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H I G H L I G H T S  

• ZnWO4 samples were obtained with success by ultrasonic spray pyrolysis. 
• Heat treatment modifications provoked structural and morphological alterations. 
• Photoluminescence spectra were influenced by change structural.  
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A B S T R A C T   

Zinc tungstate is an inorganic material which shows immense potential in diverse areas such as photo-
luminescence, sodium-ion batteries, and catalysis. Thus, the synthesis and characterization of ZnWO4 by ultra-
sonic spray pyrolysis using different heat treatments (between 750 ◦C and 1000 ◦C) is reported herein. X-ray 
diffraction and Raman spectroscopy were used to confirm the formation of the ZnWO4 with wolframite-type 
monoclinic structure. Scanning electron microscopy images revealed that the ZnWO4 particles have a 
microsphere-like morphology formed by the junction of different nanocrystals and its surface changed by heat 
treatment. The bandgap energies had a small variation among the samples (3.88 eV–3.98 eV). The photo-
luminescence emission of the samples showed a broadband spectrum with white light, in which structural al-
terations occurred with the increase in the heat treatment, which also increased the emission intensity and 
broadband. The samples synthesized at 950 ◦C and 1000 ◦C showed to be promising warm- and neutral-white 
light emission sources.   

1. Introduction 

Metallic tungstates form a semiconductor category with enormous 
potential and have been investigated in different areas, as well as for 
applications in biotransformation, lithium-ion storage capacity, laser 
hosting, scintillator, photocatalysis, and photoluminescence, for 
example [1–6]. ZnWO4 is notable among tungstates for its interesting 
properties such as excellent chemical and thermal characteristics, in 
addition to optical properties [7,8]. The ZnWO4 structure is constituted 
by [ZnO6]/[WO6] clusters producing a monoclinic lattice and minor 
cluster distortions stimulate significant alterations in the optical and 
vibrational response [9,10]. 

Huang and Zhu [11] studied how changes in temperature and time of 
the coprecipitation synthesis can enhance the RhB degradation of 
ZnWO4, in which higher temperatures and times resulted in superior 
performance. Meanwhile, Hu, Luo, and Yu [12] verified that ZnWO4 
synthesized by different concentrations of ethylene glycol (EG) resulted 
in controlling particle size, imperfect crystallinity, low carrier separa-
tion efficacy, and improved photocatalytic removal of pollutants and 
disinfection of bacteria. However, Harichandran et al. [13] studied the 
influence of cetyl-trimethylammonium bromide (CTAB) in ZnWO4 par-
ticles by the sonochemical method, and observed structural and 
morphological alterations that resulted in superior specific capacitance 
value. Furthermore, Wang et al. [14] utilized L-aspartic acid (L-Asp) as a 
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surfactant to obtain yolk-shell ZnWO4 microspheres by the hydrother-
mal method, and observed that the microspheres showed improved 
optical properties in comparison to nanorods (without L-Asp). Thus, the 
boost of ZnWO4 performance generally occurs by distortion and 
imperfection in the clusters, and this can be accomplished by different 
cation doping, distinct synthesis methods, and the variants [15–17]. 

Ultrasonic spray pyrolysis (USP) is a method used to obtain ceramic 
powders with sphere-like morphology easily, simply, and without sur-
factants due to being a continuous and fast process which allows several 
modifications in synthesis parameters [18,19]. The alteration of USP 
parameters can provide substantial changes to the same composite 
through easy control of residence time, heat treatment, size, and con-
centration of droplets during the process which will promote morpho-
logical, structural, and different properties for the resulting material 
[20]. ZnWO4 is a material which has been explored by different methods 
such as state-solid [21], sol-gel [22], microwave-assisted and conven-
tional hydrothermal [15,23,24], as well as sonochemical [13,25], but it 
has only been little reported in being obtained by USP. Huang et al. [26] 
and Santiago et al. [27] synthesized ZnWO4 by the USP utilizing thermal 
processing at 650–750 ◦C and 800 ◦C, respectively. 

Consequently, further studies are necessary to check the structural 
and morphological behavior of this material under different conditions 
during the USP method. Based on the above factors, in this study we 
present an investigation on the structure, morphology, and optical al-
terations generated in ZnWO4 powder by the USP method at different 
temperatures (between 750 ◦C and 1000 ◦C). 

2. Experimental details 

2.1. The synthesis procedure of ZnWO4 powders 

The USP process was used to synthesize ZnWO4 samples. First, so-
lution I was prepared with 5 mmol of tungstic acid (H2WO4, 99% purity, 
Aldrich Chemistry) in 25 ml of H2O, then mixed by a magnetic stirrer at 
25 ◦C and the pH was modified to 12 using ammonium hydroxide 
(NH4OH, 30%, Synth), thus obtaining a white and semi-transparent 
solution. Next, nitric acid (HNO3, 65%, Synth) was added to solution I 
to decrease the pH to 5. Solution II was subsequently prepared with 5 
mmol of zinc nitrate hexahydrate (Zn(NO3)2 ∙ 6H2O, 98% purity, Sigma- 
Aldrich) in 75 ml of H2O and mixed by a magnetic stirrer at 25 ◦C, 
supporting the pH at 5. Then, solution I was added dropwise into solu-
tion II to obtain the precursor solution, with the precursor solution 
concentration at 0.6313 M. Finally, the precursor solution was atomized 
using an ultrasonic nebulizer (frequency of 2.4 MHz) with air as carrier 
gas (flow at 2 L min− 1), and the furnace temperature was set to 600 ◦C 
for zone 1 and between 750 and 1000 ◦C for zone 2. The temperature 
setting in zone 2 for the samples were 750, 800, 850, 900, 950, and 
1000 ◦C, denominated as Z750, Z800, Z850, Z900, Z950 and Z1000, 
respectively. The precipitates were then collected by an electrostatic 
stainless-steel precipitator. More information about the equipment and 
technology used is available in references [28–30]. 

2.2. Characterization of ZnWO4 powders 

Powder XRD patterns of ZnWO4 were collected within the 10◦ to the 
120◦ angular range with a speed of 1◦ min− 1 and step of 0.02◦ using a 
Shimadzu diffractometer, model XRD 7000, with monochromatic CuKα 
radiation (λ = 1.5406 Å). The General Structure Analysis System (GSAS) 
with an EXPGUI graphic interface [31] was used to execute the Rietveld 
refinement [32] and to obtain structural modifications of samples. Next, 
a Supra 35-VP Carl Zeiss Field-gun scanning electronic microscope 
(FE-SEM) operating at 6 kV was used to perform the morphological 
images. A VERTEX 70 RAMII Bruker spectrophotometer (USA) with an 
Nd:YAG laser (1024 nm) and maximum output power kept at 100 mW 
was then used to obtain Raman scattering spectra at room temperature 
in the frequency range from 100 to 1000 cm− 1. A Shimadzu UV-2600 

spectrometer was used to obtain the UV–Vis reflectance spectrum. 
Finally, a thermal Jarrell-Ash Monospec 27 monochromator, a Hama-
matsu R446 photomultiplier, and a krypton laser with a wavelength of 
325 nm (Coherent Innova) and an output of 5 mW were used to obtain 
photoluminescence spectra at ambient temperature. 

3. Results and discussion 

The XRD patterns of ZnWO4 samples are shown in Fig. 1. All the 
samples have been indexed as wolframite-type monoclinic structure 
with space group P2/c (number 13) in accordance with JCPDS 15–774 
and references [33,34], exhibiting great crystallinity, however an 
improvement in crystallinity and the peak shape definition are noted 
with increasing temperature. 

Fig. 2 and Table 1 show the results achieved by the Rietveld 
refinement of all samples. All samples were well fitted to ICSD 84540 
(ZnWO4 with monoclinic structure). Small alterations are observed in 
the lattice parameters between samples due to different temperatures 
used during the USP process, and as a result present a variation in 
crystallite size and cluster distortions. 

The temperature variation changes the heating rate and residence 
time that droplets and particles experience during the USP process, as 
the higher temperature implies a high heating rate and low residence 
time [35]. The residence time was estimated by: 

Fig. 1. XRD patterns of ZnWO4 samples obtained by the USP method, namely 
(a) Z750, (b) Z800, (c) Z850, (d) Z900, (e) Z950, and (f) Z1000. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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ti =
A × l

F
×

Troom

Ti
(1) 

In which: A is the cross-sectional area of the tube, l is the length of 
each zone, F is the carrier gas flow rate, Troom is the room temperature, 
and Ti is the temperature in each zone [35,36]. Thus, the calculated 
residence times were 6.02 s, 5.82 s, 5.64 s, 5.48 s, 5.35 s, and 5.23 s to 
Z750, Z800, Z850, Z900, Z950 and Z1000, respectively. On the other 
hand, it is noted that the Z1000 sample had higher crystallinity and 
improve XRD patterns at lower residence time. Moreover, the crystallite 
size showed an increase at higher temperatures, while the unit cell 
volume exhibited a decrease. As can be seen in Table 1, the lattice pa-
rameters a, b, and c increased, while β decreased with increasing tem-
perature. Andrade Neto et al. [15] demonstrated that ZnWO4 tends to 
decrease the unit cell volume with increased synthesis temperature, 
approaching theoretical values. Thus, the lattice parameters of ZnWO4 
tend to decrease, and the crystallite size tends to increase in higher 
temperatures due to the high heating rate experienced by droplets and 
particles during the USP synthesis, as more energy is provided for the 

particles to crystallize, organize, and grow. 
The unit cell of ZnWO4 is formed by two clusters in which Zn2+ and 

W6+ are coordinated by six bordering oxygen atoms and a distorted 
octahedral geometry of ZnO6 and WO6 [37,38]. Fig. 3 shows the unit 
cells of ZnWO4 samples where it is possible to see the distortions and 
stretching between Zn–O and W–O bonds with the variation in tem-
perature. The W–O bond length was measured, and a tendency of 
elongation and shrinkage of determined bonds was observed with the 
increase in temperature. Wang et al. [39] observed analog behavior 
when obtaining ZnWO4 samples, in which the W–O bond lengths 
calcined at 500 ◦C were 1.7752 Å, 2.0111 Å and 2.1801 Å, while the 
W–O bond lengths calcined at 1000 ◦C were 1.7794 Å, 2.0523 Å and 
2.1158 Å. 

Raman spectra were measured in the ZnWO4 samples obtained by 
750 and 1000 ◦C and are shown in Fig. 4. Group theory analysis predicts 
that the wolframite structure of ZnWO4 yields 36 lattice modes at the Γ 
point (8Ag + 10Bg + 8Au + 10Bu), but only 18 even (g) vibrations are 
Raman-active modes (8Ag+10Bg) [40]. In our case, 15 modes (7Ag and 
8Bg) of these 18 modes were found. The increase in temperature resulted 

Fig. 2. Rietveld Refinement of ZnWO4 samples, namely (a) Z750, (b) Z800, (c) Z850, (d) Z900, (e) Z950, and (f) Z1000. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Structural parameters, crystallite size, microstrain, and reliability parameters obtained by Rietveld refinement for the ZnWO4 samples.  

Compounds Z750 Z800 Z850 Z900 Z950 Z1000 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 
Space Group P2/c P2/c P2/c P2/c P2/c P2/c 
Lattice parameters (Å) 
a 4.697 4.693 4.695 4.693 4.695 4.686 
b 5.727 5.719 5.721 5.719 5.721 5.710 
c 4.936 4.929 4.929 4.928 4.927 4.916 
β 89.37 90.64 90.67 90.68 90.71 90.71 
V(Å3) 132.8 132.3 132.4 132.2 132.2 131.5 
χ2 1.342 1.574 1.358 1.416 1.601 1.300 
Rf2 (%) 7.86 11.82 7.38 6.11 15.53 7.94 
Rp (%) 15.34 11.66 10.92 9.57 13.90 11.22 
D (nm) 17.3 24.9 23.4 24.9 25.8 27.1 
ε (x10− 3) 1.02 0.71 0.73 0.70 0.68 0.65  
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in improving the modes’ peak shape and the signal-to-noise ratio of the 
spectrum, which is expected due to the increased crystallization of 
samples. 

The band seen near 904 cm− 1 is assigned to symmetric stretching of 
the regular octahedron, while the bands near 785 cm− 1 and 705 cm− 1 

are assigned to asymmetric stretching of the regular octahedron. The 
W–O–W bridging mode is seen near 513 cm− 1, while the bending mode 
of the regular WO6 octahedral is seen near 406 cm− 1, 341 cm− 1, and 
193 cm− 1. The band near 313 cm− 1 is assigned to the symmetric 
stretching of the regular ZnO6 octahedral, while the band near 272 cm− 1 

and 164 cm− 1 are assigned to the translational mode of the WO4 tetra-
hedral and translational mode of Zn–O, respectively [40,41]. 

The morphology of ZnWO4 particles was analyzed by FESEM and is 
shown in Fig. 5. The particles presented a microsphere-like morphology 
produced by the junction of different nanocrystals (primary nano-
crystals), which is expected and commonly observed for the USP 
method. The particles formed at 750 ◦C (Fig. 5a) showed a smoother 
surface and minor primary nanocrystals when compared with the par-
ticles formed at 1000 ◦C (Fig. 5f). 

Diverse physicochemical phenomena occur during the USP process 
which result in the formation of particles, such as the drying up of the 
solvent on the droplet surface, the dispersion of solvent gases to outside 
the droplet, and melting of the precursor nitrates. Furthermore, the use 
of metal nitrates as precursor reagents tend to form porous or hollow 
microspheres due to its melting before the solvent, thus resulting in a 
molten salt which prevents the solvent from being completely removed. 
Moreover, precursor reagents which have high solubility tend to 
aggregate several nanocrystals to form a microsphere due to high su-
persaturation, such as what occurs with the metal nitrates [42,43]. 

Synthesis parameters have a great influence on crystallinity and 
morphology of produced particles. The temperature influences the 
heating rate and residence time during the process, as the higher tem-
perature results in higher heating rate, less residence time, increased 
crystallinity, and higher densification of particles. However, atomiza-
tion frequency effects droplet size, as the higher frequency results in 
smaller droplet size and smaller particle size. Nevertheless, the carrier 
flow gas rate affects residence time, as a high carrier gas rate increases 
the residence time and promotes the emergence of particles with an 
irregular surface. Lastly, the precursor solution concentration changes 
particle size, as low concentration values induce smaller particle sizes 
[35,42]. 

The particle formation mechanism can be divided into four main 
stages (Fig. 5g): the precursor droplet is the carrier in the furnace, which 

Fig. 3. Unit cells of ZnWO4 samples obtained by USP, namely (a) Z750, (b) Z800, (c) Z850, (d) Z900, (e) Z950, and (f) Z1000. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Raman spectra of ZnWO4 samples obtained by the USP method at (a) 
750 ◦C and (b) 1000 ◦C. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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is then heated and evaporation of the solvent from the droplet occurs 
(Stage I), resulting in a decrease in the precursor droplet diameter and 
an increase in the precursor concentration; next, the precursor droplet is 
fully dried and the solute is precipitated (Stage II); the precipitates un-
dergo thermal decomposition and nanocrystals nucleate (Stage III); 
lastly, the nanocrystals cluster together and grow, resulting in the par-
ticles (Stage IV) [20,44]. 

Thus, the increase in temperature supplies a higher heating rate for 
nucleation and particle growth, as can be seen in Fig. 5h. The micro-
spheres consequently experience variation in the surface aspect, such as 
the increase in the roughness and porosity with the increase in tem-
perature due to minor residence time. In our case, the particle surface 
looked like a melon at 750 ◦C, and at 1000 ◦C the surface looked like a 
sugar-apple. 

Fig. 6 shows the band-gap energy of ZnWO4 samples estimated by the 
Kubelka-Munk function followed by the Wood and Tauc method. The 
diffuse reflectance data was converted in absorbance by the Kubelka- 
Munk function [45]. The band-gap energy (Egap) was estimated by the 
Wood and Tauc method [46] using absorbance data. The optical 
band-gap energy is assumed by αhv ~ (hv-Egap)1/k [46], where α is the 
absorbance, h is the Planck constant, v is the frequency, and k is indi-
cated for the different kind of transitions. The ZnWO4 is normally related 
to direct allowed transition [25,47,48], so the results from ZnWO4 
powders were examined assuming k = 1/2, which is the value for such 
transitions. 

The bandgap values found in the literature are near the values esti-
mated in our samples. The bandgap theoretical value of ZnWO4 was 
calculated by density-functional theory (DFT) obtaining ~4.019 eV 

[49]. On the other hand, the experimentally estimated bandgap depends 
on the synthesis method, synthesis parameters, and doping used to 
obtain the ZnWO4 samples, as the modified structural parameters result 
in changes in the bandgap. For example, the value when synthesized by 
the sol-gel method was 3.20 eV [50], the value by solid-state reaction 
was 3.93 eV [48], while by microwave-assisted hydrothermal the value 
was 3.40 eV [51]. The tungstates present two dominant states in the 
bandgap, being W6+(5 d) states in the conduction band (CB) and 
O2− (2p) states in the valence band (VB), which are heavily affected by 
the degree of structural order-disorder due to the low number of inter-
mediate levels in the bandgap [52,53]. The bandgap estimated in our 
samples had small variation between the samples (3.88–3.98 eV), thus 
structural modifications with the variation of temperature during the 
USP method did not strongly influence the bandgap, possibly due to fast 
heat treatment received by the particles. 

The photoluminescence behavior of samples was performed by 
excitation of 325 nm at ambient temperature and the PL spectra are 
shown in Fig. 7-I. The PL spectra of samples show a broadband profile, 
which is characteristic of a multiphonon and multilevel process, i.e. 
relaxation process which occurs with the participation of numerous 
energy states within the bandgap of the material [54,55]. The tungstates 
with monoclinic wolframite-type structure present two clusters, namely 
[MO6] and [WO6] clusters (M = Zn, Mg, Co), but the PL emission occurs 
by charge transfer in the [WO6] clusters given by energy absorption 
through O 2p orbitals and promotion through W 5 d orbitals [24,56]. 
Moreover, the color emitted by the sample is directly correlated with the 
structural arrangements and cluster-to-cluster charge transfer of tung-
states, wherein the yellow-red emission is related to deep defects, 

Fig. 5. FESEM images of ZnWO4 particles, namely (a) Z750, (b) Z800, (c) Z850, (d) Z900, (e) Z950, and (f) Z1000. Illustrations of (g) particle formation mechanism 
and (h) scheme of morphological differences between samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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structural disorder and oxygen vacancies in [WO6] clusters, while the 
blue-green emission is related to shallow defects and structural ordering 
[57]. 

The ZnWO4 samples show an increase of PL intensity and spectrum 
enlargement to the yellow-red region with an increase in the synthesis 
temperature up to 950 ◦C, in which the more intense wavelength is 
between 490 and 505 nm. On the other hand, the Z1000 sample pre-
sented a slight decrease in PL intensity and more intense wavelength at 
605 nm. Thus, structural alterations with a high temperature can be 
promoted to increase deep defects, oxygen vacancies or cluster-to- 
cluster charge transfer in the ZnWO4 structure. Also, these phenomena 
can be related to stabilization of the (010) and (011) surfaces with the 
increase in temperature, which favor the yellow-red emission due to 
creating oxygen vacancy located in the [ZnO4⋅2Vo

x] and [WO5⋅Vo
x] 

clusters and provoke the creation of further energy bandgap levels [57, 
58]. 

The color emitted by ZnWO4 samples was verified by CIE chromatic 

(x, y) coordinates and can be seen in Fig. 7II and Table 2. The CIE co-
ordinates and color rendering indices (CRI) are essential indexes to 
evaluate the performance of matches and the quality of white light 
sources, respectively. High-quality white light sources should show an 
emission between neutral- and cool-white color (4000–8000 K) and 
have CRI values above 80% [59,60]. Several studies have been con-
ducted to obtain high-quality white light sources, and mainly utilized 
rare earth-like dopants with a ceramics matrix [61–65]. Nevertheless, 
the use of rare earth can be related to bronchiolar, alveolar, and inter-
stitial histological reactions in the lungs when an individual has pro-
longed exposure to these elements [66,67]. Thus, the use of materials 
without rare earth in its composition is important due to health reasons. 
The structural variations due to changes in temperature of the USP 
method in our study promoted alteration in CCT and CRI data, with 
displacement of cool-white to warm-white emission and improvement in 
the quality CRI occurring. Thus, the Z950 and Z1000 samples can be an 
alternative for phosphorus application due to having good CCT and CRI 

Fig. 6. UV–Vis absorbance spectra of ZnWO4 samples, namely (a) Z750, (b) Z800, (c) Z850, (d) Z900, (e) Z950, and (f) Z1000.  
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values, as they had emission values near LED commercial lamps (6500 
K) and warm/neutral LED lamps (3000–4500 K), respectively. 

4. Conclusion 

ZnWO4 powders were effectively obtained by the ultrasonic spray 
pyrolysis method with the temperature between 750 ◦C and 1000 ◦C. All 

XRD patterns showed a wolframite-type monoclinic structure (ZnWO4), 
Raman spectra showed the modes of ZnWO4, and the particles presented 
sphere-like morphology. The increase in USP temperature promoted 
increased crystallinity, decreased unit cell volume, an increase in the 
Raman spectrum intensity, and growth of primary nanocrystals which 
form the microspheres. The bandgap of samples had small variations 
between them (3.88–3.98 eV). The PL spectra of the samples showed 
broadband with white emission. The structural alterations with the in-
crease in USP temperature may have increased the deep defects, oxygen 
vacancies or cluster-to-cluster charge transfer in the ZnWO4 structure, 
and stabilization of the (010) and (011) surfaces, thus can to favor the 
yellow-red emission due to creating further energy bandgap level. 
Moreover, the Z950 and Z1000 samples can be considered promising for 
phosphorus application due to presenting good CCT and CRI values 
(6505 K/82% and 3994 K/88%, respectively). 
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