
onsiderable attention because of their distinctive properties and
otential applications compared with bulk materials [1–4]. Thus,
he shape control of inorganic micro/nanocrystals is of great
nterest in the field of materials chemistry. As one of the most
mportant multifunctional inorganic materials, strontium sulfate
SrSO4) plays an important role in various applications including
he packing of painting, ceramics polish, cosmetics, electronics,
apermaking and so on [5]. Recently, SrSO4 is also considered to
e a potential compound used for electron trapping material. Espe-
ially, the excellent electron trapping properties of SrSO4 crystals
re closely related to their sizes [6,7]. In many reported references
8–12], SrSO4 is mainly prepared by solid-state method and few
nvestigations are concerned with the “soft chemistry” synthesis

ethod. It is widely accepted that the hydrothermal method can
ontrol the morphology and particle size of the as-prepared prod-
ct. In this work, we report the preparation of SrSO4 crystals by
he hydrothermal method in mild synthesis conditions without the
se of any catalysts, toxic reagent or surfactants and ease of oper-

tion. Our work further indicates that the pH value of the reaction
olution used for hydrothermal synthesis is the key factor in the
ormation of rod-like SrSO4 crystals. The morphological evolution

∗ Corresponding author. Tel.: +86 10 68985467; fax: +86 10 68985467.
E-mail address: jiayue sun@126.com (J. Sun).

925-8388/$ – see front matter ©  2011 Published by Elsevier B.V.
oi:10.1016/j.jallcom.2011.12.048
process of SrSO4 nanocrystals is proposed to understand the effects
of pH values on the morphology of SrSO4 crystals. Besides, it is
also discussed that the microcrystals formation mechanism of the
evolution process.

2. Experimental

2.1. Hydrothermal synthesis of SrSO4

Analytically pure Sr(NO3)2, (NH4)2SO4, and ethanol are used as the starting
materials without further purification. SmCl3 (0.2 M)  solution is prepared as stock
solution, In a typical synthesis, 2.1163 g analytically pure Sr(NO3)2 is dissolved in
deionized water. Then (NH4)2SO4 solution in appropriate quantity and 2 mL SmCl3
are dropped slowly into it with vigorous stirring, resulting in a suspension. The pH
value of the resulting colloidal solution is controlled corresponding to the designed
experiment group, in which the pH is adjusted by dilute H2SO4 or NaOH. Then
30  mL  distilled water is added into the mixture under continuous stirring. After
2  h, the mixture is transferred into a 40 mL Teflon-lined stainless steel autoclave.
The  autoclave is maintained at 200 ◦C for 20 h and naturally cooled down to room
temperature. The as-obtained SrSO4 precipitates are filtered and washed several
times with distilled water. Finally SrSO4 microcrystals are obtained after drying at
60 ◦C for 6 h.

2.2. Characterization

The phase structures of the samples are checked by a SHIMADZU model XRD-
6000 X-ray powder diffractometer, using Cu K� of 1.5405 Å. The particle sizes and
morphologies of the as-prepared crystals are measured on a TESCAN VEGA II scan-
ning electron microscope (SEM). Raman spectroscopic measurement is conducted
with a PerkinElmer model Flex 400 Raman Spectrometer, using a 785 nm fiber

laser  with up to 250 mW of power. The above measurements are carried out at
ambient and room temperature. The infrared spectra are recorded on a NICOLET
model 380 Fourier transform infrared spectrometer, using KBr discs as matrices.
Ion exchange or other reactions with KBr have not been observed. The photostim-
ulated luminescence emission spectra (PSL) are observed using a Hitachi F-7000

dx.doi.org/10.1016/j.jallcom.2011.12.048
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jiayue_sun@126.com
dx.doi.org/10.1016/j.jallcom.2011.12.048
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Table 1
The FT-IR frequencies of SrSO4 crystal in the range 700–2800 cm−1.

Vibration modes (cm−1)

�4 �1 �3

pH 3 612, 644 993 1148

with the SrSO4 crystals obtained at pH 7 and pH 12. It is probably
ig. 1. (a) XRD patterns of SrSO4 crystals obtained at different pH values; (b) EDAX
easurement of the SrSO4 samples obtained at pH 12.

pectrophotometer with a 150-W Xe lamp used as the excitation lamp and an
xternal 980 nm semiconductor laser.

. Results and discussion

.1. Effect of pH values on the morphology evolution of SrSO4
rystals

The typical XRD patterns of as-prepared SrSO4 crystals obtained
t different pH values are shown in Fig. 1(a). Firstly, all the XRD pat-
erns are in agreement with the JCPDS card no. 05-0593 of SrSO4
rystals. Their diffraction peaks can be indexed as the orthorhom-
ic structure crystal. No other diffraction peak appears, indicating
hat the obtained crystals are all single phase SrSO4. However, care-
ul examination reveals that the intensities of diffraction peaks of
he crystals obtained at pH 12 are much stronger than the peaks of
he others. This shows that SrSO4 crystals obtained at pH 12 have
igher crystallinity degree than the crystals obtained at the other
H values. In order to further confirm the chemical composition
f the as-prepared SrSO4 crystals, the analysis of energy disper-
ive X-ray spectrum (EDAX) gives the chemical composition of the
rSO4 crystals obtained at pH 12 (Fig. 1(b)). A comparison of the
elative area under the peaks for Sr, S and O yields an atomic ratio

f 1.0:1.0:3.4; the values of S and O is slightly lower than the stoi-
hiometric ratio of 1:4, which is probably due to the hydrolyzation
f SO4

2− and the formation of SO3
2−.
pH  7 613, 645 993 1148
pH  12 604, 644 993 1149

SEM images of the as-prepared crystals obtained by hydrother-
mal  process at different pH values are given in Fig. 2(a–d), and
all the crystals show rod-like morphologies with a certain length-
to-diameter (L/D) ratio. Clearly it can be observed that the size of
the crystal increases with increasing the pH values of the solution.
At pH 3, the image reveals that the formed SrSO4 nanorods are
uniformly distributed throughout the area of the samples, which
are very short and some even are sphere-like with a mean size of
around 350 nm,  as shown in Fig. 2(a). It should be due to the strongly
hydrolyzation of SO4

2− group in the acid condition. Moreover, it is
also found that less amount of SrSO4 crystals can be obtained in
our controlled experiment at pH 3 compared with the other two
conditions because of the strong dissolving behavior of SO4

2− in
high acidic condition. Further, at both pH 7 and pH 12, the crys-
tals are rod-like, which indicates that the SrSO4 crystals may  grow
preferentially along the (2 1 0) direction [13], as shown in the inset
of Fig. 2(c). At pH 7, the average length of the nanorods is 2 �m and
the width is 600 nm.  At pH 12, the crystals grow into large, obvious
and perfect SrSO4 microrods, as shown in Fig. 2(c) and (d). It is due
to the inhibiting of the hydrolyzation of SO4

2− under the present
aqueous basic conditions (pH 12), which leads to larger aggregates
[6]. The overall ionic equation for the reaction could be written as:

Sr(NO3)2 + (NH4)2SO4 → SrSO4 + 2NH4NO3

NH4
+ + OH− → NH3·H2O

SO4
2− + H2O � SO3

2− + 2OH−

SO4
2− + 4H+ � SO3

2− + H2O

Based on the experiment, the variation of pH drastically
influences the crystallization progress, including crystal nuclei for-
mation and growth, and the morphology of the produced SrSO4
crystals. In the current system, while changing the pH of the reac-
tion system to strong basicity, the aggregation process proceeds
at the same time with the formation and growth processes of as-
prepared SrSO4 microrods. The result is caused by the increased
hydrogen bond interaction between SrSO4 nanorods. Under a low
pH value, the formed SrSO4 nuclei adsorb NO3− ions on their sur-
face. However, in basic solution, they adsorb fewer NO3− ions
and many more OH− ions which have hydrogen bond interaction
between them [14,15].  As a result, the formed SrSO4 crystals aggre-
gate immediately during the formation and growth processes.

Fig. 3 shows the FT-IR spectra of the SrSO4 crystals at differ-
ent pH values. Normally, a sulfate contains two  S O and two S O
bonds. Actually, the four S O bonds are equivalent. The corrobo-
rated results put into evidence that at Ph 12, the broad bonding
mode around 993 cm−1 is attributed to the S O bonds symmetric
stretching mode of the as-prepared SrSO4 crystals. The bands at
604, 644, 993 and 1149 cm−1 are characteristic of the sulfate group
(S O) in SrSO4 crystals (Table 1). Upon exposure of the crystals to
an acidic condition (pH 3), the �1 is weaker than others compared
due to lacking of SO4
2−, which has confirmed the results of EDAX

analysis under pH 3 condition. The unmarked groups of peaks near
2000 cm−1 are overtones. Fig. 4 shows the representative Raman
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Fig. 2. SEM images of the prepared samples obtained by hydrothermal process (a) at pH 3; (b) at pH 7 and (c) at pH 12 and (d) high magnification of sample in (c).
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Fig. 3. The FT-IR spectra of the SrSO4 crystals at different pH values.
pectra of the SrSO4 samples obtained at different pH values. The
aman �1 mode (nondegenerate symmetric stretching vibration),
2 mode (doubly degenerate deformation), �3 mode (triply degen-
rate stretching vibration), and �4 mode (triple bending mode)

able 2
he Raman frequencies of the SrSO4 crystal obtained at different pH values.

Specimens Vibration modes (cm−1)

SrSO4 �1 �2

pH 3 1000 454, 460 

pH  7 1000 454, 460 

pH  12 1000 454, 460 
Wavenumber/cm-1

Fig. 4. The Raman spectra of the SrSO4 crystals at different pH values.
of SrSO4 crystals with different pH values are observed at ambi-
ent conditions (as listed in Table 2), which is in agreement with
the report of Chen et al. [16]. The �1 mode is the most intense
Raman band in the spectra at all pH values. While the pH value

�3 �4

1060, 1094, 1110, 1156, 1188 624, 640, 656
1048, 1094, 1110, 1158, 1190 624, 638, 656
1055, 1093, 1111, 1156, 1190 624, 639, 656
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ig. 5. SEM images of the prepared samples obtained by (a) hydrothermal process a
00 ◦C for 20 h; (d) hydrothermal process at 200 ◦C for 5 h; (e) hydrothermal process
nd  reaction time.

ecreasing, the crystal size is decreasing. We  can observe that the
osition of the peaks almost have no changes, but all Raman peak

ntensity decreases, especially the main feature peak at 1000 cm−1,
uggesting that the crystal lattices are damaged periodically by a
ertain degree. It is well-known that, the vibration characteristic
eak intensity is weakened because of partly disappeared symme-
ry. Therefore, it can be found that the line is broadened when the
H value changes from 7 to 3, indicating that the symmetry of the
ample is poorer and the degree of disorder is higher.

.2. Effect of hydrothermal reaction time and temperature on the
orphology evolution of SrSO4 crystals
In order to further investigate the conditions which can also
ffect the aggregation process, hydrothermal reaction time and
emperature are changed to see the role of hydrogen bond inter-
ction. The pH value of the reaction system is kept at 12, and
◦C for 20 h; (b) hydrothermal process at 160 ◦C for 20 h; (c) hydrothermal process at
◦C for 40 h; and (f) XRD patterns of SrSO4 crystals obtained at different temperature

the reaction conditions for the as-prepared samples are adjusted
by controlling different reaction time and temperatures. Fig. 5
shows the SEM images and XRD patterns of the products pre-
pared under different reaction time and temperatures. The results
show that SrSO4 nanorods will grow into large microrods with
increasing reaction temperatures. When the reaction temperature
is kept at 120 ◦C, the length of the microrods is 4 �m and width is
only 250 nm,  as shown in Fig. 5(a). At this temperature (120 ◦C),
the nanorods cannot grow into larger ones. When the temper-
ature increases to 160 ◦C, the agglomeration of SrSO4 microrods
is stronger than that under low temperatures and the size of the
crystals increases, as shown in Fig. 5(b). Further increasing the reac-
tion temperature to 200 ◦C, almost all the nanorods assemble into

microrods with an average length of 8 �m and width of about 2 �m.

In order to further understand the formation process of the
SrSO4 microrods, we  have carried out time-dependent exper-
iments, during which samples are collected at different time
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s, (a) dissolution and crystalline; (b) aggregation; and (c) further growing.
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transition of Sm2+ ions [28–32].  It can be observed that the peak
intensity of samples decreases with increasing the size, which is
similar to the results by Samaele, et al. [33].
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Fig. 6. Schematic illustration of the growth process of SrSO4 microrod

ntervals. As shown in Fig. 5(d), when the reaction time is 5 h,
he sample is composed of some small nanorods. Almost all SrSO4
rystals grow into microrods with the increasing size after 20 h,
s illustrated in Fig. 5(c). The reason is that in a longer period of
ime the formation and growth of SrSO4 microrods get slowly ter-

inated due to the high activity hydrogen bond interaction, so
he agglomeration of SrSO4 microrods is stronger. However, it will
nduce an inhomogeneity of the sample and both microrods and
anorods are observed when the reaction condition is at 200 ◦C for
0 h with the width reaching 2 �m while others are still 250 nm,
s shown in Fig. 5(e). It is due to an abnormal crystal growth. It is
learly seen from XRD patterns shown in Fig. 5(f) that all samples
repared under different reaction conditions are the pure phase of
rSO4 crystals. Based on the discussion above, crystallinity of SrSO4
rystals is enhanced as a result of hydrothermal processes in strong
lkaline solution (pH 12), proper reaction time and temperature.

.3. Formation mechanism of SrSO4 microcrystals

On the basis of the SEM observations, it can be concluded that
he formation of such SrSO4 crystals are achieved via an aggrega-
ion process, the happening of which is mainly determined by the
ydrogen interaction between SrSO4 crystals, affected by tempera-
ure, time and pH values. Any conditional modification, which leads
o the changes of the three factors, will greatly affect the diameter
nd size distribution of the SrSO4 crystals. The possible formation
nd evolution of such SrSO4 crystals can be shown in Fig. 6. In our
tudy, the formation of SrSO4 crystals is a typical Ostwald ripening
rocess [17–20].  The generation of tiny crystalline nuclei in a super-
aturated solution occurs and then follows by crystal growth. The
urther crystal growth for the formation of SrSO4 crystals is strongly
elated to the aggregation of the SrSO4 nanocrystals, as shown in
ig. 2(d). At first, primary SrSO4 nanocrystals are formed after the
olution becomes supersaturated by adjusting the pH value to 12.
econdly, primary nanocrystals grow into microsized rod-like crys-
als because OH− ions are formed on the surface of SrSO4 nuclei,
3O+ ions are reduced quickly on their surface and then aggregates

nto big microrods to lower the surface energy [21–26].  Further,
e also propose that the growth of SrSO4 nano/microrods can be

aused by several reasons, such as electrostatic, dipolar fields asso-
iated with the hydrophobic interactions, specific surface area and
an der Waals forces [27].

.4. Electron trapping luminescence properties of SrSO4:Sm3+

rystals

Trivalent samarium with 4f5 configuration has complicated
nergy levels and various possible transitions between f levels. The
ransitions between these f levels are highly selective and of sharp
ine spectra. Fig. 7 shows the PSL spectra of SrSO4:Sm3+ crystals
btained at different pH values. The SrSO4:Sm3+ crystals are pre-
umped with short wavelength ultraviolet light to its saturated

xcited state and subsequently expose to 980 nm laser beams. It
an be seen that all the PSL spectra consist of three emission peaks
n the visible region at 628, 646, and 668 nm,  which can be identified

ith the 4G5/2–6HJ (J = 5/2, 7/2, and 9/2, respectively) transitions.
Fig. 7. Photostimulated luminescence spectra of SrSO4 crystals obtained at (a) pH
3;  (b) pH 7; and (c) pH 12.

While the size of SrSO4:Sm3+ crystals increases, the PSL intensity
decreases, which is in agreement with the early studies of ours [6,7].
The fine PSL property indicates that they have excellent optical
storage property.

It is similar to Fig. 7 that the PL spectra of SrSO4:Sm3+ crystals
obtained at different pH values consist of three emission peaks,
as shown in Fig. 8. Clearly, three emission peaks can be identified
with the 4G5/2–6HJ (J = 5/2, 7/2, and 9/2, respectively) transitions.
Compared with the PSL spectra, blue shift can be observed in the
PL spectra. The three emission peaks are in the visible region at
560, 596, and 641 nm,  respectively. According to Figs. 7 and 8, all
the peaks in the PSL and PL spectra of SrSO4:Sm3+ can be assigned
to the transitions of Sm3+ ions, while no peak is assigned to the
Wavelengh/nm

Fig. 8. Photoluminescence spectra of SrSO4 crystals obtained at (a) pH 3; (b) pH 7;
and (c) pH 12.
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ig. 9. Thermoluminescence glow curve of crystals obtained at (a) pH 3; (b) pH 7;
nd  (c) pH 12.

Fig. 9 shows characteristic thermal luminescence (TL) spectra of
rSO4:Sm3+ crystals obtained at different pH values. As is evident,
here are two peaks around 124 and 354 ◦C in the TL spectrum of

icrocrystals obtained at pH 12. The peak position of the micro-
rystals shifts right compared with the spectrum of nanocrystals
pH 3 and pH 7). To verify further, the functions have been mod-
fied by Eq. (1) given by Randall and Wilkins [34]. They assumes
hat (i) spectrum peaks corresponding to different trapping lev-
ls do not overlap, (ii) no retrapping occurs in the processes of TL
mission and (iii) the life time (z) for recombination is so small that
n/dt � z where n is the concentration of the electrons in the con-
uction band. Further, assuming the frequency factor s = 109 s−1,
hey derives a simple equation for trap depth as follows.

 = 21kTm (1)

here k is the Boltzmann’s constant and Tm is the temperature
aximum. According to the equation, the trap depth (E) increases
ith Tm increasing. Therefore, it can be concluded that the trap
epth in microcrystals is much deeper than in nanocrystals and
ore electron transition energy is needed by thermal process with

ncreasing the trap depth.

. Conclusions

In summary, we have demonstrated a template-free hydrother-
al  method to synthesize SrSO4 microrods by the reaction between

r(NO3)2 and (NH4)2SO4. The pH value, reaction temperature
nd time appear to be important parameters for the morphology
volution of SrSO4 crystals. By adjusting different experimental
onditions, SrSO4 microcrystals with different diameters and size
istribution are obtained. Especially, the crystallographic morphol-
gy of SrSO4 crystals mainly depends on the pH value of the reaction

olution. The morphology of SrSO4 crystals synthesized at pH 3 has

 short L/D and some of them are even sphere-like with a diameter
f 350 nm.  However, SrSO4 crystals obtained at pH 7 are rod-like
ith a length of 2 �m and a width of 600 nm.  At pH 12, the crystals

[
[

[

mpounds 516 (2012) 201– 206

grow into microrods with a length of 8 �m and a width of 2 �m.
The optical spectra show that the as-prepared SrSO4 crystals under
pH 12 condition have high crystalline and excellent luminescence
properties related with electron trapping.
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