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This paper reports our initial research to obtain SrWO4 microcrystals by the injection of ions into a hot
aqueous solution and their photocatalytic (PC) properties. These microcrystals were structurally charac-
terized by X-ray diffraction (XRD), Rietveld refinements and Fourier transform (FT)-Raman spectroscopy.
The shape and average size of these SrWO4 microcrystals were observed by field emission scanning elec-
tron microscopy (FE-SEM) and transmission electron microscopy (TEM). In addition, we have investigated
the PC activity of microcrystals for the degradation of rhodamine B (RhB) and rhodamine 6G (Rh6G) dyes.
XRD patterns, Rietveld refinement data and FT-Raman spectroscopy confirmed that SrWO4 microcrystals
have a scheelite-type tetragonal structure without deleterious phases. FT-Raman spectra exhibited 12
Raman-active modes in a range from 50 to 1000 cm�1. FE-SEM and TEM images suggested that the SrWO4

microcrystals (rice-like – 95%; star-, flower-, and urchin-like – 5%) were formed by means of primary/sec-
ondary nucleation events and self-assembly processes. Based on these FE-SEM/TEM images, a crystal
growth mechanism was proposed and discussed in details in this work. Finally, a good PC activity was
first discovered of the SrWO4 microcrystals for the degradation of RhB after 80 min and Rh6G after 50
min dyes under ultraviolet-light, respectively.
� 2012 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction In particular, the tungstates (AWO4, A = Ca, Sr, Ba and Pb) with a
Commonly, the strontium tungstate (SrWO4) crystals have been
prepared by oxide mixture or solid state reaction [1–3], Czochralski
[4–6] and double decomposition flux [7]. However, these tech-
niques use high heat treatment temperatures, long processing
times and/or complex equipments. In order to minimize these
drawbacks, other synthetic routes were developed over the years
to obtain the SrWO4 crystals at micro-, meso- and nanoscale
[8–11], for example: co-precipitation [12,13], electrochemical
[14,15], biomimetic system of a supported liquid membrane [16],
sonochemical [17], conventional hydrothermal [18], solvothermal
[19–21], microwave-hydrothermal [22] and cyclic-microwave
[23]. The positive point of these methods is ability of forming crys-
tals with different sizes, shapes and structures [24,25]. In particu-
lar, the conventional hydrothermal system has been widely used in
the preparation of tungstates with distinct morphological aspects
[26]. However, this chemical route presents a low kinetics of
formation and crystallization of materials, resulting in long
processing times (in the range from 12 h to 48 h) [27].
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scheelite-type tetragonal structure exhibit an excellent photolumi-
nescence (PL) property at room temperature [28–31]. However,
few studies on the photocatalytic (PC) activity have been reported
in the literature [32–34].

Therefore, this paper reports our initial research on the
synthesis of SrWO4 microcrystals by the injection of ions into a
hot aqueous solution (IIHAS) method. The structural refinement,
growth mechanism, and PC activity for the degradation of rhoda-
mine B (RhB) and rhodamine 6G (Rh6G) were discussed in details.
2. Experimental procedure

2.1. Synthesis of SrWO4 microcrystals

SrWO4 microcrystals were prepared by the hot-injection tech-
nique. The typical experimental procedure is described as follows:
1 � 10�3 mol of sodium tungstate (VI) dihydrate (Na2WO4�2H2O)
(99.5% purity, Sigma–Aldrich) and 1 � 10�3 mol of strontium (II)
nitrate [Sr(NO3)2] (99% purity, Sigma–Aldrich) were separately dis-
solved in two plastic tubes (Falcon) with 50 mL of deionized water.
The first solution with Na+ and WO2�

4 ions was transferred to a
250 mL glass flask (Boeco-boro 3.3, Germany) and heated up to
90 �C under constant stirring for 10 min. Then, the second solution
containing the Sr2+ and NO�3 ions was sucked by a syringe and
ed by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.
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Fig. 1. Rietveld refinement of SrWO4 microcrystals.
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rapidly injected into a hot aqueous solution (90 �C), instantly
forming a suspension. Afterwards, the SrWO4 crystals precipitated
at the bottom of the glass flask. Chemically, the SrWO4 microcrys-
tals are obtained by a fast reaction between (Sr2+ :WO2�

4 ) ions, as
shown in the following Eqs. (1)–(3):

Na2WO4 � 2H2OðsÞ !
H2O

2NaþðaqÞ þWO2�
4ðaqÞ þ 2H2O ð1Þ

SrðNO3Þ2ðsÞ !
H2O

Sr2þ
ðaqÞ þ 2NO�3ðaqÞ ð2Þ

Sr2þ
ðaqÞ þWO2�

4ðaqÞ !
90 �C

SrWO4ðsÞ ð3Þ
The resulting suspensions were washed with deionized water

several times to remove any presence of Na+ ions. Finally, the white
precipitates were collected and dried with acetone at room
temperature for 3 h.

2.2. Characterizations

The SrWO4 crystals were structurally characterized by X-ray dif-
fraction (XRD) patterns using a D/Max-2500PC diffractometer
(Rigaku, Japan) with Cu Ka radiation (k = 1.5406 Å) in the 2h range
from 10� to 110� with a scanning velocity of 1�/min and step of
0.02�. The Fourier transform Raman (FT-Raman) spectroscopies were
recorded by means of a RFS100 spectrophotometer (Bruker, Ger-
many) equipped with a Nd:YAG laser (k = 1064 nm). The laser power
on the sample was fixed at 100 mW. The crystal shapes and sizes were
observed by field emission scanning electron microcopy (FE-SEM)
through a Supra 35-VP (Carl Zeiss, Germany) operated at 15 kV and
transmission electron microscopy (TEM) with a CM200 (Philips/FEI,
Netherlands) microscope operated at 200 kV. The growth directions
of SrWO4 microcrystals were determined using the selected-area
electron diffraction (SAED) and high resolution (HR)-TEM. The spe-
cific surface area of the microcrystals was recorded with an ASAP
2000 Phys/Chemisorption unit (Micromeritics, USA) and estimated
by the Brunauer-Emmett and Teller (BET) methodology [35].

2.3. Photocatalytic activity measurement

The PC properties of SrWO4 crystals for the degradation of RhB
and Rh6G [C28H31ClN2O3] (99.5% purity, Mallinckrodt, and 95%, Sig-
ma–Aldrich) dissolved in water were tested under ultraviolet (UV)
light illumination. In this case, 50 mg of catalyst crystals were
placed in two beakers (maximum capacity of 250 mL) and then
50 mL of RhB and Rh6G solutions (1 � 10�5 mol/L) with pH = 4 were
added. Before UV illumination, these suspensions were stirred by
sonication during 10 min with an ultrasound bath model 1510
(Branson, USA) (frequency of 42 kHz) and stored in the dark for
5 min in order to allow the absorption of RhB and Rh6G on the cat-
alysts. In the sequence, the beakers were placed inside a photo-reac-
tor at 20 �C and illuminated by six UV lamps (TUV Philips, 15 W,
maximum intensity at 254 nm). At 1, 2, 5, 10, and 20 min intervals,
3 mL aliquots of these solutions were removed of the PC system,
placed in plastic tubes (Falcon) and centrifuged at 9000 rpm for
10 min to separate the crystals from the liquid phase. Finally, the
variations in the maximum absorption band of these solutions were
monitored by ultraviolet–visible (UV–vis) absorbance spectra mea-
surements using a V-660 spectrophotometer (JASCO, Japan).

3. Results and discussion

3.1. XRD patterns and Rietveld refinement analysis

Fig. 1 shows the Rietveld refinement of SrWO4 microcrystals
prepared by the IIHAS method.
In Fig. 1, XRD patterns indicate that the SrWO4 microcrystals
have a scheelite-type tetragonal structure with space group (I41/a)
and point group symmetry (C6

4h) [36]. These crystals have sharp
and well-defined diffraction peaks, indicating a high degree of crys-
tallinity at long-range. Moreover, all the diffraction peaks are in
good agreement with the respective Inorganic Crystal Structure
Data (ICSD) Base No. 155425 [37] and other published paper [38].
The structural refinement using the Rietveld method confirmed
the tetragonal structure of SrWO4 microcrystals [39]. In principle,
the structural refinement method has several advantages in relation
to the conventional quantitative analysis methods, such as: whole
pattern-fitting algorithm, all lines for each phase are explicitly con-
sidered, and severely overlapped lines are not a problem.

The structural refinement was performed using the Maud pro-
gram version 2.33 [40], which revealed the Rietveld texture and
stress analysis [41]. The quality of structural refinement is gener-
ally checked by R-values (Rwnb, Rb, Rexp, Rw and r), and these num-
bers are easy of detecting as they are consistent with a tetragonal
structure. However, a difference in the plotting between the ob-
served and calculated patterns is the best way to judge the success
of Rietveld refinement [41]. Moreover, other parameters with addi-
tional functions were applied to find a structural refinement with
better quality and reliability. The optimized parameters were:
scale factor, background with exponential shift, exponential ther-
mal shift and polynomial coefficients, basic phase, microstructure,
crystal structure, size strain (anisotropic, no rules), structure solu-
tion model (genetic algorithm SDPD), shift lattice constants, profile
half-width parameters (u, v, w), texture, lattice parameters (a, b, c),
factor occupancies and atomic site occupancies (Wyckoff). The
Rietveld refinement was performed based on the SrWO4 phase
with a scheelite-type tetragonal structure, using a better approxi-
mation and indexing of the Crystallographic Information File
(CIF) No. 155425 [37]. The Rietveld analysis indicated that the
SrWO4 microcrystals have a preferred crystallographic orientation
in the (200) plane when compared to its respective standard ICSD
card. Fig. 1 shows a reasonable agreement between the observed
XRD patterns and theoretical fits, indicating the success of the
Rietveld refinement method (Table 1).

In this table, the fit parameters (Rwnb, Rb, Rexp, Rw and r) suggest
that the refinement results are very reliable. It is interesting to note
that there are considerable variations in the atomic positions re-
lated to the oxygen atoms, while the strontium and tungsten atoms
keep its fixed positions into the structure. This information indi-
cates the existence of structural distortions on the [SrO8] and
[WO4] clusters of SrWO4 microcrystals, which can be arising from



Table 1
Lattice parameters, unit cell volume, atomic coordinates and site occupation obtained
by the Rietveld refinement of SrWO4 microcrystals.

Atoms Wycroff Site S.O.F x y z

Strontium 4b �4 1 0 0.25 0.625
Tungsten 4a �4 1 0 0.25 0.125
Oxygen 16f 1 1 0.27454 0.09845 0.04842

a = b = 5.4226 Å; c = 11.9214 Å; V = 350.54 Å3; Rw = 9.8%; Rwnb = 9.58%; Rb = 6.0%;
Rexp = 2.8% and r = 3.5.
S.O.F = Site occupancy factor; SrWO4 microcrystals obtained by injection of ions
into a hot aqueous solution (90 �C); �CIFs generated from Rietveld refinements in
Supplementary data).
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the rapid formation and crystallization caused by the fast injection
of Sr2+ ions into hot aqueous solutions that contain the WO2�

4 ions.
3.2. Representation of the SrWO4 unit cells

Fig. 2 illustrates a schematic representation for the SrWO4

tetragonal structure modeled by means of Rietveld refinement
data.

This structure was modeled through the Visualization for Elec-
tronic and Structural Analysis (VESTA) program version 3.0.7 for
Windows [42], using the lattice parameters and atomic positions
obtained from Rietveld refinement shown in Table 1. The SrWO4

crystals belong to scheelite-type tetragonal structure with space
group (I41/a), point-group symmetry (C6

4h) and four molecules per
unit cell (Z = 4) [43]. Fig. 2 shows that the bonds between O–W–
O and O–Sr–O atoms were projected out of the unit cell. In these
tetragonal structures, tungsten (W) atoms are coordinated to four
oxygen atoms, which form [WO4] clusters with a tetrahedral con-
figuration, a symmetry group (Td) and tetrahedrons polyhedra (4
vertices, 4 faces and 6 edges) [44]. These [WO4] clusters are slightly
distorted into the lattice in all SrWO4 crystals. The differences in
the (O–W–O) bond angles can lead to the different levels of or-
der–disorder and/or distortions into the lattice. In addition, in this
structures, the strontium (Sr) atoms are bonded to eight oxygen
atoms, resulting in [SrO8] clusters with deltahedral configuration,
symmetry group (D2d) and snub–dispenoide polyhedra (8 vertices,
12 faces and 18 edges) [45]. Moreover, we note possible distortions
on the [SrO8] clusters due to the different bond angles between
Fig. 2. Schematic representation of SrWO4 tetragonal structure.
O–Sr–O. However, this situation is more complicated and it is nec-
essary to be more analyzed and explained with details in a future
work.
3.3. FT-Raman spectroscopy analysis

The group theory calculations confirm that the tungstates with
scheelite-type tetragonal structure exhibit 26 different (Raman and
infrared) vibrational modes, as represented by the Eq. (4) [46]:

CðRamanþInfraredÞ ¼ 3Ag þ 5Au þ 5Bg þ 3Bu þ 5Eg þ 5Eu ð4Þ

where Ag, Bg, and Eg are Raman-active modes, A and B modes are
nondegenerate and E modes are doubly degenerate. The subscripts
‘‘g’’ and ‘‘u’’ indicate the parity under inversion in centrosymmetric
SrWO4 crystals. Au and Eu modes correspond to acoustic mode zero
frequency while the others are optic modes. In addition, the Ag, Bg

and Eg modes arise from the same motion in a SrWO4 phase. Thus,
we expect that there are 13 zone-center Raman-active modes for
SrWO4 crystals as described in Eq. (5) [46]:

CðRamanÞ ¼ 3Ag þ 5Bg þ 5Eg ð5Þ

According to the literature [47], vibrational modes detected in
tungstate Raman spectra can be classified into two groups: exter-
nal and internal modes. Vibrational external modes are related to
the lattice phonon or motion of [SrO8] clusters, and vibrational
internal modes are caused by the vibration of [WO4] clusters (the
mass center is in the stationary state). An isolated [WO4] cluster
has a cubic symmetry point (Td) [48], and its vibrations are com-
posed of four modes [(m1(A1), m2(E1), m3(F2) and m4(F2)], one free
rotation mode mf.r.(F1) and one translational mode (F2). On the other
hand, when [WO4] clusters are located in the scheelite structure,
its point symmetry is reduced to S4 [49].

Fig. 3 shows the FT-Raman spectrum of SrWO4 microcrystals
obtained by the IIHAS method at 90 �C.

This figure indicates that only 12 Raman-active vibrational
modes were detected experimentally. According to the literature
[50], Raman spectra provide information on the degree of struc-
tural order–disorder at short-range in ABO4 materials. The sharp
and intense Raman-active modes indicate that the SrWO4 crystals
are structurally ordered at short-range with a strong interaction
between clusters because of the symmetric stretching
( O W?O?) (see inset in Fig. 3). The positions of each Raman
Fig. 3. FT-Raman spectrum of SrWO4 microcrystals. The vertical lines indicate the
positions and relative intensities of Raman-active modes. Inset shows the
symmetric stretching of ( O W?O?) bonds.



Table 2
Comparative results between the experimental Raman-active modes of SrWO4 microcrystals obtained in this work with those reported in the literature.

M T (�C) t (min) Bg Eg Eg Bg Ag Eg Ag Bg Bg Eg Bg Ag Ref.

CZ 1200 2880 78 – 101 131 187 238 334 334 370 797 839 925 [51]
CMI – 20 – – – – – 190 – 337 372 794 838 922 [52]
CZ 1300 1440 75 – 102 133 190 238 336 336 374 800 837 921 [53]
CMI – 20 – – – – 190 – – 337 372 799 838 922 [54]
IIHAS 90 10 73 82 99 131 189 235 336 336 371 797 837 920 �

M = method; T = temperature; t = time; Raman modes = (cm�1); CZ = Czochralski; CZ = Czochralski; CMI = cyclic microwave radiation; IIHAS = injection of ions into a hot
aqueous solution and � = this work.
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vibrational mode found in this work were compared with those
reported in the literature [51–54] (Table 2).

The results reported in this table indicate that all Raman-active
modes of SrWO4 crystals prepared by the IIHAS method are arising
from the scheelite-type tetragonal structure [51–54]. This table re-
veals that some relative positions of Raman modes have small
shifts, which can be caused by several factors, such as: preparation
method, average particle size, distortions on the (O–W–O)/(O–Sr–
O) bonds, interaction forces between [WO4]–[SrO8]–[WO4] clusters
and/or different degrees of structural order–disorder at short-
range. Also, the relative positions for the free rotation mf.r.(F1)
modes of SrWO4 crystals demonstrate a slightly shift. This behavior
can be associated to the distortions on the [SrO8] clusters as a con-
sequence of the synthesis method employed in this work.

3.4. FE-SEM analysis

Fig. 4a–e shows the FE-SEM images of SrWO4 microcrystals.
The FE-SEM image in Fig. 4a illustrates several rice-like SrWO4

microcrystals with agglomerate nature, exhibiting quasi-monodis-
perse sizes and shapes. This image indicates that these microcrys-
tals are rapidly formed after the injection of ions, promoting a fast
precipitation reaction [55]

FE-SEM image clearly show four types of superstructures: rice-,
star-, flower- and urchin-like SrWO4 microcrystals (Fig. 4a–e),
respectively. Fig. 4a and b reveal a high percentage (�95%) of
rice-like SrWO4 microcrystals. The star-like SrWO4 microcrystals
exhibit an average size distribution in the range from 13.6 lm to
15 lm. In this system, it is estimated that these superstructures
have an average size of approximately 14.2 lm. Fig. 4c displays a
star-like SrWO4 microcrystal formed by two rice-like SrWO4

microcrystals. These four elongated extremities can be divided to
form new tips, also it is possible that other two crystals can aggre-
gate to growth of the flower-like SrWO4 microcrystals (Fig. 4d).
Finally, these flowers-like crystals grow to form urchin-like SrWO4

microcrystals (Fig. 4e).

3.5. TEM, HR-TEM and SAED analyses

Fig. 5a–h illustrates the TEM/HR-TEM images and SAED pat-
terns of SrWO4 microcrystals.

Fig. 5a shows a low magnification TEM image of a single rice-
like SrWO4 microcrystal. In principle, the dark contrast in the
TEM measurements suggests that these types of crystals are com-
pletely rigid and dense. When the HR-TEM was performed on the
tip of the microcrystal (rectangle in Fig. 5a), it was evidenced an
interplanar distance of approximately 3.2 Å, corresponding to
(112) plane (Fig. 5b). The SAED pattern along the [�48 �2] zone axis
exhibit isolated spots, where its distances denote a typical pattern
of scheelite structure (inset in Fig. 5b). Fig. 5c illustrates a low mag-
nification TEM micrograph of a single star-like microcrystal. In this
same crystal, it was also performed the HR-TEM image and SAED
patterns, as shown in Fig. 5d. The HR-TEM image revealed an inter-
planar distance of 2.7 Å, related to (200) plane. Analogous to the
previous case, the SAED performed in the [0 �61] zone axis also pre-
sented a spot pattern of materials belonging to the scheelite class
(inset in Fig. 5d). The flower-like SrWO4 microcrystals were veri-
fied in the TEM images displayed in Fig. 5e. This crystal grew with
six tips, but it is possible to find similar crystals with up to eight
tips (see Supplementary data-S1). The rectangle in Fig. 5f denotes
the specific region where the HR-TEM and SAED were carried
out. These images proved that this crystal shape has the same
interplanar distance and orientation from those rice-like micro-
crystals. Therefore, we conclude that these crystals present a typi-
cal growth along the [100] direction (see Supplementary data-S2a
and b). On the other hand, the crystals with several tips were called
of urchin-like shapes (Fig. 5g), where the HR-TEM made on one of
its tips (red rectangle in Fig. 5g) allowed to estimate an interplanar
distance of 3.2 Å (Fig. 5h), in excellent agreement with the (112)
plane. The SAED pattern take from the [1 �10] zone was sufficient
to confirm an array of bright spots, commonly noted in monocrys-
tals with tetragonal structure.

3.6. Growth mechanism of SrWO4 microcrystals

Fig. 6a–f shows a schematic representation of all stages
involved in the synthesis and growth of SrWO4 microcrystals syn-
thesized by the injection of ions into a hot aqueous solution.

Fig. 6a illustrates an aqueous solution heated at 90 �C contain-
ing WO2�

4 ions. In the sequence, Sr2+ ions were rapidly injected into
this solution with purpose of controlling the kinetics of nucleation
and growth of SrWO4 microcrystals. Consequently, this experimen-
tal procedure promoted the formation of a white suspension. As it
can be seen in some TEM micrographs, there is a few amount of
SrWO4 nanocrystals, which can be assigned to the SrWO4 nuclei
(Fig. 6b; Supplementary data-S3). In the next growth stage, the
self-assembly process predominates between these nanocrystals
because of its high surface energies. Also, it is possible to observe
the rice-like microcrystals (Fig. 6c) and also the presence of some
intermediate SrWO4 microcrystals (Supplementary data-S4). The
XRD patterns and HR-TEM micrographs indicated that these rice-
like SrWO4 microcrystals have a preferential growth along the
[100] direction than in the [001] (Supplementary data-S2b).
Moreover, these intermediate SrWO4 microcrystals were able to
grow in the star-like shape (Fig. 6d). According to the progressive
evolution of these microcrystals, the number of tips was increasing
with the growth of these intermediary microcrystals, so that they
were referred as flower- and urchin-like shapes, respectively
(Fig. 6e and f)

3.7. Photocatalytic activity of SrWO4 microcrystals for the degradation
of RhB and Rh6G dyes

Fig. 7a and b shows the progress in the PC degradation of RhB
and Rh6G dyes under UV illumination, where the SrWO4 micro-
crystals were employed as catalysts. In the spectra were monitored
the maximum absorption bands of these dyes in aqueous solutions.
Insets illustrate the digital photos of the RhB and Rh6G up to the



Fig. 4. (a and b) Low magnification FE-SEM images of rice-like SrWO4 microcrystals, (c) high magnification FE-SEM images of star-like SrWO4 microcrystals, (d) high
magnification FE-SEM images of flower-like SrWO4 microcrystals and (e) high magnification FE-SEM images of urchin-like SrWO4 microcrystals.
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complete degradation. The degradation rates (Cn/C0) of both the
RhB and Rh6G dyes with and without the catalyst is shown in
Fig. 7c and d, and its first-order rate constants (k) are illustrated
in Fig. 7e and f.

Fig. 7a reveals a significant reduction in the maximum absorp-
tion spectra of RhB during the photodegradation process. Before
irradiation, the (N,N,N0,N0-tetraethylated rhodamine molecule)
RhB dye has one band with the maximum absorption centered at
554 nm. The photodecoloration of RhB dye occurs due to an oxida-
tive attack by one of the active oxygen species on the N-ethyl group
[56]. No displacement in the maximum absorption was verified in
the spectra, suggesting that there is not the formation of secondary
products during the photodegradation process, such as: N,N,N0-tri-
ethylated rhodamine (k = 539 nm), N,N0-di-ethylated rhodamine
(k = 522 nm), N-ethylated rhodamine (k = 510 nm) and rhodamine
(kmax = 498 nm) [57]. Therefore, we believe that a high percentage
of RhB was destroyed or photodegraded after 60min under UV
light illumination (see insets in Fig. 5a). The results indicate that
the SrWO4 has a high efficiency for the degradation of RhB in rela-
tion to other scheelites, for example: PbMoO4, SrMoO4, SrWO4,



Fig. 5. (a) Low magnification TEM images of rice-like SrWO4 microcrystals, (b) HR-TEM image and SAED patterns on the tip of rice-like SrWO4 microcrystals (inset), (c) low
magnification TEM images of star-like SrWO4 microcrystals, (d) HR-TEM image and SAED patterns on the tip of star-like SrWO4 microcrystals (inset), (e) low magnification
TEM images of flower-like SrWO4 microcrystals, (f) HR-TEM image and SAED patterns on the tip of flower-like SrWO4 microcrystals (inset), (g) low magnification TEM images
of flower-like SrWO4 microcrystals and (h) HR-TEM image and SAED patterns on the tip of flower-like SrWO4 microcrystals (inset).
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CdMoO4, PbWO4, and CdWO4 [58,59,32,60–62]. Moreover, the
SrWO4 catalysts presented also a significant response for the
degradation of Rh6G (maximum absorption band centered at
526 nm) as a function of UV radiation time (Fig. 5b). We believe
that the SrWO4 crystals present a better capability of acting on
the active sites of Rh6G than those of RhB. According to the litera-



Fig. 6. Schematic representation of the growth mechanism for the SrWO4 crystals obtained by the IIHAS method: (a) nucleation, formation of SrWO4 nuclei and self-assemble
process (b); crystal growth of rice-like SrWO4 microcrystals (c); crystal growth of star-like SrWO4 microcrystals (d); crystal growth of flower-like SrWO4 microcrystals (e);
crystal growth of urchin-like SrWO4 microcrystals (e).
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ture [63], the low recombination rate between photogenerated
electrons and holes on the crystal surface is the key factor for a
good photocatalytic property. Thus, the holes (h�) generated by
the distorted [SrO8] and [WO4] clusters can provide favorable
conditions for the electron (e0)–hole (h�) recombination events.

In this work, a model based on complex clusters was proposed
to explain the photocatalytic activity of SrWO4 microcrystals due
to the photo-oxidation of RhB and Rh6G. Initially, we assume
that before the UV excitation light excitation reaches the system,
the SrWO4 catalyst has the ability to generate e0–h� pairs.
This phenomenon is caused by the existence of distorted
[WO4]d/[SrO8]d clusters (intrinsic defects) into the scheelite-type
tetragonal structure. These defects are able to polarize the lattice
and lead to the electronic transitions between ½WO4�xd=½SrO8�xd
(disordered clusters) and ½WO4�xo=½SrO8�xo (ordered clusters). When
the UV light is absorbed by the crystals, the following processes
can occur:

SrWO4ðdefectsÞ !
hv ½WO4�xd þ ½WO4�xo ð6Þ

WO4½ �xd þ ½WO4�xo!
hv ½WO4��d þ ½WO4�0o ð7Þ

SrWO4ðdefectsÞ !
hv ½SrO8�xd þ ½SrO8�xo ð8Þ

½SrO8�xd þ ½SrO8�xd!
hv ½SrO8��d þ ½SrO8�0o ð9Þ

where ½WO4��d are distorted clusters located as intermediary energy
levels near the valence band (VB) and ½WO4�0o are ordered clusters
situated as intermediate energy levels below the conduction band
(CB).

In addition, the RhB or Rh6G dye is also excited by the UV light,
as shown in the Eqs. (10) and (11):

RhB!hv
RhB� ð10Þ

Rh6G!hv
Rh6G� ð11Þ

In the sequence, the UV light (k = 254 nm � 4.88 eV) promotes
the excitation of several electrons from VB to CB, leading to
electronic transference within the band gap (Supplementary data
Fig. S5). During the photo-oxidation processes, the species gener-
ated as ½WO4��d and ½SrO8��d clusters interact with the dyes and water
(H2O) molecules, as indicated in the Eqs. (12)–(17)

½WO4��d � � �RhB�ðadsÞ !
hv ½WO4�xd � � �RhB�ðadsÞ ð12Þ
½WO4��d � � �Rh6G�ðadsÞ !
hv ½WO4�xd � � �Rh6G�ðadsÞ ð13Þ

½WO4��d � � �H2O�ðadsÞ !
hv ½WO4�xd � � �OH�ðadsÞ þH� ð14Þ

½SrO8��d � � �RhB�ðadsÞ !
hv ½SrO8�xd � � �RhB�ðadsÞ ð15Þ

½SrO8��d � � �Rh6G�ðadsÞ !
hv ½SrO8�xd � � �Rh6G�ðadsÞ ð16Þ

½SrO8��d � � �H2O�ðadsÞ !
hv ½SrO8�xd � � �OH�ðadsÞ þH� ð17Þ

On the other hand, the ½WO4��d=½SrO8��d clusters have the ten-
dency of reacting with the H⁄ to form the H while the ordered
½WO4�0o and ½SrO8�0o clusters interact with the oxygen (O2) molecules
in the aqueous solution, as indicated in the Eqs. (18) and (19):

½WO4�0o þ O2!
hv ½WO4�xo � � �O

0
2ðadsÞ ð18Þ

½SrO8�0o þ O2!
hv ½SrO8�xo � � �O

0
2ðadsÞ ð19Þ

These cycles continuously occur when the system is exposed to
the UV light. Finally, after several cycles of photo-oxidation, the
degradation of RhB or Rh6G dye by the formed oxidant species
can expressed by the Eqs. (20) and (21):

After the UV-illumination:

RhB� !
OH�þO02 CCOþ CO2 þH2O ð20Þ

Rh6G� !
OH�þO02 CCOþ CO2 þH2O ð21Þ

where CCO = colorless compounds organic.
Based on our photocatalytic mechanisms, we assume that the

defects on the crystal surface and electronic structure of distorted
½WO4��d=½SrO8��d and ordered ½WO4�0o=½SrO8�0o clusters play an impor-
tant role in the producing of OH� and O02 radicals, which are the
main oxidizing species for the degradation of RhB and Rh6G dyes
in aqueous solution.

Fig. 7c and d shows that after 80 min and 50 min under
UV-illumination, the RhB and Rh6G were completely degraded,
respectively. Based on the results obtained by the kinetic of
weight-based (Cn/C0) photocatalytic degradation of Rh6G and
RhB, it was noted that the SrWO4 crystals have a elevated percent-
age for the degradation of RhB and Rh6G dyes after 40 min under
UV-illumination.



Fig. 7. (a and b) Evolution of UV–vis absorption spectra after 80 min 50 min of illumination for the photodegradation of RhB and Rh6G dyes by the SrWO4 microcrystals. Inset
shows digital photos of photodegradation for the RhB after different illumination times with the UV-lamps, (c and d) kinetic of weight-based photocatalytic degradation of
RhB and Rh6G dye by the catalysts and (e and f) first-order kinetic without and with catalysts.
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The photocatalytic test was performed to prove the efficiency of
our microcrystals as photocatalysts for future industrial applica-
tions, especially in the control and treatment of polluted or
contaminated waters. Thus, we employ the pseudo-first order rate
constants (k) [64] to quantitatively understand the reaction kinet-
ics for the degradation of RhB and Rh6G by the catalyst crystals
(Fig. 7e and f), as expressed by the following equation:

� ln
Cn

C0

� �
¼ kt ð22Þ
where C0 is the concentration initial (0 min) of RhB in aqueous solu-
tion and Cn is the concentration of RhB in aqueous solution for dif-
ferent times (n (min) = 1, 2, 5, 10. . .) under UV-illumination, t is the
time and k is the pseudo-first order constant rate, respectively.
Generally, this equation is used for the photocatalytic degradation
processes with the initial pollutant concentration lower than
1 � 10�5 mol/L [65]. According to the Eq. (22), if [�ln(Cn/C0)] is plot-
ted as a function of t, a straight line should be obtained whose slope
is k (min�1). All results shown in Fig. 7e and f are absolute and they
were not normalized by the specific surface area (SBET) of the crys-



352 L.S. Cavalcante et al. / Advanced Powder Technology 24 (2013) 344–353
tals. Fig. 7e and f indicates that the rate constants (kwc-RhB =
4.3135 � 10�4 and kwc-Rh6G = 0.0018 min�1) without catalyst for
the degradation of RhB and Rh6G are very small, revealing that
both the dyes practically do not degrade after 80 min and 50 min
under UV-illumination, respectively. The rate constant values
(k{SrWO4-RhB} = 0.1252 and k{SrWO4-Rh6G} = 0.383 min�1) of SrWO4

microcrystals for the degradation of RhB and Rh6G solutions are
displayed in these figures. The obtained results for the correlation
coefficient (R) and standard deviation (SD) showed good statistics
values of our SrWO4 crystals and also a elevated rate of degradation
RhB and Rh6G in a short time (up to 40 min). SrWO4 microcrystals
produced the following normalized values: k[SrWO4-RhB] = 0.02966
and k[SrWO4-Rh6G] = 0.09075 min�1. The results found after the nor-
malization of the kinetic parameters (k{absolute} and k[normalized]) for
the degradation reactions of RhB and Rh6G as well as the SBET values
are listed in Table 3. This table shows that the k[normalized] values are
smaller than those of k{absolute}, i.e., each catalyst crystal has a spe-
cific surface area (SBET).

Therefore, it is necessary to normalize the k{absolute} values.
These (k{normalized}) values were estimated dividing the (k{absolute})
by the specific area surface (SBET) of each catalyst. After normaliza-
tion, the rate constants of the catalyst crystals obey the following
order: k[SrWO4-Rh6G] > k[SrWO4-RhB] Moreover, after comparing the
relationships between k (k[Rh6G]/k[RhB]) for the SrWO4 catalysts,
we find that the normalized k[Rh6G] is approximately 3.06 times
higher than the normalized k[RhB]

In our photocatalytic tests, the initial stage is extremely impor-
tant for the optimization of the heterogeneous photocatalysis,
which is a versatile technique for the degradation of organic pollu-
tants. In this process, before UV-light reaches the liquid phase con-
taining the RhB or Rh6G dye with the SrWO4 crystals, it is
necessary to obtain an optimized dispersion of this system.
Therefore, 50 mg of our catalyst crystals were added to the
1 � 10�5 mol/L of RhB or Rh6G aqueous solutions, which were well
dispersed through an ultrasonic process for 10 min. We presume
that this step has a fundamental importance for the reproducibility
of these results and that the system reaches a perfect adsorption–
desorption equilibrium. In the second state, this well- dispersed
system was stirred for 5 min inside a dark box and the first aliquot
was collected. Then, six UV lights were switch onto start the pho-
tocatalysis tests. During all stages, the RhB or Rh6G solution was
kept at 20 �C by means of a thermostatic bath. After the UV illumi-
nation of this system, the excitation of SrWO4 crystals takes place,
and the RhB or Rh6G molecules are adsorbed on the crystal sur-
faces. As it was noted in the previous analyses, the SrWO4 crystals
have several structural defects and different orientations when
compared to those prepared by the conventional standards. These
structural characteristics can directly affect the photocatalytic
properties of crystals prepared by the IIHAS method at 90 �C. Also,
we believe that each of the structural defects found on the crystal
surfaces can act as active sites for the degradation of RhB or Rh6G,
which is in perfect agreement with the recent researches reported
in the literature [66,67].
Table 3
Absolute kinetic constants (k{}), normalized kinetic constants (k[ ]) and specific area
surface (SBET) for the different catalyst crystals.

Samples k{} (min�1) SBET (m2/g) k[ ] (min�1/m2 g�1)

wc-RhB 4.3135 � 10�4 � �
wc-R6G 0.0018 � �
SrWO4-RhB 0.1252 4.22 0.02966
SrWO4-Rh6G 0.383 4.22 0.09075

wc-RhB and wc-Rh6G = dyes without catalyst, SrWO4-RhB and SrWO4-Rh6G
microcrystals with the dyes; {} = absolute and [ ] normalized by SBET.
4. Conclusions

In summary, SrWO4 microcrystals were synthesized by the
IIHAS method at 90 �C for the first time. The Rietveld refinement
data revealed that there are variations in the atomic positions re-
lated to the oxygen atoms, while those of strontium and tungsten
atoms kept fixed into the lattice. This behavior was associated to
the structural distortions on the [SrO8] and [WO4] clusters. Also,
it was possible to identify a preferred crystallographic orientation
in the (200) plane. The Rietveld refinement and FT-Raman spec-
trum proved that the SrWO4 crystals synthesized by the IIHAS
method technique are structurally ordered at long and short-range,
respectively. The FE-SEM, TEM and HR-TEM images indicated that
the microcrystals were formed via self-assembly of small nano-
crystals, resulting in the growth of superstructures with rice-,
star-, flower- and urchin-like shapes. SAED patterns confirmed that
all the SrWO4 microcrystals have monocrystal patterns. The crystal
growth process occurs preferential along the [100] direction. The
crystals exhibited a high PC efficiency for the degradation of
Rh6G than for the RhB under UV light. Kinetic parameters sug-
gested that the normalized k[Rh6G] values were 3.06 times higher
than the normalized k[RhB] values. Finally, the PC activity of SrWO4

microcrystals for the degradation of RhB or Rh6G dye under UV
radiation was related to the defects found on the crystal surfaces
as well as with the electronic structure of distorted
½WO4��d=½SrO8��d and ordered ½WO4�0o=½SrO8�0o clusters which play an
important role in producing OH� and O02 radicals, which are the
most oxidizing species.
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