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Rietveld refinement, cluster modelling, growth
mechanism and photoluminescence properties
of CaWO4:Eu

3+ microcrystals†

R. F. Gonçalves,*a L. S. Cavalcante,b I. C. Nogueira,c E. Longo,d M. J. Godinho,de

J. C. Sczancoski,d V. R. Mastelaro,f I. M. Pinatti,g I. L. V. Rosag and A. P. A. Marquesa

CaWO4:Eu
3+ microcrystals (with 0, 1, 2 and 4 mol% Eu3+) were synthesized by a co-precipitation (CP)

method and grown in a microwave-assisted hydrothermal (MAH) system at 130 °C for 30 min. X-ray dif-

fraction (XRD), Rietveld refinement, X-ray absorption near edge spectroscopy (XANES), Fourier-transform

Raman (FT-Raman) and Fourier-transform infrared (FT-IR) spectroscopy indicated that all of the microcrys-

tals have a scheelite-type tetragonal structure without deleterious phases. Structural refinement data were

employed to model the [CaO8], [EuO8] and [WO4] clusters. XANES spectra confirmed that the presence of

deltahedral [EuO8] clusters promotes small distortions of neighbouring tetrahedral [WO4] clusters in a

global tetragonal lattice. Field emission scanning electron microcopy (FE-SEM) images revealed that the

replacement of Ca2+ by Eu3+ ions changed the particles' shapes, resulting in the different morphologies of

the microcrystals. UV-vis diffuse reflectance spectra indicated a reduction in the optical band gap with the

replacement of Ca2+ by Eu3+ ions. The photoluminescence (PL) properties of the Eu3+ ions in CaWO4 were

studied as well as the chromaticity coordinates and lifetimes of these compounds.
1. Introduction

In recent years, the continuous development of electronics
has caused the electro-optical industry to search for new
semiconductors with intense and well-defined luminescence
emission for applications in lasers, light-emitting diodes,
lamps, phosphors and displays.1–4 In principle, the alkaline-
earth metal tungstates belonging to the scheelite family,
mainly calcium tungstate (CaWO4), are potential candidates
for these technological proposals.5–7
The studies on this oxide have been mainly focused on its
photoluminescence (PL) response at room temperature.
Thus, several research groups have been able to control the
particle sizes and shapes of CaWO4 to improve the efficiency
or change the spectral range of its PL emission, which is
commonly observed in the violet, blue and green regions of
the visible electromagnetic spectrum.8–10 Besides the mor-
phological aspects, the optical phenomena of any semicon-
ductor can be modified by introducing impurities or dopants
into its crystalline lattice.11,12

CaWO4, in particular, is one of the most efficient host
matrixes for different rare-earth elements including neodym-
ium, samarium, europium (Eu3+), terbium, dysprosium and
ytterbium.13–16 Among them, Eu3+ is commonly employed as
a dopant because of its intense and narrow emission lines
extending from red to near-infrared when excited by ultravio-
let wavelengths.17,18 Besides being important for improving
phosphor-based devices, its luminescence spectrum is highly
structure-dependent, hence Eu3+ ions are considered to be a
perfect sample for investigating microstructural changes in
the crystalline environment.19,20 Zhang et al.21 reported the
influence of several Eu3+ ion concentrations on the CaWO4

microspheres synthesized via a precipitation method.
According to the authors, a 25% Eu3+ ion concentration

(in molarity) is the optimum doping value for obtaining
the maximum PL intensity, especially for those associated
with 5D0 → 7F2 transitions. Using the ethylene glycol route,
oyal Society of Chemistry 2015
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Sharma et al.18 analysed the effect of heat treatment tempera-
ture on Eu3+-doped CaWO4 nanopowders with different Eu3+

ion concentrations. Chen et al.22 showed that the particle
shapes of Eu3+-doped CaWO4 depend on the pH and reaction
time in a hydrothermal environment.

Various synthetic approaches have been used to manipu-
late the sizes, shapes and dimensions of pure and doped
CaWO4 microcrystals and nanocrystals such as the polymeric
precursor method,23 sonochemical synthesis,24 solid-state
reaction,25 sol–gel processes,26 the citrate complex route,27

solvothermal methods,28 conventional hydrothermal treatment
(CHT)29 and microwave-assisted hydrothermal processes (MAH).30

Among these methodologies, MAH is a promising route with
simple instrumentation, with CHT offering easy manipula-
tion; however, this method uses microwave energy as the
heat source for the reaction medium.31,32 This type of synthe-
sis has the advantages of preparing crystalline micromaterials
and nanomaterials with low reaction temperatures, short
holding times, mild reaction conditions, size-selective growth
and controllable morphology. Basically, the particle forma-
tion and growth events in a hydrothermal environment are
dependent on the temperature, time, pH, mineralizers and
surfactants.33

The correlations between the optical phenomena and
morphology of rare-earth doped CaWO4 are ambiguous, and
hence, this research area is an open field of investigation in
materials science. Therefore, in the present paper, we investi-
gated the optical properties and morphological aspects of
CaWO4:Eu

3+ microstructures (with 0, 1, 2 and 4 mol% Eu3+),
synthesized by a co-precipitation (CP) method and grown in a
microwave-assisted hydrothermal (MAH) system at 130 °C for
30 min. Different particle shapes were identified with
increasing Eu3+ concentration, and a crystal growth mecha-
nism was proposed in order to explain this behaviour. The
PL profiles of CaWO4:Eu

3+ were influenced by the incorpora-
tion of Eu3+ in the lattice.
2. Experimental details
2.1. Synthesis and MAH processing of CaWO4:Eu

3+

microcrystals

CaWO4:Eu
3+ microcrystals (with 0, 1, 2 and 4 mol% Eu3+)

were synthesized by a CP method at room temperature using
sodium tungstateĲVI) dihydrate ĳNa2WO4Ĵ2H2O] (99% purity,
Sigma-Aldrich), calcium acetate monohydrate ĳCaĲCH3CO2)2ĴH2O]
(99.5% purity, Aldrich) and europiumĲIII) oxide ĳEu2O3] (99.999%
purity, Aldrich). First, Na2WO4Ĵ2H2O was dissolved in 50 mL
of deionized water under constant stirring. EuropiumĲIII) nitrate
hexahydrate ĳEuĲNO3)3Ĵ6H2O] was prepared by the dissolution of
Eu2O3 with four drops of nitric acid (65% Suprapur®, Merck)
in a 10 mL aqueous solution to give a clear EuĲNO3)3Ĵ6H2O
solution. CaĲCH3CO2)2ĴH2O was dissolved in 50 mL of deion-
ized water under constant stirring. The three other systems
used for the preparation of CaWO4:Eu

3+ microcrystals (with
1, 2 and 4 mol% Eu3+) were stoichiometrically prepared using
This journal is © The Royal Society of Chemistry 2015
10 mL of each solution containing Eu3+ ions mixed with
40 mL of aqueous solutions containing Ca2+ ions. These four
ĲEu3+/Ca2+ ions) solutions were added to those containing
WO4

2− ions, which were then sealed in a Teflon autoclave.
The reactions of the Eu3+/Ca2+ and WO4

2− ions resulted in
the formation of crystalline CaWO4:Eu

3+ precipitates, as
shown in eqn (1)–(5) below:

Na WO H O H O Na WO H Os aq 4(aq)
2

2 4 2
2

22 2 2       
  (1)

Ca CH COO H O Ca CH CO H OH O
s (aq) 2(aq)3 2 2

2
3 2

2 2      
 

(2)

Eu NO H O Eu NO H OH O
s (aq)

3+
3(aq)3 3 2 2

26 3 6      
 (3)

After CP at room temperature,

Ca WO CaWO C
(aq) 4(aq)

2
4 s

2 25 
    (4)

Ca Eu WO Ca Eu WO C
(aq)

2+
(aq) 4(aq)

2
4 s     
 

3 25  , (5)

Finally, the Teflon autoclave was placed inside a micro-
wave system (2.45 GHz, maximum power of 800 W). All of
these systems were processed at 130 °C for 30 min. The
heating rate in this system was fixed at 25 °C min−1, and the
pressure inside the autoclave was stabilized at 245 kPa. After
processing, the autoclave was allowed to cool naturally to
room temperature. The resulting suspension was washed
with deionized water several times to neutralise the solution
(pH ≈ 7). Finally, the white precipitates were collected and
dried in a conventional furnace at 60 °C for several hours.
2.2. Characterization of CaWO4:Eu
3+ microcrystals

The CaWO4:Eu
3+ microcrystals were structurally characterized

by XRD using a D/Max-2500PC diffractometer (Rigaku, Japan)
with Cu Kα radiation (λ = 1.5406 Å) in the 2θ range from 10°
to 75° at a scanning rate of 2° min−1 (exposure time of
33 min). The Rietveld routines were performed in the 2θ range
from 10° to 110° at a scanning rate of 1° min−1 (exposure time
of 100 min). The electronic and local atomic structure around
the W atoms was determined by using the X-ray absorption
spectroscopy (XAS) technique. The tungsten L3-edge X-ray
absorption spectra of the microcrystals were collected at the
LNLS (National Synchrotron Light Laboratory) facility using the
D04BXAFS1 beam line. XANES data were collected at W-L3 in
transmission mode at room temperature using a Si(111)
channel-cut monochromator. For XAS spectra measurements,
the samples were deposited on polymeric membranes and data
were collected with the sample placed at 90° with respect to the
X-ray beam. A XANES spectrum was recorded for each sample
CrystEngComm, 2015, 17, 1654–1666 | 1655
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using energy steps of 1.0 eV before and after the edge with 0.9 eV
near the edge region for the L3 edge. The FT-Raman spectra were
recorded using an RFS100 spectrophotometer (Bruker,
Germany) equipped with a Nd:YAG laser (λ = 1064 nm). The laser
power on the sample was fixed at 100 mW and 500 scans were
accumulated. The FT-IR spectra were recorded in the range of
200 to 1000 cm−1 with an MB-102 spectrophotometer (Bomem-
Michelson, Switzerland) in transmittance mode. The crystal
shapes and sizes were observed by field emission scanning
electron microscopy (FE-SEM) using a Supra 35-VP microscope
(Carl Zeiss, Germany) operated at 10 kV. UV-vis spectra weremea-
sured using a Varian (model Cary 5G, USA) spectrophotometer in
diffuse reflectionmode. PLmeasurements were performed using
a MonoSpec27 monochromator from Thermo Jarrel Ash (USA)
coupled to an R446 photomultiplier fromHamamatsu Photonics
(Japan). A Coherent Innova 90K (USA) (λ = 350 nm) krypton ion
laser was used as an excitation source, keeping itsmaximum out-
put power at 500 mW and the maximum power on the sample
after passing through an optical chopper was 40 mW. An optical
parametric oscillator was employed for lifetime measurements.
PLmeasurements were performed at room temperature.

3. Results and discussion
3.1. XRD analyses

Fig. 1(a–d) illustrate the XRD patterns of the CaWO4:Eu
3+

microcrystals (with 0, 1, 2 and 4 mol% Eu3+) synthesized by
the CP method at room temperature and processed in the
MAH system at 130 °C for 30 min.

XRD was employed to evaluate the structural order–disorder
at long-range and the lattice periodicity.34 Fig. 1(a–d) indicate
that all of the diffraction peaks are perfectly indexed to the
scheelite-type tetragonal structure with the space group I41/a
(Inorganic Crystal Structure Database (ICSD) no. 18135).35

Deleterious phases were not observed in the diffractograms.
1656 | CrystEngComm, 2015, 17, 1654–1666

Fig. 1 XRD patterns of CaWO4:Eu
3+ microcrystals with various

amounts of Eu3+: (a) 0 mol%, (b) 1 mol%, (c) 2 mol% and (d) 4 mol%.
The vertical lines indicate the relative positions of the diffraction peaks
described in ICSD no. 18135.
As shown in Fig. 1(a–d), the presence of strong and sharp dif-
fraction peaks is a typical characteristic of crystalline materials
that are structurally ordered.36
3.2. Rietveld refinement analyses

The experimental lattice parameters, unit cell volumes,
length of the links between ĲW–O)/ĲCa–O)/ĲEu–O) and the
bond angles between ĲO–W–O)/ĲO–Ca–O)/ĲO–Eu–O) were
obtained and calculated by the Rietveld refinement method37

using the general structure analysis system (GSAS) program38

with EXPGUI as the graphical interface.39 The data obtained
are shown in Tables S1, S2 and S3 in the ESI.†

Note that the values of the lattice parameters and unit cell
volumes are very close to those published in the literature.40–42

We have observed only small variations between these values,
which can be related to the replacement of Ca2+ by Eu3+ ions,
due to the difference in their electronic densities (Ca2+ ionic
radius = 114 pm vs. Eu3+ ionic radius = 131 pm).43 The peculiar-
ity of each synthesis method, where the experimental variables
(temperature, processing time, heating rate, solvents, etc.)
influence the organization of [CaO8], [EuO8] and [WO4] clusters
within the scheelite structure, can cause the formation or reduction
of structural defects (oxygen vacancies, distortion of the bonds,
stresses and strains on the crystalline lattice) in the materials.44 In
previous work, we reported the presence of residual stresses
and/or distortions in strontium and barium tungstates.45,46

The patterns calculated with some adjustments with
respect to the observed pattern data provided the structural
parameters of the material and the diffraction profile. In this
work, the Rietveld method was applied to adjust cell and
other parameters such as lattice parameters, atomic positions
and occupancies.47 In these analyses, the refined parameters
were the scale factor, background, shift lattice constants, pro-
file half-width parameters (u, v, w), isotropic displacement
parameters, lattice parameters, strain anisotropy factors, pre-
ferred orientations, occupancies and atomic functional posi-
tions. The background was corrected using a Chebyshev poly-
nomial of the first kind.48 A peak profile function was
modelled using a convolution of the Thompson–Cox–Has-
tings pseudo-Voigt (pV-TCH)49 function with the asymmetry
function described by Finger et al.,50 which accounts for the
asymmetry owing to axial divergence. To account for the
anisotropy in the half-width of the reflections, the model by
Stephens51 was employed.

Fig. 2(a–d) illustrate the Rietveld refinement plots for the
observed patterns versus the calculated patterns of the
CaWO4:Eu

3+ microcrystals synthesized by the CP method at
room temperature and processed in the MAH system at
130 °C for 30 min.

The results obtained by the Rietveld refinement method
show good agreement between the observed XRD patterns
and theoretical results (Fig. 2(a–d)). Moreover, the profiles of
the XRD patterns experimentally observed and theoretically
calculated display small differences between the observed
y-scale values (Yobs) and calculated y-values (Ycalc) on the
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Rietveld refinements of CaWO4:Eu
3+ microcrystals with various

amounts of Eu3+: (a) 0 mol%, (b) 1 mol%, (c) 2 mol% and (d) 4 mol%.

CrystEngComm Paper

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
15

. D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
D

A
D

E
 F

E
D

E
R

A
L

 S
A

O
 C

A
R

L
O

S 
on

 4
/2

2/
20

19
 8

:4
8:

15
 P

M
. 

View Article Online
intensity scale near zero, as illustrated by the (YObs − YCalc)
line. Shown in Table S1† are the fit parameters (Rwp, Rp,
RBragg and χ2) which suggest that the refinement results are
very reliable (ESI,† Table S1). It is interesting to note that
there are considerable variations in the atomic positions of
the oxygen atoms, while the calcium and tungsten atoms
kept their positions fixed within the structure. These results
indicate the existence of structural distortions of the
deltahedral ĳCaO8]/ĳEuO8] clusters and tetrahedral [WO4] clus-
ters in the CaWO4:Eu

3+ microcrystals, which can be induced
by the different levels of coupling between microwave radia-
tion and the clusters.

3.3. Unit cell representations of CaWO4:Eu
3+ microcrystals

The lattice parameters and atomic positions obtained by
Rietveld refinement presented in Table S1 (ESI†) were used to
model the pure tetragonal CaWO4 structure (Fig. 3(a)) and
the (Ca, Eu)WO4 microcrystals (Fig. 3(b)).

These unit cells were modelled using the visualization for
electronic and structural analysis (VESTA) program version
3.1.8 for Windows52 using lattice parameters and atomic
positions obtained from the Rietveld refinement data. CaWO4

crystals are scheelite-type tetragonal structures with the space
group I41/a, a point group symmetry of C6

4h and four asym-
metric units per unit cell (Z = 4).53 Fig. 3(a) illustrates that
the bonds between O–W–O and O–Ca–O atoms are projected
out of the structure. In these unit cells, tungsten (W) atoms
are coordinated with four oxygen atoms to form tetrahedral
[WO4] clusters, with the symmetry group Td.

54 These tetrahe-
dral [WO4] clusters are slightly distorted in the lattice and in
each of the CaWO4:Eu

3+ microcrystals. The differences in the
O–W–O bond angles can lead to different levels of order–dis-
order and/or distortions in the CaWO4:Eu

3+ crystal lattice
(see Fig. 3(b)). We believe that this behaviour, shown by the
Rietveld refinement data, could be due to the effect of partial
replacement of Ca2+ by Eu3+ ions in the tetragonal CaWO4

crystal lattice. In addition, in all unit cells, calcium (Ca)
atoms are bonded to eight oxygen atoms, which results in the
formation of [CaO8] clusters with a deltahedral configuration,
a D2d symmetry group and a snub disphenoid polyhedral
shape (8 vertices, 12 faces and 18 edges).55 Thus, the [EuO8]
clusters have the same electronic coordination as the [CaO8]
clusters in the A-site. Moreover, we can verify possible distor-
tions in the [CaO8] clusters through the different bond angles
between the O–Ca–O atoms, as presented in Table S3 (ESI†).

3.4. XANES spectra analyses

Fig. 4(a–e) illustrate the XANES spectra of the CaWO4:Eu
3+

microcrystals synthesized by the CP method at room temper-
ature and processed in the MAH system at 130 °C for 30 min.

The analyses performed on the XANES spectra can provide
qualitative and/or semi-quantitative information on the chemi-
cal coordination (tetrahedral, square-based pyramidal, octa-
hedral, etc.), the spatial arrangement of the atoms surround-
ing the absorber atom, the oxidation state and the density of
CrystEngComm, 2015, 17, 1654–1666 | 1657
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Fig. 3 Unit cell representations of (a) pure and (b) Eu-doped CaWO4.

Fig. 4 XANES spectra of (a) WO3 (standard sample) and CaWO4:Eu
3+

microcrystals with various amounts of Eu3+: (b) 0 mol%, (c) 1 mol%,
(d) 2 mol% and (e) 4 mol%.
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unoccupied states of the absorbing atom.56 Moreover, we can
use the XANES spectra to obtain information about the struc-
tural defects in oxides at short- and medium–range.57

As shown in Fig. 4(a), in the XANES spectrum at the W-L3
edge for tungsten oxide (WO3), which was used as a reference,
there is a pre-edge peak (■) at approximately 10 216 eV. This
1658 | CrystEngComm, 2015, 17, 1654–1666
position is different from those observed for the CaWO4:Eu
3+

microcrystals (with 0, 1, 2 and 4mol% Eu3+) due to theW atoms
coordinating with six oxygen atoms and displaying only
distorted octahedral [WO6] clusters with the symmetry group
Oh. In Fig. 4(b–e), we can note a small shift of the pre-edge peak
(●) for high values of X-ray energy, with the replacement of
Ca2+ by Eu3+ ions, from 10 212 eV to 10 214 eV. It is reported in
the literature58 that the W-L3 edge located at approximately
10 212 eV is ascribed to the permitted dipole transition from
the 2p3/2(W) level to the quasi-bound mixed state 5d(W) +
2p(O), which is formed by the hybridisation of W 5d orbitals
and O 2p orbitals. The presence of the pre-edge peak (●) in all
CaWO4:Eu

3+ samples is related to the distorted tetrahedral
[WO4] clusters (inset Fig. 4(b–e)) with the symmetry group Td,
which is characteristic of tungstates with a scheelite-type
tetragonal structure.59

3.5. FT-Raman and FT-IR spectra analyses

Raman spectroscopy is considered to be a powerful tool for
estimating the degree of structural order–disorder at short-
range in oxide materials.60 According to group theory calcula-
tions, tungstates with a scheelite-type tetragonal structure
exhibit 26 different Raman and infrared vibrational modes,
which are given in eqn (6):61,62

Γ(Raman+infrared) = 3Ag + 5Au + 5Bg + 3Bu + 5Eg + 5Eu (6)

where Ag, Bg, and Eg are Raman-active vibrational modes.
The A and B modes are non-degenerate, while the E modes
are doubly degenerate. The subscripts ‘g’ and ‘u’ indicate the
pairs under inversion in centrosymmetric CaWO4:Eu

3+

crystals. Ag, Bg, and Eg Raman modes are the result of
the motion of the clusters in the crystal lattice. Therefore,
13 Raman-active vibrational modes of the CaWO4:Eu

3+ crys-
tals are anticipated, as indicated in eqn (7):63,64
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Raman spectra of CaWO4:Eu
3+ microcrystals with various

amounts of Eu3+: (a) 0 mol%, (b) 1 mol%, (c) 2 mol% and (d) 4 mol%.

Fig. 6 FT-IR spectra of CaWO4:Eu
3+ microcrystals with various

amounts of Eu3+: (a) 0 mol%, (b) 1 mol%, (c) 2 mol% and (d) 4 mol%.
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Γ(Raman) = 3Ag + 5Bg + 5Eg (7)

According to Basiev et al.,65 the vibrational modes
observed in the Raman spectra of the tungstates are classi-
fied into two modes, external and internal modes. External
vibration modes are related to lattice phonons, which corre-
spond to [CaO8] and [EuO8] cluster motions with the point
symmetry D2d in rigid cell units. Internal vibrational modes
are related to [WO4] cluster vibrations in the lattice (assum-
ing the centre of mass is in a stationary state). Isolated tetra-
hedral [WO4] clusters have the cubic point symmetry Td,

66

and their vibrations comprise four internal modes ĳν1ĲA1),
ν2ĲE1), ν3ĲF2) and ν4ĲF2)], one free rotation mode ĳνf.r.ĲF1)] and
one translational mode ĳ(F2)]. On the other hand, when tetra-
hedral [WO4] clusters are located in the scheelite lattice, their
point symmetry is reduced to S4.

67

As illustrated in eqn (6), after excluding 13 Raman vibra-
tional modes, we have 13 infrared vibrational modes as dem-
onstrated by eqn (8):68

Γ(Infrared) = 5Au + 3Bu + 5Eu (8)

However, among the 13 infrared vibrational modes, some
cannot be observed, such as the 1Au and 1Eu infrared modes
that correspond to the zero wavenumber of acoustic modes
at the centre of the Brillouin zone, the 3Bu infrared modes
are forbidden, and the rest are optical modes.69 Therefore,
only eight IR-active vibrational modes remain, namely the
4Au modes that are perpendicular to the c-axis and the 4Eu

modes with the electric vector parallel to the c-axis, as indi-
cated in eqn (9):70

Γ(Infrared) = 4Au + 4Eu (9)

Fig. 5(a–d) illustrate the FT-Raman spectra of the CaWO4:
Eu3+ microcrystals synthesized by the CP method at room
temperature and processed in the MAH system at 130 °C for
30 min.

In Fig. 5(a–d), only 11 of the 13 Raman active modes can
be detected; no 1Ag or 1Eg Raman vibrational modes are
observed. We believe that this behaviour is due to the low
intensity of the modes, although Fig. 5(a–e) show that all of
the FT-Raman spectra are well defined and have sharp peaks
characteristic of materials with structural order at short-
range.71 However, other factors may produce different levels
of structural order–disorder in the tetragonal lattice such as
the preparation method, low temperature of synthesis/
processing, geometry and/or crystal size. In our FT-Raman
spectra, some Raman modes have small shifts that can be
caused by distortions in the ĲO–W–O)/ĲO–Ca–O) bonds, inter-
action forces between ĳWO4]–ĳCaO8]–ĳWO4] clusters and/or
different degrees of structural order–disorder in the lattice at
short-range, which may be due to the replacement of Ca2+ by
Eu3+ ions. Moreover, we have observed a slight broadening of
the Raman peaks, which can be related to the reduction in the
average crystal size. The inset in Fig. 5(a–d) depicts tetrahedral
This journal is © The Royal Society of Chemistry 2015
[WO4] clusters with symmetric stretching vibrations between
O–W–O bonds. The relative positions of two of the Raman-
active modes of the CaWO4:Eu

3+ crystals demonstrate a small
shift in the free rotation νf.r.ĲF1) Raman modes. These results
can be linked to the effect of rare-earth ions which promotes
different interactions between the ⋯ĳWO4]–ĳEuO8]–ĳWO4]⋯
clusters and/or⋯ĳWO4]–ĳCaO8]–ĳWO4]⋯ clusters (see Fig. 3(a, b)),
which is in good agreement with the literature.72

Fig. 6(a–d) illustrate the FT-IR spectra of the CaWO4:Eu
3+

microcrystals synthesized by the CP method at room temper-
ature and processed in the MAH system at 130 °C for 30 min.

In our FT-IR spectra, only six of the eight IR active modes
can be detected. The 1Au and 1Eu IR modes could not be
detected due to limitations of the FT-IR equipment. As
discussed above, tungstates with a scheelite-type tetragonal
structure show eight stretching and/or bending vibrational
modes in their FT-IR spectra.73,74 In our case, it was possible
to identify no more than six modes Ĳ2ĲAu), 1ĲEu)/1ĲAu) and
CrystEngComm, 2015, 17, 1654–1666 | 1659
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2ĲEu)), which were identified at specific positions in the spec-
tra (Fig. 6(a–e)). First, there are strong absorption bands with
two modes located at 772/778 and 873/882 cm−1 for all
CaWO4:Eu

3+ microcrystals. These two bands are related to
the ν3Ĳ1Eu and 1Au) internal modes originating from
the anti-symmetric stretching vibrations in tetrahedral
[WO4] clusters.75 Similarly, the other two ν4Ĳ1Au and 1Eu)
modes are assigned to the anti-symmetric bending of the
bonds in [WO4] clusters. These modes are located at
approximately 438/440 cm−1 for the CaWO4:Eu

3+ microcrys-
tals. Finally, the two other absorption bands located at
330/332 cm−1 and 268/270 cm−1 are ascribed to the ν2Ĳ1Au
mode) and the (1Eu mode). These modes refer to the symmet-
ric bending of O–W–O bonds in tetrahedral [WO4] clusters.
In Fig. 6(a–f), the vertical lines are used as guides. Pure
CaWO4 microcrystals have infrared bands at slightly different
positions with respect to the CaWO4:Eu

3+ microcrystals
with 0, 1, 2 and 4 mol% Eu3+. This behaviour can be related
to the presence of crystals with very similar O–W–O bonds.
Moreover, pure CaWO4 microcrystals have similar energy
coupling and bond strength of the ⋯O–W–O–Ca–O–W–O⋯
bonds in ĳWO4]–ĳCaO8]–ĳWO4] clusters. However, the
CaWO4:Eu

3+ microcrystals show the effect of environments
linked to Eu3+ ions, promoting dispersion and bond strength
variation between the ⋯O–W–O–Eu–O–W–O–Ca–O⋯ bonds
in ĳWO4]–ĳEuO8]–ĳWO4]–ĳCaO8] clusters.
Fig. 7 FE-SEM micrographs of (a, b) kibe-, (c, d) jackfruit- (e, f)
dumbbell- and (g, h) twin lychee-like CaWO4:Eu

3+ microcrystals.
3.6. FE-SEM images analyses

Fig. 7(a–h) illustrate the FE-SEM images of the CaWO4:Eu
3+

microcrystals synthesized by the CP method at room temper-
ature and grown in the MAH system at 130 °C for 30 min.

FE-SEM images were employed to monitor the shape evolu-
tion and growth process of the CaWO4:Eu

3+ microcrystals with
partial replacement of Ca2+ by Eu3+ ions. Fig. 7(a) shows kibe-
like CaWO4 microcrystals for the pure system. These super-
structures are composed of several aggregated nanocrystals, as
noticed for an individual CaWO4 microcrystal illustrated in
Fig. 7(b). Moreover, we have obtained the values of average
crystal size and lattice strain by Scherrer's equation using the
full width at half maximum (FWHM) of the (101) peak from
the XRD patterns (Fig. 1(a–d)) as shown in Table S4 in the
ESI.† CaWO4 microcrystals have an average size of approxi-
mately 2.4 μm. In Fig. 7(c–h), the effect of the replacement of
Ca2+ with Eu3+ ions on the shape and size of the microcrys-
tals can be noticed. The jackfruit-like CaWO4:Eu

3+ (1 mol%)
microcrystals show a slight reduction in their average size to
approximately 1.9 μm. The sample with 2 mol% Eu3+ shows
drastic modification from a crystal shape to a dumbbell-like
shape. In Fig. 7(g–h) a retraction process at the centres of the
crystals can be observed, which is due the presence of Eu3+

ions in the CaWO4 lattice. These microcrystals grow at
their extremities and have an average size of approximately
1.7 μm. Finally, we can clearly observe the remarkable effects
of Eu3+ ions on the growth process of the crystals, with the
morphology close to twin lychee-like CaWO4:Eu

3+ microcrystals
1660 | CrystEngComm, 2015, 17, 1654–1666
(4 mol%) and an average size of approximately 1.5 μm. Gener-
ally, it is possible to deduce that the increase in Eu3+ ions in
the compounds promotes a change in the growth process from
anisotropic to isotropic, potentially reducing the size of the
matrix crystals.
3.7. Growth mechanism of CaWO4:Eu
3+ microcrystals

Fig. 8(a–g) display a schematic representation of the main
stages involved in the growth mechanism of the CaWO4:Eu

3+

microcrystals (with 0, 1, 2 and 4 mol% Eu3+) obtained by the
CP method at room temperature and processed at 130 °C for
30 min in the MAH system.

The initial process is the formation of small octahedron-
like CaWO4:Eu

3+ crystals, which occurs with the addition of
stoichiometric amounts of CaĲCH3CO2)2ĴH2O, EuĲNO3)3Ĵ6H2O
and Na2WO4Ĵ2H2O dissolved in deionized water (Fig. 8(a)). In
this solution, the solvation energy of the H2O molecules pro-
motes rapid dissociation of the salts, where the Ca2+, Eu3+

and WO4
2− ions are rapidly solvated by surrounding H2O

molecules.76,77 The partial negative charge on the H2O
This journal is © The Royal Society of Chemistry 2015

http://dx.doi.org/10.1039/c4ce02279c


Fig. 8 Growth mechanisms of the CaWO4:Eu
3+ (CW:Eu) microcrystals.
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molecules is electrostatically attracted to the Ca2+/Eu3+ ions,
while the partial positive charges on the H2O molecules are
electrostatically attracted to the WO4

2− ions.78 However, due
to differences in the electronic density between Ca2+/Eu3+

ions and WO4
2− ions, a strong Coulombic electrostatic attrac-

tion occurs between them that results in the formation of the
first CaWO4:Eu

3+ precipitates or nucleation seeds (Fig. 8(b)).
Next, these suspensions were transferred to a Teflon auto-
clave (Fig. 8(c)), which was placed inside a domestic MAH
system. This apparatus was developed by several modifica-
tions of a microwave oven (model NN-ST357WRPH Piccolo
22 L, Panasonic).79,80 Inside this system, the high microwave
frequency interacts with the permanent dipoles of the liquid
phase (H2O) initiating rapid heating via molecular rotation
(Fig. 8(d)). Likewise, the permanent or induced dipoles in the
dispersed phase promote rapid heating of the crystals.81,82

The microwave radiation also promotes an increase in the
effective collision rate between the particles in suspension,
contributing to the crystal attachment and growth pro-
cesses.83 The adsorption of H2O on the CaWO4:Eu

3+ crystal
surfaces favours aggregation and diffusion of nanocrystals
leading to fast growth of microcrystals, which are adhered by
van der Waals forces.84 Fig. 8(e, f) show the proposed growth
mechanism responsible for the formation and growth of
aggregated CaWO4:Eu

3+ crystals. Under MAH conditions,
after formation of the first nuclei, self-organization and/or
mutual aggregation occurs by uncountable collision events.
The self-assembly mechanism and different charges between
Eu3+ and Ca2+ ions in the crystal lattice are dominant in this
case and lead to interactions between multiple octahedral
nanocrystals to form crystals with different shapes (kibe-,
jackfruit-, dumbbell- and twin lychee-like microcrystals), as
shown in Fig. 8(g). Initially, the CaWO4:Eu

3+ crystals have a
predominantly anisotropic growth, but with an increase in
the amount of Eu3+ (2 and 4 mol%), there is a tendency for
This journal is © The Royal Society of Chemistry 2015
isotropic growth. This occurs due to unidirectional growth
attributed to the different rates of interaction between the
crystal surfaces, leading to a continuous growth mechanism
on a specific surface.85,86

3.8. UV-vis diffuse reflectance spectroscopy analyses

The optical band gap energy (Egap) values were calculated
using the Kubelka–Munk equation,87 which is based on the
transformation of diffuse reflectance measurements, to esti-
mate Egap values with good accuracy.88 Particularly, it is used
in limited cases of infinitely thick samples. The Kubelka–
Munk equation (eqn (10)) for any wavelength is described by:

K
S

R
R

F R=
1

2

2 
  


 (10)

where FĲR∞) is the Kubelka–Munk function or the absolute
reflectance of the sample. In our case, magnesium oxide
(MgO) was adopted as the standard sample in the reflectance
measurements, R∞ = Rsample/RMgO (R∞ is the reflectance), K is
the molar absorption coefficient and S is the scattering coef-
ficient. In a parabolic band structure, the optical band gap
and the absorption coefficient of semiconductor oxides89 can
be calculated by eqn (11):

αhν = C1(hν − Egap)
n (11)

where α is the linear absorption coefficient of the material,
hν is the photon energy, C1 is a proportionality constant, Egap
is the optical band gap and n is a constant associated with
different kinds of electronic transitions (n = 1/2 for a direct
allowed transition, n = 2 for an indirect allowed transition,
n = 1.5 for a direct forbidden transition and n = 3 for an indi-
rect forbidden transition). According to the theoretical calcu-
lations reported in the literature,90 CaWO4 microcrystals
exhibit an optical absorption spectrum governed by direct
electronic transitions. In this phenomenon, after the
electronic absorption process, electrons located in minimum
energy states in the conduction band (CB) are able to return
to maximum energy states of the valence band (VB), which
are at the same points in the Brillouin zone.90,91 Based on
this information, the Egap values of CaWO4:Eu

3+ microcrystals
were calculated using n = 1/2 in eqn (11). Finally, using the
diffuse reflectance function described in eqn (10) with K = 2α,
we obtained the modified Kubelka–Munk equation as indi-
cated in eqn (12):

[F(R∞)hν)
2 = C2(hν − Egap) (12)

Therefore, by finding the FĲR∞) value from eqn (10) and
plotting a graph of ĳFĲR∞)hν]

2 against hν, Egap values were cal-
culated for the CaWO4:Eu

3+ microcrystals by extrapolating
the linear portion of the UV-vis curves.

Fig. 9(a–d) illustrate the UV-vis spectra of the CaWO4:Eu
3+

microcrystals (with 0, 1, 2 and 4 mol% Eu3+) obtained by the
CrystEngComm, 2015, 17, 1654–1666 | 1661
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Fig. 9 UV-vis spectra of CaWO4:Eu
3+ microcrystals: (a) 0 mol%,

(b) 1 mol%, (c) 2 mol% and (d) 4 mol%.
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CP method at room temperature and processed at 130 °C for
30 min in the MAH system.

Fig. 9(a–d) indicate the tendency of the Egap values to
decrease with the replacement of Ca2+ by Eu3+ ions. This
behaviour can be related to an increase in the intermediary
energy levels between the VB and the CB. Moreover, the
occurrence of this phenomenon can be explained to be due
to the presence of new electronic levels related to the addi-
tional 4f orbitals of Eu3+ ions present in the microcrystal lat-
tice. In addition, we believe that the Egap values can also be
related to factors such as morphology, particle shape and size
as well as doping. In a recent study, Chen et al.92 have
successfully explained a correlation between the electronic
structure and optical properties of Eu-doped ZnO crystals.
Moreover, these authors have observed that the 4f orbitals
are highly localized near the Fermi level of ZnO crystals.
However, the existence of these electronic levels in our
CaWO4:Eu

3+ microcrystals will be proven in a further paper
by theoretical calculations.

3.9. PL emission, colorimetric data and lifetime analyses

Fig. 10(a, b) illustrate the PL emission spectra at room tem-
perature (excited at 350.7 nm) and colorimetric data for
CaWO4:Eu

3+ microcrystals (with 0, 1, 2 and 4 mol% Eu3+)
obtained by the CP method at room temperature and
processed at 130 °C for 30 min in the MAH system. During
the process of PL emission, we used a digital camera without
flash (insets of Fig. 10(a)).

As observed in Fig. 10(a), the pure CaWO4 microcrystals
exhibit a broad PL emission band centred at around 525 nm
in the blue-green region, which is assigned to the charge
transfer transitions within the [WO6] octahedral groups in
levels very close to the valence and conduction bands. This
wide band shows the typical behaviour of multiphonon or
multilevel processes, which involve the participation of
numerous energy states within the band gap.93

However, with the partial replacement of Ca2+ by Eu3+

ions, a considerable decrease in this broad PL emission is
observed (Fig. 10(a)). The blue-green emission is gradually
quenched, and the narrow lines ascribed to Eu3+ emission
are intensified. Probably, this behaviour is accompanied by
an increase in the intermediary energy levels within the band
gap, as indicated by the decrease in the band gap values,
reported before in Fig. 9.

For the Eu3+-doped CaWO4 samples, the spectral profile
observed is related to the dopant concentration in the matrix.
The peaks are ascribed to the f–f transitions from the ground
state to the excited states of Eu3+ ions. The emission spec-
trum of the Eu3+ ion shows the most intense emission lines
corresponding to the 5D0 → 7FJ (J = 0, 1, 2, 3, 4) transitions
which occur in the range of 570–750 nm. The forbidden ‘singlet–
singlet’ transition, 5D0 → 7F0, is detectable and can be seen
in the low wavelength region of the spectrum. The 5D0 → 7F1
transition occurs by a forced magnetic dipole mechanism,
and its intensity is not significantly altered by the perturba-
tion of the crystalline field.94,95
This journal is © The Royal Society of Chemistry 2015
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Fig. 10 (a) PL emission spectra at room temperature and
(b) colorimetric data for CaWO4:Eu

3+ (CW:Eu) microcrystals.
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The 5D0 →
7F2 transition at around 618 nm dominates the

spectrum and is more intense than the other transitions.
This is beneficial when phosphors with good colour purity
are required. The intensity of the 5D0 →

7F2 transition, which
is known to be hypersensitive, is strongly dependent on the
surrounding Eu3+ owing to its electric dipole characteristics.
Here, the optimum europium concentration was found to be
4 mol% (Fig. 10(a)). We suggest that the relationship between
the PL intensity and the amount of Eu3+ ions in the matrix is
due to the coordination environment and/or changes in the
shape and size of the crystals, since an increase of the Eu3+

concentration also leads to changes in the host morphology
(Fig. 7). The literature has shown that the dipole–dipole
This journal is © The Royal Society of Chemistry 2015
interaction increases with an increase in the Eu3+ concentra-
tion, which consequently increases the cross-relaxation
among Eu3+ ions when the mean distance between them is
less than a critical value.64 This critical value depends on the
crystal structure of the host and the particle size.

Furthermore, defects in the crystal lattice play an impor-
tant role in the determination of the luminescence properties
of oxides. Therefore, the direct changing of the contents of
some types of defects may cause variations in the concentra-
tions of the corresponding luminescence centres.96 In partic-
ular, the calcium and oxygen vacancies formed, which serve
as electron- or hole-trapped centres, might act as sensitizers
for the energy transfer from the host to the Eu3+ ions and
enhance the luminescence intensity.

Fig. 10(b) shows the CIE (Commission Internationale de
l'Eclairage) diagram for all of the CaWO4:Eu

3+ microcrystals
with various amounts of Eu3+ ((•) 0 mol%, (▲) 1 mol%,
(★) 2 mol% and (♦) 4 mol%) with the respective assignment of
their colours. The CIE chromaticity coordinates [x-axis, y-axis]
for the CaWO4:Eu

3+ microcrystals are [x = 0.3097, y = 0.4116],
[x = 0.3934, y = 0.3400], [x = 0.4115, y = 0.3238] and [x =
0.4643, y = 0.3094], corresponding to Eu3+ concentrations of
0, 1, 2 and 4 mol%, respectively. Therefore, we can observe
that the continuous replacement of Ca2+ by Eu3+ ions induces
an increase in the maximum red PL emission, which has
characteristic sharp lines due to 4f → 4f transitions in
Eu3+ ions.97,98

The decay curves with their typical fitting were monitored
for CaWO4:Eu

3+ (with 1, 2 and 4 mol% Eu3+). The respective
lifetime (τ) values of the 5D0 → 7F2 transitions were found to
be τ = 0.43, 0.48 and 0.69 ms (ESI† Fig. S1Ĳa–c)). The lifetime
values increased with an increase in the Eu3+ concentration.
These results are in good agreement with those obtained by
other work reported in the literature, wherein preparations
were carried out using a solid-state reaction method at
1100 °C for 6 h or a sol–gel method at 500 °C for 3 h.99

However, we have obtained good results employing lower
synthesis temperature.

4. Conclusions

In summary, we report the successful preparation of
CaWO4:Eu

3+ microcrystals using a facile microwave-hydrother-
mal method. XRD patterns, Rietveld refinement data, XANES and
FT-Raman spectra indicate that all crystals have a scheelite-type
tetragonal structure and are ordered at long- and short-range.
The small difference in the ionic radii of Ca2+ and Eu3+ leads to
substitution occurring in the A site occupied by calcium atoms.

The qualitative analyses of the XANES spectra of the crys-
tals indicated that the coordination shell around the tung-
sten atoms is formed by four O atoms. FE-SEM images
revealed that Eu3+ ions affect the shape and cause a reduc-
tion in the crystal size. The growth process proposed for
these crystals indicates that growth occurs through the self-
assembly of small nanocrystals, and further growth of inter-
mediate superstructures and nanostructures leads to the
CrystEngComm, 2015, 17, 1654–1666 | 1663
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formation of kibe-, jackfruit-, dumbbell- and twin lychee-like
crystals.

UV-vis diffuse reflectance spectra indicated that the
replacement of Ca2+ by Eu3+ ions promotes a decrease in the
optical band gap values due to the appearance of intermedi-
ary energy levels within the band gap. In principle, the
CaWO4 matrix exhibits broad PL emission in the blue-green
region related to 2p–5d transitions, and after Eu3+ doping,
CaWO4 shows narrow PL emission in the red region ascribed
to 4f–4f transitions (Eu3+ ions). Satisfactory lifetime values
have been obtained for CaWO4:Eu

3+ microcrystals. The results
suggest that our crystals have great potential for applications
such as in phosphors, fluorescent lamps and display panels.
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