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Nano-crystalline Sr 0.5 Ba 0.5 Nb 2 O 6 was synthesized by a one-pot method using PEG400 and citric acid. Calcination of the (Sr,Ba,Nb)-gel at 600 °C leads to Sr 0.5 Ba 0.5 Nb 2 O 6 with a crystallite size of 24(2) nm and a specific surface area of 38.5(10) m 2 g 1 . Sintering up to 1325 °C leads to ceramics with globular or irregular-shaped grains and average grain sizes between 1.3 and 2.4 µm, whereas higher temperatures lead to a rod-like microstructure. The indirect allowed optical band gap varies between 3.70(5) and 3.29(5) eV. Dielectric measurements show a diffuse phase transition and weak relaxor properties. The maximum of the permittivity occurs between 116 and 147 °C. The frequency dependence of the impedance can be well described by one or two RC-circuits depending on sintering temperature. The melting temperature is determined as 1506(7) °C with H f = 140(20) kJ mol 1 . The average linear thermal expansion coefficient is found to be 10.5(5)10 6 K 1 .

Introduction

Strontium barium niobate (Sr x Ba 1-x Nb 2 O 6 , SBN) is of interest for applications in advanced technologies because of its electro-optic, piezoelectric, pyroelectric, ferroelectric and photorefractive properties [16]. In addition, Sr x Ba 1-x Nb 2 O 6 can be also used as photocatalyst for water splitting [79]. Sr x Ba 1-x Nb 2 O 6 is a lead-free relaxor ferroelectric which exists in the range of 0.25  x  0.75 [START_REF] Ballmann | The Growth and Properties of Strontium Barium Metaniobate Sr x Ba 1-x Nb 2 O 6 , A Tungsten Bronze Ferroelectric[END_REF] and crystallizes in the tetragonal tungsten-bronze (TTB) structure [START_REF] Ballmann | The Growth and Properties of Strontium Barium Metaniobate Sr x Ba 1-x Nb 2 O 6 , A Tungsten Bronze Ferroelectric[END_REF][START_REF] Jamieson | Ferroelectric Tungsten Bronze-Type Crystal Structures. I. Barium Strontium Niobate Ba 0.27 Sr 0.75 Nb 2 O 5.78[END_REF]. The relaxor behaviour increases with the strontium content [START_REF] Lukasiewicz | Strontium-Barium Niobate Single Crystals, Growth and Ferroelectric Properties[END_REF][START_REF] Huang | Anisotropic Glasslike Characteristics of Strontium Barium Niobate Relaxors[END_REF]. The temperature of the permittivity maximum (T m ), which represents the transition from the ferroelectric to the paraelectric state, depends strongly on the composition [START_REF] Lukasiewicz | Strontium-Barium Niobate Single Crystals, Growth and Ferroelectric Properties[END_REF][START_REF] Ballmann | The Growth and Properties of Strontium Barium Metaniobate Sr x Ba 1-x Nb 2 O 6 , A Tungsten Bronze Ferroelectric[END_REF]. Reported T m values for single crystals of Sr 0.5 Ba 0.5 Nb 2 O 6 are between 110 and 130 °C [START_REF] Lukasiewicz | Strontium-Barium Niobate Single Crystals, Growth and Ferroelectric Properties[END_REF][START_REF] Ballmann | The Growth and Properties of Strontium Barium Metaniobate Sr x Ba 1-x Nb 2 O 6 , A Tungsten Bronze Ferroelectric[END_REF][START_REF] David | Composition Dependence of the Phase Transition Temperature in Sr x Ba 1-x Nb 2 O 6[END_REF], whereas for polycrystalline ceramics prepared by the conventional mixed-oxide method T m vary from 74 to 177 °C [1416]. Interestingly, dielectric measurements on Sr 0.5 Ba 0.5 Nb 2 O 6 ceramics prepared by wet-chemical syntheses reveal lower T m values by trend typically between 40 and 119 °C [1720]. Patro et al. [START_REF] Patro | Combustion Synthesis of Sr 0.5 Ba 0.5 Nb 2 O 6 and Effect of Fuel on its Microstructure and Dielectric Properties[END_REF] reported on a permittivity maximum even at 49 °C for Sr 0.5 Ba 0.5 Nb 2 O 6 ceramics prepared by a combustion synthesis using glycine as fuel.

Polycrystalline Sr 0.5 Ba 0.5 Nb 2 O 6 samples are usually synthesized by the conventional mixedoxide method which requires high calcining temperatures and results in coarse-grained ceramic bodies [2226]. In the last years, a few soft-chemical synthesis routes have been reported, such as co-precipitation [START_REF] Patro | Synthesis of Sr 0.5 Ba 0.5 Nb 2 O 6 by Coprecipitation Method  Dielectric and Microstructural Characteristics[END_REF][START_REF] Patro | Microstructure and Dielectric Properties of Strontium Barium Niobate Ceramics Synthesized by Partial Coprecipitation[END_REF][START_REF] Dudhe | Ferroelectric Domains in Sr 0.5 Ba 0.5 Nb 2 O 6 (SBN50) at Nanolevel[END_REF], sol-gel [19,20,2830], combustion [START_REF] Patro | Combustion Synthesis of Sr 0.5 Ba 0.5 Nb 2 O 6 and Effect of Fuel on its Microstructure and Dielectric Properties[END_REF][START_REF] Dhage | Synthesis of Sr 0.5 Ba 0.5 Nb 2 O 6 by Urea Method[END_REF] and complex precursor [START_REF] Panda | Low Temperature Preparation of Nanocrystalline Solid Solution of Strontium-Barium-Niobate by Chemical Process[END_REF] routes. Soft-chemistry syntheses enable to synthesize nano-sized powders at low reaction temperatures. Using nano-sized powders ceramics with fine-grained and tunable microstructures can be obtained.

In this paper we report on a polymerization method using PEG400 and citric acid to synthesize nano-crystalline Sr 0.5 Ba 0.5 Nb 2 O 6 powders at low temperatures and ceramics obtained from these powders. Phase evolution and crystallite growth during calcination and sintering were monitored by XRD. The microstructure and sintering properties of the ceramic bodies were studied. Furthermore, the samples were characterized by dielectric and diffuse reflectance measurements. Finally, we determined the melting point, enthalpy of fusion, and the linear thermal expansion coefficient of Sr 0.5 Ba 0.5 Nb 2 O 6 ceramics.

Experimental

Material preparation

NbCl 5 (0.007 mol, Alfa Aesar, 99 %) was dissolved in 10 ml 2-methoxyethanol. After addition of 30 ml polyethylene glycol (PEG400) and 20 g citric acid the mixture was stirred on a heating plate at 150 °C until it became a clear solution. SrCl 2 6H 2 O and BaCl 2 2H 2 O (0.00175 mol) were dissolved in 5 ml 1,2-ethanediol and added to the above hot Nb-solution.

The temperature of the heating plate was increased to 180 °C until the resulting solution turned to a white turbid suspension. Afterwards, the reaction mixture was continuously stirred on the heating plate at 250 °C to obtain a white viscous gel. This (Sr,Ba,Nb)-gel was calcined for 2 h in static air at various temperatures leading to Sr 0.5 Ba 0.5 Nb 2 O 6 nano powders.

Ceramic bodies were obtained using a Sr 0.5 Ba 0.5 Nb 2 O 6 powder calcined at 600 °C for 2 h, mixed with 5 wt.% of a saturated aqueous polyvinyl alcohol (PVA) solution as a pressing aid and uniaxially pressed at about 100 MPa into pellets (green density 2.1 g cm 3 ). These pellets were placed on a ZrO 2 fibre mat and sintered to ceramic bodies.

For comparative purposes, Sr 0.5 Ba 0.5 Nb 2 O 6 was also prepared via the conventional mixedoxide method. Stoichiometric amounts of SrCO 3 , BaCO 3 (Merck, extra pure), and Nb 2 O 5 (Fluka, puriss. >99.9 %) were well milled together using ZrO 2 -balls in propan-2-ol. After filtering and drying the mixture was calcined at 1150 °C for 2 h and afterwards at 1200 °C for 5 h yielding phase-pure Sr 0.5 Ba 0.5 Nb 2 O 6 powder.

Characterization

X-ray powder diffraction patterns were recorded at room temperature on a Bruker D8-Advance diffractometer, equipped with a one-dimensional silicon strip detector (LynxEye) using Cu-K  radiation. Crystallite size and the strain parameter were calculated from XRD line broadening (integral peak breadth) using the Scherrer and Wilson equation (pattern fitting by software suite WinXPOW [START_REF]Program WinXPOW[END_REF]). The full pattern refinement software PowderCell 2.4 [START_REF] Kraus | PowderCell 2.0 for Windows[END_REF] was used to determine the amorphous content of the powder samples. Lattice parameters were calculated with the Rietveld software FullProf [START_REF] Rodriguez-Carvajal | Recent advances in magnetic structure determination by neutron powder diffraction[END_REF]. Dilatometric measurements were carried out in flowing synthetic air (50 ml min 1 ) in a Setaram TMA 92-16.18 dilatometer. Thermogravimetric (TG) and differential thermoanalytic (DSC) investigations in flowing synthetic air or nitrogen (50 ml min 1 ) were performed using a Netzsch STA 449 system. The TG/DSC measurement of the decomposition of the (Sr,Ba,Nb)-gel was carried out on a sample preheated at 300 °C. The specific surface area (BET) was determined using nitrogen five-point gasphysisorption (Nova 1000, Quantachrome Corporation). The equivalent BET particle diameter was calculated assuming a spherical or cubic particle shape. Scanning electron microscope images were recorded with a Phenom ProX SEM in the backscattered electron mode (BSE). An Impedance Analyzer 4192A (Hewlett Packard) was used for frequency-and temperature dependent impedance measurements. Gold electrodes were sputtered onto the ceramic bodies in a Cressington Sputter Coater 108auto. Diffuse reflectance spectra were recorded at room temperature using a Perkin Elmer UVVis spectrometer Lambda 19 with BaSO 4 as white standard.

Results and discussion

Synthesis and powder characterization

Heating of the viscous (Sr,Ba,Nb)-gel in static air at 300 °C for 0.5 h resulted in a blackbrown amorphous powder. Simultaneous TG/DSC measurements up to 1000 °C (heating rate 10 K min 1 ) in flowing air were carried out on this powder (Fig. 1). The decomposition starts at 160 °C and is accompanied by several broad exothermic signals. A strong exothermic reaction with an onset temperature of 444 °C results in a total weight loss of 94 % until 513 °C. Up to 1000 °C no further weight change can be observed. The white residue was identified as Sr 0.5 Ba 0.5 Nb 2 O 6 by XRD measurement. The presented synthesis route using PEG400 led to a significant reduction of the reaction temperature to 600 °C for Sr 0.5 Ba 0.5 Nb 2 O 6 , compared to conventional and other wet-chemical syntheses [START_REF] Wanmei | Investigation of the Origin of Abnormal Grain Growth in the Sintering Process of Sr 0.5 Ba 0.5 Nb 2 O 6 Ceramics without Eutectic Liquid-Phase[END_REF][START_REF] Patro | Combustion Synthesis of Sr 0.5 Ba 0.5 Nb 2 O 6 and Effect of Fuel on its Microstructure and Dielectric Properties[END_REF][START_REF] Kim | Site Occupancy and Dielectric Characteristics of Strontium Barium Niobate Ceramics: Sr/Ba Ratio Dependence[END_REF] which need at least 700 °C. The formation of Sr 0.5 Ba 0.5 Nb 2 O 6 together with an amorphous fraction at low temperature can often be seen using wet-chemical methods [START_REF] Patro | Combustion Synthesis of Sr 0.5 Ba 0.5 Nb 2 O 6 and Effect of Fuel on its Microstructure and Dielectric Properties[END_REF][START_REF] Li | Low Temperature Preparation of Nanocrystalline Sr 0.5 Ba 0.5 Nb 2 O 6 Powders Using an Aqueous Organic Gel Route[END_REF][START_REF] Panda | Low Temperature Preparation of Nanocrystalline Solid Solution of Strontium-Barium-Niobate by Chemical Process[END_REF][START_REF] Dandeneau | Thermoelectric Properties of Reduced Polycrystalline Sr 0.5 Ba 0.5 Nb 2 O 6 Fabricated Via Solution Combustion Synthesis[END_REF]. Recently, Chen et al. [START_REF] Chen | A Novel Sol-Gel Route to Synthesize (Sr 0.5 Ba 0.5 )Nb 2 O 6 Ceramics with Enhanced Electrocaloric Effect[END_REF] prepared Sr 0.5 Ba 0.5 Nb 2 O 6 by a sol-gel synthesis using 1,2-ethanediol and citric acid as polymerization agents. Calcination of that gel resulted in considerable amounts of secondary phases up to 1100 °C.

Sintering behavior and microstructure of ceramic bodies

Prior to the investigation of the sintering behavior and preparation of ceramic bodies, the (Sr,Ba,Nb)-gel was calcined at 600 °C for 2 h. As mentioned above, this thermal treatment leads to a white Sr 0.5 Ba 0.5 Nb 2 O 6 powder with a small amount of an amorphous fraction. The volume-weighted average crystallite size of the nano-crystalline Sr 0.5 Ba 0.5 Nb 2 O 6 phase was calculated to be 24(2) nm and the root-mean square strain is 0.0012 [START_REF] Rytz | Temperature Dependence of Photorefractive Properties of Strontium-Barium Niobate (Sr 0.6 Ba 0.4 Nb 2 O 6 )[END_REF]. The specific surface area of that powder was determined as 38.5(10) m 2 g 1 corresponding to an equivalent particle size of 29(2) nm, which agrees well with the crystallite size. The nano-crystalline powder was pressed to pellets and isothermally sintered for 10 h in static air at different temperatures (heating-/ cooling rate: 5 K min 1 ). The final bulk densities (Fig. 3) of the ceramic bodies were calculated from their weight and geometric dimensions and the relative bulk densities are related to the single crystal density of 5.37 g cm 3 (ICSD #291175 [START_REF] Rathore | Enhanced Dielectric Constant and Relaxor Behavior Realized by Dual Stage Sintering of Sr 0.5 Ba 0.5 Nb 2 O 6[END_REF]). Sintering at 1150 °C and 1200 °C leads to an insufficient densification with relative densities of 54(1) and 74(1) %, respectively. Dense ceramics (relative density  90 %) can be obtained after sintering at 1250 °C. Sintering at 1300 °C results in a relative density of 93(1) % which rises to 96(1) % at 1350 °C. The density drops down to 94(1) % after sintering at 1400 °C caused by the formation of small cracks inside the ceramic body. The typical microstructures and grain sizes of selected ceramics are shown in Fig. 4. The average grain size ( li ) was determined by the lineal intercept method [START_REF] Mendelson | Average Grain Size in Polycrystalline Ceramics[END_REF]. The ceramic bodies sintered at 1150 °C and 1200 °C show globular-like and irregular grains between 0.25 and 0.65 µm ( li = 0.4 µm) and 0.42.6 µm ( li = 1.3 µm), respectively. After heating to 1250 °C the grain size range is between 0.7 and 4.1 µm ( li = 2.1 µm) and grows to 0.85.5 µm ( li = 2.4 µm) at 1325 °C (Fig. 4a,b). Sintering at 1350 °C leads to a drastic change of the microstructure consisting of small rods with dimensions up to 4 µm in length and up to 1 µm in width. (Fig. 4c). After sintering at 1400 °C areas with small rods and very large crystals up to 200 µm in length occur (Fig. 4d). The surrounding of these large crystals, has the same microstructure as the Additional values for further sintering temperatures are listed in Tab. S1 (supporting information). XRD patterns of powdered ceramic bodies sintered between 1150 and 1400 °C show only reflections of Sr 0.5 Ba 0.5 Nb 2 O 6 (Fig. 5). The XRD patterns of the ceramics were refined on the basis of a primitive tetragonal unit cell (space group P4bm, no. 100) according to Rathore and Vitta [START_REF] Rathore | Enhanced Dielectric Constant and Relaxor Behavior Realized by Dual Stage Sintering of Sr 0.5 Ba 0.5 Nb 2 O 6[END_REF]. The cell metric of the ceramic sintered at 1150 °C was calculated as a = b = 1247.74(3) and c = 394.56(2) pm (see also Fig. S1, supporting information) which agrees very well with previously reported data [START_REF] Rathore | Enhanced Dielectric Constant and Relaxor Behavior Realized by Dual Stage Sintering of Sr 0.5 Ba 0.5 Nb 2 O 6[END_REF][START_REF] Podlozhenov | Structure of Strontium Barium Niobate Sr x Ba 1-x Nb 2 O 6 (SBN) in the Composition Range 0.32  x  0.82[END_REF]42]. With increasing sintering temperature the cell parameters do not change significantly.

Thermoanalytic, UV-Vis, and dielectric measurements

In literature, the reported melting point of Sr 0.5 Ba 0.5 Nb 2 O 6 differs between 1480 °C and about 1500 °C [10,43,4447]. For our examination of the melting point ceramic bodies sintered at 1300 °C for 10 h were crushed into fine powders. DSC measurements were done in a platinum crucible in flowing nitrogen atmosphere (Fig. S2, supporting information). The melting temperature (onset of the melting peak) was determined to 1506 [START_REF] Han | UV Photocatalytic Activity for Water Decomposition of Sr x Ba 1-x Nb 2 O 6 Nanocrystals with Different Components and Morphologies[END_REF] °C and from the peak area the enthalpy of fusion is H f = 140 [START_REF] Wanmei | Investigation of the Origin of Abnormal Grain Growth in the Sintering Process of Sr 0.5 Ba 0.5 Nb 2 O 6 Ceramics without Eutectic Liquid-Phase[END_REF] kJ mol 1 which corresponds to S f = 79 [START_REF] Huang | Anisotropic Glasslike Characteristics of Strontium Barium Niobate Relaxors[END_REF] J mol 1 K 1 . The DSC investigations with Sr 0.5 Ba 0.5 Nb 2 O 6 prepared by the conventional mixed-oxide method resulting in very similar values of 1504 [START_REF] Han | UV Photocatalytic Activity for Water Decomposition of Sr x Ba 1-x Nb 2 O 6 Nanocrystals with Different Components and Morphologies[END_REF] °C and H f = 130(20) kJ mol 1 . To our best knowledge, the enthalpy of fusion for Sr 0.5 Ba 0.5 Nb 2 O 6 was never reported before. For comparison, the enthalpy of fusion of Nb 2 O 5 is 103 kJ mol 1 [START_REF] Kelly | High-Ttemperature Heat-Content, Heat-Capacity, and Entropy Data for the Elements and Inorganic Compounds[END_REF]. The XRD patterns of the transparent melts show single-phase Sr 0.5 Ba 0.5 Nb 2 O 6 indicating congruent melting.

The thermal expansion of polycrystalline bulk ceramics was determined by dilatometric measurements (inset in Fig. S2, supporting information) [START_REF] Hemminger | Methoden der Thermischen Analyse[END_REF][START_REF] James | A Review of Measurement Techniques for the Thermal Expansion Coefficient of Metals and Alloys at Elevated Temperatures[END_REF][START_REF] Köferstein | Investigations of BaFe 0.5 Nb 0.5 O 3 Nano Powders Prepared by a Low Temperature Aqueous Synthesis and Resulting Ceramics[END_REF]. Investigations up to 500 °C reveal an average linear thermal expansion coefficient of  dil = 10.5(5)10 6 K 1 . Diffuse reflectance spectra were recorded of the nano-crystalline powder calcined at 600 °C for 2 h and of powdered Sr 0.5 Ba 0.5 Nb 2 O 6 ceramics (see also Fig. S3, supporting information).

The KubelkaMunk theory was used for determining the optical band gap [START_REF] Kubelka | Ein Beitrag zur Optik der Farbanstriche[END_REF][START_REF] Kortüm | Die Theorie der diffusen Reflexion von Licht an pulverförmigen Stoffen[END_REF] and the reflectance data were combined with the absorption coefficient according to Eq. 1:

F(R) =  s = (1R) 2 2R (1) 
(F(R) -Kubelka-Munk function, Rreflectance, αabsorption coefficient, sscattering factor). Since F(R) is proportional α (s is wavelength-independent [START_REF] Kortüm | Die Theorie der diffusen Reflexion von Licht an pulverförmigen Stoffen[END_REF]) the optical band gap can be expressed by Eq. 2 [START_REF] Nowak | Determination of Energy Band Gap of Nanocrystalline SbSI Using Diffuse Reflectance Spectroscopy[END_REF][START_REF] Schevciw | The Optical Absorption Edge of Rare Earth Sesquisulfides and Alkaline Earth -Rare Earth Sulfides[END_REF]:

F(R)h = k(h  E g ) 1/n (2) 
(kenergy-independent constant, E goptical band gap, nexponent reflecting the type of transition). For direct-allowed transitions n = 2, for indirect-allowed transitions n = 1/2 and for direct-and indirect-forbidden transitions n = 2/3 and 1/3, respectively. The optical band gap can be determined by plotting of (𝐹(𝑅) • ℎ) 𝑛 vs. h and extrapolating the slope to F(R)  0. In literature, direct-allowed as well as indirect-allowed transition mechanisms were assumed to calculate the band gap energy for Sr 0.5 Ba 0.5 Nb 2 O 6 [5559]. As demonstrated in Fig. 6 the indirect and direct optical band gap can be obtained by plotting of (𝐹(𝑅) • ℎ) 0.5

and (𝐹(𝑅) • ℎ) 2 vs. h, respectively. Often, the McLean analysis [START_REF] Nowak | Determination of Energy Band Gap of Nanocrystalline SbSI Using Diffuse Reflectance Spectroscopy[END_REF]60] of the absorption edge is used to find the type of transition (n). Unfortunately, for our spectra this analysis did not lead to a clear result. As an alternative approach, the exponent n can also be estimated by

linearization of Eq. 2 [6163]: ln(F(R)h) = lnk + n 1 ln(h  E g ) (3) 
Building the derivative of this expression leads to:

d(ln(F(R)h) d(h) = 1 n(h  E g ) (4) 
A plot of d(ln(F(R)h)/d(h) vs. h thus shows a maximum around E g . This approximated E g value was used to determine n, which can be obtained as the inverse slop in the plot of ln(F(R)h) vs. ln(h  E g ) (Fig. 7). The value of n was found to be ~0.5 for all samples indicating an indirect-allowed transition in accordance with band structure calculations by Andriyevsky et al. [START_REF] Andriyevsky | Electronic and Optical Properties of Strontium Barium Niobate Single Crystals[END_REF] for Sr 0.60 Ba 0.40 Nb 2 O 6 . The indirect-allowed optical band gap for the nano-sized preceramic powder, calcined at 600 °C, was calculated as 3.70( 5) eV. After ten-hour sintering of that nano-powder at 1150 °C the band gap is 3.40( 4) eV which decreases to 3.29 [START_REF] Neurgaonkar | Piezoelectric Tungsten Bronze Crystals for SAW Device Applications[END_REF] eV after sintering at 1250 °C and does not change significantly up to 1400 °C (inset in Fig. 6). The considerably higher band gap energy for the nano-sized sample is most likely due to the well-known size effect leading to a blue shift of the absorption edge with decreasing particle size [6569]. For comparative purposes with literature data, the band gap values assuming a direct allowed transition accounts to 4.23 [START_REF] Neurgaonkar | Piezoelectric Tungsten Bronze Crystals for SAW Device Applications[END_REF] eV and is reduced to 3.59 [START_REF] Neurgaonkar | Piezoelectric Tungsten Bronze Crystals for SAW Device Applications[END_REF] eV after heating to 1250 °C (inset in Fig. 6). The dielectric response at frequencies above 1 kHz for samples sintered at 1200 and 1350 °C

show decreasing permittivity values above the maximum (Fig. S4, supporting information).

The temperature of the permittivity maximum (T m ) is slightly shifted to higher temperatures with rising frequencies (Fig. S5, supporting information). The shift of T m from 1 kHz to 1

MHz was found to be in the range of 4-5 K. The dielectric response above T m deviated from the normal Curie-Weiss law indicating a relaxor-like behavior [START_REF] Cross | Relaxor Ferroelectrics: An Overview[END_REF]. As proposed in literature

[7173], the dielectric behavior of a relaxor ferroelectric can be described by a modified Curie-Weiss law:

1   1  𝑚 = (𝑇𝑇 𝑚 )  𝐶 ′ (5) 
where,  m is the permittivity maximum, T m is the temperature at  m , C is a constant, and the exponent  is the diffuseness coefficient which describes the character of the phase transition.

For a normal ferroelectric behavior is  = 1 and for ideal relaxor ferroelectrics is  = 2. From a plot of ln( -1   m -1 ) vs. ln(TT m ) (Fig. S6, supporting information) we obtained values for  between 1.70 and 1.80. The diffuseness coefficient () is somewhat larger than reported values for Sr 0.5 Ba 0.5 Nb 2 O 6 ceramics obtained by the conventional method [START_REF] Kim | Site Occupancy and Dielectric Characteristics of Strontium Barium Niobate Ceramics: Sr/Ba Ratio Dependence[END_REF][START_REF] Rathore | Enhanced Dielectric Constant and Relaxor Behavior Realized by Dual Stage Sintering of Sr 0.5 Ba 0.5 Nb 2 O 6[END_REF][START_REF] Kshirsagar | Investigations on Fe-doped Strontium Barium Niobate, Single Phase Ferroelectric and Magnetodielectric Compounds[END_REF]. This slight increase of the diffuseness of the phase transition is caused by a size-effect [7577] due to the considerably smaller grain-sizes of the ceramics prepared by the soft-chemistry method described herein [START_REF] Kim | Site Occupancy and Dielectric Characteristics of Strontium Barium Niobate Ceramics: Sr/Ba Ratio Dependence[END_REF][START_REF] Kang | Effect of Sintering Atmosphere on Densification and Dielectric Characteristics in Sr 0.5 Ba 0.5 Nb 2 O 6 Ceramics[END_REF][START_REF] Rathore | Enhanced Dielectric Constant and Relaxor Behavior Realized by Dual Stage Sintering of Sr 0.5 Ba 0.5 Nb 2 O 6[END_REF][START_REF] Qu | Structure and Electric Properties of Strontium Barium Niobate Ceramics[END_REF]. Moreover, the T m values are significantly higher than reported temperatures of the permittivity maximum for ceramics prepared by other soft-chemistry methods [17,1921]. On the other hand, our T m values are in accordance with temperature values of the dielectric maximum of Sr 0.5 Ba 0.5 Nb 2 O 6 single-crystals [START_REF] Glass | Investigation of the Electrical Properties of Sr 1-x Ba x Nb 2 O 6 with Special Reference to Pyroelectric Detection[END_REF][START_REF] Ballmann | The Growth and Properties of Strontium Barium Metaniobate Sr x Ba 1-x Nb 2 O 6 , A Tungsten Bronze Ferroelectric[END_REF][START_REF] David | Composition Dependence of the Phase Transition Temperature in Sr x Ba 1-x Nb 2 O 6[END_REF][START_REF] Maciolek | Preparation and Properties of Low Loss Sr 1-x Ba x Nb 2 O 6 Ferroelectric Single Crystals[END_REF][START_REF] Neurgaonkar | Tungsten Bronze Sr 1-x Ba x Nb 2 O 6 : A Case History of Versatility[END_REF].

The discussion above did not consider a possible dc-conductivity. In general, the conductivity of the investigated samples at low temperatures are rather low ( dc << 10 7 S cm 1 ) so that the model of a lossy capacitor described above can be well used. In contrast, the samples exhibit pronounced dc-conductivities at elevated temperatures indicating a semiconducting nature.

The high-temperature impedance data were modelled using equivalent circuits consisting of one or two parallel resistance-capacitor (RC) elements. The specific complex impedance ( * ) for a single RC element is described by:

 * =  𝑑𝑐 1+(𝑖)  (6) 
where,  is the constant phase shift (CPE) coefficient and  =  dc  0 . Details of this approach have been reported elsewhere [START_REF] Oehler | Preparation and Dielectric Properties of CaTaO 2 N and SrNbO 2 N Ceramics[END_REF]. The Cole-Cole plot of the specific complex impedance for the ceramic sintered at 1200 °C reveals two semicircle arcs and can be well described by two RC elements connected in series indicating two different electrical transport processes (Fig. S7a, supporting information). The derived relative permittivities of 2550 and 86600 can be assigned to contributions of the bulk and grain boundaries, respectively, based on the reasoning by Irvine et al. [START_REF] Irvine | Electroceramics: Characterization by Impedance Spectroscopy[END_REF] that the grain boundary capacitance and thus the permittivity values are at least one order of magnitude higher than bulk permittivities. ColeCole plots of the other ceramics sintered from 1250 to 1325 °C reveal one single semicircular arc (Fig. S7b, supporting information) indicating a single relaxation process. Because of the high density and larger grain sizes of these ceramics compared to the one sintered at 1200 °C this single relaxation process is assigned to the bulk effect only. This assignment is supported by the fact that the calculated permittivity values vary between 1600 and 2400 and are therefore comparable to the bulk contribution found for the aforementioned ceramic sintered at 1200 °C. After sintering at 1350 °C the Cole-Cole plot can be still fitted by one RC element (Fig. S7c, supporting information); however, a closer inspection indicates the beginning of a second semicircular arc in the low frequency region (marked by a dotted circle in the figure).

This second circle suggests a possible grain boundary contribution besides the bulk effect, which arises from the change of the microstructure which consists of rods with a maximum thickness of 1 µm, whose occurrence may be the main reason for the observed additional grain boundary contribution.

Conclusion

A nano-crystalline Sr 0.5 Ba 0. 

Fig. 1 :

 1 Fig. 1: TGDSC measurements of a pre-heated (Sr,Ba,Nb)-gel in flowing air (heating rate 10 K min 1 ).

Fig. 2

 2 Fig.2shows the phase evolution after thermal decomposition of the (Sr,Ba,Nb)-gel in a muffle furnace in static air (heating rate 10 K min 1 , soaking time 2 h). Calcining at 500 °C

Fig. 2 :

 2 Fig. 2: Room temperature XRD patterns of the (Sr,Ba,Nb)-gel after calcination at various temperatures for 2 h: (a) 500 °C, (b) 600 °C, (c) 1000 °C , and 1100 °C (heating rate 10 K min 1 ). The inset shows a magnification of graph (c).

Fig. 3 :

 3 Fig. 3: Final bulk densities of ceramic bodies depending on sintering temperature (rate 5 K min 1 , soaking time 10 h). The uncertainty of the data is smaller than the symbol size and is about 0.07 g/cm 3 .

Fig. 4 :

 4 Fig. 4: SEM-BSE images of the microstructure of selected ceramic bodies sintered at (a) 1250 °C/ 10 h, (b) °C/ 10 h, c) 1350 °C/ 10 h, and d) 1400 °C/ 10 h.

Fig. 5 :

 5 Fig. 5: Room temperature XRD patterns of Sr 0.5 Ba 0.5 Nb 2 O 6 ceramics sintered at a) 1150 °C/ 10 h and b) °C/ 10 h.

Fig. 6 :

 6 Fig. 6: (F(R)h) n versus h (n = 2 and 0.5) of the ceramic sintered at 1250 °C/ 10 h. The inset shows the calculated indirect-allowed and direct-allowed band gap energies of ceramics sintered between 1150 and 1400 °C/ 10 h (a) as well as of the preceramic nano-crystalline powder calcined at 600 °C/ 2 h (b). The uncertainties ( 0.05 eV) of the band gap values are smaller than the symbol size.

Fig. 7 :

 7 Fig. 7: ln(F(R)h) versus ln(EE g ) for powdered ceramics after various sintering temperatures.

Fig. 8

 8 Fig. 8 shows frequency-dependent room-temperature (23 °C) dielectric measurements of

Fig. 8 :

 8 Fig. 8: Frequency dependence of the real part of the relative permittivity (closed symbols) and the dissipation factor (open symbols) at 23 °C for ceramic bodies sintered at the indicated temperatures. The uncertainty of the data is smaller than the symbol size and is lower than 5 %.

Fig. 9 :

 9 Fig. 9: Temperature dependence of  r and tan  (inset) at 1 kHz for ceramic bodies sintered at different temperatures for 10 h. a) 1200 °C, b) 1250 °C, c) 1300 °C, d) 1325 °C, e) 1350 °C.

5

 5 Nb 2 O 6 powder with a crystallite size of 24(2) nm and a specific surface area of 38.5(10) m 2 g 1 was synthesized by a polymerization route using PEG400 and following calcination at 600 °C. From this nano-crystalline powder ceramic bodies with variable grain sizes and a fine-grained microstructure are available. Dense ceramics (relative density  90 %) can be obtained after sintering above 1200 °C. The indirect-allowed optical band gap of the nano-powder is 3.70[START_REF] Neurgaonkar | Piezoelectric Tungsten Bronze Crystals for SAW Device Applications[END_REF] eV and decreases to 3.29[START_REF] Neurgaonkar | Piezoelectric Tungsten Bronze Crystals for SAW Device Applications[END_REF] eV upon sintering. The melting temperature and enthalpy of fusion were determined as 1506[START_REF] Han | UV Photocatalytic Activity for Water Decomposition of Sr x Ba 1-x Nb 2 O 6 Nanocrystals with Different Components and Morphologies[END_REF] °C and H f = 140[START_REF] Wanmei | Investigation of the Origin of Abnormal Grain Growth in the Sintering Process of Sr 0.5 Ba 0.5 Nb 2 O 6 Ceramics without Eutectic Liquid-Phase[END_REF] kJ mol 1 . The average linear thermal expansion coefficient was found to be 10.5(5)10 6 K 1 . Dielectric measurements were carried out revealing a diffuse ferroelectricparaelectric phase transition which occurs around 120 °C and permittivity maxima up to 2170. The temperature of the permittivity maximum shifts slightly with raising frequency indicating a relaxor behavior. At elevated temperatures around 220240 °C, the impedance data can be fitted using an equivalent circuit consisting of one or two RC elements that allows to distinguish between grain boundary and bulk contributions. The synthesis route described in this article leads to the formation of Sr 0.5 Ba 0.5 Nb 2 O 6 at much lower calcining temperature compared to other soft-chemistry syntheses. The microstructure of resulting ceramics show significant smaller grain sizes compared to conventional syntheses. Furthermore, the temperature of the diffuse phase transition agrees well with values for single-crystals in contrast to other reported soft-chemistry syntheses.

Fig. S1 :

 S1 Fig. S1: Rietveld refinement (Cu-Kα1+α2 radiation) of a ceramic sample sintered at 1150 °C for 10 h. (Rp = 4.47%, Rwp = 5.85%, and 2 = 2.81).

Fig. S2 :

 S2 Fig. S2: DSC investigation of a powdered ceramic in flowing nitrogen atmosphere (heating rate 10 K min 1 ). The inset shows the dilatometric measurement of a dense ceramic body (heating rate 5 K min 1 , flowing air).

Fig. S3 :

 S3 Fig. S3: Diffuse reflectance spectra of powdered ceramics after sintering at the indicated temperatures.

Fig. S4 :

 S4 Fig. S4: Temperature dependence of the real part of the permittivity and dissipation factor (inset) at 1 kHz and 1 MHz for ceramic bodies sintered at (a) 1200 °C, 10 h and (b) 1350 °C, 10 h.

Fig. S5 :

 S5 Fig. S5: Temperature dependence of r and tan (inset) at various frequencies for a ceramic body sintered at 1300 °C for 10 h.

Fig. S6 : 1 )

 S61 Fig. S6: Plot of ln( 1

Fig. S7 :

 S7 Fig. S7: Cole-Cole plots measured at the indicated temperatures of ceramics sintered at different temperatures. Fits were carried out using the shown equivalent circuit. In (c) the dotted circle marks the appearance of a possible second semicircular arc. Lines are the respective fit results, while symbols correspond to experimental data. The uncertainty of the data is smaller than the symbol size and is lower than 5 %.
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Supporting Information

Investigations of nano-crystalline

Table S1

Grain sizes and dielectric values of ceramic bodies

Sintering regime 1) Average grain size 2) (Grain size range) r 3)

tan 3) 1150 °C, 10 h 0.4 µm (0.25 0.