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A B S T R A C T

Tungstates are inorganic materials with great potential in diverse applications, mainly as a photoluminescent
material as a candidate to replace traditional lighting sources. In this study, we report the synthesis and char-
acterization of Zn1-xCaxWO4 (x=0, 0.2, 0.4, 0.6, 0.8, and 1) powders with white light-emitting properties. Using
X-ray diffraction, the formation of the monoclinic ZnWO4 phase was observed for x= 0 and the formation of the
tetragonal scheelite phase of CaWO4 was observed for x= 1. The formation of a heterostructure composed of
both phases was found for compositions with x= 0.2, 0.4, 0.6 and 0.8. Scanning electron microscopy images
showed that the Zn1-xCaxWO4 particles exhibit a spherical morphology. The band-gap energies had variation
between 3.79 eV and 3.99 eV, being influenced by the degree of structural disorder. The photoluminescence
emission spectra of the samples showed white light emission. Thus, Zn1-xCaxWO4 can be considered as promising
white light sources, mainly for the sample synthesized with x=0.8 for application in LED lamps (6500 K).

1. Introduction

The area of research and development of new materials has been
extremely competitive and constantly updated in recent years, and in
this scenario the study of semiconductors with photoluminescent
properties has also intensified, mainly to improve the efficiency of the
components for applications in the LED industry, lasers and for screens
of electronic devices, for example [1–4]. Thus, metallic tungstates have
been used in diverse potential applications such as optical fibers, hu-
midity sensors, photoluminescence, lasers, and X-Ray intensifying
screens [5–7]. Tungstates can have two types of structures: monoclinic,
in which the tungsten atoms and the metal ions are coordinated by six
oxygen atoms forming octahedra groups of [WO6] and [AO6]; and
tetragonal, in which the tungsten atoms are coordinated by four oxygen
atoms forming tetrahedra [WO4], whereas the metal ions have eight
oxygen atoms, forming deltahedron [AO8] [8,9].

Zinc tungstate (ZnWO4) is a promising metallic tungstate which has
a monoclinic structure and exhibits intrinsic emission of blue-green
coloration when excited by UV radiation [10–12]. However, calcium
tungstate (CaWO4) is an important tungstate and has a tetragonal
Scheelite structure. CaWO4 exhibits excellent optical properties with
efficient blue, violet or green light emission when excited by ultraviolet

radiation to x-rays [13–15].
These tungstates have good chemical stability and high photo-

sensitivity and are therefore used in screens for electronic devices,
nanocomposites, lasers, devices for medical treatments, magnetic na-
nomaterials, sensors, field emission devices, optical fibers, LEDs and
scintillation detectors. These different applications occur because
tungstates are highly influenced by the synthesis method, time and
temperature used to obtain them, resulting in variations in the struc-
tural network, morphology, size, and porosity of the particles [16–20].

Consequently, several synthesis methods have been used to obtain
tungstates such as co-precipitation, conventional and microwave-as-
sisted hydrothermal, solvothermal, solid-state reaction, sol-gel, com-
bustion and spray pyrolysis [21–27]. The ultrasonic spray pyrolysis
(USP) method is a simple, fast and continuous method consisting of
three basic steps: the atomization of the precursor solution, heat
treatment, and collection of the precipitates [28,29]. This method has
the main advantages of producing materials with high purity, high
homogeneity, spherical morphology, a short processing period and easy
control of the average particle size [30–32]. Therefore, the ultrasonic
spray pyrolysis method is an excellent alternative to obtaining in one-
step heterostructured materials.

In this study we report obtaining Zn1-xCaxWO4 (x=0, 0.2, 0.4, 0.6,
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0.8, and 1) powder prepared by the USP method. These powders pre-
sent a heterostructure formed by the ZnWO4 and CaWO4 phases, re-
sulting in a material which has the photoluminescent properties of both
phases. The characterization of its structural, morphological and optical
properties at room conditions was realized by means of x-ray diffraction
(XRD), field-emission scanning electron microscopy (FE-SEM), photo-
luminescence (PL) and UV–Vis reflectance measurements.

2. Experimental details

2.1. Materials

Zinc nitrate hexahydrate [Zn(NO3)2 ∙ 6H2O] (Sigma-Aldrich, 98%
purity), calcium nitrate tetrahydrate [Ca(NO3)2 ∙ 4H2O] (Synth, 99%
purity), tungstic acid [H2WO4] (Aldrich Chemistry, 99% purity), am-
monium hydroxide [NH4OH, 30%] (Synth), nitric acid [HNO3, 65%]
(Synth), and distilled water were used as reagents to synthesize Zn1-
xCaxWO4.

2.2. The synthesis procedure of Zn1-xCaxWO4 powders

Powder samples of Zn1-xCaxWO4 (x=0, 0.2, 0.4, 0.6, 0.8, and 1),
hereafter noted as ZWO, ZC2WO, ZC4WO, ZC6WO, ZC8WO, and CWO,
respectively, were prepared by using the USP method. First, solution A
was prepared by adding 5mmol of H2WO4 in 25ml of H2O and mixed
by a magnetic stirrer at 25 °C, then the pH was adjusted to 12 with
NH4OH obtaining a white and translucent solution. Next, HNO3 was
added in solution A to adjust the pH to 5. Solution B was prepared by
adding 5 (1-x) mmol of Zn(NO3)2 and 5(x) mmol of Ca(NO3)2 in 175ml
of H2O and mixed by a magnetic stirrer at 25 °C, maintaining the pH at
5. Then, solution A was added dropwise into solution B to obtain the
precursor solution. Lastly, the precursor solution was atomized using an
ultrasonic nebulizer (frequency of 2.4 MHz) and airflow (3 Lmin−1),
and heating temperatures from 600 °C for zone 1 and 800 °C for zone 2.
More details on the equipment and technique used are in references
[33–35].

2.3. Characterization of Zn1-xCaxWO4 powders

Powder XRD patterns of Zn1-xCaxWO4 were collected within the 10°
to 120° angular range with step speed of 0.02° min−1 using an XRD
7000 Shimadzu diffractometer and monochromatic Cu Kα
(λ=1.5406 Å) radiation. The diffraction patterns were analyzed by the
General Structure Analysis System (GSAS) with an EXPGUI graphic
interface [36] in order to perform the Rietveld refinement [37] and
analyze the possible structural modifications. The following parameters
were refined: scaling factor and phase fraction; background (displaced
Chebyshev polynomial function); peak shape (Thomson-Cox-Hasting
pseudo-Voigt); change in the network constants; fractional atomic co-
ordinates; and isotropic thermal parameters. The powder morphology
was examined using an FE-SEM (Carl Zeiss, model Supra 35-VP) oper-
ating at 6 kV. The UV–Vis reflectance spectrum was obtained using a
UV–Vis spectrometer (Shimadzu, model UV-2600) and PL spectra were
measured using a Thermal Jarrell-Ash Monospec 27 monochromator
and a Hamamatsu R446 photomultiplier. The excitation source used
was a krypton laser with a wavelength of 325 nm (Coherent Innova)
and an output of approximately 13.3mW.

3. Results and discussion

3.1. Structural characterization

The XRD patterns of Zn1-xCaxWO4 (x=0, 0.2, 0.4, 0.6, 0.8, and 1)
samples are shown in Fig. 1. The ZWO sample was indexed in a unit cell
with a monoclinic wolframite-type structure with space group P12/c1
(number 13) in agreement with JCPDS 15–774 and the literature

[38,39]. However, the CWO sample was indexed in a unit cell with a
tetragonal scheelite-type structure with space group P41/a (number 88)
in agreement with JCPDS 41–1431 and the literature [40,41]. On the
other hand, the ZC2WO, ZC4WO, ZC6WO, and ZC8WO samples present
the coexistence of both structures, forming a heterostructure, with all
Bragg peaks being indexed either with the monoclinic or the tetragonal
structures. Note that the fraction of the monoclinic phase decreases
with increasing the value of x since there is an increase in the sub-
stitution of Zn2+ cations by Ca2+ cations in the heterostructure.

Fig. 2 and Table 1 show the results obtained from the Rietveld re-
finement of XRD patterns of the different samples. The XRD pattern of
the ZWO sample was well matched to ICSD 84540 (ZnWO4 with
monoclinic structure). The diffraction pattern for the CWO sample was
well matched to ICSD 18135 (CaWO4 with tetragonal structure), while
the ZC2WO, ZC4WO, ZC6WO, and ZC8WO samples were well matched
to a combination of both ICSD 84540 and ICSD 18135, hence forming a
heterostructure.

Small variations in the structural parameters were observed be-
tween samples as the unit-cell parameter, crystallite size, and dis-
placement of the atomic positions within the crystalline structure.
These phenomena may be associated with defects produced during the
USP process such as generating oxygen vacancies, possible substitutions
of Ca2+ ions for Zn2+ ions in the tetragonal structure and vice versa,
distortions in the [WO6]2- and/or [WO4]2- clusters, and the interface
itself between the two phases of the heterostructure. Fig. 3 shows a
representation of the unit cells of the different Zn1-xCaxWO4 powder
samples and in particular the distortions in the [WO6]2- and/or [WO4]2-

clusters for the different values of x.

Fig. 1. XRD patterns of Zn1-xCaxWO4 being (a) ZWO, (b) ZC2WO, (c) ZC4WO,
(d) ZC6WO, (e) ZC8WO and (f) CWO.
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3.2. Morphological characterization

Fig. 4 shows the micrographs of the Zn1-xCaxWO4 powder samples.
The morphology of Zn1-xCaxWO4 powders is mainly composed of mi-
crospheres-shape particles. Moreover, slight holes and pores are ob-
served on the surface of the particles. The microspheres of ZWO
(Fig. 4a) exhibit a slightly porous surface, while the microspheres of
CWO (Fig. 4f) exhibit a slightly smooth surface. The ZC2WO, ZC4WO,
ZC6WO and ZC8WO microspheres (Fig. 4b–e) consequently show var-
iations in morphology between ZWO and CWO.

During the USP process, the droplets experience different physico-
chemical phenomena such as evaporation and diffusion of solvent on
the surface of the droplet, and metal nitrates melting. In addition, the

metal nitrates tend to melt before the solvent evaporates completely,
trapping the solvent in a droplet of molten salt, generating hollow and/
or porous particles. Also, metal nitrates tend to form a high number of
nanocrystallites in forming the microspheres due to the high degree of
supersaturation [42].

The precursor reagents used were zinc nitrate and calcium nitrate,
which present high solubility in water (1.20 g/ml of H2O and 1.44 g/ml
H2O, respectively [43]), and this favors nanocrystals forming which
compose observed the microsphere. Thus, the Zn1-xCaxWO4 micro-
spheres are hollow and porous, formed by nanocrystals from the metal
nitrates of the precursor solution.

Fig. 2. Refinement graphs of Zn1-xCaxWO4 being (a) ZWO, (b) ZC2WO, (c) ZC4WO, (d) ZC6WO, (e) ZC8WO and (f) CWO.
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3.3. Optical characterization

3.3.1. UV–visible spectroscopy
Fig. 5 shows the estimated values for the band gap energy of Zn1-

xCaxWO4 samples. The gap energy values (Egap) were estimated using
the Kubelka-Munk function [44] followed by the Wood and Tauc
method [45]. The optical band gap energy is assumed by αhv∝ (hv-
Egap)1/k [45], where α is the absorbance, h is the Planck constant, v is

Table 1
Refined Rietveld structural parameters for the Zn1-xCaxWO4.

Compounds ZWO ZC2WO ZC2WO ZC4WO ZC4WO

Crystal system Monoclinic Monoclinic Tetragonal Monoclinic Tetragonal

Space Group P12/c1 P12/c1 I41/a P12/c1 I41/a

Lattice parameters (Å)
a 4.693 4.702 5.238 4.700 5.240
b 5.723 5.726 5.238 5.722 5.240
c 4.930 4.931 11.39 4.929 11.39
c/a 2.174 2.174
α 90.00 90.00 90.00 90.00 90.00
β 90.65 90.75 90.00 90.74 90.00
γ 90.00 90.00 90.00 90.00 90.00
V(Å³) 132.4 132.8 312 132.5 312.7
χ2 1.199 1.247 1.247 1.181 1.181
Rp (%) 9.27 10.43 10.43 9.13 9.13
RF2 (%) 10.17 17.48 17.48 14.77 14.77
D (nm) 20.4 20.4 15.1 18.2 16.0
ε (x10−3) 1.18 1.19 1.54 1.30 1.47

Compounds ZC6WO ZC6WO ZC8WO ZC8WO CWO

Crystal syste m Monoclinic Tetragonal Monoclinic Tetragonal Tetragonal

Space Group P12/c1 I41/a P12/c1 I41/a I41/a

Lattice parameters (Å)
a 4.703 5.239 4.704 5.239 5.241
b 5.721 5.239 5.710 5.239 5.241
c 4.931 11.39 4.928 11.38 11.38
c/a 2.174 2.172 2.171
α 90.00 90.00 90.00 90.00 90.00
β 90.74 90.00 90.46 90.00 90.00
γ 90.00 90.00 90.00 90.00 90.00
V(Å³) 132.7 312.6 132.4 312.5 312.6
χ2 1.220 1.220 1.262 1.262 1.244
Rp (%) 9.16 9.16 10.76 10.76 9.25
RF2 (%) 13.95 13.95 16.82 16.82 10.36
D (nm) 11.3 18.0 9.33 19.6 19.4
ε (x10−3) 2.13 1.31 2.64 1.20 1.22

Fig. 3. Structural modeling of the Zn1-xCaxWO4 being (a) ZWO, monoclinic structure; (b) ZC2WO, monoclinic and tetragonal structures; (c) ZC4WO, monoclinic and
tetragonal structures; (d) ZC6WO, monoclinic and tetragonal structures; (e) ZC8WO, monoclinic and tetragonal structures; and (f) CWO, tetragonal structure.
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the frequency, and k is indicated for the different kind of transitions.
Tungstates are typically reported with permitted direct electronic
transition [46–49], so the results from Zn1-xCaxWO4 samples were
analyzed assuming k=1/2, which is the expected value for such
transitions.

The estimated values for samples are according to the literature.
Experimentally, Xiong et al. [50] and Sethi et al. [51] synthesized
ZnWO4 and obtained band gap values of 4.93 eV (solid-state method)
and 3.48 eV (hydrothermal method), respectively. On the other hand,
Manjunath and Thimmanna [52], and Sahmi et al. [53] synthesized
CaWO4 and obtained band gap values of 3.59 eV (combustion method)
and 4.88 eV (nitrate route), respectively. Han et al. [18] and Ben-
makhlouf et al. [54] calculated theoretically the bandgap these tung-
states utilizing the density-functional theory (DFT) and obtained values
of ~4.019 eV to ZnWO4 and 4.03 eV to CaWO4, respectively.

The band-gap of tungstates (AWO4) is generally dominated by
W6+(5d) states in conduction bands and O2−(2p) states in valence
bands [55]. These states are strongly influenced by the degree of
structural order-disorder, as tungstates present a low number of inter-
mediate levels between the conduction band and valence band [56].
Thus, the greater the structural disorder, the lower the tungstate band

gap will be due to the increase of intermediate levels. In addition, the
ionic radius of the A2+ metal is proportional to the tungstate band-gap,
because the hybridization state of the electrons is affected [57].

The ZWO sample (Fig. 6a) shows 3.88 eV, while CWO (Fig. 6f)
presents 3.99 eV. However, the ZC2WO, ZC4WO, ZC6WO, and ZC8WO
samples have intermediate band gaps due to the proportion and inter-
face between heterostructure phases and the defects generated during
the process such as oxygen vacancies and distortions in [WO6]2-/
[WO4]2- clusters.

3.3.2. Photoluminescence (PL)
PL emission spectra were realized with excitation of 325 nm at

ambient temperature and Fig. 6 shows the spectra obtained from the
Zn1-xCaxWO4 samples. All samples exhibit a broadband PL spectrum.
This emission profile is defined as the multiphonon and multilevel
process, in which the relaxation involved in the participation of several
energy states within the band gap of the material occurs [58]. More-
over, the PL intensity decreased with the increase of Ca2+ cations;
Almeida et al. [59] observed similar behavior, where the doping of
Zn2+ in CaWO4 increased PL emission and decreased unit cell volume.

The PL emission of tungstates with monoclinic wolframite-type

Fig. 4. FE-SEM micrographs of Zn1-xCaxWO4 powders being (a) ZWO, (b) ZC2WO, (c) ZC4WO, (d) ZC6WO, (e) ZC8WO, and (f) CWO.
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structure occurs because of the charge transfer in the [WO6] clusters,
while this charge transfer occurs in the [WO4] clusters for tungstates
with a tetragonal scheelite-type structure, in which the energy is ab-
sorbed from O 2p orbitals and is promoted from W 5d orbitals to both
structures [60,61]. According to the literature, the yellow-red emission
is associated with deep defects, structural disorder and oxygen va-
cancies in [WO6]/[WO4] clusters, while the blue-green emission is as-
sociated with shallow defects, intrinsic emission and structural ordering
[10,62–64]. Thus, the deconvolution of the Gaussian curves of the Zn1-
xCaxWO4 samples was performed using PeakFit 4.12 software with the
intention to estimate the contribution of each color in the PL spectra, as
can be seen in Fig. 7.

The deconvolutions propose that ZWO, ZC2WO, ZC4WO, ZC6WO,
and ZC8WO samples have a predominance of PL emission in the green
region while the CWO sample has a predominance in the blue region. It
is also possible to observe that ZC2WO, ZC4WO, ZC6WO, and ZC8WO
samples have intermediary PL spectra between ZWO and CWO. This

occurs due to the proportion of each phase within the heterostructure,
as well as defects generated during the charge formation and transfer at
the interface between the phases. Thus, the blue-green emission is as-
sociated with shallow defects and structural ordering while the orange-
red emission is associated with deep defects, structural disorder and
oxygen vacancies in WO V[ • ]o

x
5 and/or WO V[ • ]o

x
3 clusters.

The CIE chromatic (x, y) coordinates were used to verify the color
emitted by the spectrum of samples. Fig. 8 shows the results of CIE (x,
y) coordinate of Zn1-xCaxWO4 powders while Table 2 presents the CIE
coordinates values, correlation color temperature (CCT) and the color
emitted from each sample.

Materials to be applied in white LEDs have to present CCT values
between 4000 and 8000 K for the color emission to be neutral- and cool-
white. Only the ZC4WO sample went outside the white light emission
range. Obtaining phosphorus with white emission has mainly been
explored utilizing rare earth (RE) elements as dopants of the tungstate
matrix. Zhai et al. [65] obtained ZnWO4:(0.02mol Eu, 0.025mol Dy)

Fig. 5. UV–Vis absorbance spectra of Zn1-xCaxWO4 powders being (a) ZWO, (b) ZC2WO, (c) ZC4WO, (d) ZC6WO, (e) ZC8WO, and (f) CWO.
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by the hydrothermal method, obtaining a CCT response of 6310 K. Yaba
et al. [66] also utilized the hydrothermal method in synthesizing
CaWO4:(0.07mol Dy) with CIE coordinates of x= 0.32 and y= 0.34.
Barbosa et al. [67] synthesized CaWO4:(0.02mol Tb, 0.02mol Eu,
0.02mol Dy) by the coprecipitation method, obtaining a CCT response
of 5933 K. The RE use has been questioned due to their expressive
toxicity and prolonged exposure which can induce pulmonary compli-
cations such as bronchiolar, alveolar and interstitial histological reac-
tions [68,69]. Thus, obtaining materials with white emission and
without RE is required for biological reasons. Therefore, the Zn1-
xCaxWO4 heterostructure can be presented as an alternative for

Fig. 6. PL spectra of Zn1-xCaxWO4 powders being (a) ZWO, (b) ZC2WO, (c)
ZC4WO, (d) ZC6WO, (e) ZC8WO, and (f) CWO.

Fig. 7. Deconvolution of PL curves of Zn1-xCaxWO4 powders being (a) ZWO, (b) ZC2WO, (c) ZC4WO, (d) ZC6WO, (e) ZC8WO, and (f) CWO.

Fig. 8. CIE of Zn1-xCaxWO4 powders being (A) ZWO, (B) ZC2WO, (C) ZC4WO,
(D) ZC6WO, (E) ZC8WO, and (F) CWO.

Table 2
Coordinates of CIE, CCT and color emission of Zn1-xCaxWO4.

Sample x y CCT (K) Color

ZWO 0.28 0.38 7634 Average summer shade
ZC2WO 0.27 0.39 7982 Average summer shade
ZC4WO 0.27 0.38 8087 Average summer shade
ZC6WO 0.29 0.39 7231 Light summer shade
ZC8WO 0.31 0.40 6373 Summer sunlight (and blue sky, Xenon-lamp)
CWO 0.29 0.35 7689 Average summer shade
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phosphorus without RE, mainly the ZC8WO sample because its CCT
value is close to that of LED commercial lamps (6500 K).

4. Conclusion

The Zn1-xCaxWO4 (x= 0, 0.2, 0.4, 0.6, 0.8, and 1) samples were
successfully obtained by the ultrasonic spray pyrolysis method. XRD
patterns showed that the sample with ZWO has a monoclinic structure
(ZnWO4) and the sample with CWO has a scheelite tetragonal structure
(CaWO4), while the samples with x=0.2 to 0.8 showed the formation
of a monoclinic/tetragonal heterostructure. The Zn1-xCaxWO4 particles
presented spherical morphology with x=0 exhibiting a slightly porous
surface, while x= 1 exhibited a slightly smooth surface. The band-gap
of the ZWO (CWO) sample was 3.88 eV (3.99 eV), while samples with
x=0.2 to 0.8 showed intermediate values which seem to be highly
influenced by the degree of structural disorder. The PL emission spectra
of the samples showed predominance in the green-blue emission but
only the ZC4WO sample did not emit in the white range of CCT
(4000–8000 K). The Zn1-xCaxWO4 samples can be considered promising
white light sources, mainly the ZC8WO sample which presented emis-
sion near 6500 K.
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