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Abstract

:

Featured Application


A safe and scalable method is reported for the synthesis of rare earth doped lithium fluorides that allows for much larger bulk syntheses of these materials that would be challenging when using more hazardous reagents.




Abstract


Rare earth doped lithium fluorides are a class of materials with a wide variety of optical applications, but the hazardous reagents used in their synthesis often restrict the amount of product that can be created at one time. In this work, 10%Yb3+:LiLuF4 (Yb:LLF) crystals have been synthesized through a safe and scalable polyethylene glycol (PEG)-assisted hydrothermal method. A combination of X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM), and photoluminescence (PL) measurements were used to characterize the obtained materials. The influence of reaction temperature, time, fluoride source, and precursor amount on the shape and size of the Yb:LLF crystals are also discussed. Calibrated PL spectra of Yb3+ ions show laser cooling to more than 15 K below room temperature in air and 5 K in deionized water under 1020 nm diode laser excitation measured at a laser power of 50 mW.
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1. Introduction


Rare earth lithium fluorides (RELiF4) with a scheelite structure are widely used in various fields such as theranostics [1], long-term in vivo bioimaging [2,3], photothermal therapy [4,5,6], ratiometric temperature sensing [7], transparent volumetric displays [8,9], multi-level anti-counterfeiting applications [10], photocatalysis [11], photovoltaics [12], scintillating materials [13], and refrigeration through laser radiation [14,15,16,17,18,19,20]. These materials also show promise for solid-state laser applications [21].



Recently, it has been demonstrated that low-cost, low-temperature hydrothermal processing can be used to grow YLiF4 [17], NaYF4 [22], KLuF4 [23], and LiLuF4 [24] crystals that are capable of solid-state laser refrigeration. However, the use of ammonium bifluoride inhibits the production of large amounts of these materials due to the danger of hydrofluoric acid formation in solution, which can then form gaseous hydrogen fluoride during the autoclave portion of the synthesis. Using polyethylene glycol (PEG) in place of NH4HF2 helps improve the solubility of lithium ions while also reducing potential hazards posed by the use of ammonium bifluoride and, as a result, makes this method safer and more scalable.



Due to the complexity of hydrothermal systems, various internal and external factors can fundamentally affect the purity, crystal structure, morphology, and physical properties of the obtained materials. For example, it has been shown that LiOH concentration is the key factor responsible for the shape evolution and phase control of RELiF4 nanocrystals at selected temperatures [25]. It has also been shown that the use of EDTA as a chelating agent in the reaction is essential to obtain highly crystalline and smooth Er3+:LiYbF4 microparticles [26]. Most importantly, these hydrothermal materials show more efficient luminescence with further heat treatment. Higher reaction temperatures and prolonged reaction times have been shown to facilitate the formation of more stable LiYbF4 microcrystals [27]. The substitution of Li+ in Na(1--x)LixReF4 not only causes a phase transition but also induces variation in the morphology, size, and luminescent properties of the final microcrystals [28]. Taking these observations into consideration, parameters other than the fluoride source, such as temperature, precursor amount, and reaction length, must be carefully controlled and examined to determine their effect on the final crystal.



In this work, we report a method for PEG-assisted hydrothermal synthesis of Yb3+-doped lithium lutetium fluoride (Yb:LLF) microcrystals and discuss the influence of various factors on the growth of the Yb:LLF microcrystals and their ability to undergo laser refrigeration.




2. Materials and Methods


Synthesis of 10%Yb3+:LiLuF4. The reagents used in this synthesis are identical to those used in a similar synthesis in previous work [24].



The following synthesis (Figure 1) is a slight modification of previous work [17]. In contrast to the referenced procedure, yttrium nitrate (Lu(NO3)) and ytterbium nitrate (Yb(NO3)) of 99.999% purity were used as purchased from Sigma-Aldrich. The nitrate powders were dissolved in Millipore deionized (DI) water to achieve a stock concentration of the respective nitrates. Additionally, nitric acid (HNO3) and ammonium bifluoride (NH4HF2) were not used in this synthesis. Lithium fluoride (LiF) and polyethylene glycol (PEG, Mn = 4000) were used directly without any purification. For this synthesis, 28.8 mL of 0.5 M Lu(NO3)3 and 3.2 mL of 0.5 M Yb(NO3)3 were mixed with 16 mmol of EDTA and 30 mmol of LiOH in 20 mL of Millipore DI water at 50 °C while stirring for 30 min to form solution A. Subsequently, 64 mmol of LiF were dissolved in 30 mL of 10 wt.% PEG Millipore DI water solution at room temperature while stirring for 1 h to form solution B. Solutions A and B were mixed together while stirring for 30 min to form a homogeneous white suspension, which was transferred to a 2-L Teflon-lined autoclave and heated to 180 °C for 24 h. After the autoclave cooled to room temperature, the Yb:LLF particles were recovered by centrifuging and washing with ethanol and Millipore DI water three times. The final white powder was obtained by calcining at 300 °C for 2 h in air, which was determined to be the ideal temperature for calcination via XRD and SEM (Figures S1 and S2). The theoretical yield was 4.120 g of Yb:LLF. The actual yield was 2.0 g, for a yield percentage of 48.5%



Multiple variations of this base synthesis were performed to examine the effects of different variables on the crystals. In some experiments, the reagent amounts were reduced by a factor of 4. Other syntheses were performed at temperatures other than 180 °C, including 100, 120, 130, 200, and 220 °C for 24 h. The effect of time on the synthesis was also examined, with data from some syntheses collected at 3 h, 5 h, and 14 h, as well as the standard 24 h time point.



Characterization. Scanning electron microscopy (SEM) images were taken on an FEI Sirion XL30 SEM at an accelerating voltage of 15 keV. Powder X-ray diffraction (XRD) patterns were obtained on the Bruker F8 Focus Powder XRD with Cu K-α (40 kV, 40 mA) irradiation (λ = 0.154 nm). The 2θ angle of the XRD data was 16° to 93°, and the scanning rate was 0.36° s−1. PL spectra were registered following a method outlined in previous work [24].



When collecting photoluminescence spectra, Yb:LLF crystals were attached to optical fibers for the sake of thermal isolation. The crystals were then optically excited in air using a 1020 nm diode laser with irradiances ranging from 0.08 to 1 MW/cm2. Temperatures were calibrated for individual Yb:LLF grains using an optical cryostat. Temperatures were scanned from 300 to 400 K with a low laser irradiance of 0.04 MW/cm2 to minimize any photothermal effects caused by optical excitation. Cold Brownian motion data were collected using a home-built optical trapping setup and following a procedure from previous work [17].




3. Results


Scanning electron microscopy (SEM) of two different Yb:LLF crystals are shown in Figure 2a. In the first case (Figure 2a), the Yb:LLF crystals have been synthesized through an NH4HF2-assisted hydrothermal method [17,24]. They have a tetragonal bipyramidal morphology with a dominating (101) surface. The Yb:LLF crystals synthesized through the PEG-assisted hydrothermal method (Figure 2b) have two dominating surfaces: (101) and (112), respectively, which was predicted in Littleford’s works [29,30] for a yttrium lithium fluoride (YLF) crystal. Figure S3 also shows the room-temperature FTIR spectra of the Yb:LLF crystals obtained at different conditions. The weak peaks in the FTIR spectra can be attributed to atmospheric water and carbon dioxide adsorbed on the optical elements of the spectrometer and on the samples, and the absence of strong bands in the range of 1000–4000 cm−1 implies that there is no residual PEG and minimal oxyfluorides on the surface of the crystals regardless of synthesis method.



X-ray diffraction analysis confirms that crystals from both syntheses adopt a tetragonal scheelite structure (ICDD number 04-002-3255) with space group I41/a (Figure 2c). Comparison of the two X-ray diffraction spectra of Yb:LLF (Figure 2c) corresponding to NH4HF2- (blue) and PEG-assisted (red) syntheses gives different ratios of I(101):I(112), which correlates with the morphology of the Yb:LLF crystals. Stereographic projections of crystal facets related to the most intensive XRD peaks are shown in Figure 2d (inset) as red circles.



Crystals grown using the base PEG-assisted synthesis described previously were subjected to photoluminescence (PL) measurements to examine the cooling abilities of the crystals grown via this new method. Crystals grown via the base synthesis method were used due to the method’s ability to consistently produce pure single crystals with only one phase. This avoids issues caused by parasitic energy transfer or luminescence quenching due to impurities, maximizing the laser cooling power of the crystals. The PL spectra obtained at different 1020 nm laser powers are shown in Figure 3a. Changes in the ratio of the integrated emission bands R1 and R2 (and their respective intensities in a.u., I1, and I2), which stem from transitions between energy states E6-E1 and E5-E2,3, respectively, are directly correlated to a change in the crystal temperature through a Boltzmann distribution (Figure 3b). Ratiometric spectral measurements were used to calibrate temperature in which ln(I1/I2) varies linearly with 1/T (calibration shown in Figure S4). The decrease in the logarithmic ratio of I1 to I2 with increasing irradiance reflects a decrease in the internal lattice temperature of approximately 15 K below room temperature (Figure 3b). Analogous laser cooling trends (approximately 5 K below room temperature) were observed for individual Yb:LLF grains optically trapped in water (Figure 3c). These values are comparable to cooling temperatures Yb:LLF crystals obtained via the NH4HF2-assisted synthesis. [24] Additionally, these crystals exhibit much greater cooling capability than 5%-Yb doped LLF crystals grown via the Czochralski process but do not cool to the cryogenic temperatures reached by Czochralski-grown Yb:YLF crystals [15,31].



Reducing the concentration of reagents by a factor of four leads to the synthesis of significantly smaller crystals. The low concentration synthesis produced crystals around 5 μm in size, whereas the standard synthesis could produce crystals as large as 20 μm. Although their size is greatly changed, the morphology of the crystals remains the same regardless of the reagent concentration. The (112) plane remains clearly visible on both sets of crystals (Figure S5).



XRD data from a range of experimental temperatures spanning from 100 °C to 200 °C are shown in Figure 4. At lower temperatures, a variety of side products can be seen in the XRD data, including LuF3 and LiLuO2. Unreacted or undissolved LiF can also be seen in many of the XRD patterns. A stable, single phase of Yb:LLF is not reached after 24 h unless the standard reaction temperature of 180 °C or above is used. Additionally, the size of the formed crystals also increases with reaction temperature, which can be seen in SEM images (Figure S6). Reaction time also plays a factor in the generation of a single, stable Yb:LLF phase. At lower time points, the XRD data shows mostly unreacted LiF and little to no evidence of the Yb:LLF crystals. After 14 h, a significant Yb:LLF phase can be seen, and only traces of LiF remain (Figure S7). SEM also shows that increasing the length of the synthesis causes the crystal facets and morphology to be more well-defined and fully formed (Figure S8).




4. Discussion


The fluoride source and inclusion of PEG clearly affect the morphology of the Yb:LLF crystals. The (112) planes seen in all crystals synthesized via the PEG-assisted method indicate that the PEG lowers the surface energy of that plane, changing the Wulff construction of the crystal and allowing it to form during the hydrothermal synthesis. In spite of this additional plane, the stoichiometric 1:1:4 product is formed, as confirmed by XRD. This is of particular interest as other RELiF4 materials, such as NaYF4, do not form a stoichiometric phase. [32] Additionally, this extra plane does not impact the crystals’ cooling abilities, which are comparable to those shown by crystals formed using the ammonium bifluoride synthesis. It can then be concluded that this synthesis method is not only effective, but a safe and scalable alternative to the ammonium bifluoride synthesis when attempting to synthesize large amounts of Yb:LLF crystals. This synthesis generates high amounts of product while avoiding the hazards of hydrofluoric acid formation and hydrogen fluoride gas generation.



Compared to the fluoride source, the temperature and length of the reaction do not significantly impact crystal morphology but, instead, are key factors in forming a pure and highly crystalline Yb:LLF phase, as well as impacting the size of the crystals formed. The number of precursors remaining in solution at shorter time points, specifically undissolved or unreacted LiF, could be eliminated by allowing the reaction to proceed for longer times, further improving the yield of the reaction. The size of the crystals can also be controlled by the concentration of precursors in an aqueous solution. By combining the size control demonstrated by changing the reaction temperature and the size control demonstrated by the precursor concentrations, it could be possible to finely control the size of the crystals.




5. Conclusions


Yb:LLF crystals with a scheelite structure (space group I41/a) have been synthesized through a safe and scalable PEG-assisted hydrothermal approach. We show that size and morphology can be finely controlled by changing reaction conditions such as temperature, time, fluoride source, and precursor amount. The results show that higher temperature and prolonged reaction time facilitate the formation of more stable LiLuF4 crystals. The substitution of PEG for NH4HF2 changes the morphology of the product, as shown by the appearance of crystal facets (101) and (112) in the PEG-assisted crystals. The average size of the crystals can be controlled by the concentration of precursors in an aqueous solution. We demonstrate solid-state laser refrigeration of the Yb:LLF crystals using a focused near-infrared laser excitation source (λ = 1020 nm). A calibrated ratiometric Boltzmann analysis of the Yb3+ luminescence reveals laser cooling in air by more than 15 K below room temperature and in water by more than 5 K below room temperature.
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Figure 1. Schematic of the base PEG-assisted hydrothermal synthesis of Yb:LLF microcrystals. 
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Figure 2. Characterization of Yb:LLF crystals. Scanning electron microscope images of faceted Yb:LLF particles synthesized with NH4HF2- (a) and PEG-assisted (b) hydrothermal syntheses. Scale bar = 5 μm. Types of facets are indicated in parentheses. (c) Schematic of a Scheelite crystal structure of Yb:LLF with I41/a space group symmetry. (d) Powder XRD pattern of Yb:LLF crystals following NH4HF2- (blue) and PEG-assisted (red) hydrothermal synthesis, indicating a Scheelite crystal structure. Inset: stereographic projections of crystal facets related to the most intensive XRD peaks. 
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Figure 3. Laser cooling of Yb:LLF crystals. (a) PL spectra of the Yb:LLF crystal on a SiO2 optical fiber in air under 1020 nm diode laser excitation measured at different irradiances. (b) Cryostat calibration of PL spectra of the Yb:LLF crystal on a SiO2 optical fiber in air under 1020 nm diode laser excitation measured at different irradiances. (c) Laser refrigeration of the Yb:LLF crystal in deionized water measured via cold Brownian motion analysis at different irradiances. 
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Figure 4. Powder XRD pattern of crystals following PEG-assisted hydrothermal synthesis at: (a) 100 °C, (b) 120 °C, (c) 130 °C, (d) 150 °C, (e) 180 °C, and (f) 200 °C, for 24 h. 
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