Xiaodong Liu 
  
Jincheng Yu 
  
Bing Wang 
  
Krishnendu Maji 
  
Diana T Alvarez-Ruiz 
  
Emmanuel Guilmeau 
  
Robert Freer 
email: robert.freer@manchester.ac.uk
  
Enhancing the thermoelectric properties of Nb-doped TiO2-based ceramics through in-situ synthesis of β-Sn inclusions at grain boundaries

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

873K. Our approach based on grain boundary engineering provides a simple and eco-friendly route to enhance the thermoelectric performance of low-cost, oxide-based ceramics. KEYWORDS: Thermoelectric, rutile, β-Sn, grain boundary inclusions, twin boundaries.

INTRODUCTION

The developing energy crisis is placing greater pressure on the urgent development of efficient and eco-friendly energy sources. Thermoelectrics are able to directly convert heat into electricity, and thereby represent a green technology which can be of great importance in contributing to the goal of carbon neutrality. Traditional high-performance thermoelectric materials usually contain rare, toxic and heavy elements, and involve complex and energy-consuming fabrication procedures [START_REF] Snyder | Complex thermoelectric materials[END_REF][START_REF] He | Advances in thermoelectric materials research: Looking back and moving forward[END_REF]. However, in spite of their lower thermoelectric performance, transition metal-oxide based thermoelectrics have considerable potential for a new generation of thermoelectric materials, because of their low cost, simple processing and the abundance of their starting materials in the earth [START_REF] Backhaus-Ricoult | Semiconducting large bandgap oxides as potential thermoelectric materials for high-temperature power generation?[END_REF][START_REF] Koumoto | Thermoelectric ceramics for energy harvesting[END_REF].

The thermoelectric performance of a typical material can be evaluated by the dimensionless thermoelectric figure of merit (ZT), which is characterized by: 𝑍𝑇 = !" ! # 𝑇, where S is the Seebeck coefficient, σ is the electrical conductivity, 𝑆𝜎 $ is the power factor, κ is the thermal conductivity and T is the absolute temperature. Hence, a high-performance thermoelectric material typically requires enhanced electrical transport properties (power factor) and/or reduced thermal transport properties (thermal conductivity). Unfortunately, it is difficult to control these two factors simultaneously because of coupling effects. Therefore, the strategy of improving one factor at expense of the other is commonly adopted to obtain high ZT values.

Among the transition metal oxides, rutile structured TiO2 based oxides are of specific interest and are candidates for future high-temperature thermoelectric devices because of their very good thermal stability. However, the key obstacle to realizing wide application is the modest thermoelectric performance of pure rutile [START_REF] Bayerl | Theoretical limits of thermoelectric figure of merit in n-type TiO2 polymorphs[END_REF][START_REF] Nam | A gigantically increased ratio of electrical to thermal conductivity and synergistically enhanced thermoelectric properties in interface-controlled TiO2-RGO nanocomposites[END_REF][START_REF] Touloukian | Thermophysical properties of matter -The TPRC data series[END_REF] (both relatively low electrical conductivity and high thermal conductivity) which results in low ZT values. Several approaches have proved to be effective in enhancing the thermoelectric performance of TiO2-based oxides. Donor doping with Nb or Ta at cation sites [START_REF] Itakura | Hall Effect and Thermoelectric Power in Semiconductive TiO2[END_REF][START_REF] Liu | Controlling the Thermoelectric Properties of Nb-Doped TiO2 Ceramics through Engineering Defect Structures[END_REF][START_REF] Verchère | Optimum in the thermoelectric efficiency of nanostructured Nb-doped TiO2 ceramics: from polarons to Nb-Nb dimers[END_REF][START_REF] Yuan | Investigation of the thermoelectric properties of reduced Nb-doped TiO2-δ ceramics[END_REF][START_REF] Yuan | Thermoelectric properties of Nb-doped TiO2δ ceramics reduced at elevated temperature[END_REF][START_REF] Zaitsev | Preparation and characterization of nanocrystalline doped TiO2[END_REF][START_REF] Zhou | Preparation of titanium-tantalum-oxygen composite thermoelectric ceramics through highpressure and high-temperature method[END_REF], and doping with N at anion sites [START_REF] Mikami | Thermoelectric properties of nitrogen-doped TiO2-x compounds[END_REF][START_REF] Liu | Chemical tuning of TiO2 nanoparticles and sintered compacts for enhanced thermoelectric properties[END_REF] can augment the carrier concentration and help increase electrical conductivity. By substituting for matrix ions, donors introduce a high density of point defects, which can act as scattering centers for phonons and thus help to reduce thermal conductivity. Similarly, nano-structuring [START_REF] Zaitsev | Preparation and characterization of nanocrystalline doped TiO2[END_REF][START_REF] Liu | Chemical tuning of TiO2 nanoparticles and sintered compacts for enhanced thermoelectric properties[END_REF] (nano-grains and nanoparticles) can produce nano-sized boundaries or interfaces, which can greatly enhance phonon scattering and reduce the thermal conductivity. Magnéli phases [START_REF] Fan | Preparation of monophasic titanium sub-oxides of Magnéli phase with enhanced thermoelectric performance[END_REF][START_REF] Harada | Thermoelectric properties and crystallographic shear structures in titanium oxides of the Magnéli phases[END_REF][START_REF] Liu | Manipulation of planar oxygen defect arrangements in multifunctional Magnéli titanium oxide hybrid systems: From energy conversion to water treatment[END_REF][START_REF] Liu | High-thermoelectric performance of TiO2-x fabricated under high pressure at high temperatures[END_REF][START_REF] Backhaus-Ricoult | Levers for thermoelectric properties in titania-based ceramics[END_REF][START_REF] Portehault | Facile general route toward tunable Magnéli nanostructures and their use as thermoelectric metal oxide/carbon nanocomposites[END_REF] (TinO2n-1, 4 ≤ n ≤ 10) are highly oxygen-deficient, near to rutile structured TiO2-x and have been extensively investigated.

Such phases are associated with high electrical conductivity; the high density of crystallographic shear planes [START_REF] Bui~ill | Crystal Structures in the {132} CS Family of Higher Titanium Oxides TinO2n-1[END_REF][START_REF] Zhang | Andersson-Magnéli Phases TinO2n-1: Recent Progress Inspired by Swedish Scientists[END_REF] (with intervals of approximately 0.5 -1 nm) inside the Magnéli phases give rise to significant phonon scattering with negligible carrier scattering, thereby leading to improved thermoelectric performance.

The introduction of highly conductive secondary phases can also be very beneficial to the thermoelectric performance. Successful approaches including the addition of graphene, carbon nanotubes (CNTs) or reduced graphene oxide (rGO) into SrTiO3 and TiO2 oxides have been reported [START_REF] Nam | A gigantically increased ratio of electrical to thermal conductivity and synergistically enhanced thermoelectric properties in interface-controlled TiO2-RGO nanocomposites[END_REF][START_REF] Lin | Thermoelectric power generation from lanthanum strontium titanium oxide at room temperature through the addition of graphene[END_REF][START_REF] Okhay | Thermoelectric performance of Nbdoped SrTiO3 enhanced by reduced graphene oxide and Sr deficiency cooperation[END_REF][START_REF] Feng | Graphene promoted oxygen vacancies in perovskite for enhanced thermoelectric properties[END_REF][START_REF] Srivastava | Anisotropy and enhancement of thermoelectric performance of Sr0.8La0.067Ti0.8Nb0.2O3-δ ceramics by graphene additions[END_REF]. The highly conductive carbon-based secondary phases which segregate at the grain boundaries can help to reduce grain boundary electrical resistance and to increase charge transport. In spite of a small rise in the thermal conductivity, the significant improvement in charge transport leads to enhanced thermoelectric performance. Mesoscale metallic particles (Cu, Fe, Ti, W and Ta) [START_REF] Zhou | Preparation of titanium-tantalum-oxygen composite thermoelectric ceramics through highpressure and high-temperature method[END_REF][START_REF] Hao | Fabrication and Thermoelectric Properties of Magnéli Phases by Adding Ti into TiO2[END_REF][START_REF] Lu | Effect of Cu powder addition on thermoelectric properties of Cu/TiO2-x composites[END_REF][START_REF] Srivastava | Improving the thermoelectric properties of SrTiO3-based ceramics with metallic inclusions[END_REF] actively contribute to boosting thermoelectric performance through strong enhancement of carrier concentration and hence electrical conductivity. By contrast, nano-sized metallic particles (Ag) can further lower the thermal conductivity [START_REF] Liu | Bottom-up assembly to Ag nanoparticles embedded Nb-doped TiO2 nanobulks with improved n-type thermoelectric properties[END_REF] due to phase boundary phonon scattering. However, such nano-sized metallic particles usually show poor dispersion, which results in severe aggregation, creating unwanted challenges in the fabrication process.

In this work, we report a novel, eco-friendly route to fabricate high thermoelectric performance rutile-structured Nb-doped TiO2-based oxides with metallic Sn inclusions at the grain boundaries.

Assisted by advanced electron microscopy, we provide detailed microstructural information about the metallic Sn inclusions and the matrix rutile at the atomic level. The β-Sn phase exhibits exceptionally high electrical conductivity [START_REF] Plevachuk | Electrical conductivity, thermoelectric power and viscosity of liquid Sn-based alloys[END_REF][START_REF] Crum | Electrical conductivity of Sn at high pressure and temperature[END_REF], approximately three orders of magnitude higher than that of the matrix rutile. The uniformly distributed Sn metallic inclusions help to enhance the electrical conductivity by approximately 37% and the power factor by nearly 30%, together with a slight reduction of the thermal conductivity. Consequently, the ZT value is increased to 0.20 at 873K, i.e., about ~ 18% enhancement compared to the previously reported single Nb-doped TiO2 based oxides [START_REF] Liu | Controlling the Thermoelectric Properties of Nb-Doped TiO2 Ceramics through Engineering Defect Structures[END_REF].

MATERIAL AND METHODS

Polycrystalline samples were prepared from controlled mixtures of high purity powders of TiO2 (Sigma-Aldrich, >99.99%) and Nb2O5 (Sigma-Aldrich, >99.99%); (sample compositions and codes are listed in Table 1). Carbon flake, used only for sintering environment was obtained from Sigma-Aldrich, (>99.99%). The starting powders were mixed with propan-2-ol (Fisher Scientific) and YSZ balls (Pi-Kem), vibration-milled for 24 hours, then dried for 24 hours at 373 K. The dried powders were loaded into an alumina crucible (covered with a thin alumina lid) and calcined in a box furnace at 1473 K for 4 hours in the air. In order to reduce sintering temperature, 0.81wt% manganese (II) carbonate (Sigma Aldrich, >99.99%) powder was added to the calcined powders [START_REF] Liu | Controlling the Thermoelectric Properties of Nb-Doped TiO2 Ceramics through Engineering Defect Structures[END_REF], which were re-milled and dried once more. To selected batches, 1wt% SnO2 (Sigma-Aldrich, >99.99%) powder was added (See Table 1) and vibration milled once more, then dried at 373 K for 24 hours. The resulting powders were compacted in a 20 mm diameter cylindrical, stainlesssteel die, and pressed under a constant pressure of 50 MPa. For sintering, the pellets were packed in carbon flakes in a 30 mm diameter alumina crucible (covered with a thick alumina lid) and heated in air in a box furnace at 1473 K for 4 hours; the carbon flakes create a strongly reducing environment during sintering [START_REF] Liu | Controlling the Thermoelectric Properties of Nb-Doped TiO2 Ceramics through Engineering Defect Structures[END_REF]. The phase structure was identified by X-ray diffraction (XRD), using a Philips X'Pert X-ray diffractometer®) (Cu Kα radiation, λ = 1.540598 Å). Data were collected for 2 theta angles from 10° to 100°, with 0.033° step size. Rietveld refinement was conducted using Topas [START_REF] Coelho | Whole-profile structure solution from powder diffraction data using simulated annealing[END_REF].

Microstructural observation and chemical investigations were performed on a TESCAN MIRA LC FEG scanning electron microscope (SEM), equipped with an Oxford Instrument SDD energy dispersive X-ray (EDX) detector. Electron backscattered diffraction (EBSD) analysis was conducted using an Oxford Instrument Symmetry S2 ® EBSD detector. The nano-sized microstructural features were examined by transmission electron microscopy (TEM). Samples for TEM analysis were prepared by both standard crushing method and focused ion beam (FIB)

techniques. The FIB employed a FEI Helios 660 Gallium (Ga) ion source and a FEI Helios plasma dual beam system, incorporating a standard FEG SEM column and a xenon (Xe) ion beam column.

Selected area electron diffraction (SAED) patterns were obtained using a FEI Tecnai 20 analytical LaB6 TEM at 200 kV. High resolution transmission electron microscopy (HRTEM), scanning transmission electron microscopy (STEM) and energy-dispersive x-ray spectroscopy (EDXS)

were conducted using a Thermo Fisher Talos F200A FEG TEM (equipped with a HAADF/BF STEM detectors and four silicon drift Super-X EDXS detectors) at 200 kV. Atomically-resolved STEM investigations were carried out using an aberration-corrected scanning transmission electron microscope (FEI Titan G2 ChemiSTEM operated at 200 kV) equipped with HAADF/BF/ADF STEM detectors and with a convergence semi-angle of 21 mrad. The electron energy loss spectroscopy (EELS) data were acquired by a Gatan Quantum EEL spectrometer, with collection convergence semi-angle of 65 mrad. The TEM data processing was performed on GMS 3 Digital Micrograph commercial software. Ball-and stick-models and calculated SAED patterns were simulated using CrystalMaker software [START_REF] Yin | CrystalMaker 6.3[END_REF]. HAADF/ABF STEM image simulations were performed by Dr. Probe software [START_REF] Barthel | Probe: A software for high-resolution STEM image simulation[END_REF].

X-ray photoelectron spectroscopy and determination of element binding states was carried out by a High-Throughput X-ray photoelectron spectrometer (XPS) system (ESCA2SR spectrometer, Scienta Omicron), equipped with a monochromatic Al Kα source (photon energy 1486.69 eV).

Survey scans were carried out from 0 to 1200 eV (binding energy). High-resolution XPS spectra were obtained for the Ti 2p, Nb 3d, O 1s and C 1s regions. The C 1s peaks were used to standardise and calibrate the high-resolution spectra. The XPS data processing was conducted by CasaXPS software [START_REF] Walton | Peak fitting with CasaXPS : a Casa pocketbook[END_REF].

The transport properties, electrical conductivity and Seebeck coefficients were measured using a Ulvac-Riko ZEM-3 system. The temperature range was from room temperature to 873 K, with 50 K per steps. The measurements were carried out under a low-pressure He atmosphere. The carrier concentration and carrier mobility were determined at room temperature by Hall effect measurements using a physical properties measurement system (PPMS; Quantum Design) under an applied magnetic field from -7 to 7 T. Thermal conductivity was determined from room temperature to 873 K from values of bulk density (measured by Archimedes' method), thermal diffusivity (obtained by a NETZCH LFA-427 in flowing Ar atmosphere) and heat capacity (collected by a NETZCH STA 449C in an Ar atmosphere).

RESULTS AND DISCUSSION

Bulk materials and crystal structure.

All ceramic TNS samples are dark grey in color and of at least 96% theoretical density. There is a slight decrease in density with increasing Nb content, indicating that Nb doping can hinder densification, consistent with our earlier work [START_REF] Liu | Controlling the Thermoelectric Properties of Nb-Doped TiO2 Ceramics through Engineering Defect Structures[END_REF]. The relative density of TNS samples is typically 4% higher than that of the corresponding TNO samples (Table S1). This difference is attributed to the generation of an additional low-melting temperature phase; further details are given below in the XRD section.

The XRD patterns (Figure 1) reveal that the rutile phase (Tetragonal, P42/mnm) is dominant in the TNO and TNS samples. With the addition of SnO2, small amounts of β-Sn can also be detected in the TNS samples (Figure 1a). As SnO2 can be easily converted into metallic Sn under reducing conditions [START_REF] Kim | Reduction of SnO2 with hydrogen[END_REF][START_REF] Mitchell | The reduction of SnO2 and Fe2O3 by solid carbon[END_REF], the β-Sn phase in the samples should originate from the strong reducing atmosphere during sintering. Rietveld refined lattice parameters of the matrix rutile phase and secondary β-Sn phase are presented in Figure S1, Table 2 and Table S2. The refined lattice parameters for the rutile phase in TNS samples are slightly lower than those of TNO samples, but both are larger than those reported for pure rutile [START_REF] Restori | Charge Density in Rutile, TiO2[END_REF] (Table 2), and increase with increasing Nb doping; this is consistent with the deviation of the low angle rutile peaks (Figure 1b). The lattice expansion of the rutile phase in all samples can be ascribed to the high-level of Nb doping and the incorporation of cations of larger ionic radius [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF] (RNb 5+ = 0.64 Å; RTi 4+ = 0.605 Å). 

Microstructural analysis

The microstructures of the TNO samples (Figure 2a) contain regular polygonal grains with a large number of pores and cracks. With increasing Nb content, the amount of porosity increases significantly (Figure S2). The SnO2-containing TNS samples (Figure 2b), exhibit similar grain morphology, but in addition, a high density of white particles (sizes approximately 1 -4 µm) are uniformly distributed within the matrix. These particles are predominantly located at the grain boundaries (Figure 2b), especially at triple grain junctions (Figure 2c). Voids (dark in color and marked by blue circles) and cracks (marked by red arrows in Figure 2b) can be observed inside the grains. The amount of porosity increases slightly with increasing Nb content, although less evident than in the TNO samples, as a result of the higher levels of densification (Figure S3, Table S1).

The crystal structure and compositions of the white particles in the TNS samples were investigated simultaneously by SEM EBSD (Figure 2d-g Low magnification (LM) SE and BSE images of TNS samples (Figure S3) show that Nb doping has minimal impact on the grain morphology: all TNS samples exhibit similar polygonal grain structure and the presence of a high density of white inclusions located at grain boundaries. EBSD band contrast and phase maps for TNS samples (Figure S4) and the band contrast map for TNO samples (Figure S5) show the grain sizes and their distribution. The average grain sizes, determined by EBSD grain size analysis, do not change in any consistent way with increasing Nb doping level (Table S3). However, compared to the TNO samples (~3.96 µm), the average grain sizes of TNS samples are slightly larger (~4.89 µm) (Table S3). On the basis of the Sn-O phase diagram [START_REF] Okamoto | O-Sn (Oxygen-Tin)[END_REF][START_REF] Cahen | Thermodynamic modelling of the O-Sn system[END_REF], metallic β-Sn transforms to liquid Sn at 504.9 K. As the highest temperature of the sintering process is 1473 K, the resulting liquid Sn will promote liquid phase sintering [START_REF] German | Review: liquid phase sintering[END_REF] and assist densification. The fact that the grain sizes in the TNS samples are only marginally larger than those in the TNO samples, in spite of liquid phase sintering, suggests that the high concentration of voids helps to inhibit grain growth. that these nano-twins belong to the (01-1) twins (Figure 3g). The blue and red circles highlight the diffraction spots for both twin domains, while the green circles denote the twin plane. The diffraction patterns match well with the simulated (011) twin SAED patterns (Figure 3g), and hence confirm the presence of (01-1) twin structures. HRTEM images (Figure 3h and 3i) show the atomic structure of (01-1) twin boundaries (denoted by the yellow and green dash boxes in

Figure 3f

). The cation columns in both twin domains have mirror symmetry to the (01-1) twin boundaries (the twin boundaries are highlighted by the yellow dash line with arrows at each end).

STEM EDX maps reveal that the constitutional elements are uniformly distributed at twin boundaries (Figure S6), indicating that there is no elemental segregation during the formation of these twin boundaries. Therefore, these TBs belong to coherent twin boundaries (CTBs) due to the uniformity and high symmetry of the structure. The measured rotation angle between the neighbouring cation columns is approximately 136°, which is in good agreement with the theoretical value (θ = 134.97°) and the reported values (θ ≈ 137°) [START_REF] Hrkac | Atomic structure and crystallography of joints in SnO2 nanowire networks[END_REF][START_REF] Zheng | Growth twins in nanocrystalline SnO2 thin films by high-resolution transmission electron microscopy[END_REF]. In addition, the HRTEM image of the region denoted by the red dash box in Figure 3f presents multiple defect structures (Figure 3j), which are located between two twin domains with widths of approximately 40 nm.

The corresponding FFT patterns confirm that these defects are typical multiple stacking faults (SFs) (Figure 3k); the presence of SFs might be due to the high degree of lattice distortion caused by higher levels of Nb doping or high concentration of oxygen vacancies [START_REF] Li | Nanoscale stacking fault-assisted room temperature plasticity in flashsintered TiO2[END_REF]. From the low magnification BF STEM image of a TNS60 sample (Figure S7b), nano-regions with darker contrast can be seen within the β-Sn matrix. In the presence of a strong reducing atmosphere, most of the SnO2 is transformed into β-Sn.

However, small amounts of nano-sized SnO2 are not sufficiently reduced, and mix with β-Sn phases leading to the formation of complex NRs. Since SnO2 has a larger lattice spacing than metallic Sn, the Sn/O intensity ratio is lower at the NR for EDX maps, which corresponds well with the FFT results. Atomically-resolved HAADF and BF STEM images of the interface between β-Sn and NR are shown in Figure 5d and 5e. The atomic arrangement of the β-Sn region is the same as in the previous STEM analysis (Figure 4g and4h). However, there exists a complex and highly distorted atomic arrangement in the NR area. A high density of nano-twin-like arrays can be observed in the BF STEM image. The highly distorted lattice and high-density of nano-sized defects in the NR structure could be thermoelectrically-beneficial by enhancing phonon scattering, which could effectively reduce thermal conductivity. 

Element binding states

XPS survey scans confirm the presence of all elemental components in TNS samples (Figure S12). The high-resolution scans (Figure 7) show the Ti 2p transition and Nb 3d transitions for the TNS samples. The doublet peaks (Ti 2p3/2 peak/Ti 2p1/2 peak and Nb 3d5/2 peak/Nb 3d3/2 peak) in Ti 2p and Nb 3d transitions (Figure7 a, c, e) reveal the spin-orbital splitting of approximately 5.6 eV and 2.6 eV, respectively. Notable shoulders can be observed for all peaks, which is ascribed to the presence of cations (Ti and Nb) with different valence states. Peak fitting results indicate the presence of Ti 4+ /Ti 3+ and Nb 5+ /Nb 4+ for all TNS samples and the content of Ti 3+ and Nb 4+

increases with increasing Nb content (Table 3), in good agreement with the previous investigations [START_REF] Liu | Controlling the Thermoelectric Properties of Nb-Doped TiO2 Ceramics through Engineering Defect Structures[END_REF]. However, compared with studies of similar compositions [START_REF] Liu | Controlling the Thermoelectric Properties of Nb-Doped TiO2 Ceramics through Engineering Defect Structures[END_REF], the much lower Ti 3+ and Nb 4+ content (~ 4% -7% for Ti 3+ and ~ 10% -12% for Nb 4+ ) in the TNS samples is attributed to the lower sintering temperature and time under reducing conditions. In addition, the content of lowoxidation state Nb ions (~ 10% -12% for Nb 4+ ) is higher than that of the low-oxidation state Ti ions (~ 4% -7% for Ti 3+ ), indicating that free electrons are more likely to be trapped at Nb cation sites to form lower state Nb ions. 

Thermoelectric properties.

The electrical transport properties of the TNO and TNS samples are presented in Figure 8;

values of individual parameters at room temperature are listed in Table 4. The electrical conductivity (σ) of all samples increases with increasing temperature (Figure 8a). In contrast with TNO samples, the σ value of TNS samples are significantly higher by up to ~ 40% at 873K, indicating that the reduction of SnO2 particles, forming β-Sn structured secondary phases, is highly beneficial to enhance σ. The pure β-Sn metallic phase exhibits a very high σ value of approximately 9.17 ×10 4 S cm -1 [START_REF] Plevachuk | Electrical conductivity, thermoelectric power and viscosity of liquid Sn-based alloys[END_REF], which is orders of magnitude higher than that of rutile-based ceramics [START_REF] Verchère | Optimum in the thermoelectric efficiency of nanostructured Nb-doped TiO2 ceramics: from polarons to Nb-Nb dimers[END_REF][START_REF] Yuan | Thermoelectric properties of Nb-doped TiO2δ ceramics reduced at elevated temperature[END_REF][START_REF] Zaitsev | Preparation and characterization of nanocrystalline doped TiO2[END_REF]. Therefore, the uniformly dispersed, highly conductive inclusions strongly enhance σ.

In addition, compared with earlier studies of strongly reduced TNO samples with same Nb doping content [START_REF] Liu | Controlling the Thermoelectric Properties of Nb-Doped TiO2 Ceramics through Engineering Defect Structures[END_REF], the σ value of the current TNS samples is also significantly improved by approximately 35%. At room temperature (298 K), the σ values (Table 4) of TNO samples decrease with increasing Nb content, which is similar to the σ trend reported by Liu et al [START_REF] Liu | Enhanced asymmetrical transport of carriers induced by local structural distortion in chemically tuned titania: A possible mechanism for enhancing thermoelectric properties[END_REF]. In contrast to the TNO samples, the electrical conductivity of TNS samples at room temperature shows only slight variation (Table 4). As the β-Sn phase provides a high density of carriers, the conduction activation energies (Table S4) for TNS samples (represented by purple bars in Figure 8b) are much lower than for TNO samples; consequently, the carrier concentration in TNS samples is typically double that in TNO samples ( 
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where S is the Seebeck coefficient, 𝐶 + is the electron specific heat, n is the carrier concentration, k is the Boltzmann constant, T is the absolute temperature, e is the electron charge and 𝜇(𝜀) is the energy correlated carrier mobility. In general, the first term of the formula is dominant, and thus Equation 1 can be simplified to 𝑆 ≈

% "
& . At elevated temperature, as carrier concentration can be significantly enhanced by Nb doping, any increase in Nb content helps to reduce the S values. In addition, the TNS samples exhibit much lower absolute S values (approximately 10% -20%) than the TNO samples. This can be ascribed to the formation of metallic β-Sn structured inclusions that significantly increase the carrier concentration; consistent with Equation 1.

It is found that the absolute S values for TNS60 samples are marginally higher than those of TN75 samples, although the carrier concentration of TNS60 samples is higher than that for TN75.

This suggests the contribution from the carrier scattering (described by the second term of Equation 1) is higher in TNS60 samples. The uniformly distributed β-Sn structured metallic inclusions generate a high density of interfaces between the rutile matrix and the β-Sn cores, which can act as carrier scattering walls. In addition, the widely distributed nano-regions (NRs) with pronounced lattice distortion can also enhance carrier scattering. Furthermore, the high density of twin boundaries, stacking faults and slip bands inside the rutile matrix (Figure S13) can produce potential barriers; high-energy carriers will be able to cross the barriers, whilst the low-energy carriers are strongly scattered, thereby enhancing Seebeck coefficients. The Seebeck coefficients for TNS samples are approximately equal to those of the strongly reduced TNO samples [START_REF] Liu | Controlling the Thermoelectric Properties of Nb-Doped TiO2 Ceramics through Engineering Defect Structures[END_REF], which further confirms the enhancement in carrier scattering.

The power factor for TNS samples increases with increasing Nb content and temperature (Figure 8d). Due to the significantly improved electrical conductivity and the modified Seebeck coefficients, the power factor values for TNS samples are strongly enhanced compared to those for TNO samples. TNS60 exhibits the highest power factor value of approximately 670 µW m -1

K -2 at 873 K, showing approximately 27% enhancement compared to the TNO samples with same base composition, and about ~30% higher than for strongly reduced TNO samples with the same Nb content [START_REF] Liu | Controlling the Thermoelectric Properties of Nb-Doped TiO2 Ceramics through Engineering Defect Structures[END_REF]. Figure S14 show the reproducibility of the power factor data. These high power factor values confirm the positive effects of SnO2 addition on thermoelectric transport properties of rutile-based ceramics.

The total thermal conductivity (κ) of the samples (Figure 9a) varies from ~3 to ~4.5 W m -1 K -1

for TNS and ~ 2.6 to ~3.4 W m -1 K -1 for TNO, significantly lower than published data for single crystal rutile (measured by the comparative method) [START_REF] Touloukian | Thermophysical properties of matter -The TPRC data series[END_REF] (~6 to ~8 W m -1 K -1 ) or polycrystalline rutile (measured by the laser flash method) [START_REF] Nam | A gigantically increased ratio of electrical to thermal conductivity and synergistically enhanced thermoelectric properties in interface-controlled TiO2-RGO nanocomposites[END_REF] (~4 to ~5 W m -1 K -1 ). This supports the concept that Nb doping helps to reduce the thermal conductivity, although the total thermal conductivity is increased by approximately 10% to 30% through the addition of SnO2.

The lattice thermal conductively (κL) (Figure 9b) and electronic thermal conductivity (κE) (Figure 9b) for TNO and TNS samples were calculated using Wiedemann-Franz approximation (𝜅 = 𝜅 5 + 𝜅 4 = 𝜅 5 + 𝐿𝜎𝑇), where L is the Lorenz number (estimated using the single parabolic band model [START_REF] Chang | Enhanced thermoelectric properties of Bi2S3 polycrystals through an electroless nickel plating process[END_REF]), σ is the electrical conductivity and T is the absolute temperature. The higher κE values for TNS samples compared to TNO samples, are explained by the larger electrical conductivity in TNS samples, due to the higher carrier concentration and the presence of metallic inclusions. The highest κE value represents approximately 8% of the κ values, which indicates that κL dominates.

In the high density TNS samples, point defects (Nb substitution and oxygen vacancies) and planar defects (twins and slip bands) contribute to lowering the κL (Figure S13). However, Nb doping can effectively suppress the formation of oxygen vacancies, and thus the lowest κL for TNS60 might originate from the balanced concentration of point defects (Nb doping and oxygen vacancies). In contrast, in TNO samples, as a result of the lower density, the large number of pores in TN75 samples might be dominant in reducing the κL. The significantly improved power factor enabled by both the metallic β-Sn structured inclusions and Nb doping compensates for the slightly increased thermal conductivity, and thereby the effectively enhances thermoelectric figure of merit ZT values for TNS samples with higher Nb content (Figure 10). For example, ZT values for TNS60 samples are approximately 20% higher than for TN60 samples, with a maximum ZT value of 0.20 for TNS60 at 873 K. This peak ZT value also shows ~18% improvement over previously reported ZT for strongly-reduced, Nb-doped TiO2 with the same composition [START_REF] Liu | Controlling the Thermoelectric Properties of Nb-Doped TiO2 Ceramics through Engineering Defect Structures[END_REF]. Our investigations provide a competitive approach to enhancing the thermoelectric performance of oxide-based TE materials with advantages of low sintering temperature, easy processing and eco-friendly raw materials. This investigation presents a simple and eco-friendly method to enhance the transport properties of oxide-based ceramics and highlights the important detailed relationships between atomic structures and enhanced thermoelectric performance. The strategy employed provides a new approach to grain boundary engineering and could offer solutions to enhance the thermoelectric performance of other materials through incorporation of metallic grain boundary inclusions.

Figure 1 .

 1 Figure 1. (a) XRD patterns for the TNS and TNO samples; (b) Enlarged view of the region denoted

  ) and EDX (Figure2h-k). The forward scatter detector (FSD) mixed scanning area image shows a single particle located at triple grain junction (Figure2d); notably, parallel slip bands (marked by green arrows in Figure2d) are revealed inside neighbouring rutile grains. Due to the limited resolution, the accurate orientation of these linear feature is less evident in the EBSD IPF image (Figure2f). The EBSD phase map (Figure2g) confirms the β-Sn structure for the white particles at grain boundaries (denoted by the yellow colour) and rutile structure for the neighbouring matrix grains (denoted by the blue colour); the corresponding EDX maps (Figure2h -2k) also indicate that the particles are enriched in Sn but depleted in Ti, Nb and O. Therefore, the numerous white particles are identified as β-Snstructured inclusions, consistent with the XRD phase analysis.
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 2 Figure 2. SEM backscattered electron images of the TN60 and TNS60 samples ((a) TN60, (b)

Figure 3 .

 3 Figure 3. TEM analysis of the rutile matrix in TNS60 samples. (a) (b) (c) (d) SAED patterns and

Figure 4 .

 4 Figure 4. (a) (b) (c) (d) SAED patterns of the beta-Tin phase along [001], [111], [-133] and [113]

  Figure5ashows a BF STEM image of the high concentration of nano-regions (NRs) with darker contrast; these NRs are rhombus or irregular polygonal in shape, with lengths and widths of approximately 10 -50 nm. A high magnification BF STEM image (Figure5b) presents the morphology of a single NR along the [111]T (T represents the β-Tin phase) zone axis; the corresponding FFT patterns reveal several sets of complex diffraction patterns (Figure5c). The dominant diffraction spots marked by white arrows can be indexed by [111]T β-Sn structure, while the red arrows highlight the (very low intensity) diffraction spots that belong to the [001]R (R represents the rutile) rutile structure. Apart from these two groups, there are still several diffraction spots that cannot be indexed on the basis of existing crystal structures, including all Sn -O oxides. It is inferred that these are superlattice spots resulting from the formation of a complex Sn -O superlattice. The STEM EDX maps of a single nano-region (FigureS11) show that the Sn content is slightly lower than in the surrounding regions; this can be attributed to the presence of the rutile-structured SnO2 added to the samples.

Figure 5 .

 5 Figure 5. STEM analysis of nano-regions in the beta-Tin phase. (a) BF STEM image shows the

Figure 6a (

 6a Figure 6a (HRTEM image) shows the interface between the matrix rutile and a β-Sn structured

Figure 6 .

 6 Figure 6. TEM analysis of the interface between the rutile and β-Sn phase in TNS60 samples. (a)

Figure 7 .

 7 Figure 7. High resolution XPS spectra for the Ti 2p and Nb 3d transitions of TNS samples: (a) (b)
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 8 Figure 8. Electrical transport properties of TNO and TNS samples as a function of temperature.
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 9 Figure 9. Thermal conductivity as a function of temperature for TNO and TNS samples: (a) total

Figure 10 .

 10 Figure 10. Dimensionless figure of merit (ZT) as a function of temperature.

  

  

Table 1 .

 1 Sample formulations and codes.

Table 2 .

 2 Lattice parameters for the rutile phase in TNO and TNS samples

	Codes	rutile	TN45	TN60	TN75	TNS45	TNS60	TNS75

a, b (Å) 4.5937 4.6150(1) 4.6226(1) 4.6315(3) 4.6128(0) 4.6216(2) 4.6279(2) c (Å) 2.9581 2.9721(0) 2.9760(1) 2.9798(2) 2.9697(0) 2.9740(0) 2.9773(1)

Table 3 .

 3 Component analysis of the XPS spectra for the TNS samples

	Sample	Ti2p3/2%		Nb3d5/2%	
	Code	Ti 4+	Ti 3+	Nb 5+	Nb 4+
	TNS45	95.7	4.3	89.9	10.1
	TNS60	94.7	5.3	89.8	10.2
	TNS75	93.0	7.0	88.4	11.6

Table 4 )

 4 . The similar n values for TNS45 and TNS60 samples suggests a balance between localized carriers and carriers provided by β-Sn phase. As expected, the electrical conductivity of all samples increase with temperature and with Nb content. It is noted that changes in carrier concentrations and mobilities are not strictly monotonic with Nb doping; this may be a result of multiple counteracting mechanisms operating in the samples: (i) the high-density of

	defects such as structural distortions, oxygen interstitials and nano-sized inclusions, are believed
	to not only scatter phonons, but may also scatter electrons, thus affecting mobility in a non-
	monotonic way; (ii) the carrier concentrations are determined not only by Nb doping content, but
	also by (uncontrolled) oxygen stoichiometry.

Table 4 .

 4 Electrical conductivity (σ), Seebeck coefficient (S), carrier concentration (n) and carrier mobility (μ) of the TNO and TNS samples at room temperature.

	Sample	TN45	TN60	TN75	TNS45	TNS60	TNS75
	σ (S cm -1 )	33.86	23.57	16.50	50.21	50.95	51.88
	S (μV K -1 )	-335.27 -321.71	-350	-286.43 -308.59 -252.63
	n (10 20 cm -3 )	2.18	3.84	2.17	8.27	7.94	12.4
	μ (cm 2 V -1 s -1 )	0.971	0.384	0.475	0.379	0.401	0.261
	The negative Seebeck coefficients (S) of the TNO and TNS samples (Figure 8c) confirm n-type
	semiconducting behavior. It is noted that the absolute S values decrease with increasing Nb content
	for both the TNO and TNS samples; this can be explained by the Mott formula [55] (Equation 1):
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Appendix A. SUPPORTING INFORMATION

The following supporting information is available.

Density data for TNO and TNS bulk samples; Lattice parameters and Rietveld refinements for TNS samples; Average grain size of all bulk samples; SEM SE and BSE images of the TNO and TNS samples; SEM EBSD band contrast and phases maps of the TNO and TNS samples; STEM EDX maps of the twin structure in rutile phases; STEM EDX maps of the tin structure; Simulated STEM images of the tin structure; EDX spectrum of the tin structure; EELS maps of the interface between rutile and tin; STEM EDX analysis of the nano region in tin phases; XPS survey spectra of the TNS samples; Schematic map of TNS samples; Reproducibility of the power factor data.