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Abstract

:

A precursor was prepared using a co-precipitation method to synthesize crystalline calcium tungstate. The prepared precursor was dried in an oven at 80 °C for 18 h. The dried powders, prepared without a heat treatment process, were observed in XRD analysis to be a crystalline CaWO4 phase, confirming that the synthesis of crystalline CaWO4 is possible even at low temperature. To use this crystalline CaWO4 as a light emitting material, rare earth ions were added when preparing the precursor. The CaWO4 powders doped with terbium (Tb3+) and europium (Eu3+) ions, respectively, were also observed to be crystalline in XRD analysis. The luminescence of the undoped CaWO4 sample exhibited a wide range of 300~600 nm and blue emission with a central peak of 420 nm. The Tb3+-doped sample showed green light emission at 488, 545, 585, and 620 nm, and the Eu3+-doped sample showed red light emission at 592, 614, 651, and 699 nm. Blue, green, and red CaWO4 powders with various luminescence properties were mixed with glass powder and heat-treated at 600 °C to fabricate a blue luminescent PiG disk. In addition, a flexible green and red light-emitting composite was prepared by mixing it with a silicone-based polymer. An anti-counterfeiting application was prepared by using the phosphor in an ink, which could not be identified with the naked eye but can be identified under UV light.
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1. Introduction


Rare earth ion-doped luminescent materials are attracting a lot of attention because of their various applications as materials in lighting, leisure luminescent materials, and luminescent diodes [1,2,3]. In particular, the crystalline material tungstic acid is a suitable host material for doping rare earth ions because of its excellent thermal stability, and high energy transfer efficiency from tungsten ions to activator ions [4,5]. In general, tungstic acid hosts are classified into two groups according to their crystal structure: scheelite [6] and wolframites [7]. Representative materials are BaWO4, SrWO4, CaWO4, PbWO4, MgWO4, CdWO4, and ZnWO4 [8,9,10]. Among them, calcium tungstate (CaWO4) is Ca2+ and WO4 with the coordination numbers 8 and 4 [11]. There is a scheelite structure composed of Ca2+ and     WO  4  2 −     [12]. Because CaWO4 with these characteristics also exhibits excellent optical properties and high chemical stability, it is widely applicable to phosphors for X-Ray augmentation screens, fluorescent lamps, light emitting diodes, scintillators, field emission displays, and white LEDs. In addition, phosphors made by doping rare earth ions with CaWO4 as the host have the advantage of strong luminescence intensity with a narrow bandgap, caused by energy transfer between the 4f-4f shells of the doped rare earth ions, emitting light at various wavelengths [13,14]. Oh et al. reported a crystalline CaWO4 synthesis method in which calcium chloride (CaCl2) and sodium tungstate (Na2WO4·2H2O) in a molar ratio of 1:1 was dried at 100 °C for 12 h and exposed to microwaves (2.45 GHz, 1250 W, 15 min) after reheating at 600 °C [15]. To synthesize CaWO4, Phurangr et al. prepared 0.005 mole of calcium nitrate (Ca(NO3)2) and sodium tungstate (Na2WO4·2H2O) and dissolved them in 15 mL of ethylene glycol. This solution was put in an autoclave and heated for 20 min using a microwave (600 W), and studies on CaWO4 crystallinity, chemical bond formation, and surface shape have been reported [16]. Du et al. prepared calcium carbonate, tungsten oxide, and dysprosium oxide in a chemically quantitative ratio then pulverized and kneaded the compound in a mortar. The mixture was placed in an alumina crucible and sintered at 1100 °C for 6 h in air to synthesize crystalline CaWO4. In addition, a phosphor having light emission characteristics at 572 nm by adding the dysprosium ion was presented [17].



Previous studies have mainly synthesized CaWO4 by supplying additional energy using high temperature or microwaves. Alternatively, it would be practically valuable to use relatively little energy during synthesis and to expand the utility of the phosphor powder.



In this study, a precursor was prepared by co-precipitation with calcium nitrate and sodium tungstate and drying at 80 °C to synthesize crystalline CaWO4 white powder. It can be potentially used as a light emitting material by doping with rare earth ions such as terbium (Tb3+) and europium (Eu3+) in order to impart various luminescent properties.



The synthesized CaWO4 phosphor was mixed with glass powder and a silicone-based polymer to prepare a disk as a flexible composite light emitter under UV light. It has possible application in the field of anti-counterfeiting when used in a solution, since it cannot be observed with the naked eye and can only be confirmed using UV light.




2. Materials and Methods


2.1. Crystalline CaWO4 Synthesized at Low Temperature


The starting materials were Calcium nitrate (Ca(NO3)2), Sodium tungstate (Na2WO4), Turbium(Ⅲ) nitrate hydrate (Tb(NO3)3·xH2O, Tb3+) and Europium(Ⅲ) nitrate hydrate (Eu(NO3)3·xH2O, Eu3+).



A total of 1 mmol of Ca(NO3)2 was dissolved in beaker ‘A’ containing 50 mL (80 °C) of distilled water. Na2WO4 was put in beaker ‘B’, under the same conditions as in beaker ‘A’ and dissolved (Figure 1). The solution in beaker ‘B’ after being completely dissolved was slowly poured into beaker ‘A’ while stirring and maintained for about 30 min. After that, a white powder was recovered using a centrifuge. The white powder was prepared by rinsing with distilled water three times to remove the remaining sodium. The white powder was dried in an oven at 80 °C for 16 h to investigate its crystallinity and luminescent properties. In addition, Tb(NO3)3·xH2O or Eu(NO3)3·xH2O (0.05 mol%) ions were added to beaker ‘A’ during the co-precipitation reaction to impart luminescent properties [18]. The experiment was carried out at 25 °C and 55% humidity.




2.2. Characterization


Structural characterizing was performed by X-ray diffraction (XRD, Rigaku Ultima IV) with Cu Kα radiation (λ = 1.5406 Å). The chemical composition of samples was studied by X-ray photoelectron spectroscopy (XPS; Thermo Fisher Scientific, Gloucester, UK) using Al-Kα lines. The C1s at 284.6 eV was used to calibrate the peak position of the insulating samples. The surface morphology was investigated using a field emission scanning electron microscope (FE-SEM, SU-8220, Hitach, Tokyo, Japan). The photoluminescence spectra were obtained using a fluorescence spectrophotometer (Scinco, FS-2, Seoul, Korea) with a 150 W Xenon lamp as the excitation source and a photomultiplier tube operating at 350 V.




2.3. Fabrication of Photoactive Composite and Anti-Counterfeiting Application


CaWO4 powder was mixed with glass frits (BaO-ZnO-B2O3-SiO2) at a weight ratio of 1:3 wt%. The mixed powder was placed in a metal mold and pressed with a press to prepare a round disk. A disk which absorbs UV light and emits light was finally produced by heat treatment in an air atmosphere at 600 °C for 5 h. In addition, a composite that was flexible and emits light by absorbing UV light was prepared by mixing a silicon-based polymer (Polydimethylsiloxane (PDMS)) and CaWO4:RE3+ (RE = Tb, Eu) powder. For anti-counterfeiting application, a solution was prepared by adding 10 wt% polyvinylpyrolidone (PVP, M.W. = 14,000) and 1 wt% of the synthesized powder to 10 mL of ethanol. The prepared solution, which cannot be confirmed with the naked eye and can only be confirmed with UV light, was stamped and painted on a banknote [19].





3. Results and Discussion


3.1. Structural and Morphology


Figure 2a shows the XRD analysis of the crystallinity and structure of the CaWO4 white powder prepared by the co-precipitation method after dried in an oven at 80 °C. The synthesized CaWO4 was consistent with the ICDD card (NO. 01-085-0433) and tetragonal structure of scheelite [20]. In addition, phases (101), (112), (204), and (312), which are the main peaks, were identified. It has been shown that the synthesis of crystalline CaWO4 is possible at a low temperature and a simple process without a heat treatment process. The crystallinity and structure of CaWO4:Tb3+ and CaWO4:Eu3+ powder doped with rare earth ions were also confirmed in the same manner as pure CaWO4. There was no secondary phase of CaWO4 due to rare earth doping. However, as shown in Figure 2b, when the lattice spacing was compared with the main peak (112) phase, it showed a change due to the addition of rare earth. For pure CaWO4, the lattice spacing was 0.277 nm. The lattice spacing of the rare earth doped CaWO4:Tb3+ (0.298 nm) and CaWO4:Eu3+ (0.279 nm) were increased. This is thought to be the result of doping with rare earth ions with relatively large ionic radii (r(Tb3+) = 0.92 Å, r(Eu3+) = 0.95 Å) in the CaWO4 lattice [21].



In addition, the size of each sample particle was investigated by substituting the half width and peak position of the main peak (112) in Scherrer’s equation [22]. CaWO4 samples were calculated at 76 nm, CaWO4:Tb3+ at 85 nm, and CaWO4:Eu3+ at 90 nm.



Titipun et al. synthesized CaMoO4, SrMoO4, CaWO4, and SrWO4 using the co-precipitation method at room temperature. The MXO4 (M = Ca and Sr, X = Mo and W) nanoparticles precipitated—M2+ cations as electron pair acceptors (Lewis acid) and reacted with XO4 2− anions as electron pair donors (Lewis base). The reaction between these two species (M2+←:XO42−) proceeded to produce bonding. The lowest molecular orbital energy of the Lewis acid interacted with the highest molecular orbital energy of the Lewis base, and MXO4 nanoparticles were finally synthesized [23]. It is thought that the CaWO4 powder synthesized at low temperature in this study can also be synthesized without additional energy supply, as in the previous case.



In addition, Puneet et al. identified the oxide phase of rare earth ions doped in a synthesized CaWO4 lattice through synchrotron X-ray diffraction analysis [24]. In this study, when the doped rare earth ions were calculated using a single unit cell of CaWO4, it was calculated that the doped amount was about 1.59 × 1019 RE atoms/cm3 (RE = Tb3+, Eu3+).



The size and surface morphology of the synthesized crystalline CaWO4, CaWO4:Tb3+, and CaWO4:Eu3+ particles were observed by FE-SEM. In addition, EDS mapping was performed to confirm the components of the synthesized samples, as shown in Figure 3. The size of the synthesized particles was observed to be about 5 μm and spherical at low magnification regardless of doping with rare earth ions, but when observed at high magnification, smaller particles of about 75 nm (CaWO4), 83 nm (CaWO4:Tb3+), and 86 nm (CaWO4:Eu3+) were observed to be agglomerated.



In addition, in the rare-earth-doped CaWO4:Tb3+ (Figure 3b) and CaWO4:Eu3+ (Figure 3c) samples, each rare-earth component was confirmed, and it was confirmed that the rare-earth ions were evenly distributed without agglomeration.




3.2. Chemical States and Phtoluminescence Proeprties


Figure 4 shows the XPS measurements used to determine the chemical state of the synthesized CaWO4, CaWO4:Tb3+, and CaWO4:Eu3+. Ca 2p, W 4f, and O 1s were confirmed as shown in Figure 4a. A trace amount of Na 1s was detected. This is thought to be due to sodium tungsten in the starting material, and it is thought to be a leftover that was not removed during the washing process when preparing the precursor.



The peaks of Ca 2p had core binding energies of 346.78 eV (2P3/2) and 349.88 eV (2P1/2), indicating that Ca is in the +2 oxidation state [25]. At the peak of W 4f, the detected core binding energies were 34.86 eV (4f7/2) and 36.88 eV (4f5/2), which is considered to be the +6 state of W [26]. The peak of the binding energy of O 1s was detected as 530.29 eV, which is considered to indicate the crystal lattice oxygen with increasing binding energy [27].



In the rare earth-doped sample (CaWO4:Tb3+, CaWO4:Eu3+), the binding energy of the Ca 2p (Figure 4b), W 4f (Figure 4c), and O 1s (Figure 4d) components was slightly changed. This change in binding energy is considered due to rare earth doping, and is related to the change in the lattice spacing observed in the XRD result and SEM-EDS component analysis, which means that the rare earth is doped in CaWO4. In addition, the respective binding energy spectra were observed in the samples doped with Tb3+ and Eu3+. In Figure 4e, binding energies of 1277 eV (Tb 3d3/2) and 1242 eV (Tb 3d5/2) were observed, and in Figure 4f, binding energy peaks of 1164 (Eu 3d3/2), 1154 (Eu 3d3/2), 1134 (Eu 3d5/2), and 1124 (Eu 3d5/2) eV were obtained. This indicates the presence of rare earth ions in the +3 oxidation state following the synthesis of the sample [27].



The excitation and emission spectra of CaWO4 are shown in Figure 5a. A signal having an excitation wavelength of 254 nm peak was detected, and a blue signal having a broad bandwidth of 420 nm was observed in the emission spectrum. This is thought to be due to the transfer of ions from the 2p orbital of oxygen to the 5d orbital of the vacant W6+ [28,29,30,31]. The absorption and emission spectra of CaWO4:Tb3+ powder are shown in Figure 5b.



The photoluminescence excitation (PLE) spectrum controlled with a photoluminescence (PL) wavelength of 545 nm has a peak at 262 nm and is widely distributed over a 200 ~ 300 nm region, which is an absorption spectrum by charge transfer band (CTB) generated between O−2-W6+ and O−2-Tb3+ ions [32]. The relatively weak absorption signals between 330 and 400 nm are the 4f-4ftransition signals of Tb3+ ions [33]. The peak signals at 350 and 372 nm were generated by the 7F6→5G5 and 7F6→5G6 transition signals, respectively. When excited with the strongest absorption wavelength of 262 nm, the PL spectra of CaWO4:Tb3+ were observed at 488 (5D4→7F6), 545 (5D4→7F5), 585 (5D4→7F4), 620 (5D4→7F3), and 648 (5D4→7F2) nm. Among these emission peaks, the green emission spectrum by the magnetic dipole transition at 545 nm was about 2.4 times stronger than the blue emission intensity by the electric dipole transition at 488 nm. This means that the Tb3+ ions located in the parent crystal are located at sites of inversion symmetry [34].



In CaWO4:Eu3+ the PLE spectrum controlled with a PL wavelength of 614 nm has a peak at 275 nm and is widely distributed over a 200–340 nm region (Figure 5b), which is the absorption spectrum by CTB generated between O−2-W6+ and O−2-Eu3+ ions [35]. The relatively weak absorption signals between 350 and 440 nm are the 4f-4f transition signals of Eu3+ ions [34]. The peak signals at 362, 391, and 414 nm were generated by the 7F0→5D4, 7F0→5G2, and 7F0→5L6 transition signals, respectively. When excited with the strongest absorption wavelength of 275 nm, the PL spectra of CaWO4:Eu3+ were observed at 592 (5D0→7F1), 614 (5D0→7F2), 650 (5D0→7F3), and 700 (5D0→7F4) nm. Here, 614 nm is a spectrum by electric dipole transition, 592 nm is a magnetic dipole transition, and 650 and 700 nm are electric dipole signals [36].



At this time, the PL intensity of 614 nm was observed to be about 6 times stronger than that of 592 nm, which means that Eu3+ ions in the parent lattice are located at non-inverting symmetric sites. The ratio between the intensity of the red emission and the intensity of the orange emission is also called an asymmetry ratio [37]. The color coordinates (CIE 1931) according to the emission spectra of CaWO4, CaWO4:Tb3+, and CaWO4:Eu3+ are shown in Figure 5c. They were found to be located at the blue, green, and red coordinates, respectively.




3.3. Photoactive Composite and Anti-Counterfeiting Application


Figure 6 shows the application of the synthesized phosphors as a photoreactive composite for anti-counterfeiting. The disk composite made by mixing glass powder and CaWO4 showed no reaction in daylight but showed a blue light emission in response to UV light [38]. In addition, the composite made by mixing with a silicone-based polymer (PDMS) could be flexibly bent, and each unique color was realized in UV light. These materials are thought to be applicable to the display and laser industries.



In addition, a solution made by mixing PVP polymer and CaWO4 phosphor with ethanol was stamped and applied to banknotes. The location could not be recognized with the naked eye, and the shape and unique color could be confirmed only by UV light, suggesting that the synthesized phosphor can be applied to anti-counterfeiting.





4. Conclusions


Calcium nitrate and sodium tungstate were dissolved in distilled water, and crystalline CaWO4 white powder was synthesized without a high-temperature heat treatment process by co-precipitation. CaWO4:Tb3+ and CaWO4:Eu3+ phosphors were synthesized by doping trace amounts of Tb3+ or Eu3+ ions, respectively, for use as various light-emitting materials. The synthesized powders were confirmed to have a crystalline scheelite structure from XRD results, and a secondary phase resulting from rare earth doping was not observed. However, it was found that the lattice spacing was slightly changed by doping with rare earth with a relatively large ionic radius. The particles synthesized by SEM-EDS analysis were about 75–85 nm in size and were aggregated in a spherical shape. Ca, W, and O were confirmed in the component analysis, and it was found that the doped Tb and Eu were evenly distributed by mapping. The binding energies of Ca 2p, W 4f, and O 1s were identified by XPS component analysis, and the signals of Tb 3d and Eu 3d energy binding by rare earth doping were detected. In the PLE and PL spectra, when each specimen was excited with CTB, blue emission was observed over a wide area of 420 nm for CaWO4, green emission at 545 nm for CaWO4:Tb3+, and red emission from CaWO4:Eu3+ at 614 nm. The synthesized phosphor was mixed with glass powder and PDMS polymer to prepare a disk-shaped and flexible composite that can be applied to a display. In addition, it was suggested that the solution made by mixing with PVP polymer can be applied to anti-counterfeiting because it is impossible to visually confirm when applied to banknotes and can only be confirmed by UV light.
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Figure 1. Schematic of the CaWO4 synthesis procedure. 
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Figure 2. (a) XRD patterns and (b) change in d(112) spacing; CaWO4, CaWO4:Tb3+, and CaWO4:Eu3+. 
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Figure 3. SEM-EDS analysis; (a) CaWO4, (b) CaWO4:Tb3+, and (c) CaWO4:Eu3+. 
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Figure 4. XPS spectra of (a) survey, (b) Ca 2p, (c) W 4f, (d) O 1s, (e) Tb 3d, and (f) Eu 3d. 
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Figure 5. Luminescence spectra of (a) CaWO4, (b) CaWO4:Tb3+, and (c) CaWO4:Eu3+, and (d) CIE coordination. 
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Figure 6. Photograph of (a) phosphors in glass disc and flexible composite, (b) phosphors painted on bank notes for anti-counterfeiting. 
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