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Abstract

:

Synthetic procedures to obtain size and shape-controlled microparticles hold great promise to achieve structural control on the microscale of macroscopic ceramic- or composite-materials. Lutetium oxide is a material relevant for scintillation due to its high density and the possibility to dope with rare earth emitter ions. However, rare earth sesquioxides are challenging to synthesise using bottom-up methods. Therefore, calcination represents an interesting approach to transform lutetium-based particles to corresponding sesquioxides. Here, the controlled solvothermal synthesis of size-tuneable europium doped Lu(OH)2Cl microplatelets and their heat-induced transformation to Eu:Lu2O3 above 800 °C are described. The particles obtained in microwave solvothermal conditions, and their thermal evolution were studied using powder X-ray diffraction, scanning electron microscopy (SEM), transmission electron microscopy (TEM), optical microscopy, thermogravimetric analysis (TGA), luminescence spectroscopy (PL/PLE) and infrared spectroscopy (ATR-IR). The successful transformation of Eu:Lu(OH)2Cl particles into polycrystalline Eu:Lu2O3 microparticles is reported, together with the detailed analysis of their initial and final morphology.
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1. Introduction


Luminescent micro- or nanoparticles of wide band gap semiconductors are interesting building blocks for innovative functional materials with macroscopic dimensions, for example for optical ceramics [1,2,3,4]. This strategy may represent a valuable and cost-effective alternative to the growth of single crystals of the same material, especially when the growth of single crystals is limited with respect to accessible geometries, doping homogeneity or high temperatures [5,6]. Moreover, the intentional assembly of micro- or nanoparticles holds promises for generating particle-based macroscopic ceramics and composites, in which the particle structure and morphology can impart functionality to the assembly [7,8,9,10]. Indeed, polymer composites containing aligned alumina platelets, where the microstructure of the composite led to improved mechanical properties of the macroscopic sample were recently reported [7]. Moreover, by matching the refractive index of glass microplatelets and polymethyl methacrylate host, structurally similar materials proved to additionally gain optical transparency in the obtained composites [8,9]. A similar bottom-up approach can also be applied to other particle geometries. For example, aligned metal nanowires in a polymer matrix could be used to modify the optical properties of the composite, generating a dichroic material [10]. When functional micro- or nanomaterials are assembled without dispersing hosts, optical grade polycrystalline ceramics and composites for scintillation detection may be obtained, e.g., by using radioluminescent microparticles as building blocks [2,3,11,12]. In this scenario, doped rare earth sesquioxides (RE2O3) are appealing materials for phosphor or scintillation applications where light transmission is required, due to their wide band gap. Lutetia (Lu2O3) in particular is an interesting candidate for ionising radiation detection, lutetium being the heaviest rare earth, ensuring high stopping power against X-rays and gamma rays. Lu2O3 has a band gap of around 5.8 eV, well above the visible range, and it is an ideal host for optically active rare earth dopants as it allows for substitutional doping which leads to bright radioluminescence [1,6,13,14,15]. Indeed, the quantum efficiency of Eu:Lu2O3 can reach up to 90% as reported for materials synthesised by combustion reactions [14]. However, the synthesis of rare earth sesquioxide particles thorough low temperature methods like solvo- or hydrothermal syntheses cannot be easily achieved. While solvothermal conditions may lead to square rare earth oxide (e.g., Gd2O3) nanoplatelets of around 10 nm by using acetate precursors, hydrothermal syntheses typically yield, depending on the conditions chosen, hydroxyl chloride-, hydroxide-, and oxocarbonate-microparticles, like already observed in the case of Tb, Y, and La based materials [16,17,18,19]. Synthesising such particles, an additional thermal conversion step is needed in order to form the corresponding rare earth oxides, which may impact further processing of materials based on such particles. As a consequence, these materials may represent a valuable alternative to single crystals when used as intermediate building blocks toward rare earth oxide particle-based macroscopic composites and bulk materials, provided that profitable procedures of assembly, forming, processing, and conversion into rare earth oxides can be established in order to exploit the relatively easy and cost-effective synthesis of these intermediate materials.



Considering all the above it seems clear that the control and precise understanding of the reactivity and thermal transformation of rare earth-based particles is essential to determine their suitability as constituting elements of more complex multiparticle functional materials. In this work we describe the synthesis of size-tuneable, anisotropic Eu:Lu(OH)2Cl microplatelets, with special emphasis on the characterisation of their thermal evolution into highly luminescent Eu:Lu2O3, which could be an extremely versatile platform for multiparticle composites or ceramics for several optical, photonics, or scintillation applications [20,21].




2. Materials and Methods


Lutetium chloride (anhydrous, 99.99%, Sigma Aldrich, Buchs, Switzerland), benzyl alcohol (99.8%, Sigma Aldrich, Buchs, Switzerland) and Europium acetate (ABCR, Karlsruhe, Germany) were used as received without further purification.



2.1. Synthesis of Lu(OH)2Cl Microcrystals


Reactions were carried out in a microwave oven (CEM, Kamp-Lintfort, Germany) using 10 mL reaction tubes. In a typical synthesis, LuCl3 (168.8 mg, 0.6 mmol) and Eu(Ac)3 (6.6 mg, 0.02 mmol) were mixed with benzyl alcohol (5 mL) and sealed in an argon filled glovebox. The reaction mixtures were consequently heated in a microwave oven to either 200 °C for 1 min (sample A) or 150 °C for 5 min and 60 min (samples B and C, respectively). The resulting white precipitates were washed twice by dispersion in ethanol (2 × 6 mL) and diethyl ether (2 × 6 mL). Materials were calcined at either 500 or 1000 °C in air using a Carbolite furnace equipped with a quartz tubular chamber with a ramp rate of 10 °C/min.




2.2. Characterisation


Powder X-ray diffraction (XRD) was performed using a PANalytical Xpert Pro or Empyrean diffractometer using copper k radiation and an HTK 1200 high temperature chamber. Elemental analysis was carried out by the Laboratory of Organic Chemistry at ETH (Vladimir-Prelog-Weg 3, 8093 Zürich, Switzerland). For C, H, and N analysis a LECO TruSpec Micro (USA) system was used, while ion chromatography was employed to determine Cl. Scanning electron microscopy (SEM) was carried out using a Zeiss Leo Gemini 1530 microscope using a 3 keV electron beam. Thermogravimetric analysis (TGA) was performed using a Netzsch STA 449C instrument in the range from 25 to 1000 °C using a ramp of 10 °C min−1. Transmission electron microscopy and electron diffraction was performed on a JEOL 2200fs, operating at 200 kV, and equipped with a Gatan heating holder for in situ high temperature analysis. Photoluminescence spectroscopy was measured on a Jasco FP-8500 fluorometer equipped with a solid sample holder using emission and excitation bandwidths of 2.5 nm. Attenuated Total Reflection Infrared (ATR-IR) spectra were recorded on a Bruker Alpha-P spectrometer on solid powder samples. Optical micrographs were collected after dispersing the particles in various solvents (water, ethanol, diethyl ether) in a petri-dish through a Leica DMIL LED inverted microscope. Images of fluorescing particles were captured through a Leica DM6000B microscope equipped with a colour camera and using a 254 nm Wood-lamp as light source. Particle sizes were obtained by measuring at least 50 particles as they appeared in SEM images.





3. Results and Discussion


3.1. Synthesis of Size-Tuneable Eu:Lu(OH)2Cl Microparticles


Monoclinic lutetium dihydroxychloride (Lu(OH)2Cl) anisotropic micro- and nanoparticles doped with 3 mol % were synthesised by microwave assisted non-aqueous solvothermal reactions using lutetium chloride as precursor in benzyl alcohol as a solvent. XRD analysis revealed the monoclininc crystal structure of the products, irrespective of the synthetic conditions chosen (Figure 1d) [17,22]. The product stoichiometry was further confirmed by microelemental analysis on the obtained powders, which showed a ratio of carbon (0.09), chlorine (1.0) and hydrogen (2.4) with respect to Lutetium (1.0). This result was consistent with the formation of the hydroxyl chloride, with the carbon and part of the hydrogen possibly related to traces of organic residuals at the particle surface, which often occur in solvothermal methods carried in organic media. The size of the particles could be easily controlled by tuning the synthetic parameters, namely temperature and reaction time. Mixtures heated to 200 °C for 1 min (sample A) yielded particles with average length of 8.4 ± 3.5 µm, width of 4.2 ± 1.3 µm, and a thickness of around 300 nm. At lower temperature (150 °C) 5 min of reaction were sufficient to observe the formation of smaller particles with an average length of 1.6 ± 0.5 µm, width of 0.5 ± 0.2 µm, and a thickness of around 150 nm (sample B). Longer reaction times (sample C) at lower temperature (150 °C, 60 min) further reduced the particle size to 260 ± 10 nm in length, 120 ± 5 nm in width, and thicknesses in the range 10–40 nm (Figure 1a–c). These findings revealed that higher reaction temperatures and shorter reaction times led to larger particles. Despite the growth mechanism not being fully understood, these results might indicate the initial formation of larger particles, followed by their fragmentation to form smaller particles with similar shape factors. A similar disassembly of larger particles into smaller constituent particles with identical composition has been reported elsewhere, e.g., for tungstite particles [23]. However, the exact mechanism of this non-classical crystal growth still has to be fully clarified and investigated in more depth.



All the Lu(OH)2Cl particles in this work exhibited an anisotropic, hexagonal-shaped elongated platelet morphology which was retained in both polar and unpolar solvents (Figure 1, Figures S1 and S2). This is likely due to the anisotropic unit cell of monoclinic Lu(OH)2Cl, which possesses three distinct crystallographic axes a, b and c along which different crystal growth rates may be expected, possibly resulting in the observed morphologies [22].




3.2. Thermal Evolution and Formation of Eu:Lu2O3 Platelets


Eu:Lu(OH)2Cl particles could be converted to Eu:Lu2O3 by calcination at 1000 °C [1,24]. The transformation of the particles’ crystal structures upon exposure to heat was studied. TGA revealed three regions of weight loss upon heating up to 1000 °C, the different stages of the heat induced transformation were labelled with different colours, orange (<400 °C), green (400–650 °C) and red (>650 °C) (Figure 2a). XRD heated in situ (Figure 2b) showed that the initial monoclinic Lu(OH)2Cl degraded to an intermediate product which can be at least partially associated with LuOCl before it fully turned into cubic Lu2O3 [22,25]. The last stage above 650 °C corresponded to the coalescence of the Lu2O3 crystallites. Based on the thermogravimetric analysis and the diffraction data, the stoichiometric transformations in the material upon annealing were tentatively proposed as follows:


2 Lu(OH)2Cl → Lu(OH)2Cl + LuOCl + H2O → Lu2O3 + 2 HCl + H2O,



(1)







It should be noted that the intermediate stage consisted of a mixture of species which is the reason why the diffractogram could not be fully assigned to a single specific crystal structure by XRD and ATR-IR (Figure 2b, Figure S3, Table S1). The effect of the annealing on the morphology of the particles could be further monitored during TEM experiments, where the samples were annealed in situ (Figure 2c–e). The evolution of the crystal structure of single microplatelets could be observed. Initially, the platelets exhibited lamellar structures along the edge, which disappeared when the Lu(OH)2Cl was transformed to polycrystalline Lu2O3, above 800 °C (Figure S4). The lamellar periodicity in as synthesised microparticles was measured to be around 1 nm (Figure S5). This distance could not be correlated to any of the lattice parameters of Lu(OH)2Cl. Therefore, its origin might be due to layers rich in oxygen, hydrogen and chlorine intercalated with layers rich in lutetium as it was observed in mixed crystal lamellar structures [26]. The overall morphology of the microplatelet was not affected by the heat treatment (Figure 2e). This is also shown by SEM micrographs of platelets after ex situ annealing at 1000 °C (Figure 2f, Figure S4). While the surface roughness of the platelets was enhanced due to the polycrystalline nature of the newly formed Lu2O3 and due to the change of density of the initial and final crystal structure, the overall initial platelet morphology was retained in all directions. Therefore, the transformation of Eu:Lu(OH)2Cl platelets into Eu:Lu2O3 platelets represents a useful type of morphological control for cubic Lu2O3, appearing as a promising tool to design multiparticle assemblies which can be treated at high temperature without catastrophic shrinkage or structural rearrangement, which typically are the main source of difficulties in ceramic powder processing.




3.3. Luminescence


Due to its full 4f-shell, Lu3+ is an optically inactive rare earth ion. Consequently, Lu2O3 is a PL-silent material which can be activated by doping with optically active rare earth elements [27,28]. The PL spectra of untreated, semi-calcined, and calcined powders showed clear differences in terms of transitions ratios and intensities, as expected by considering the strict dependence on the lattice site geometry typically expressed by the emission profile of europium (Figure 3) [27,29]. The emission profile of Eu:Lu(OH)2Cl particles was in good agreement with the one reported for Eu(OH)2Cl [30]. A blue luminescence associated to organic side-products resulting from the polymerisation of benzyl alcohol could be observed in Eu:Lu(OH)2Cl samples (Figure S6). Considering the lower crystal grade associated with broader XRD peaks of the intermediate compound (Figure 2b), one could expect a inhomogeneous broadening of the europium(III) emission [27]. However, this broadening is not very evident in the recorded PL spectra. The Eu:Lu2O3 particles obtained after calcination expressed bright red luminescence under UV excitation even after being redispersed in water (Figure S7).





4. Conclusions


We report the controlled, solvothermal synthesis of Lu(OH)2Cl particles and the thermal evolution of the material rendering Lu2O3 above 800 °C. The particle size could be readily controlled by varying synthetic parameters such as temperature and time while the crystal structure remained the same. Composition and structure of the europium doped platelets however changed dramatically with annealing. The decomposition of Lu(OH)2Cl to Lu2O3 was also reflected in the photoluminescence emission spectra of the initial and final microparticles. In summary, an up to now unknown level of morphology control of Eu:Lu(OH)2Cl micromaterials which could be transformed to Eu:Lu2O3 was demonstrated. Since Lu2O3 is technologically important for applications such as X-ray and γ-ray detection, these results pave the way towards microstructurally controlled ceramic- and composite-materials [20,21].
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Figure 1. Role of the synthetic parameters in determining the particle morphology. (a–c) SEM micrographs of samples A, B, C respectively. (d) XRD of the samples displayed in the pictures. The diffractograms were normalised with respect to the peak at 37.9 2θ for clarity. The diffraction pattern for monoclinic Lu(OH)2Cl (ICSD collection code 260838) is shown for reference. 
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Figure 2. Thermal evolution of Eu:Lu(OH)2Cl platelets (sample C). (a) TGA. (b) In situ high temperature XRD (peaks corresponding to the corundum substrate are marked with asterisks *). The colours orange, green and red label different temperature stages: <400, 400–650, >650 °C, respectively. Lu(OH)2Cl ICSD collection code 260838, LuOCl PDF code 00-035-1344, Lu2O3 ICSD collection code 40471 are displayed for reference. (c–e) In situ heating TEM micrographs of the same platelet seen through its edge, recorded at room temperature, at 500 and at 800 °C, respectively. (f) SEM of powder calcined at 1000 °C. 
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Figure 3. Effect of annealing on the Eu3+ related luminescence. (a) PLE spectra of Eu:Lu(OH)2Cl, the intermediate and the final product Eu:Lu2O3. Emission wavelengths were 614, 637 and 614 nm, respectively. Spectra were normalised at 394 nm. (b) PL of initial product, intermediate and final product, λex = 252, 270 and 252 nm, respectively. All spectra were normalised for the most intense peak. 
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