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In this paper, aggregated CaWO4 micro- and nanocrystals were synthesized by the co-precipitation

method and processed under microwave-assisted hydrothermal/solvothermal conditions (160 �C for 30

min). According to the X-ray patterns, all crystals exhibited only the scheelite-type tetragonal structure.

The data obtained by the Rietveld refinements revealed that the oxygen atoms occupy different

positions in the [WO4] clusters, suggesting the presence of lattice distortions. The crystal shapes as well

as its crystallographic orientations were identified by field-emission scanning electron microscopy and

high-resolution transmission electron microcopy. Electronic structures of these crystals were evaluated

by the first-principles quantum mechanical calculations based on the density functional theory in the

B3LYP level. A good correlation was found between the experimental and theoretical Raman and

infrared-active modes. A crystal growth mechanism was proposed to explain the morphological

evolution. The ultraviolet-visible absorption spectra indicated the existence of intermediary energy

levels within the band gap. The highest blue photoluminescence emission, lifetime and quantum yield

were observed for the nanocrystals processed in the microwave-assisted solvothermal method.

Introduction

In recent years, molybdates and tungstates belonging to the

scheelite-type tetragonal structure1–4 have been extensively

investigated by the scientific community for technological

applications in acousto-optic filters,5 solid state lasers6,7 light-

emitting diodes,8 photocatalysts,9,10 phosphors,11–13 scintilla-

tors,14–16 microwave dielectrics,17,18 and cryogenic scintillation

detectors.19,20 Among these materials, the pure or rare earth-

doped calcium tungstate (CaWO4) has been studied because of

its photoluminescence (PL) emissions in the visible wavelength

regions of the electromagnetic spectrum.21–24 For example,

Zhang et al.25 analyzed the temperature-dependent PL behavior

of CaWO4 microspheres synthesized by the surfactant-assisted

solution route. According to these authors, there is a reduction in

the blue emission intensities with the temperature evolution. The

absence of green light emission bands at liquid-nitrogen

temperatures was related to the non-existence of defect centers.

Phuruangrat et al.26 and Thongtem et al.27 concluded that the

violet-blue PL emissions of CaWO4 arise from 1T2 / 1A2

electronic transitions within the [WO4]
2� groups. Orhan et al.28

explained that the PL properties of CaWO4 thin films are

sensitive to the degree of structural order–disorder. However,

despite several theories and hypotheses published on the PL

properties, the key factors responsible for its origin or modifi-

cation in the CaWO4 crystals are not yet completely explained.

Hence, the corroboration between experimental and theoretical

results can be a powerful tool to understand the nature of this

optical phenomenon.

In general, tungstates with the scheelite-type tetragonal

structure (space group (I41/a)) are characterized by an arrange-

ment of [WO4] (tetrahedral coordination) and [AO8; A ¼ Ca, Sr,

Ba, Pb] (deltahedral coordination) clusters.29–32 In this structure,

there are strong bonds between the [/O–W–O/] with its

neighbouring [/A–O–A/] clusters, whose internal/external

vibration spectra provide information on the structure and

degree of order–disorder in the lattice.33,34 The symmetry

breaking in these clusters can arise from different factors,

such as: distortions on the [WO4] clusters, modifications on the

O–W–O bond lengths, changes on the dihedral angles, and

formation of oxygen vacancies. It is well-established that the

effects of structural order–disorder occur at short, medium or

long-range.33 Therefore, these kinds of structural defects modify

the electronic band structure of tungstates, affecting its PL

properties.34,35 In a previous work reported by our research

group,36 it was shown that the crystal shapes, particle size

distribution and crystallographic orientations were able to

change the PL behaviour of CaMoO4 crystals.
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Currently, it is well-established in the literature that the

chemical and physical properties of inorganic solids are

extremely dependent on the structure, composition, purity,

crystallographic phase, size and size distribution.37–39 Hence, the

field of materials science has a scientific interest in the develop-

ment of new chemical strategies and/or synthetic techniques with

the ability to control or manipulate the particle shapes and sizes

(nano-, meso- or micro-scale), employing low temperatures and

short synthesis times.36 In this viewpoint, the hydrothermal

systems can be considered excellent candidates for these

purposes. In particular, Komarneni et al.40–42 solved the prob-

lems of thermal gradients as well as the slow reaction kinetics of

conventional hydrothermal (CH) equipment, implementing

microwave radiation as an energy source. The improvement in

this experimental apparatus, known as microwave-hydrothermal

(MH), was able to minimize the processing times (few minutes or

some hours) and increase the level of crystallization of the

particles. These advantages of MH in relation to CH arise from

the direct interaction of the microwaves with the ions or mole-

cules in solution and/or with the solid phases dispersed in the

liquid medium. In fact, it is important to highlight that the effi-

ciency in the conversion capacity of microwave energy into

thermal energy is governed by the physics variables: loss tangent,

relaxation time and penetration depth.43 For these reasons and

also to avoid or minimize the agglomeration process between the

particles, the non-aqueous solvents (glycerol, ethylene glycol,

propylene glycol) have been frequently used in microwave-

assisted synthesis.44,45

Therefore, in this paper, aggregated CaWO4 micro- and

nanocrystals were synthesized by the co-precipitation (CP)

method and processed in the MH and microwave-solvothermal

(MS) systems at 160 �C for 30 min. The structural character-

izations were performed by X-ray diffraction (XRD), Rietveld

refinements, Fourier transform Raman (FT-Raman) and Four-

ier transform infrared (FT-IR) spectroscopies. The crystal shapes

and sizes were investigated by means of field-emission scanning

electron microscopy (FE-SEM), and transmission electron

microcopy (TEM). The optical properties were focused on the

ultraviolet-visible (UV-vis) absorption spectra and PL measure-

ments. The electronic band structure and density of states of

CaWO4 micro- and nanocrystals were theoretically calculated in

order to understand the effect of structural distortions on the PL

profiles. The theoretical models were appropriate to represent the

different degree of structural order–disorder in the lattice.

Experimental details

Synthesis and MH/MS processing of CaWO4 crystals

The typical experimental procedure is described as follows:

1 � 10�3 mol of tungstate sodium dihydrate (Na2WO4$2H2O)

(99% purity, Aldrich) and 1 � 10�3 mol of calcium acetate

monohydrated [Ca(CH3COO)2$H2O] (99% purity, Aldrich) were

dissolved in 100 mL of deionized water (H2O) under constant

stirring at 80 �C for 1 h. Afterwards a non aqueous solution with

the tungsten and calcium precursors were dissolved in 100 mL of

propane-1,2-diol [C3H8O2] (99.5% purity, DOW) at 130 �C for

6 h. In principle, during the co-precipitation (CP) reaction, the

Ca2+ cations (Lewis acid–electron-pair acceptor) interact with the

WO4
2� anions (Lewis base–electron-pair donor), resulting in

the formation of CaWO4 precipitates (eqn (1), (2)).

Na2WO4$2H2Oþ CaðCH3COOÞ2$H2O ����������!H2Oð80 �C=1 hÞ
CaWO4

þ 2Naþ þ 2CH3CO
�
2 þ 3H2O

(1)

Na2WO4$2H2Oþ CaðCH3COOÞ2$H2O ����������!C3H8O2ð130 �C=6 hÞ
CaWO4

þ 2Naþ þ 2CH3CO
�
2 þ 3H2O

(2)

Afterwards, the colloidal suspensions containing the precipi-

tates were transferred to a Teflon autoclave, which was sealed

and placed inside an adapted microwave oven (2.45 GHz,

800 W).46 The MH and MS processing were performed at 160 �C
for 30 min (eqn (3), (4)).

CaWO4 ������������!H2Oð160 �C=30 minÞ
zMicrowavesz

CaWO4 (3)

CaWO4 ��������������!C3H8O2ð160 �C=30 minÞ
zMicrowavesz

CaWO4 (4)

In both cases, the heating rate was fixed at 25 �Cmin�1 and the

pressure inside the autoclave stabilized at 1 atm (C3H8O2 – sol-

vothermal condition) and 5 atm (H2O – hydrothermal condition),

respectively. Then the autoclaves were naturally cooled to room

temperature. These suspensions were centrifuged and washed

several times with deionized water and acetone to remove theNa+

ions and/or organic residual solvents. Finally, the white precipi-

tates were collected and dried in a hot plate at 70 �C for 6 h.

Characterizations of the CaWO4 crystals

The aggregated CaWO4 micro- and nanocrystals were structur-

ally characterized using a D/Max-2500PC diffractometer

(Rigaku, Japan) with Cu-Ka radiation (l ¼ 1.5406 �A) in the 2q

range from 5� to 75� with scanning rate of 0.02� min�1 (exposure

time of 15 min). The Rietveld routines were performed in the 2q

range from10� to 110� with scanning rate of 0.02� min�1 (exposure

time of 90 min). The FT-Raman spectroscopies were recorded in

the range from 50 cm�1 to 1,000 cm�1 with a RFS100 spectro-

photometer (Bruker, Germany). The spectra were obtained using

a Nd:YAG laser (l ¼ 1064 nm), keeping its maximum output

power at 100mW.The viscosities of the solvents were estimated at

room temperature using a rheometer (Brookfield DV-III Ultra,

USA). The FT-IR spectroscopies were carried out in the range

from 200 cm�1 to 1,000 cm�1 with a MB-102 spectrophotometer

(Bomem-Michelson, Switzerland) in transmittancemode. In these

measurements, small quantities of CaWO4 were mixed with

potassium bromide powder and then compressed into thin

transparent pellets using a hydraulic press. The morphologies

were investigated through a Supra 35-VP FEG-SEM (Carl Zeiss,

Germany) operated at 6 kV and with a CM200 transmission

electronmicroscope (Philips, Netherlands) operated at 200 kV. In

the sample preparation for the TEM technique, the obtained

powders were firstly dispersed in ethanol using an ultrasonic bath

for 20 min. Afterwards, the suspensions were deposited on the

copper grids via fast immersion. The UV-vis spectra were taken

using a Cary 5G spectrophotometer (Varian, USA) in diffuse

854 | CrystEngComm, 2012, 14, 853–868 This journal is ª The Royal Society of Chemistry 2012
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reflection mode. The PL measurements were performed with

a Monospec 27 monochromator (Thermal Jarrel Ash, USA)

coupled to a R446 photomultiplier (Hamamatsu Photonics,

Japan). A krypton ion laser (Coherent Innova 90 K, USA)

(l¼ 350 nm) was used as excitation source, keeping its maximum

output power at 500 mW. After passing through the optical

chopper, the maximum laser power was reduced and kept at 40

mW on the samples. An optical parametric oscillator was

employed for lifetime measurements. All experimental measure-

ments were performed at room temperature.

Computational method and periodic model of CaWO4 crystals

The simulation was performed using a periodic approximation as

implemented in the CRYSTAL06 computer code.47 The

computational method is based on the density functional theory

in conjunction with Becke’s three parameter hybrid nonlocal

exchange functional,48 combined with the Lee–Yang–Parr

gradient-corrected correlation functional, B3LYP.49 Hybrid

density-functional methods have been extensively used for

molecules, providing an accurate description of crystalline

structures, bond lengths, binding energies, and band-gap

values.50 The diagonalization of the Fock matrix was performed

at adequate k-point grids (Pack–Monkhorst 1976) in the recip-

rocal space.51 The thresholds controlling the accuracy of the

calculation of Coulomb and exchange integrals were set to 10�8

(ITOL1 to ITOL4) and 10�14 (ITOL5), whereas the percent of

Fock/Kohn–Shammatrices mixing was set to 30 (IPMIX¼ 30).51

The dynamical matrix was computed by numerical evaluation of

the first-derivative of the analytical atomic gradients. The point

group symmetry of the system was fully exploited to reduce the

number of points to be considered. On each numerical step, the

residual symmetry was preserved during the self-consistent field

method (SCF) and the gradients calculation. The atomic centers

have been described by the basis sets for the Ca and W atoms

were used the 86-511d21G and PS-11d3G pseudopotential basis

sets, respectively, provided by the CRYSTAL basis sets library,

and oxygen atoms have been described by the standard 6-

31G*.52a k-point sampling was chosen as 36 points within the

irreducible part of the Brillouin zone. The XcrysDen program

was used to design the diagrams of the band structure.52b The

analysis of the vibrational modes and its corresponding

frequencies were calculated through numerical second deriva-

tives of the total energies as implemented in the CRYSTAL06

package.47 Based on the theoretical and experimental results,

three models were constructed, a theoretical derived from opti-

mized structure and two structures, that were not optimized,

derived from Rietveld refinement data to better describe the

structural distortions derived from the experimental synthesis.

Results and discussion

X-Ray diffraction analyses

Fig. 1 shows the XRD patterns of aggregated CaWO4micro- and

nanocrystals processed in MH and MS conditions.

All diffraction peaks were perfectly indexed to the scheelite-

type tetragonal structure with space group I41/a (Inorganic

Crystal Structure Database (ICSD) No. 18135).53 Secondary

phases were not observed in the diffractograms, revealing that

the MH and MS processing were not able to promote the phase

segregation, but only the crystal growth. In addition, the pres-

ence of strong and sharp diffraction peaks is a typical charac-

teristic of materials structurally ordered at long-range.54 The

slightly broadening in the peaks was most evident for the CaWO4

processed in MS, i.e., a common phenomenon found in solid

systems composed of nanoparticles.55 The experimental lattice

parameters and unit cell volumes were calculated using the

Rietveld refinement method56 with the Maud program (version

2.26).57,58 These obtained data are shown in Table 1 (Support

information Fig. SI-1†).

In this case, it was noted that the lattice parameters and unit

cell volumes are very close to those published in the litera-

ture.59–62 The small variations between these values can be related

to the peculiarity of each synthesis method, where the experi-

mental variables (temperature, time processing, heating rate,

solvents etc.) are able to influence the organization of the [CaO8]

and [WO4] clusters within the scheelite structure. These variables

can cause the formation or reduction of structural defects

(oxygen vacancies, distortion on the bonds, stresses and strains

on the crystalline lattice) in the materials. In previous work, we

reported on the presence of residual stresses and/or distortions in

strontium and barium tungstates.63,64a According to Li et al.,64b

a decrease in the c/a axis ratio is expected since the dipole–dipole

interactions on the polar and surfaces (001) might have a very

limited influence on the lattice dimension, which explains the

enhanced structural symmetry in CaWO4 nanocrystals. As

a result, the variability of axis length along c and a directions is

reasonable to occur, owing to the different arrangements and

reduction in c/a that promotes more distortion on the tetrahedra

WO4 clusters in CaWO4 nanocrystals. Therefore, the results

obtained in our work are in good agreement with the literature.64b

Rietveld refinements data analyses

Fig. 2(a,b) illustrate the structural refinements of aggregated

CaWO4 micro- and nanocrystals processed in MH and MS,

respectively.

Fig. 1 XRD patterns of aggregated CaWO4 micro- and nanocrystals

processed in MH and MS, respectively.

This journal is ª The Royal Society of Chemistry 2012 CrystEngComm, 2012, 14, 853–868 | 855
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The Rietveld refinement method56 was employed to under-

stand whether there are differences in the structural arrange-

ments of CaWO4 micro- and nanocrystals processed in MH and

MS. The refinement technique is based on the least-squares

approach, where the theoretical peak profiles65 are adjusted up to

converge with the measured profiles. The Rietveld refinement

presents several advantages on the conventional quantitative

analysis methods,66 including: use of pattern-fitting algorithms

and all lines of each crystallographic phase are explicitly

considered (even those overlapped lines). Thus, it is not necessary

to decompose the patterns into separate Bragg peaks. The use of

all reflections in a pattern, rather than just the strongest ones,

minimizes the uncertainty in the derived weight fractions and the

effects of preferred orientation, primary extinction, and

nonlinear detection systems.67 Also, the structural refinements

can be optimized using the Rietveld texture and stress analyses.68

According to the literature,69,70 the various data arising from

structural refinements are generally checked by the quality

algorithms or R-factors (Rwnb, Rb, Rexp, Rw and s). However, the

difference between the measured and calculated patterns is

considered a way to verify the success of the refinement.

In our work, the optimized parameters were scale factor,

background with exponential shift, exponential thermal shift and

polynomial coefficients, basic phase, microstructure, crystal

structure, size-strain (anisotropic no rules), structure solution

model (genetic algorithm SDPD), shift lattice constants, profile

half-width parameters (u, v,w), texture, lattice parameters (a, b, c),

factor occupancy, atomic site occupancies (Wyckoff).70–72 In the

Rietveld refinements, themeasured diffraction patternswerewell-

adjusted to the Crystallographic Information File (CIF) No.

18135.53 The generated CIF files for each CaWO4 nanocrystal are

displayed in the Supporting information – Table-SI-1.† In fact,

the results arising from structural refinements are commonly

acceptable under the following criteria: (a) Rw < 10% – medium

complex phases (tetragonal, orthorhombic, rhombohedral and

hexagonal); (b)Rw < 15% – high complex phases (monoclinic and

triclinic); (c) Rw < 8% – cubic structure (high symmetry and few

diffraction peaks).68 Also, the low s values (< 2) are indicative of

good accuracy for the obtained refinement results. As can be

observed in Fig. 2(a,b), the good fit between the experimental and

calculated XRD patterns proves the accuracy of the structural

refinements performed on the CaWO4 micro- and nanocrystals.

These results from Rietveld refinements are displayed in Table 2.

Table 1 Comparative results between the lattice parameters and unit cell volume of CaWO4 micro- and nanocrystals obtained in this work with those
published in the literature.a

M
T t Lattice Parameters b/c c/a V

Ref.(� C) (min) a ¼ b c/�A ratio ratio (�A3)

FG 1350 120 5.243 11.376 0.46088 2.1697 312.715 59
SSR 900 120 5.238 11.374 0.461 2.1689 312.064 60
CZ 1200 240 5.2055 11.2757 0.46165 2.1661 305.54 61
HC 160 720 — — — — 311.827 62
MH 160 30 5.2434(2) 11.3794(3) 0.46078 2.1702 312.85 [!]
MS 160 30 5.247(1) 11.3834(2) 0.46093 2.1695 313.39 [!]
THEO — — 5.2019(4) 11.2961(4) 0.4605 2.1715 305.68 [!]
ICSD No. 18135 — 5.2425(5) 11.3715(5) 0.4610 2.1690 312.53 53

a M ¼ method, T ¼ temperature; t ¼ processing time; a, b, c ¼ Lattice parameters, V ¼ Unit cell volume, a ¼ b ¼ g angles ¼ 90�, Ref. ¼ references,
FG ¼ flux growth; SSR ¼ solid-state reaction; CZ ¼ Czochralski, HC ¼ hydrothermal conventional, MH ¼ microwave-hydrothermal, MS ¼
microwave-solvothermal, THEO ¼ Theoretical and [!] ¼ this work.

Fig. 2 Rietveld refinements of aggregated CaWO4 (a) micro- and (b)

nanocrystals processed in MH and MS, respectively.

856 | CrystEngComm, 2012, 14, 853–868 This journal is ª The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
D

A
D

 S
A

O
 P

A
U

L
O

 o
n 

07
 F

eb
ru

ar
y 

20
12

Pu
bl

is
he

d 
on

 1
8 

N
ov

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1C

E
05

97
7G

View Online

http://dx.doi.org/10.1039/c1ce05977g


In this table, the fit parameters (Rwnb, Rb, Rexp, Rw and s)

suggest that the refinement results are very reliable. It is inter-

esting to note that there are considerable variations in the atomic

positions related to the oxygen atoms, while the calcium and

tungsten atoms keep fixed their positions within the structure.

These results indicate the existence of structural distortions on

the [CaO8] and [WO4] clusters of CaWO4 nano- and microcrys-

tals, which can be induced by the different levels of coupling

between the microwave radiation with the solvents (H2O,

C3H8O2). The lattice parameters and internal coordination esti-

mated from the optimized structure (theoretical model) and

refined parameters are listed in Tables 1 and 2, respectively.

Unit cell representations of CaWO4 crystals

Fig. 3(a,b) show the representations of two CaWO4 unit cells.

The lattice parameters and atomic positions obtained by

means of Rietveld refinements (Tables 1 and 2) were used in the

Diamond Crystal and Molecular Structure Visualization

program (Version 3.2f for Windows)73 to model these unit cells

(space group I41/a and point-group symmetry C6
4h).

74 In both

unit cells, the tungsten (W) atoms are coordinated to four

oxygens, forming the tetrahedral [WO4] clusters (4 vertices, 4

faces and 6 edges).75 Moreover, as it can be seen in Fig. 3(a,b),

there are changes in the O–W–O bond angles, revealing that the

[WO4] clusters are slightly distorted within the lattice. In prin-

ciple, it arises from the experimental preparation conditions for

the formation and crystallization of CaWO4 phase, such as: co-

precipitation rate, interaction of microwave radiation with the

solvents (H2O or C3H8O2) and/or dispersed solid phases in this

medium. It was noted that the nanocrystals (Fig. 3(b)) exhibited

more distorted clusters than the microcrystals (Fig. 3(a)).

In terms of organization of calcium atoms within the scheelite,

they are coordinated to eight oxygens ([CaO8] clusters), adopting

a snub disphenoide polyhedron (8 vertices, 12 faces and 18 edges)

with deltahedral coordination and point-group symmetry D2d).
76

These clusters also present dihedral angle distortions, however, it

is more complex than the detected for those of [WO4]. More

details on this phenomena are presented in the Supporting

Information – Fig. SI-2(a,b).†

Fourier-transform Raman/infrared spectroscopies: Theoretical

and experimental analyses

The group theory shows that the CaWO4 crystals have 26 distinct

vibration modes (Raman and infrared), as indicated in

eqn (5):77,78

G(Raman + Infrared) ¼ 3Ag + 5Au + 5Bg + 3Bu + 5Eg + 5Eu (5)

where the Ag, Bg, and Eg are Raman-active modes. The A and B

modes are nondegenerate, while the E modes are doubly

degenerate. The subscripts ‘‘g and u’’ indicate the parity under

inversion in centrosymmetric CaWO4 crystals. The Au and Eu

modes correspond to the zero frequency of acoustic modes, while

the others are optic modes. In addition, the Ag, Bg, and Eg modes

arise from the same motion in a CaWO4 phase. Thus, 13 zone-

center Raman-active modes for the CaWO4 crystals are expected,

as described in eqn (6):79,80

G(Raman) ¼ 3Ag + 5Bg + 5Eg (6)

According to the literature,81,82 the vibrational modes detected

in the Raman spectra of tungstates can be classified into two

groups, external and internal modes. The vibration external

modes are related to the lattice phonon or motion of [CaO8]

clusters. The vibrational internal modes are caused by the

vibration of [WO4] clusters, considering the center of mass in

stationary state. An isolated [WO4] cluster has cubic symmetry

point (Td)
83 and its vibrations are composed of four modes

(n1(A1), n2(E1), n3(F2)) and n4(F2)), one free rotation mode nf.r.
(F1) and one translation mode (F2). On the other hand, when the

[WO4] clusters are located into the scheelite structure, its point

symmetry is reduced to S4.
70 In vibrational infrared spectra, 1Au

Table 2 Comparison between the atomic coordinates obtained by the
Rietveld refinements of CaWO4 micro- and nanocrystals with those
reported in the CIF file No. 18135.a

) Atoms Wyckoff Site x y z

Calcium 4b �4 0 0.25 0.625
Tungsten 4a �4 0 0.25 0.125
Oxygen 16f 1 0.1497 0.0093 0.2097
Rw ¼ 3.8%; Rwnb ¼ 3.1%; Rb ¼ 2.7%; Rexp ¼ 3.3% and s ¼ 1.15

( Atoms Wyckoff Site x y z
Calcium 4b �4 0 0.25 0.625
Tungsten 4a �4 0 0.25 0.125
Oxygen 16f 1 0.25096 0.10003 0.04763
Rw ¼ 3.4%; Rwnb ¼ 2.9%; Rb ¼ 2.3%; Rexp ¼ 2.8% and s ¼ 1.21

+ Atoms Wyckoff Site x y z
Calcium 4b �4 �0.5 �0.5 0.125
Tungsten 4a �4 0 0.25 0.125
Oxygen 16f 1 0.2399 0.10149 0.040514

a )¼CaWO4 microcrystals (MH),(¼CaWO4 nanocrystals (MS), and
+ ¼ Theoretical.

Fig. 3 Schematic representation of the unit cells corresponding to the

aggregated CaWO4 (a) micro- and (b) nanocrystals processed in MH and

MS, respectively.
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and 1Eu acoustic are infrared-inactive mode and 3Bu forbidden

infrared modes. Therefore, only 8 infrared-active vibration

modes remain, as presented by eqn (7):83,84

G(Infrared) ¼ 4Au + 4Eu, (7)

Fig. 4(a,b) illustrate the FT-Raman spectra and specific

theoretical/experimental Raman shifts of CaWO4 crystals,

respectively.

As it can be observed in Fig. 4(a), the spectra revealed the

presence of eleven Raman-active vibration modes. Two modes

(one Ag and one Eg) were not detectable because of their low

intensities. The literature86,87 reports that the Raman spectros-

copy can be employed as a probe to investigate the degree of

structural order–disorder at short-range in the materials. Based

on this concept, the Raman spectrum consisting of sharp, intense

and well-defined vibration bands is commonly verified in solids

with local structural order. This phenomenon was identified in

both aggregated CaWO4 micro- and nanocrystals processed in

the MH and MS systems (Fig. 4(a)). The theoretical Raman-

active modes were calculated through the atomic positions and

lattice parameters for the optimized CaWO4 phase. The relative

positions of these vibration modes are illustrated in Fig. 4(b) and

presented in Table 3.

There is a good agreement between the Raman-active modes

of CaWO4 nanocrystals with those previously published81,82,85,88

(Table 3). These results were proved by means of theoretical

calculations, however, the Eg mode (505 cm�1) was not experi-

mentally identified (Fig. 4(b)). Thus, it is possible to conclude

that this mode has the lowest intensity in the spectrum. In

addition, when also compared to the literature, the slight varia-

tions in the typical positions of the vibration modes can be

caused by the preparation methods, average crystal size, distor-

tions on the (O–W–O)/(O–Ca–O) bonds, interaction forces

involving the [WO4]–[CaO8]–[WO4] clusters and/or different

degrees of order–disorder structural within the lattice.

Fig. 5(a,b) illustrate the FT-IR spectra and corresponding

theoretical/experimental positions of IR-active modes of CaWO4

crystals, respectively.

As was previously discussed in the text, the tungstates with

scheelite-type structure have eight stretching and/or bending

IR-active vibrational modes.89,90 In our case, no more than six

modes [2Au, 1(Au + Eu) and 3Eu] were identified in the spectra

(Fig. 5(a)). Firstly, the CaWO4 nanocrystals exhibited an over-

lapping of two intense absorption bands (n3(1Eu and 1Au) in

the range from 794 cm�1 to 862 cm�1, which were ascribed to the

()O ) W ) O))/(/O / W / O/) anti-symmetric

stretching vibrations within the [WO4] clusters (Fig. 5(a)). The

n4[1(Au + Eu)] modes situated at around 438 cm�1 arise from

symmetric bending vibrations within the [WO4] clusters.
91 The

n2(Au) internal mode found at 323 cm�1/333 cm�1 is due to the

symmetric bending vibrations within the [WO4] clusters. Finally,

the other two Rx,y (1Eu) and Lx,y (1Eu) external modes at around

276 and 220 cm�1 are related to the torsional motion of [WO4]

clusters and translation of [CaO8] clusters, respectively. The

typical theoretical and experimental positions IR-actives modes

are shown in Fig. 5(b) and listed in Table 4.

Fig. 5(b) indicated a good conformity between the wave-

numbers of the experimental and calculated infrared-active

modes. In addition, the theoretical results showed the evidence of

two (2Au) modes at 209 cm�1 and 529 cm�1, which were not

experimentally detected because of the low detection limit

imposed by the FT-IR spectrophotometer. In terms of spectral

positions, the small deviations in the IR-active modes of CaWO4

nano- and microcrystals can be attributed to the different degrees

of interaction and modification on the O–W–O bond lengths

and/or angles within the [WO4] clusters. Moreover, the results

reported in this work are very close to those published in the

literature.84,92–94

FE-SEM analyses and average size distribution of CaWO4

crystals

Fig. 6(a–g) show the FE-SEM images and average size distri-

bution of CaWO4 crystals processed in MH and MS systems at

160 �C for 30 min.

FE-SEM image in Fig. 6(a) showed the presence of several

irregular spherical-like CaWO4 microcrystals with agglomerate

nature, and polydisperse particle size distribution (Fig. 6(a)).

Fig. 4 (a) FT-Raman spectra of aggregated CaWO4 (a) micro- and (b)

nanocrystals processed in MH and MS, illustrating the stretching and

bendingmodes of [WO4] and [CaO8] clusters; (b) comparative between the

relative positions of theoretical and experimental Raman-active modes.
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These images suggest that after the precipitation process

occurred a fast formation, growth and agglomeration of small

crystals. These CaWO4 microcrystals can be clearly identified in

the high magnification FE-SEM images, like in Fig. 6(b). As can

be noted in the inset of Fig. 6(b), these small crystals

spontaneously aggregated into complex superstructures. It is

important to emphasize that the FE-SEM images were also

employed to evaluate the average crystal size distribution by

means of the counting of 100 crystals (presenting a good surface

contour to ensure the authenticity of the statistical response).

The irregular spherical-like CaWO4 microcrystals processed in

aqueous medium exhibited an average size distribution in the

range from 0.75 mm to 4.75 mm (Fig. 6(c) and inset). In this

system, it was estimated that 28% of these superstructures have

an average size of approximately 2.75 mm. On the other hand, the

counting of small CaWO4 crystals by the TEM and HR-TEM

images indicated an average particle size distribution from 10 nm

to 210 nm (Fig. 6(d) and inset). Fig. 6(e,f) revealed the presence

of several aggregated CaWO4 nanocrystals formed in C3E8O2,

where the single nanocrystals have an irregular octahedron shape

(dotted white rectangle in Fig. 6(f)). Therefore, it is possible to

deduce that several crystallites nucleated and grew into small

seed particles. These octahedron-like nanocrystals exhibited an

average size distribution in the range from 5 nm to 25 nm (Fig. 6

(g)). In principle, this reduction in the crystal sizes was induced

by the high viscosity (53.6 mPa.s) and adsorption of C3H8O2 on

the CaWO4 surfaces (Fig. 6(g) and inset).

TEM analyses of CaWO4 crystals

Fig. 7(a–f) show the TEM images and selected area electron

diffraction (SAED) patterns of CaWO4 crystals processed inMH

and MS systems at 160 �C for 30 min.

Table 3 Comparative results between the experimental and theoretical Raman-active modes of CaWO4 micro- and nanocrystals obtained in this work
with those published in the literature.a

M
T t Bg Eg Eg Bg Eg Ag Bg Bg Eg Bg Ag

Ref.(� C) (min) + ☐ ) ; � A V - � ▅ *

IC — — 86 117 195 218 275 336 336 401 797 838 912 81
CZ 1200 2400 86 117 195 217 274 337 337 400 797 839 911 82
CH 190 24 — — — 210 — 332 332 398 799 839 915 85
CZ 1100 1440 84 116 196 212 276 334 334 402 797 838 911 88
MS 160 30 84 116 192 209 273 332 332 398 797 836 911 [!]
MH 160 30 84 116 196 211 275 332 332 400 797 838 911 [!]
THEO — — 118 148 215 219 343 407 440 493 736 793 907 [!]

a M ¼ method; T ¼ temperature; t ¼ time; Raman modes ¼ (cm�1); IC ¼ Isomet corporation, CZ ¼ Czochralski; CH ¼ Conventional hydrothermal;
MH ¼ Microwave-hydrothermal, MS ¼ Microwave-solvothermal, THEO ¼ Theoretical and [!] ¼ this work.

Fig. 5 (a) FT-IR spectra of aggregated CaWO4 micro- and nanocrystals

processed in MH and MS. Insets show the anti-symmetric stretching

vibrations of [WO4] clusters; (b) comparative between the relative posi-

tions of theoretical and experimental IR-active modes.

Table 4 Comparative results between the experimental and theoretical
IR-active modes of CaWO4 micro- and nanocrystals obtained in this
work with those published in the literature.a

M
T t Eu Eu Au Eu +Au Eu Au

Ref.(� C) (min) � ; + * ☐ ▅ A

CZ 1100 1440 204 252 327 366 — 796 84
CP 30 1440 — — — 461 657 966 92
CZ 1100 1440 204 252 327 366 — 796 93
PSG 800 120 — — — 442 — 830 94
MS 160 30 224 274 322 438 794 858 [!]
MH 160 30 219 276 322 439 794 863 [!]
THEO — — 220 251 320 383 714 723 [!]

a M ¼ method; T ¼ temperature; t ¼ time; Infrared modes ¼ (cm�1); CZ
¼ Czochralski; CP ¼ co-precipitation, PSG ¼ Pechini sol–gel; MS ¼
Microwave-solvothermal, MH ¼ Microwave-hydrothermal, THEO ¼
Theoretical and [!] ¼ this work.

This journal is ª The Royal Society of Chemistry 2012 CrystEngComm, 2012, 14, 853–868 | 859

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
D

A
D

 S
A

O
 P

A
U

L
O

 o
n 

07
 F

eb
ru

ar
y 

20
12

Pu
bl

is
he

d 
on

 1
8 

N
ov

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1C

E
05

97
7G

View Online

http://dx.doi.org/10.1039/c1ce05977g


Fig. 7(a) illustrates the low magnification TEM image of

irregular spherical-like CaWO4 microcrystals obtained only in

H2O (100 mL) under MH conditions (160 �C for 30 min). In this

micrograph, the dark areas are related to the high concentration

of aggregated crystals, confirming also that these structures are

not internally hollow.95 The SAED performed on the nano-

crystals and spherical-like CaWO4 microcrystals presented

common electron diffraction patterns of polycrystalline mate-

rials, as a consequence of the aggregated nature (Inset in Fig. 7

(a)). However, high resolution (HR-TEM) images demonstrated

that there are some small crystals oriented on the same (112)

crystallographic plane (Supporting Information – Fig. 3(a,b)†).

In Fig. 7(b), the low magnification TEM image suggests the

existence of oriented aggregation in a small ensemble of octa-

hedron-like crystals. A typical example of this phenomenon can

be evidenced in Fig. 7(c), where the chosen region (dotted yellow

square) revealed the occurrence of attachments between two

nanocrystals along the (101) plane (planar spacing of 4.8 �A). A

large quantity of aggregated CaWO4 nanocrystals were identified

in the TEM images in Fig. 7(d). In this system prepared only with

C3H8O2, the different crystallographic orientations of the

nanocrystals resulted in an electron diffraction ring pattern by

the SAED technique (Inset in Fig. 7(d)). In principle, this

behavior found for the CaWO4 nanocrystals obtained under MS

treatment is caused by the adsorption of solvent molecules (with

polymer characteristic) on the crystal faces, inhibiting the growth

anisotropy in specific directions.96 In addition, it was chosen by

some nanocrystals in different regions (Supporting Information –

Fig. SI-3(c,d)†). From the HR-TEM images in Fig. 7(e), the

oriented aggregation phenomenon was also verified in some

nanocrystals attached in the (112) plane (crystallographic

distance of approximately 3.1 �A). In this figure, there is also

a random stacking of nanocrystals containing distinct

Fig. 6 (a,b) Low and high magnification FE-SEM images of aggregated

CaWO4 microcrystals obtained inMH, respectively. Inset in (b) shows an

individual CaWO4 microcrystal (dotted yellow square); (c) average size

distribution of aggregated microcrystals; (d) average particle size distri-

bution of individual crystals; (e,f) low and high magnification FE-SEM

images of aggregated CaWO4 nanocrystals formed in MS, respectively.

Inset in (f) illustrates an individual CaWO4 nanocrystal (dotted white

rectangle); (g) average size distribution of aggregated nanocrystals.

Fig. 7 (a) Low magnification TEM image of aggregated CaWO4

microcrystals obtained in MH. Inset shows its corresponding SAED

patterns; (b) HR-TEM image of small octahedron-like CaWO4 crystals;

(c) HR-TEM image performed between two crystals in (b) (dotted yellow

square); (d) low magnification TEM image of aggregated CaWO4

nanocrystals formed in MS. Inset shows its corresponding SAED

patterns; (e,f) HR-TEM images of several CaWO4 nanocrystals, where

some of them are randomly aggregated and others are oriented in similar

crystallographic orientations.
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crystallographic orientations ((112) and (004) planes). Besides

the spontaneous aggregation process, in some circumstances

imperfect oriented attachment occurred causing the formation

of angles between nanocrystals with a common crystallo-

graphic in the (112) plane (Fig. 7(f)). In fact, the growth and

mutual aggregation of CaWO4 nanocrystals processed in the

MS system can be related to the C3H8O2 solvent, where it is

able to minimize the diffusion velocity of (Ca2+) to (WO)4
2�

ions because of its high viscosity as well as influence the

collision and interaction between two adjacent nanocrystals.97

Growth mechanism of CaWO4 crystals

Fig. 8(a–f) illustrate a schematic representation of all stages

involved during the synthesis and growth of CaWO4 crystals

processed in the MH and MS systems.

Fig. 8(a) shows the synthesis procedure adopted for the

preparation of CaWO4 crystals. Firstly, stoichiometric quantities

of Ca(CH3COO)2$H2O and Na2WO4$2H2O precursors were

separately dissolved in two tubes containing 50 mL of deionized

water. In this solution, the solvation energy of H2O molecules

causes a fast dissociation of the reagents, i.e., the Ca2+ and

WO4
2� ions are quickly solvated by the H2O molecules. The

partial negative charges of these molecules are electrostatically

attracted by the Ca2+ ions, while its positive charges attract the

WO4
2� ions. Due to the difference of electronic density of both

Ca2+ and WO4
2� ions, occurs a strong electrostatic attraction

between them. An important point to be considered is the fact

that the solvents (H2O and C3H8O2) have distinct possibilities of

intermolecular interactions (hydrogen bonds). In the aqueous

medium, there are strong interactions between the H2O mole-

cules, as a result of the difference in electronegativity of H and O

atoms. These hydrogen bonds are highly polar, leading to the

strong bonds of two hydrogen atoms (H d+) (belonging to one

H2O molecule) with other two H2O molecules. In another bond

mechanism, the oxygen atom (O d�) (having two free electron

pairs) of each H2O molecule is able to interact with the H atoms

of other neighboring H2O molecules98,99 (green dotted circle in

Fig. 8(b)). There are exactly the correct number of d+ hydrogens

and lone pairs so that each of them can be involved in hydrogen

bonds.100,101

In the second case (Fig. 8(c)), there are also the presence of H

bonds in the C3H8O2 solvents because the hydrophilic charac-

teristics, i.e., the degree of polarity between the O d� and H d+

atoms associated to the two hydroxyl (OH) groups. However,

each C3H8O2 molecule forms six H bonds with other C3H8O2

molecules located near its neighborhood.102–104

The syntheses performed in H2O solution favored the precip-

itation of CaWO4 crystals, while those in C3H8O2 solvent

resulted in a stable colloid suspension. After the solutions were

prepared, they were transferred inside the Teflon autoclave

(Fig. 8(d)), which was placed inside the domestic microwave-

hydrothermal system. Basically, this apparatus was developed by

means of several adaptations performed on a microwave oven

(model NN-ST357WRPH Piccolo 22 L, Panasonic).105 Inside

this system, the high microwave frequency interacts with the

permanent dipoles of the liquid phase (H2O or C3H8O2), initi-

ating a rapid heating via molecular rotation. Likewise, the

permanent or induced dipoles in the dispersed phase cause

a rapid heating of the particles.106,107 The microwave radiation

also promotes an increase in the effective collision rate between

the particles in suspension, contributing to the crystal attachment

and growth processes. The adsorption of H2O or C3H8O2 on the

CaWO4 surfaces favor the aggregation of particles, keeping

adhered by van der Waals forces. Fig. 8(e,f) show a proposed

growth mechanism responsible for the formation and growth of

aggregated CaWO4 crystals. Considering the MH conditions,

after formation of the first nuclei, self-organization and/or

mutual aggregation occurs between them by uncountable colli-

sion events. The self-assembly mechanism is controlled by

particle–particle interactions (n.units) followed by the coales-

cence of octahedron-like CaWO4 nanocrystals. The growth and

agglomeration of these nanocrystals are the origin of the complex

superstructures (Fig. 8(e)). These results are in agreement with

Fig. 8 (a) Schematic representation of the experimental procedure

employed in the co-precipitation reaction using H2O and C3H8O2 as

solvents; (b) electrostatic attraction of Ca2+ and WO4
2� ions in solution

and possible interactions between the H2O molecules; (c) probable

interactions between the C3H8O2 molecules; (d) illustration of the

domestic microwave-assisted hydrothermal system employed in the

processing of CaWO4 crystals and adsorption process of H2O or C3H8O2

on the crystal surfaces; (e,f) proposed growth mechanisms for the

aggregated CaWO4 micro- and nanocrystals processed in MH and MS,

respectively.

This journal is ª The Royal Society of Chemistry 2012 CrystEngComm, 2012, 14, 853–868 | 861

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
D

A
D

 S
A

O
 P

A
U

L
O

 o
n 

07
 F

eb
ru

ar
y 

20
12

Pu
bl

is
he

d 
on

 1
8 

N
ov

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1C

E
05

97
7G

View Online

http://dx.doi.org/10.1039/c1ce05977g


the explanations recently reported by Tian et al.108 Fig. 8(f)

illustrates the growth mechanism of CaWO4 nanocrystals under

MS treatment. In this second situation involving the C3H8O2 as

solvent, the formation of the first CaWO4 nuclei is slower than in

the aqueous medium due to the high viscosity to reduce the

diffusion rate of Ca2+ and WO4
2� ions. After this stage, these

nuclei aggregate and coalesce as similar as in the MH environ-

ment. However, the adsorption of C3H8O2 molecules on the

inorganic surfaces of CaWO4 nanocrystals minimizes the

particle–particle interaction by steric effects. On the other hand,

as it is impossible to completely avoid the contact of nano-

particles (n.units) in suspension, small groups of aggregated

particles are formed in this system (Fig. 7(e,f)). Subsequently, the

heating promoted by the microwave radiation contributes to the

growth of these nanocrystals.

Ultraviolet-visible absorption spectroscopy and band structures

analyses of CaWO4 crystals

The optical band gap energy (Egap) was calculated by the method

proposed by Kubelka and Munk.109 This methodology is based

on the transformation of diffuse reflectance measurements to

estimate the Egap values with good accuracy.110 Particularly, it

can be well-employed in limited cases of infinitely thick sample

layer. The Kubelka–Munk equation for any wavelength is

described as:

FðRNÞ ¼ ð1� RNÞ2
2RN

¼ k

s
(8)

where F(RN) is the Kubelka–Munk function or absolute reflec-

tance of the sample. In our case, the magnesium oxide

(MgO) was the standard sample in the reflectance measurements.

RN ¼ Rsample/RMgO (RN is the reflectance when the sample is

infinitely thick), k is the molar absorption coefficient, and s is the

scattering coefficient.

In a parabolic band structure, the optical band gap and

absorption coefficient of semiconductor oxides111 can be calcu-

lated by the following equation:

ahv ¼ C1(hv � Egap)
n, (9)

where a is the linear absorption coefficient of the material, hn is

the photon energy, C1 is a proportionality constant, Egap is

the optical band gap and n is a constant associated to the

different kinds of electronic transitions (n ¼ 0.5 / direct

allowed, n ¼ 2 / indirect allowed, n ¼ 1.5 / direct forbidden

and n ¼ 3/ indirect forbidden). According to the literature, the

tungstates (AWO4; A¼ Ca, Sr, Ba) exhibit an optical absorption

spectrum governed by direct electronic transitions.112 In this

phenomenon, after electronic absorption process, the electrons

located in the maximum-energy states in the valence band fall

back to the minimum-energy states in the conduction band under

the same point in the Brillouin zone.113 Based on this informa-

tion, the Egap values of CaWO4 crystals were calculated using

n¼ 0.5 in eqn (9). Finally, using the remission function described

in eqn (8) and with the term k ¼ 2a and C2 is a proportionality

constant, we obtain the modified Kubelka–Munk equation as

indicated in eqn (10):

[F(RN)hv]2 ¼ C2(hv � Egap), (10)

Therefore, finding the F(RN) value from eqn (10) and plotting

a graph of [F(RN)hv]2 against hv it was possible determine the

Egap of CaWO4 nanocrystals.

Fig. 9(a–e) illustrate the band structures and UV-vis spectra of

CaWO4 crystals processed in MH and MS systems.

Fig. 9(a–c) revealed that the band structures of all CaWO4

crystals are characterized by well-defined direct electronic tran-

sitions, which is typical nature of crystalline semiconductor

materials. Fundamentally, the top of the valence band (VB) as

well as the bottom of the conduction band (CB) are in a same

G point. In these figures, we verify that the theoretical band gap

values are close to those experimentally estimated by the UV-vis

spectra (Fig. 9(d,e)).

The exponential optical absorption edge and the optical band

gap energy are controlled by the degree of structural disorder in

the lattice. The decreasing in the Egap can be attributed to the

existence of defects, local bond distortion, intrinsic surface states

and interfaces, which yield localized electronic levels within the

forbidden band gap.114,115 For a simplified description, we believe

that these differences in the Egap values are mainly attributed to

the distortions on both [CaO8] and [WO4] clusters at short and

medium-range.

Considering these results, it is assumed that the CaWO4

nanocrystals (lower band gap) are more disordered than the

microcrystals (Fig. 9(d,e)). The previous analyses based on the

Rietveld refinements indicated that the [WO4] clusters are well-

distorted in the nanocrystals. It is clear that this disorder prop-

agates at medium-range by the interaction between clusters.

Consequently, this distortion process on the fundamental [WO4]d
and [CaO8]d clusters favors the formation of intermediary energy

levels above the VB and below the CB, conferring a reduction in

the band gap of the material.

Density of states of CaWO4 crystals

Fig. 10(a–c) show the electronic diagrams, illustrating the density

of states (DOS) for the theoretical optimized structure and for

those of CaWO4 micro- and nanocrystals, respectively.

The ability of improving the properties and the performance of

materials is fundamentally dependent on the detailed knowledge

between the electronic structure and microstructure. A consid-

erable reduction in the Egap of CaWO4 micro- and nanocrystals

was observed when compared to the optimized model in Fig. 10

(a). Basically, it is resulting from different numbers of occupied

states or distinct organizations of intermediary energy levels

within the band gap, as a consequence of the distortions on the

[CaO8] and [WO4] clusters. The DOS projected on the atoms and

orbitals for the optimized model and for the nanocrystals indi-

cated that the VB maximum is derived from O2p (2px, 2py and

2pz) orbitals. On the other hand, the CB is composed of two

arrangements of hybrid orbitals, the first one is formed of

W5dpxz, 5dpxy and 5dpyz orbitals while the second one is

constituted of W5dz2 and 5dx2�y2 orbitals (Fig. 10(a,b)). An

examination more detailed of the DOS results demonstrated

a high contribution in the CB of W5dxz, 5dxy and 5dyz orbitals

than those W5dz2 and 5dx2�y2 orbitals for the aggregated CaWO4

862 | CrystEngComm, 2012, 14, 853–868 This journal is ª The Royal Society of Chemistry 2012
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microcrystals. The opposite situation was evidenced for the

nanocrystals, i.e., the predominance in the CB of W5dz2 and

5dx2�y2 orbitals.

The analysis performed on the site- and orbital-resolved DOS

denoted a significant dependence of W orbitals in the CB. In

general, we presume that this behavior can be correlated with the

distortions on the [WO4]d clusters within the scheelite structure,

which are responsible for the origin of intermediary energy levels

located above the CB. The theoretical results indicated that the

CaWO4 nanocrystals have a more disordered structure as well as

a high degree of distorted [WO4]d clusters. In other words, the

aggregate CaWO4 microcrystals have a high degeneracy split of

orbitals. These effects led to the modification in the electronic

structure of both CaWO4 nano- and microcrystals due to the local

(intracluster) and medium disorders (intercluster) in the quantum

domain.

Thus, assuming a free density of electronic states in the

periodic potential of an extended solid, the energy and crystal

momentum can be both precisely defined, except for the position.

For a localized density of electronic states the energy may be

well-defined, but the uncertainty in the position decreases, and

then the momentum can not be exactly defined. The discrete

energy of the particle eigenfunctions can be understood as

localized electronic levels within the forbidden band gap. Due to

the increase of distortions on the clusters, the orbitals become

more delocalized as a condition imposed by the Heisenberg’s

uncertainty principle. In quantum mechanics, this principle

explains that the physical properties as position and momentum

can not be simultaneously known with high precision.

The polarization between the [WO4]d and [CaO8]d clusters

and the changes of electronic transition directly influence the

physical properties (for example, the photoluminescence) of

the scheelites. Hence, the intrinsic PL emissions can be

attributed to these mechanisms, which are derived from

interactions between distorted [WO4]d and [CaO8]d pre-existing

clusters.

Fig. 9 Calculated band structures for the: (a) optimized model, (b) CaWO4 microcrystals and (c) nanocrystals; (d,e) UV-vis spectra of aggregated

CaWO4 micro- and nanocrystals processed in MH and MS, respectively.
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Photoluminescence emissions of CaWO4 crystals

Fig. 11 illustrates the PL spectra at room temperature of aggre-

gated CaWO4 micro- and nanocrystals processed in MH and

MS. Insets show the digital photographs of PL emissions of these

crystals.

The PL profiles have a typical behavior of multiphonon or

multilevel processes, i.e., a solid system in which the relaxation

occurs by several paths, involving the participation of numerous

energy states within the band gap. The PL emission spectra of

tungstates are frequently decomposed into blue, green and red

light components.24 However, there are many controversial

interpretations with regard to the blue and green maximum PL

emissions of these materials. Blasse and Wiegel116 and Korzhik

et al.117 concluded that the green emissions arise from WO3

centers. Sokolenko et al.118 attributed to the green–red emission

of WO3$V
€
O oxygen-deficient complexes. Sienelnikov et al.119

suggested that the distorted tetrahedral [WO4] clusters cause the

formation of oxygen vacancies, resulting in the green lumines-

cence band. In general, it is assumed that the emission spectra of

CaWO4 crystals are associated to the charge-transfer transitions

within the [WO4]
2� complexes120–123 or due to the vacancies as

[WO3$V
z
O]

24,124,125 and [CaO7$V
z
O]

24 (where Vz
O ¼ Vz

O, V
_
O, or V

€
O).

The PL spectra of aggregated CaWO4 nano- and microcrystals

revealed an intense blue luminescence emission. The broad

luminescence is a response to the numerous kinds of extrinsic and

intrinsic defects directly associated to the degree of structural

order–disorder. The variations on the density of structural

defects are responsible for the shift observed in the maximum PL

emission point (491 nm and 484 nm for the CaWO4 micro- and

nanocrystals, respectively).

In a typical semiconductor, the intercluster (intermediary

range) and intracluster (local range) interaction can be due to the

three different sources: orientation, induction and dispersion

interactions. The orientation interaction is associated with the

correlation between the rotation motion of the permanent

moments in different [WO4]–[WO4], [CaO8]–[CaO8] or

[WO4]–[CaO8] complex clusters (medium-range). The induction

interaction occurs via polarization processes of [CaO8] or [WO4]

clusters by the permanent moment of another neighbor [WO4] or

[CaO8] clusters (short-range). The dispersion interaction arises

from the correlation between the electrons situated in the

neighborhood of [WO4] or [CaO8] clusters (long-range).

Theoretical results have shown that the symmetry break

process (effect of order–disorder) in the structure of various

Fig. 10 Total DOS of crystalline structure for the: (a) optimized model,

(b) CaWO4 microcrystals and (c) nanocrystals.

Fig. 11 PL spectra of aggregated CaWO4 micro- and nanocrystals

processed in MH and MS, respectively.
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semiconductors is a necessary condition for the existence of

intermediary energy levels within the forbidden band gap.126,127

These structural changes are related to the charge polarization at

short and medium-range, which can be manifestations of

quantum confinement (independently of the particle size). The

key point of quantum confinement is the presence of discrete

energy levels within the band gap, which are not possible for

a periodic crystal at long, medium and short range.

The cluster-to-cluster charge-transfer (CCCT) in a crystal,

containing more than one kind of cluster, is characterized by

excitations involving electronic transitions from one cluster to

another. Longo et al.33 demonstrated that the CCCT mechanism

in hierarchical assemblies of CaMoO4 ([MoO4]
x–[MoO3$V

z
O] or

[CaO8]
x–[CaO7$V

z
O]) and [(MoO4]

0 –[MoO3$V
_
O] or (CaO8]

0–
[CaO7$V

_
O]) can be considered a new class of electronic transi-

tions involved during the PL emissions. In this work, we consider

that within the CaWO4 lattice, the [WO4]
x
o–[WO4]

x
d and/or

[CaO8]
x
o–[CaO8]

x
d (o ¼ ordered; d ¼ distorted) clusters arise from

structural distortions, where it is possible for electronic trans-

ference to occur between them. Therefore, these [WO4]
0
o–[WO4]

_
d

and/or [CaO8]
0
o–[CaO8]

_
d clusters present extrinsic defects, which

are linked to the effects of order–disorder in the electronic

structure, surfaces and interfaces, commonly verified in materials

with scheelite-type structure synthesized in theMHmethod.128,129

These defects create additional energy states above the VB and

below the CB, decreasing the band gap.30,33

The structural and electronic reconstructions of all possible

combinations of clusters belonging to a specific crystal are

essential for the understanding of the CCCT process and its

influences on the PL phenomenon. In this case, the increase in the

band gap (as shown by the UV-vis measurements) promotes

a formation of intermediary levels (deep defects) and a shift from

blue to cyan PL emissions as a response to the increase of crystal

size. In the photoinduced charge-transfer process, the electrons

are promoted from occupied levels of donor clusters to empty

levels of receptor clusters. The formation of isolated energy levels

(quantum confinement) and the presence of distorted [WO4]
_
d

and/or [CaO8]
_
d clusters cause a substantial recombination

between the photoexcited electron and hole during the excitation

processes. Probably, the [WO4]
x
o–[WO4]

x
d and/or [CaO8]

x
o–

[CaO8]
x
d clusters are activated during the excitation process,

changing its symmetry to singlet or triplet states, as demon-

strated by Gracia et al.130 for the CaWO4 structure. Thus, similar

studies need to be done for the materials with scheelite-type

structure in order to confirm this scientific fact.

Finally, we have calculated the luminescence lifetime for the

maximum emission, which were measured under the excitation

wavelength at 350 nm. Therefore, we have applied in exponential

decay curve deviate a fit adjust with first-order kinetics (Sup-

porting information Fig. SI-4(a,b)†). These exponential decay

curves can be well fitted into a single-exponential function as

shown in eqn (11):131

I ¼ I0 + A1exp(�t/s), (11)

where, I and I0 are PL intensity, A is the amplitude, t is the

asymptotic value to fitting curves and s is the luminescent life-

times. Moreover, on the basis of emission spectra (Fig. 11) and

the lifetimes of maximum PL emission, the quantum efficiency

(h) of aggregated CaWO4 micro- and nanocrystals processed in

MH andMS can be determined, according to the literature.62 We

have assumed, that only nonradiative and radiative processes are

involved in the depopulation of maximum PL emission. The

fitting parameters for lifetimes and quantum yield are listed in

Table 5.

As it can be seen from Table 5, the average lifetimes and

quantum efficiencies of rare-earth doped CaWO4 crystals are in

general higher than our pure CaWO4 micro- and nano-

crystals.13,62,132 This behavior, can be related to the presence of

defects in the lattice caused by microwave irradiation. Moreover,

we have noted that during the excitation process a decay in

intensity of PL emission occurs in our crystals. Therefore, the

intensity of PL emission (lifetimes and quantum yield) is prob-

ably related to the level of structural organization, which can be

modeled by synthesis methods and thermal treatment conditions.

Conclusions

In summary, aggregated CaWO4 micro- and nanocrystals were

obtained by the microwave-assisted hydrothermal/solvothermal

method at 160 �C for 30 min. XRD patterns showed that the

CaWO4 crystals have a scheelite-type tetragonal structure with

space group I41/a. The CaWO4 crystals synthesized by the MS

method exhibited a microstrain broadening of diffraction peaks

due the presence of nanocrystals. The changes in the atomic

positions of oxygen atoms evidenced in the Rietveld refinements

indicate significant distortions on the [CaO8] and [WO4] clusters.

The Raman-active modes proved the existence of local order at

short-range for both nano- and microcrystals. The IR-active

modes revealed a typical stretching and/or bending vibrations of

[WO4] and [CaO8] clusters. Moreover, the relative positions of

experimental Raman and IR-active modes were corroborated

with those theoretically calculated. FE-SEM and TEM images

showed the formation of aggregated CaWO4 microcrystals with

Table 5 Comparative results between the luminescence lifetime and quantum yield of CaWO4 micro- and nanocrystals obtained in this work with those
published in the literature

Samples A1 s
Quantum yield
(%) lexc/nm Ref.

CaWO4:Tm
3+ microcrystals 342 1.53 ms — 394 13

CaWO4:Eu
3+ nanocrystals — 0.969 ms 92 365 62

CaWO4:Tb
3+ microcrystals — 1.024 ms — 254 132

CaWO4 microcrystals 8167 1.9 ms 5.8 350 [!]
CaWO4 nanocrystals 15862 4.05 ms 11.4 350 [!]
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polydisperse particle size distribution. These microcrystals are

composed of several nanocrystals, where some of them are

attached in similar crystallographic orientations. On the other

hand, the MS resulted in the origin of uncountable aggregated

octahedron-like nanocrystals. In this case, the viscosity as well as

the adsorption of C3H8O2 molecules on the particle surfaces

inhibited the growth and reduced the particle–particle interac-

tions in this medium. The different Egap values between the

micro- and nanocrystals were attributed to the existence of

localized electronic levels within the forbidden band gap. We

conclude that these energy states specially derive from distortions

on both [WO4] and [CaO8] clusters at short and medium-range.

The theoretical calculation indicated that the band structures of

all CaWO4 crystals are characterized by direct electronic transi-

tions. According to the DOS analyses, the energy states in the VB

is constituted from (O2px, 2py, and 2pz) orbitals, while in the CB

there is the contribution of two distinct groups of W orbitals

(W5dxz, 5dxy, 5dyz between the axes) and (W5dz2, 5dx2�y2 orbitals

on the axis). In the nanocrystals formed by the MS, the CB has

a higher predominance of W5dz2 and W5dx2�y2 orbitals than

those of W5dxz, 5dxy, and 5dyz. The inverse condition was

observed for the microcrystals obtained under MH treatment.

The maximum PL emissions at 491 nm and 484 nm for the

CaWO4 micro- and nanocrystals were attributed to the CCCT

mechanism involved in the electronic transitions between

[WO4]
x
o–[WO4]

x
d or [CaO8]

x
o–[CaO8]

x
d and [WO4]

0
o–[WO4]

_
d and/or

[CaO8]
0
o–[CaO8]

_
d clusters. The highest lifetime and quantum yield

were observed for CaWO4 nanocrystals.
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