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ABSTRAC T

Zinc tungstate (ZnWO4) possesses exceptional optical properties, making 
it a valuable material for scintillators and phosphors in radiation detection 
and imaging applications. Its high density and excellent light yield 
contribute to its effectiveness in capturing and converting ionizing radiation 
into detectable signals with precision. In this study, the pure (ZWO) and  
terbium-doped ZWO nanoparticles (ZWO: Tb) were synthesized using a 
simple co-precipitation method. X-ray diffraction (XRD), Fourier Transform 
Infrared (FTIR), and Field-Emission Scanning electron microscope (SEM) 
were used to characterize the crystal structure, binding vibrations, and 
morphology of the prepared nanopowders, respectively. The prepared 
nanoparticles were in a monoclinic wolframite phase with spherical, cubic, 
and planar (sheet-like) morphologies as well as the average particle size 
of 256.8 nm. Based on the FTIR results, the characteristic bands of Zn-O, 
Zn-O-W, and W-O bonds appeared at 428, 716, and 697 cm-1, respectively. 
The prepared nanopowders can be advantageous for manufacturing 
flexible fluorescence materials, optoelectronic devices, and detectors.
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INTRODUCTION
Zinc tungstate is an inorganic material with 

a monoclinic wolframite phase structure of the 
P2/c space group [1]. The constitutive groups of 
the ZnWO4 structure include distorted octahedra 
[ZnO6] and [WO6] that create structural defects 
in the network [2]. The schematic diagram of 
the wolframite-type monoclinic structure of the 
ZnWO4 single crystal is shown in Fig. 1. 

As presented in Fig.1, the WO6 octahedron 
includes two O2 and four O1 atoms, whereas the 
ZnO6 octahedron comprises four O2 and two O1. 
The bond lengths of W-O1, W-O2, Zn-O1, and Zn-
O2 are equal to 2.136 Å, 1.579 Å, 1.77 Å, and 2.27 
Å, respectively [4]. The bond lengths of W-O1-Zn, 
W-O2-Zn, O1-W-O1, and O2-W-O2 are equal to 
128.136 Å, 129.76 Å, 164.268 Å, and 106.643 Å, 

respectively [4]. ZWO is a self-activating phosphor 
with intrinsic bluish-green emission broadband 
under UV excitation [5], high light yield [6], high 
thermal and chemical stabilities, high average 
refractive index [7], and non-toxicity. The optical 
properties of tungstate compounds can be tuned 
by adjusting the temperature and rare earth (RE) 
dopant ions [5-7]. For example, doping with Tb3+ 
and Eu3+ can produce green and red-emitting 
phosphors based on only one host material, namely 
ZWO [5]. The concentration of rare earth ions 
affects various properties of the ZWO phosphor, 
including their average particle size, band gap, 
and photoluminescence spectra intensity [5-8]. 
Zinc tungstate and rare earth ions have the same 
energy levels. Therefore, energy can be effectively 
transferred from the excited tungstate group to 
the rare earth ions [9]. High quantum efficiency 
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and high stability are characteristics of Tb3+ that 
produce green light, owing to the 5D4–

7FJ (J= 3, 4, 5, 
6) transitions [10]. The most common application 
of Tb3+ is in green phosphors and light-emitting 
diodes (LEDs) [9]. Until now, many studies have 
focused on the optical properties of rare earth 
metals such as Sm3+ [11] and Eu3+ [6], whereas 
there has been few research on the structure and 
characteristics of Tb3+ dopant. One method of 
preparing ZWO is crystal growth, but this method 
is costly, time-consuming, and requires advanced 
devices [12]. Nanocrystalline semiconductors 
have prominent luminescent properties owing 
to the quantum confinement effect [13]. ZWO 
nanoparticles can be quickly prepared using 
nanoscience and chemical synthesis methods such 
as sol-gel [14], co-precipitation [15], hydrothermal 
[6], solvothermal [16], and spray pyrolysis [17]. 
Linlin et al. synthesized two single-phase ZnWO4: 
RE3+, Li+ (RE = Sm, Eu) white phosphors by solid-
state reaction [18]. Meiting et al. tailored the 
morphology of ZnWO4  crystallites/Architectures 
and Photoluminescence of the doped RE3+ ions (RE 
= Sm, Eu, Tb, and Dy) synthesized by hydrothermal 
crystallization [19]. Azadmehr et al. reported 
the scintillation response of ZWO- graphene 
oxide (GO) nanocomposite synthesized by co-
precipitation method [15]. Yeqiu et al. reported 
the photocatalytic activities of ZnWO4  and Bi@
ZnWO4  nanorods [20]. Madadi Mahani studied 
the photocatalytic activity of ZWO: Li by First-
principles calculations according to density 
function theory (DFT) [21]. Brik et al. calculated 
the electronic and optical properties of CdWO4 and 
ZnWO4  using plane wave-based first-principles 
calculations [22]. Although many researchers have 

investigated ZWO-doped with various rare earth 
elements [22-24], limited research has focused on 
the facile production of ZWO doped with Tb. In 
this study, ZWO, ZWO: 0.5at. % Tb and ZWO: 
1at. % Tb nanocrystals were synthesized and their 
structural properties were characterized. 

EXPERIMENTAL
Synthesis of Nanoparticles

ZWO, ZWO: 0.5 at. % Tb and ZWO: 1 at. % Tb 
nanocrystals were prepared by the co-precipitation 
method through the reaction of Zn(CH3CO2)2. 
2H2O (German Merck 99.99% purity), Na2WO4. 
2H2O, and Tb(NO3)3.6H2O (Sigma Aldrich 99.99% 
purity) in deionized (DI) water. First, an equal 
number of moles of sodium tungstate dihydrate, zinc 
acetate dihydrate, and the corresponding amount 
of Tb(NO3)3.6H2O were dissolved separately in DI 
water. After the complete dissolution of the above 
materials in DI water at ambient temperature, 
sodium tungstate solution was added dropwise to 
zinc acetate solution (the above operations were 
performed on a magnetic stirrer). After the above 
solutions were well mixed, a tungstate precipitate 
was formed (according to reaction 1). 

Zn(CH3CO2)2.2H2O (aq) + Na2WO4.2H2O 
(aq)→ZnWO4 (s)+2(Na+ CH3CO2

-)(aq)+4H2O                     
(1)

The precipitation was washed 4 times with DI 
water and ethanol by centrifuge. The product was 
dried for 12 hours at 80℃ and then calcined for 2 
hours at 600 ℃. Finally, powders were prepared. 

Characterization 
X-ray diffraction (XRD) analyses (Bruker D8 

diffractometer with Cu Kα (λ = 1.54 A°)) were 

 

Fig. 1. Schematic diagram of wolframite type monoclinic structure of ZnWO4 single crystal [3].
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applied to recognize the purity, phase, and crystal 
structure. Fourier Transform Infrared (FTIR) 
was carried out to characterize the bending and 
stretching vibrations of Zn-O, Zn-O-W, and 
W-O bonds. Field-Emission Scanning electron 
microscopy (FESEM- MIRA III TESCAN) 
exhibited the morphology and size of nanoparticles. 

RESULTS AND DISCUSSION
Crystal Structure 

Fig. 2 represents the XRD pattern of the as-
synthesized ZnWO4 and ZnWO4: (0.5 at. % & 
1at. %) Tb3+ nanopowders in comparison to the 
standard card (JCPDS: 01-088-0251). 

According to Fig. 2 (a), the diffraction peaks 
of samples are consistent with the reference code 
(JCPDS: 01-088-0251). Therefore, they have a 
monoclinic wolframite crystal structure with a 
space group of P2/c. The XRD pattern of ZWO 
and ZWO: 1 at.% Tb3+ nanopowders demonstrated 
excess peaks signed with circles corresponding to 
the low number of tungsten oxides [25]. According 
to Fig. 1 (b), the original diffraction peaks in the 
wolframite structure ((111) and (-111)) in the 
samples doped with Tb3+ shifted to higher angles. 
This shift can be attributed to the reduction in the 
distance between the crystal planes of ZWO (lattice 
contraction). The ionic radii of Tb3+, Zn2+, and W6+ 
for a coordination number of 6 are 0.092, 0.09, 
and 0.074 nm, respectively [26-28]. Thus, due to 
the similarity of their ionic radii, Tb3+ preferably 
replaces Zn2+

 in the crystal lattice of ZWO. 
However, to balance the electric charge, 2/3 Tb3+ 
ion replaces one Zn2+ ion, thus causing contraction 
in the lattice and reducing the distance between 

crystal planes. The intensity of the original peaks 
((-111) and (111)) in doped samples decreases. Tb3+ 
affects the crystallinity and luminescent properties 
of ZWO [9]. The crystallite size and lattice strain 
were calculated using the Williamson-Hall method 
shown in Fig. 3.

According to Fig. 3, the crystallite size of ZWO: 
1at. % Tb decreased, while the crystallite size of 
ZWO: 0.5at. % Tb sample increased. The lattice 
strain and distortion of the  ZWO: 0.5at. % Tb was 
the highest value, while the ZWO: 1at. % Tb was 
the lowest. As soon as a small amount of Tb was 
added to the ZWO crystal structure, a large amount 
of distortion was created in the lattice, while the 
distortion decreased with the rise in the dopant 
percentage. The addition of the 0.5at.% Tb3+ to ZWO 
prepared the supersaturated solid solution and 
seeds of the secondary sediment phase. In addition, 
the host-sediment interface was incoherent with 
large incoherency. Therefore, the energy of the 
system and the strain increased (Fig. 3(b)). With 
the increase in the dopant percentage (the sample 
doped with 1 %at. Tb) and the enlargement of 
the sediment particles at the coherent interface 
created between the deposit and the host resulted 
in reducing both the energy of the system and the 
lattice strain, as depicted in Fig. 3(c).

FTIR spectroscopy
FTIR was applied to investigate the vibrational 

frequency of W-O, Zn-O, and Zn-O-W bonds. 
FTIR spectrum of ZWO,  ZWO: 0.5 at. % Tb and  
ZWO: 1 at. % Tb powders are given in Fig. 4.

According to Fig. 4, eight vibration modes 
in the fingerprint region of the infrared spectra 

 

 

Fig. 2. (a) XRD pattern of ZWO,  ZWO: 0.5 at. %, and ZWO: 1 at. % Tb  nanopowder, and reference data of ZWO (JCPDS: 01-088-251). 
(b) A comparison between (-111) and (111) diffraction peaks.
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(1600-400 cm-1) correspond to W-O and Zn-O 
vibrations. The bands at 428 cm-1 and 472 cm-1 are 
related to the banding and stretching vibrations 
of Zn-O, respectively, consistent with the results 
(432 and 473 cm-1) presented in the articles [29] 
and [30]. Three bands at 532.32, 697, and 716 cm-1 
are attributed to the symmetric and asymmetric 
stretching vibrations of bridging atoms in WO2 
groups of distorted octahedra (WO6)

6-, which are 
in agreement with the results (541, 685 and 716 
cm-1) reported in the articles [31] and [32]. 532.32 
cm-1 and 716 cm-1 bands can be ascribed to the 
symmetric vibrations of the bridging oxygen atoms 
in the Zn-O-W group, in line with the results 
(710 and 540 cm-1) mentioned in the articles [33]. 
Symmetric vibrations of bridging oxygen atoms 
of the Zn-O-W group caused broad absorption 
bands at 833.19 and 873 cm-1 [31]. Two vibrational 
modes at 1633.59 and 3460.06 cm-1 correspond 
to the bending and stretching vibrations of the 
OH group, respectively. It has been reported that 
the bending and stretching vibrations of the OH 
group are located at 1644 and 3448 cm-1 [9, 32]. 
The powders were hydroxylated. According to Fig. 
4 (b), no significant displacement was observed in 

the location of the transmittance bands of all three 
samples. The transmittance of doped samples, 
especially ZWO: 1at. % Tb in the near-infrared 
region (4000-11094 cm-1) enhanced.  Transmission 
in the pure sample was lower due to having more 
bonds in this frequency region. It seems ZWO has 
better luminescence and scintillation characteristics 
due to better crystallinity. The transmission value 
of doped samples, especially  ZWO: 0.5at. % Tb 
in 428-873 cm-1 reduced. The number of Zn-O-W 
and W-O bonds was increased in doped samples. 
No significant displacement was observed in the 
location of the transmittance bands of all samples.

Morphology
In this part, using a Field-Emission Scanning 

Electron Microscope (FE-SEM), the shape, size, 
and size distribution of particles are examined. The 
results of FE-SEM and EDAX-map of  ZWO: 1 at. 
% Tb nanoparticles are shown in Fig. 5. 

According to the FE-SEM images, the 
morphology of  ZWO: 1 at. % Tb nanoparticles 
were sheet-like, cubic, spherical, and rarely 
agglomerated in some parts with an average 
size of 256.8 nm. According to the EDS-map 

 

 

 

 
 

 

Fig. 3.  Williamson-Hall plot (Bcosθ versus 4Sinθ) for (a)  ZWO, (b) ZWO: 0.5 at. %Tb, and (c) ZWO: 1 at. % Tb nanopowders.
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Fig. 4. FTIR spectra of (a) ZWO, (b)  ZWO, ZWO: 0.5 at. % Tb, and ZWO: 1 at. % Tb  nanopowders.

Fig. 5. FE-SEM and EDS-map images of  ZWO: 1 at.% Tb nanoparticles with a histogram of particle size distribution.
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images, the Tb distribution was uniform. The 
distribution of Zn, W, and O atoms is almost 
similar and non-uniform. In previous works, 
novel optical/structural properties were also 
observed in tungstate compound families [34-37]; 
therefore, facile prepared ZWO: Tb nanopowders 
can be advantageous for manufacturing flexible 
fluorescence materials, optoelectronic devices, and 
detectors in future.

CONCLUSION
In this work, the pure and Tb-doped zinc 

tungstate nanoparticles with different percentages 
of Tb3+ ions were prepared by a rapid and cost-
effective co-precipitation method. The results 
of XRD demonstrated that the products have 
wolframite structure. The size of the crystallite size 
in the  ZWO:0.5 at. % Tb  was 67.5 nm, which was 
larger than that of other two samples. The results 
showed that the  ZWO:1at. % Tb  nanoparticles 
were flat and cubic with dimensions of 256.8 nm. 
The FTIR results indicated no significant change 
in terms of bond strength. However, the number 
of bonds (in the near-infrared region) decreased 
in  ZWO:1at. % Tb sample, while it increased in  
ZWO:0.5 at. % Tb sample. The prepared powders 
can be advantageous for manufacturing flexible 
fluorescence materials, optoelectronic devices, and 
detectors.
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