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 for nanoscale anatase, but yielding much lower pressures (12 GPa) for the onset of partial amorphization.

Introduction

Anatase TiO 2 in the macrocrystalline and nanocrystalline form is widely used as material in pigments, plastics, cosmetics, electronics, and catalysts industries. It is a wide band-gap semiconductor used for electrochemical dye solar cells [START_REF] Bach | Solid-state dye-sensitized mesoporous TiO 2 solar cells with high photon-to-electron conversion efficiencies[END_REF] and exhibits a good performance in photocatalysis [START_REF] Hoffmann | Environmental Applications of Semiconductor Photocatalysis[END_REF][START_REF] Fox | Heterogeneous Photocatalysis[END_REF]. For all technical applications, the microstructure of the material is an important tool for tuning the properties and among the materials used one can find thin films as well as mesopouros, nanocrystalline or polycrystalline materials. The crystallite size has a strong effect on the relative stability of anatase and other TiO 2 modifications like rutile, brookite or high pressure polymorphs TiO 2 II and MI phase [START_REF] Pischedda | Ultrastability and enhanced stiffness of similar to 6 nm TiO 2 nanoanatase and eventual pressureinduced disorder on the nanometer scale[END_REF][START_REF] Banfield | TiO 2 Accessory Minerals -Coarsening, and Transformation Kinetics in Pure and Doped Synthetic Nanocrystalline Materials[END_REF][START_REF] Ranade | Energetics of nanocrystalline TiO 2[END_REF][START_REF] Swamy | Size-dependent pressure-induced amorphization in nanoscale TiO 2[END_REF]. Nanoscale anatase remains stable to much higher pressures compared to the microcrystalline or single crystal counterpart [START_REF] Swamy | Compression behavior of nanocrystalline anatase TiO 2[END_REF] and when the crystallite size is smaller than the critical value of ~ 10 nm, pressure induced amorphization takes place at pressures of ~ 20 to 24 GPa [START_REF] Swamy | Size-dependent pressure-induced amorphization in nanoscale TiO 2[END_REF].

The bulk modulus of anatase varies strongly with the crystallite size of the starting material and also in response to doping with Zr. In former studies using the diamond anvil cell apparatus (DAC) and synchrotron powder X-ray diffraction (XRD) the authors fitted experimental pressure-volume data to the second-order Birch-Murnaghan Equation of State (EoS) and determined K 0 = 178(1) GPa [START_REF] Swamy | Bulk modulus of anatase[END_REF] and K 0 = 190(10) GPa [START_REF] Arlt | High-pressure polymorphs of anatase TiO 2[END_REF] for the bulk modulus of microscale anatase TiO 2 . In comparison, the values for nanoscale anatase are much higher with K 0 = 243(3) GPa [START_REF] Swamy | Compression behavior of nanocrystalline anatase TiO 2[END_REF] and K 0 = 237(3)

GPa [START_REF] Pischedda | Ultrastability and enhanced stiffness of similar to 6 nm TiO 2 nanoanatase and eventual pressureinduced disorder on the nanometer scale[END_REF]. The data suggest that anatase becomes stiffer when the crystallite size is decreased to the nanometer scale. Additionally, doping with Zr of nanoscale anatase leads to an even higher bulk modulus of K 0 = 266(6) GPa for Ti 0.9 Zr 0.1 O 2 [START_REF] Holbig | Compression behavior of Zr-doped nanoanatase[END_REF]. The fact that Zrdoping of nanoanatase produces the least compressible form of anatase is opposite to the expectation from the comparison of elastic constants for TiO 2 and ZrO 2 polymorphs.

While ZrO 2 polymorphs show a smaller bulk modulus than the corresponding TiO 2 forms, the incorporation of Zr into TiO 2 anatase results in an increasing bulk modulus. Furthermore, the compression behavior of Zr-doped nanoanatase Ti 0.9 Zr 0.1 O 2 shows another interesting phenomenon. Analysis of the X-ray diffraction data shows a significant change in compression behavior at pressures > 4 GPa. The slope of the ratio of lattice parameters a/c strongly increases, the slope of the ratio of the apical and equatorial bond length of the octahedra changes from negative to positive, and the z-coordinate of the oxygen atom, the only free atomic coordinate, changes its trend [START_REF] Holbig | Compression behavior of Zr-doped nanoanatase[END_REF]. The authors suggested that the anomalous compression behavior of the sample is related to the In order to study these phenomena in more detail and to find out, whether the pressure induced changes of structural parameters are reversible upon decompression, we carried out DAC experiments on anatase Ti 0.9 Zr 0.1 O 2 with crystallite size of ~ 12 nm, performing multiple cycles of compression and decompression within the stability field of the material, which is up to 13 GPa.

Experimental method

Experiments on a mixture of nanoscale anatase Ti 0.9 Zr 0.1 O 2 and LiF were carried out in the diamond anvil cell, at the synchrotron facility GeoSoilEnviroCARS 13 IDD at the Advanced Photon Source (APS), Argonne, Illinois; details of the experimental setup, starting material and XRD data processing are as in ref. [START_REF] Holbig | Compression behavior of Zr-doped nanoanatase[END_REF]. An X-ray beam with a wavelength of 0.3344 Å and a size of 6×15 µm was used. The distance sample to detector was 201 mm. The seats of the DAC were made from cBN and allowed the collection of diffraction data to d = 1 Å. Unlike other DAC samples [START_REF] Holbig | Compression behavior of Zr-doped nanoanatase[END_REF], the sample was loaded without any compression applied during the loading process, then compressed at room temperature to 12 GPa, decompressed to 0.5 GPa, compressed to 12 GPa and decompressed to ambient conditions.

In order to prepare a quenched sample to be observed by TEM, a second experiment with the same setup of the DAC was performed on the pure Zr-doped nanoanatase, using Raman spectroscopy. The material was loaded together with a small ruby-sphere, and sample pressures were determined from the pressure dependent shift of the ruby fluorescence R 1 line [START_REF] Mao | Calibration of the Ruby Pressure Gauge to 800-Kbar under Quasi-Hydrostatic Conditions[END_REF]. The pressure-induced frequency shifts were monitored while the sample was compressed and decompressed in the same way as the previous experiment. After the experiment, the sample was prepared for TEM analysis, using a FEI FIB200TEM Focused Ion Beam (FIB) device [START_REF] Wirth | Focused ion beam (FIB): Applications in micro-and nanoanalysis in geosciences and applied mineralogy[END_REF]. The produced foil with a thickness of ~ 50 nm was analyzed at the FEI Tecnai TM G 2 F20 X-Twin transmission electron microscope at the GeoForschungszentrum, Potsdam. The crystallite size of the doped anatase was measured before and after the experiment, using high-resolution TEM and convolution-based profile fitting of XRD data. Fig. 2 shows the pressure-volume data of the sample as refined from XRD data and results of the fitting to a second order EoS with the first derivative of the bulk modulus, K 0 ' fixed to 4. The bulk modulus of the material was determined during the first compression to K 0 = 211(7) GPa, upon the decompression the bulk modulus was decreased to K 0 = 199(3) GPa and it was increased upon the second compression to K 0 = 249 (9) GPa. The results show that the precompressed sample is stiffer compared to the uncompressed sample. The figure also shows the data of the previous experiment performed on the same material, described by Holbig et al. [START_REF] Holbig | Compression behavior of Zr-doped nanoanatase[END_REF]. It is worth noting at this point that the experiment Holbig et al. [START_REF] Holbig | Compression behavior of Zr-doped nanoanatase[END_REF] was performed on a sample which was compacted and precompressed between diamond anvils during the sample loading. The bulk modulus was measured as K 0 = 266(6) GPa, confirming the hypothesis that precompressed samples are stiffer than originally uncompressed samples.

Fig. 3 presents the values of the ratio of lattice parameters a/c as a function of the pressure. The slope of the curve is linear for the first compression and more or less also for the decompression. Upon the second compression however, the slope becomes steeper at pressure > 5 GPa, which is comparable to the results reported by Holbig et al.

[11] (line 3' in Fig. 2). The anomalous compression behavior for nanoscale Zr-doped anatase reported before is therefore reproduced in this study.

The XRD data of the sample at ambient conditions at the beginning (a) and at the end (b) of the experiment were used to estimate the crystallite size and to see, whether a change of the microstructure can be observed. We used the TOPAS-ACADEMIC software [START_REF] Yang | ZrO 2 -TiO 2 , Ceramic Humidity Sensors[END_REF] for convolution-based profile fitting [START_REF] Xu | Influence of high pressure and high temperature on the structure of ZrO 2 nanosolids[END_REF] and refined the microstructure.

The source emission profile and instrumental contribution to peak broadening were determined by means of the diffraction spectrum of a CeO standard. The effects of crystallite size and strain on the peak broadening were analyzed using the double-Voigt approach [START_REF] Balzar | Voigt-Function Modeling in Fourier-Analysis of Size-Broadened and Strain-Broadened X-Ray-Diffraction Peaks[END_REF] and the maximum (upper limit) strain values e 0 as well as the integralbreadth based volume-weighted mean column height L Vol_IB of coherently diffracting domains [START_REF] Xu | Influence of high pressure and high temperature on the structure of ZrO 2 nanosolids[END_REF] were obtained simultaneously. The estimate of crystallite size from L Vol_IB depends on the shape and the size distribution of the crystallites. For monodisperse IB . [START_REF] Popa | An analytical approximation for a size-broadened profile 1 3[END_REF]18] The strain of the material increased strongly during the experiment from e 0 = 0.13(3) % at the beginning to 0.26(4) % at the end. The crystallite size appears bigger at the end of the experiment but we attest no physical meaning to it. We suggest that the increasing strain slightly biases towards itself the relative contributions to the peak broadening due to a reduced data quality for b). Another confirmation of the additionally induced strain is the relationship between a and c lattice parameters (table 2). The unit cell at the end of the experiment is deformed with an elongation of the a parameter and shortening of the b parameter. At the same time the unit cell volume and pressure are practically the same. Fig. 4 shows high-resolution TEM images of the starting material as well as the quenched sample of the second experiment, performed on pure anatase Ti 0.90 Zr 0.10 O 2 . The crystallite sizes are 12(±3) nm for both samples and therefore remain more or less constant during the experiment. The crystallites of the quenched sample show spherical crystal shape and are defect free. There are several lines of evidence suggesting that the crystallites are surrounded by amorphous rims and that amorphization takes place gradually upon compression. Pressure induced amorphization was observed before by Swamy et al. [START_REF] Swamy | Size-dependent pressure-induced amorphization in nanoscale TiO 2[END_REF], who claimed that anatase with crystallite size of < 10 nm transforms upon compression to a high density amorphous phase, which transforms to a low density amorphous phase upon the quenching process. In contrast, coarser samples undergo transformations to crystalline high pressure polymorphs. Partial amorphization was suggested earlier for experimental studies (e.g. [START_REF] Pischedda | Ultrastability and enhanced stiffness of similar to 6 nm TiO 2 nanoanatase and eventual pressureinduced disorder on the nanometer scale[END_REF]), but could not be detected by the insitu XRD analysis because the broad amorphous features would be hidden in the background signal -a phenomenon that applies also for this study. Partial amorphization was theoretically predicted by Pischedda et al. [START_REF] Pischedda | Ultrastability and enhanced stiffness of similar to 6 nm TiO 2 nanoanatase and eventual pressureinduced disorder on the nanometer scale[END_REF], who performed molecular dynamics computations, using a simple Buckingham potential and computed compression of a single anatase nanoparticle in a box of 10 nm dimension in excess of the nanoparticle volume. At 25 GPa, the simulations suggest the appearance of disorder in the surfaceshell region (about 30-40 % of the atoms), surrounding a more rigid crystalline core, which also contains some defects. In our study, the TEM analysis of the material after compression shows in fact features that can be assigned as rims of amorphous material with a thickness of several nanometer (Fig. 4, right), confirming the suggested appearance of partial amorphization. However, the TEM image shows a part of the sample where several crystallites overlap and the features seen could be the consequence of that. To avoid overlap of crystallites, TEM foils with a thickness of 10-15 nm would be necessary. 
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 3 and proposed that Zr-doping and the tendency of clustering of Zr-atoms could affect the structural parameters and influence the elastic properties.
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 4 Results and discussionThe lattice parameters of Zr-doped nanoscale anatase at zero pressure were refined to a = 3.8110(3), c = 9.6101[START_REF] Mao | Calibration of the Ruby Pressure Gauge to 800-Kbar under Quasi-Hydrostatic Conditions[END_REF] Šand V = 139.57(2) ų. Tab. 1 presents refined lattice parameters of anatase and LiF as well as the pressure, Fig.1shows representative results of full profile refinements at low and high pressures, indicating the high quality of the fit.
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 5 crystallites with diameter D, the following equation is applicable: D = 4/3 L Vol-
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 3 Fig. 3. Ratio of the lattice parameters a/c of nanocrystalline Zr 0.1 Ti 0.9 O 2 anatase. Symbols as in Fig. 2.
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 4111122133144 Fig. 4. High-resolution TEM image of the starting material Zr 0.1 Ti 0.9 O 2 anatase (left) and the sample after the experiment (right). Both images indicate average crystallite sizes of 12nm. C marks a crystalline area, A marks the suggested amorphous rim.
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