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ABSTRACT:  

Donor-doped TiO2 ceramics are promising high temperature oxide thermoelectrics. 

Highly dense (1-x)TiO2 - xNb2O5 (0.005<x<0.06) ceramics were prepared by a single step, 

mixed oxide route under reducing conditions. The microstructures contained polygonal-shaped 

grains with uniform grain size distributions. Sub-grain structures were formed in samples with 

low Nb contents by the interlacing of rutile and higher order Magnéli phases, reflecting the high 

density of shear planes and oxygen vacancies. Samples prepared with higher Nb content showed 

no sub-grain structures but high-densities of planar defects, and lower concentrations of oxygen 

vacancies. Through optimizing the concentration of point defects and line defects, the carrier 

concentration and electrical conductivity were enhanced, yielding a much-improved power factor 
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of 5.3×10-4 W m-1 K-2 at 823 K; lattice thermal conductivity was significantly reduced by 

enhanced phonon scattering. A low, temperature-stable thermal conductivity of 2.6 W m-1 K-1  

was achieved, leading to a ZT value of 0.17 at 873 K for compositions with x = 0.06; the highest 

ZT value reported for single Nb-doped TiO2 ceramics without the use of SPS. We demonstrate 

the control of thermoelectric properties of Nb-doped TiO2 ceramics through the development of 

balanced defect structures, which could guide the development of future oxide thermoelectric 

materials. 

KEYWORDS: Thermoelectric, Nb doping, Magnéli, oxygen vacancies, twin boundaries 

 

INTRODUCTION 

Thermoelectric (TE) materials are able to directly convert heat energy into electrical energy, 

offering routes to contribute to energy sustainability and global environmental changes. The 

evaluation of a materials’ TE performance is usually based on the dimensionless figure of merit, 𝑍𝑍𝑍𝑍 = 𝑆𝑆2𝜎𝜎𝑘𝑘 𝑍𝑍 , where 𝑆𝑆  is the Seebeck coefficient, 𝜎𝜎  is electrical conductivity, 𝜅𝜅  is thermal 

conductivity and T is the absolute temperature. To improve the TE performance and increase ZT 

of a candidate material, the power factor (𝑆𝑆2𝜎𝜎) needs to be enhanced and/or thermal conductivity 

needs to be reduced, but coupling effects between the TE parameters makes this challenging. 

Considerable efforts have been made to maximize ZT values; however, current commercial TE 

materials are predominantly based on rare, expensive and toxic elements, which hinders 

worldwide exploitation. Consequently, there is a growing demand for readily available, low cost, 

environmentally-friendly thermoelectric materials. 
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Oxide materials based on earth-abundant elements exhibit exceptional chemical and thermal 

stability at high temperatures under oxidizing environments; they show considerable potential as 

candidates for high temperature TE applications1–4. A wide range of oxide thermoelectrics have 

been investigated; cobaltites (including NaCo2O4
5, Ca3Co4O9

6, Ca2Co2O5
7 and Bi2Sr2Co2Oy

8) are 

the most popular p-type TE materials. Amongst the corresponding n-type TE materials, SrTiO3
9, 

CaMnO3
10, donor doped TiO2

11,12, Magnéli phases (TinO2n-1
13,14 and Nb12O29

1), In2O3
4,15 and 

tungsten bronze structured oxides (Ba5.19Nd8.54Ti18O54
16 and Ba6Ti2Nb8O30

17) show much 

promise. 

TiO2-based materials have been widely investigated for solar cell18, photovoltaic19 and 

photocatalytic applications20. For TE applications, rutile structured, TiO2 ceramics are attractive 

because of the low cost of the raw materials and high temperature stability. However, the key 

obstacle to the exploitation of TiO2 ceramics is their modest thermoelectric performance. In 

particular, the relatively high thermal conductivity (6-8 W m-1 K-1 for single crystal rutile21 and 

3-6 W m-1 K-1 for polycrystalline rutile22) and low electrical conductivity limit the ZT value, to 

typically less than 0.001 at 1000 K22. Many strategies have been developed to improve the TE 

performance of TiO2-based ceramics, with donor doping the most common. Donors such as Nb, 

Al and Ta11,12,23 can increase the carrier concentration and mobility through reducing carrier 

localization; the mass/radii differences between donors and matrix can also be useful to enhance 

phonon scattering and thus reduce thermal conductivity. The effects of introducing high densities 

of oxygen vacancies and Magnéli phases have also been investigated, since the resulting 

crystallographic shear planes can act as phonon scattering centers, whilst not affecting carrier 

transport13,14,24–26. A variety of complex synthesis routes have been employed to develop 

nanostructures, including urea combustion27, sol-gel and high pressure and high temperature 
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(HPHT) methods28. Nevertheless, such complex synthesis methods can be expensive and are not 

ideal for large-scale application.  

Guided by earlier work and using donor doping and a reducing atmosphere to control the type 

and concentration of defects, we present a facile, economical method to synthesize, in a single 

sintering step, n-type reduced, Nb-doped rutile structured TiO2 with enhanced performance. We 

provide atom level details of Magnéli phases and shear structures. From a combination of 

dopants, oxygen vacancies and planar defects, the thermal conductivity was minimized. The 

charge transport properties were improved by a factor of two compared to pure rutile. We show 

the significant enhancement of ZT was a direct consequence of controlling the microstructure 

and defect structures of the material.  

 

EXPERIMENTAL METHODS 

Nb-doped TiO2 thermoelectric ceramic samples were prepared by conventional mixed oxide 

route. The TiO2 powder (Sigma Aldrich, >99.99%) and Nb2O5 powder (Sigma Aldrich, 

>99.99%) were vibration milled with Propan-2-ol (Fisher Scientific®) and YSZ balls (Pi-kem) 

for 24 hours. The mixtures were dried in air at 363 K for 24 hours then calcined in air in a 

covered alumina crucible at 1373 K for 4 hours. To lower the sintering temperature and increase 

sample density, 0.81wt% manganese (II) carbonate (Sigma Aldrich, >99.99%) powder was 

added to the calcined powders and then re-milled and dried once more. The final powder was 

pressed in a 20 mm diameter disk-shaped die under a pressure of 50 MPa. The cylindrical pellets 

were packed in, and surrounded by, carbon flakes (Sigma Aldrich, >99.99%) in a 30 mm 

diameter alumina crucible with alumina lid. The assembly was sintered in a box furnace at 1523 

K for 8 hours. The carbon flakes created a reducing atmosphere; the large volume of flakes to 
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ceramic sample ensured that no more than 10% of flakes were consumed during each sintering 

run. The sample formulations and codes are listed in Table 1. 

 

Table 1. Sample compositions and codes 

Formulation: (1-x)TiO2 - xNb2O5 Sample code 

x = 0.005 TN5 

x = 0.010 TN10 

x = 0.015 TN15 

x = 0.030 TN30 

x = 0.045 TN45 

x = 0.060 TN60 

 

The crystal structure was analyzed using a Philips X’Pert X-ray diffractometer® (XRD) with 

Cu Kα radiation (λ = 1.540598 Å). Diffraction patterns were collected from 0° to 100°, with 

0.033° step size. The lattice parameters were refined using Bruker TOPAS software. The 

microstructures were examined using a TESCAN MIRA LC FEG scanning electron microscope 

(SEM) equipped with an Oxford Instrument SDD energy dispersive X-ray (EDS) detector and an 

Oxford Instrument Symmetry electron backscattered diffraction (EBSD) detector.  

Specimens for TEM analysis were prepared by standard crushing and Focused Ion Beam (FIB) 

techniques. For the crushing methods, fragments were ground in an agate mortar and pestle 

dispersed in chloroform/ Propan-2-ol and dropped onto a holey carbon grid. FIB specimens were 

prepared using an FEI FEG Quanta 3D Dual Beam Focused Ion Beam system equipped with 

both FEG SEM column and a Ga ion source FIB column. Phase identification employed a 200 

kV FEI Tecnai 20 analytical LaB6 TEM. The nano-scale structures were identified using high-
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resolution transmission electron microscopy (HRTEM) and scanning transmission electron 

microscopy (STEM), which were conducted with a 300 kV FEI Tecnai F30 analytical FEG TEM 

and a 200 kV Thermo Fisher Talos F200X FEG TEM equipped with a HAADF STEM detector 

and a Super-X EDXS detector. Atomically-resolved STEM images were acquired using an 

aberration-corrected dedicated scanning transmission electron microscope (100 kV Nion 

UltraSTEM100) equipped with high, middle, low-angle annular dark-field (HAADF, MAADF 

and LAADF) and an annular bright-field (ABF) STEM detectors. Crystal structure models, 

SAED pattern simulations and PXRD simulations were performed using CrystalMaker software. 

The element valence states were investigated by X-ray photoelectron spectroscopy (XPS) using 

High-Throughput XPS, ESCA2SR spectrometer (Scienta Omicron) with monochromatic Al Kα 

radiation (Esource = 1486.69 eV). Survey scans were conducted at 0-1200 eV (binding energy). 

Higher resolution scans were recorded for Ti (2p) peaks, Nb (3d) peaks, O (1s) peaks and C (1s) 

peaks. Carbon (1s) peaks (284.8 eV) were used to calibrate the binding energy for all the spectra. 

CasaXPS software was used to process and analyze the XPS data. 

The transport properties, Seebeck coefficients and electrical conductivity were determined 

using an Ulvac-Riko ZEM-3 operating in low pressure He atmosphere from room temperature to 

873 K. Hall effect measurements were carried out at room temperature using a Physical 

Properties Measurement System (PPMS; Quantum Design) under an applied magnetic field from 

-7 T to 7 T. Thermal conductivity was determined from density (ρ), thermal diffusivity (α) and 

heat capacity (Cp) values. Density was determined from mass and dimension measurements. 

Thermal diffusivity was measured by NETZCH LFA-427 in an Ar atmosphere from room 

temperature to 873 K. Heat capacity values were obtained by a NETZCH STA 449C in an Ar 

atmosphere from room temperature to 873 K. 
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RESULTS AND DISCUSSION 

Bulk Property and Phase Analysis. All the sintered bulk samples were of high density 

(>97% theoretical), dark grey in color with no visible cracks. The relative density decreased with 

increasing Nb content (Table S1 in Supporting Information (SI)). 

X-ray Diffraction spectra for the final calcined powders are shown in Figure S1a; they are 

predominantly tetragonal (Space Group P42/mnm) TiO2 rutile phase. For powders containing 

lower contents of Nb (TN5 to TN15), all peaks matched the TiO2 rutile phase. For powders 

containing higher content of Nb, there were additional peaks, which corresponded to TiNb2O7 

(Space Group A12/m1). The intensities of the new peaks increased with the increasing Nb 

content, as the amount of the new phase increased. 

 XRD patterns for the Nb-doped TiO2 ceramics are shown in Figure 1; they are dominated by 

tetragonal TiO2 rutile (Space Group P42/mnm). In contrast to the spectra for the calcined 

powders for TN5, TN10 and TN15 (samples with lower Nb contents), new, high intensity peaks 

appeared close to the peaks for (110) and (011) at 2θ values of 26.9°, 28.02°, 28.40°, 35.4° and 

35.9°; the intensity reduced with the increasing Nb content. These peaks do not match existing 

phases in the standard database; their origin will be discussed in the TEM section. However, in 

the spectra for TN30, TN45 and TN60 (samples with higher Nb contents), there is almost no 

trace of these unknown peaks (Figure 1b). Refined lattice parameters for the main rutile phase 

(Table 2 and Figure S2) increased with increasing Nb content, reflecting the expansion of the 

unit cell as Nb5+ (RNb
5+=0.64 Å) substituted for the smaller Ti4+ (RTi

4+=0.605 Å) ions29. 
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Figure 1. (a) XRD patterns for the sintered samples; (b): Enlarged view of the region from 23° to 

37° in Figure (a). 

Table 2. Lattice parameters for the rutile phase in Nb-doped TiO2 ceramics 

Sample TN5 TN10 TN15 TN30 TN45 TN60 

a, b (Å) 4.5955 4.5980 4.5994 4.6055 4.6125 4.6210 

c (Å) 2.9570 2.9603 2.9629 2.9655 2.9685 2.9714 

 

Scanning Electron Microscopy. SEM Back-Scattered Electron (BSE) images of Nb-doped 

TiO2 ceramics are shown in Figure 2. All samples exhibit regular polygonal-shaped grains; 

average grain sizes varied between 7-13 μm, with a minimum for mid-range compositions of 

TN15 and TN30. (Figure S3 and Figure S4 show EBSD band contrast maps and grain size 

distributions). For samples TN5, TN10 and TN15, twin boundaries (marked with yellow dash 

lines) are present inside the grains, with rotation angles of approximately ~55° (TN5 - Figure 

2b) and  ~66° (TN10 - Figure 2d) respectively. A high density of wavy-shaped, domain 

structures are distributed inside the grains and on both sides of the twin boundaries; the dark 

stripes alternate with bright stripes, with intervals from approximately 170 nm to 300 nm 
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(Figure 2b, d, f). The twin boundaries and domain structures were interlaced, forming a twining-

domain net-shape, complex structure. For samples TN30, TN45 and TN60, such sub-grain 

features did not develop but the concentration of pores increased. Some isolated micro-cracks 

occurred (marked with red arrows in Figure 2a - i), but the samples still exhibited high 

mechanical strength. In Figure 2, there is evidence of a secondary phase, bright in color at low 

levels of Nb, growing darker with increasing Nb content, segregating to the grain boundaries 

(circled blue in Figure 2a - i). EDS line analyses of the secondary phases (Figure S5) indicated 

they were enriched in Mn and contain almost no Nb, being very close to a mixture of TiO2 and 

MnTiO3. This may have originated from a low melting point eutectic between MnTiO3 and TiO2, 

promoting a liquid phase and sintering at a lower temperature28. BSE imaging and EDS analysis 

(Figure S6 and Figure S7) showed no Ti or O segregation, but clear evidence of Nb segregation 

in samples with lower Nb contents (TN5-TN15); the darker grains are enriched with Nb while 

the lighter grains contain less Nb. High magnification EDS maps (Figure S7) for samples with 

lower Nb contents samples (e.g. TN10) indicated that the sub-grain features show the preference 

to grow in the lighter colored grains which have lower Nb content. By contrast, Nb is uniformly 

distributed inside the sub-grain domain structures, indicating that the sub-grain features do not 

affect the Nb distribution inside the grains. In samples with higher Nb contents (TN30-TN60), 

Nb is uniformly distributed inside the grains (Figure S6). The small dark areas represent Mn-

rich secondary phases at the grain boundaries; the different levels of darkness are due to different 

grain orientations and not compositional differences. 
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Figure 2. SEM Back-Scattered Electron (BSE) images of sintered TiO2 samples: (a) TN5; (b) 

TN5 at higher magnification; (c) TN10; (d) TN10 at higher magnification; (e) TN15; (f) TN15 at 

higher magnification; (g) TN30; (h) TN45; (i) TN60. 

Transmission Electron Microscopy. XRD and SEM analyses showed the Nb-doped TiO2 

ceramics are predominantly rutile phase with unknown secondary phases. TEM was employed to 

further investigate the crystal structures and microstructures. As samples TN5 to TN15 show 

similar XRD patterns and twin-domain structures, the TN15 sample was selected as the 

representative for this group. TEM selected area electron diffraction (SAED) patterns for TN15 

along different rutile zone axes are shown in Figure S8; they confirm the existence of rutile 

structure, consistent with the XRD results. Twin defects are observed frequently in TN15. TEM 
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SAED patterns taken from twinned areas along [010]R and [121]R (R represents Rutile) zone 

axes are shown in Figure S9a and Figure S9c, with the corresponding simulated SAED patterns 

in Figure S9b, Figure S9d. The blue and red circles mark the reflection spots of the two sets of 

twin domains; the yellow circles identify typical reflection spots for (101) and (-101) twin 

planes. The rotation angle of the {101}R common twin plane is approximately 114 degrees30,31. 

In contrast, SEM images of the twin boundaries in TN15 (Figure 2b and 2d) showed a rotation 

angle of approximately 55 degrees, indicating the twinning plane should be the (310)R plane30. In 

addition, anti-phase boundaries (APBs) were observed in TN15 samples (Figure S10); there was 

a high-density of boundaries with intervals of about 5-30 nm. The APBs can act as phonon 

scattering centers and help reduce thermal conductivity32. 

 Single grain, TN15 TEM samples were prepared by FIB techniques. In the TEM bright field 

image (Figure S11a) there is a high density of net-shaped, domain-like nanostructures. An 

enlarged view of the region, denoted by the blue rectangular box in Figure S11a, is shown in 

Figure S11b. A SAED pattern collected from area A (circled in red in Figure S11b) along the 

[1-11]R zone axis, is shown in Figure S11c. The direction of the superlattice reflection spots 

point approximately along (121)R. Since the interval of the superlattice reflection spots was 

approximately 13 times the inter-planar spacing, the Magnéli phase can be identified23,24 as 

Ti13O25. To investigate the high n value (n>10) Magnéli phases such as Ti13O25, we collected 

SAED patterns from TN15 TEM samples prepared by standard crushing method. All diffraction 

patterns (Figure 3) were collected along <1-11>R zone axis; the brighter reflection spots close to 

(000)R were identified as (110)R, (011)R and (121)R. The intervals of the superlattice reflection 

spots were approximately 12, 13, 14 and 16 times the inter-planar spacing, indicating the 

corresponding phases to be the Ti12O23, Ti13O25, Ti14O27 and Ti16O31 Magnéli phases with {121}R 
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shear plane. In addition, HRTEM analyses indicated the existence of Ti11O20 Magnéli phase with 

{121}R crystallographic shear (CS) plane (Figure S12). As the Ti12O23 Magnéli phase with 

{121}R crystallographic shear plane was observed most frequently, we chose it as the 

representative phase and created a crystal structure model (Figure S13a). Using this model for 

Ti12O23 Magnéli phase, we simulated XRD patterns for single phase Ti12O23 and the TiO2/ 

Ti12O23 dual-phase system (Figure S13b and Figure S13d, respectively). From the XRD data for 

TN15 sample (Figure 1), three major peaks (close to (110)R peak) located at 26.9°, 28.02° and 

28.4° and two major peaks (close to (011)R peak) located at 35.4° and 35.9° could not be 

identified using the standard database. Compared with the simulated patterns for the 

TiO2/Ti12O23 dual-phase system, the three peaks close to the (110)R peak correspond well with 

the (-121)M, (1-21)M and (10-1)M plane (M represents Ti12O23 Magnéli phase), and the two peaks 

close to the (011)R peak correspond well with the (2022)M and (1023)M plane (Figure S13c and 

Figure S13d). Therefore, from a combination of the XRD data and the experimental diffraction 

patterns, the major unknown peaks in the XRD pattern of TN15 appear to be from the Ti12O23 

Magnéli phase. It should be noted that, in addition to the major Ti12O23 Magnéli phase, the 

SAED patterns indicated the presence of Ti11O20, Ti13O25, Ti14O27 and Ti16O32 Magnéli phases. 
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Figure 3. Experimental TEM selected area electron diffraction patterns for Magnéli phases along 

<1-11> R zone axis in TN15 sample: (a) Ti12O23; (b) Ti13O25; (c) Ti14O27; (d) Ti16O31. 

STEM EDS was employed to examine the nanoscale chemical homogeneity of the net-shaped 

structure in TN15 (Figure 4). The TEM bright field image and SAED pattern indicate that the 

net-shaped structure contains Ti13O25 Magnéli phase (Figure 4a). The corresponding STEM 

HAADF image and EDS mapping analysis reveal the uniform distributions of Ti, Nb and O 

(Figure 4b, d, e and f), which are consistent with the SEM EDS results (Figure S7). HAADF 

STEM and corresponding FFT patterns of the region selected from Figure 4b (denoted by blue 

box) reveal that the interface is formed between the rutile phase (brighter area) and the high 

Magnéli phase (darker area) (Figure 4c). Atomically resolved STEM, in combination with 

HAADF, MAADF, LAADF and ABF, were used to define the atomic structure of the high order 

Magnéli phases (Figure 5). The HAADF and MAADF (MAADF STEM images provide better 

contrast for the CS planes) STEM images collected along <1-11> R reveal an ordered 

crystallographic shear (CS) structure, with the shear planes formed parallel to {121}R every 
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thirteen titanium planes (the interval of the shear planes being approximately 2.13 nm) (Figure 

5a and b); the corresponding FFT patterns confirm that the interval of the superlattice reflection 

spots are 13 times the inter-planar spacing (Figure 5c), indicating the presence of Ti13O25 

Magnéli phase with {121}R CS plane. Higher magnification HAADF and ABF STEM images 

reveal the 
12[011]R CS vector for {121}R CS plane (Figure 5d and e), which is consistent with the 

simulated {121}R CS interface along <1-11>R zone axis (Figure 5f). In addition, higher 

magnification LAADF and ABF STEM images indicate the presence of {10-1}R CS plane with 12[10-1]R CS vector for Ti10O19 Magnéli phase along <1-11>R zone axis (Figure 5g, h and i). 

Based on earlier work of Magnéli phases33–35, it is suggested that for Magnéli phases (TinO2n-1), 

the crystallographic shear slip planes are {121}R for 4 < n < 10 and {132}R for n > 10. For 

samples of TN15 composition, this is the first atomic level observation of the complex high 

Magnéli phase (TinO2n-1, n > 10) with {121}R CS plane, plus definition of the atomic structure of 

the Ti10O19 Magnéli phase with {10-1}R CS plane for the first time. Therefore, the net-shaped 

structures were formed by the interlacing of different high Magnéli phases (TinO2n-1, n ≥ 10) and 

the rutile phase.  
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Figure 4. TEM analysis of TN15 sample: (a) TEM Bright field image of TN15 sample showing 

the sub-grain nanostructure and interfaces; the corresponding SAED pattern indicates the 

presence of a high Magnéli phase; (b) STEM HAADF image of region denoted by the pink box 

in (a); (c) Enlarged STEM HAADF image of region denoted by the blue box in (b) confirms the 

two different atomic structures; (d)(e)(f) STEM EDS mapping analysis of the region identified in 

(b). 
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Figure 5. STEM analysis of the crystallographic shear structure in TN15 sample: (a) HAADF; 

(b) MAADF images acquired along <1-11>R zone axis; (c) Corresponding FFT pattern along <1-

11>R zone axis; (d) HAADF and (e) ABF images of (121)R CS plane acquired along <1-11>R 

zone axis; (f) ball-and-stick models of (121)R CS structure along <1-11>R zone axis; (g) 

LAADF; (h) ABF images of (10-1)R CS plane acquired along <1-11>R zone axis; (i) 

corresponding FFT pattern along <1-11>R zone axis. 
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The Nb-doped TiO2 ceramic samples with higher Nb contents (TN30 to TN60) exhibit similar 

XRD patterns and microstructures; TN60 was selected as representative for the structure of this 

group. The XRD data (Figure 1) and SEM micrographs (Figure 2) reveal no evidence of a 

secondary phase in TN60. TEM SAED patterns collected from different major zone axes 

([110]R, [111]R and [0-10]R) for TN60 (Figure S14) confirm the sample is single phase rutile. 

HAADF and BF STEM images collected along [101]R and [110]R zone axes provide atomic-

scale details of the TN60 structure (Figure 6), again consistent with that of rutile. In addition, 

HAADF and BF STEM indicate the presence of APBs along [110]R zone axis (Figure 6c and d), 

whilst TEM bright field and dark field images collected along the [11-3] zone axis reveal a high 

density of dislocations inside the rutile grain (Figure S15), which tends to lead to dislocation 

pile-up. 
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Figure 6. STEM analysis of TN60 samples (averaged by non-rigid registration from a stack of 

20 consecutive frames): (a) HAADF and (b) BF images of TN60 sample along [101] zone-axis; 

(c) HAADF and (d) BF images of TN60 sample along [110] zone-axis. The ball-and-stick 

models are based on Rutile structure (where red balls denote Ti and the green balls denote O). 

Twins can be frequently be observed in TN60 samples. Figure 7a is a TEM bright field image 

of TN60, showing two slender, needle-shaped twins inside the grain. Figure 7b and Figure 7c 

are the experimental and simulated SAED patterns obtained along the <111>R zone axis in 

Figure 7a, showing typical diffraction patterns for a twin structure36–39. The blue circles mark 

the reflection spots from the main twin domain, the red circles mark the reflection spots for a 

second twin domain, and the yellow circles mark the reflection spots of the (0-11) twin plane for 



 19 

both twin domains. The reflection spots in the simulated SAED patterns match those in the 

experimental SAED patterns very well, although the intensities are different. This is because the 

twin domain volumes in the experimental samples are different, while the simulated SAED 

patterns were generated on the basis of twin domains having the same volume. The HRTEM 

image shown in Figure 7d, obtained from the region denoted by the yellow box area in Figure 

7a, shows two nano-twins, approximately 7 nm and 1.5 nm wide. From the corresponding blue 

box and red box regions in Figure 7d, noise-filtered HRTEM images of the twins are presented 

in Figure 7e and 7f. The twin boundaries are indicated by the yellow dash lines, where the 

neighboring twin domains share the Ti(Nb) atoms at {0-11} twin boundaries. The neighboring 

twin domains are mirror symmetric to the {0-11} twin boundaries, and the rotation angle 

between the neighboring twin domains is 137 degrees, consistent with the work of Zheng et al37 

on twins in rutile-structured crystals. Zheng et al. suggested such twin boundaries can be called 

“coherent twin boundaries” (CTB), as there is no lattice misfit between the neighboring twin 

domains. Figure 7f represent twins with double CTBs; furthermore, we observed triple CTBs 

and even six CTBs inside the grains along the <111>R zone axis (Figure 7h and 7i). In addition, 

the TB can also co-exist with defects (Figure 7g). Since the intervals of these CTBs vary from 1-

7 nm, which is about 2-10 times the size of the phonon mean free path for TiO2 (0.8 nm), the 

twin boundaries can act also as phonon scattering centers. Earlier studies40,41 demonstrated that 

twin boundaries can effectively scatter low energy carriers, without scattering the high energy 

carriers, so as to increase the Seebeck coefficient. 
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Figure 7. TEM analysis of TN60 samples: (a) TEM Bright field image of TN60 sample indicates 

the presence of nano-twins; (b) [111] zone-axis SAED pattern taken from the region denoted by 

the yellow box in (a); (c) simulated SAED pattern of (0-11) twins along [111] zone-axis; (d) 

HRTEM image taken from the region denoted by the yellow box in (a); (e) (f) noise-filtered 

HRTEM image from the blue box and red box regions in (d); (g) HRTEM micrograph of twin 
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boundaries with defects along <111> zone axis; (h) and (i) HRTEM micrographs of multiple 

twin boundaries along <111> zone axis in TN60 sample. 

X-ray Photoelectron Spectroscopy. The valence states of the constituent elements were 

investigated by XPS. Survey scan spectra of the Nb-doped TiO2 of different compositions 

(Figure S16) confirm the presence of all the constituting elements and the increasing Nb content 

from TN5 to TN60. High resolution Ti 2p and Nb 3d spectra are presented in Figure 8; 

calculated component data and peak position data from the spectra are presented in Table 3 and 

Table S2. For Ti 2p spectra, the spin orbital splitting (∆s.o.) of Ti 2p3/2 and 2p1/2 core levels is 

~5.6 eV41. Asymmetries are observed for Ti 2p peaks, indicating the presence of both Ti4+ and 

Ti3+ states (TiO2 and Ti2O3 spectra have different peak shapes)43,44. For all samples (TN5 to 

TN60), the [Ti3+] content increases with increasing Nb doping (from 17.6% to 24.1%) (Table 3), 

indicating that higher Nb doping promotes the reduction process from Ti4+ to Ti3+.  

According to Di Valentin et al. 45, there are four types, or sources, of Ti3+ species in TiO2, 

namely Ti3+ introduced by F- or Nb-doping, Ti3+-OH associated with H-doping, Ti3+ introduced 

with oxygen vacancies, and interstitial Ti3+. Two main Ti3+ species can be generated in our Nb-

doped TiO2 ceramics. The first is due to Nb doping; the Ti3+ ions can be generated by charge 

compensation (denoted as Ti3+(d)). The other is under-coordinated Ti3+ species associated with 

oxygen vacancies generated by the reducing atmosphere treatment (denoted as Ti3+(v)). The two 

Ti3+ species can be closely associated with the electrical conductivity by localized electrons, and 

will be discussed later in the transport property section. 

For Nb3d spectra, the spin orbital splitting (∆s.o.) of Nb 3d5/2 and 3d3/2 core levels is ~2.6 eV46. 

Asymmetry of the Nb 3d peaks also indicates the presence of both Nb5+ and Nb4+ states47. With 

increasing Nb content, the peak positions in all spectra are displaced to lower binding energy by 
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about 0.4 eV (from TN5 to TN60) (Table 3), and the [Nb5+/Nb4+] ratio is reduced,  confirming 

the reduction of Nb. 

 

Figure 8. High resolution XPS spectra (a: Ti 2p transition; b: Nb 3d transition) for Nb-doped 

TiO2 samples of different compositions: a1-a6 for TN5-TN60; b1-b6 for TN5-TN60 
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Table 3. Component Analysis of XPS Spectra for Nb-doped TiO2 samples. 

Sample 

Code 

Ti2p3/2% Nb3d5/2% 

Ti4+ Ti3+ Nb5+ Nb4+ 

TN5 82.4 17.6 78.3 21.7 

TN10 82.0 18.0 76.2 23.8 

TN15 80.7 19.3 76.4 23.6 

TN30 80.0 20.0 71.5 28.5 

TN45 78.5 21.5 70.9 29,1 

TN60 75.9 24.1 67.9 32.1 

 

The formula Ti(1-x)NbxO(2-y) can be used to describe the level of Nb doping and oxygen 

vacancies. The oxygen deficiency (y) arises through Nb doping and the use of the reducing 

atmosphere which generates oxygen vacancies during sintering. By charge compensation, the 

concentrations of [Ti3+]/[Ti4+] and [Nb5+/Nb4+] can be defined in terms of y for different levels of 

Nb (Table 4). For lower Nb content (TN5 to TN15), there is no significant change in y with 

increasing Nb content (values of 0.081to 0.083), indicating similar concentrations of oxygen 

vacancies, which helps to explain the very similar microstructures (TN5 to TN15). Therefore, the 

effective formula for such samples (TN5 to TN15) is approximately Ti(1-x)NbxO1.918. This is very 

close to Ti12O23 (equivalent to TiO1.917), consistent with the XRD and TEM SAED results for 

TN15 (Figure 1 and Figure 3). In contrast for higher Nb content samples (TN30-TN60), the y 

values decrease with increasing Nb content, indicating that higher levels of Nb can suppress the 

formation of oxygen vacancies, which is consistent with the modelling work of Wang et al.48 on 

oxygen vacancy formation in Nb-doped rutile TiO2. 
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Table 4. Values of x and y in the formula Ti(1-x)NbxO(2-y) for Nb-doped TiO2 samples 

Values TN5 TN10 TN15 TN30 TN45 TN60 

x 0.01 0.02 0.03 0.058 0.086 0.113 

y 0.083 0.081 0.082 0.073 0.068 0.069 

 

Charge transport properties. The charge transport properties of Nb-doped TiO2 ceramics are 

shown as a function of temperature in Figure 9. The electrical conductivity is significantly 

higher than for pure rutile (additional reference sample, this study), and increases with increasing 

temperature for all samples (Figure 9a); the rate of increase of electrical conductivity at a 

specific temperature increases with increasing Nb content. Near room temperature (323 K), the 

electrical conductivity initially increased with Nb doping, achieving a maximum for TN30, but 

then decreases with increasing Nb content. Hall Effect measurements undertaken at room 

temperature provide carrier concentrations and mobility values (Table 5). The carrier 

concentrations follow a similar trend to electrical conductivity, initially increasing with Nb 

content and then decreasing dramatically. In contrast, carrier mobility decreases from lower 

content samples (TN5 - TN15) to higher Nb content samples (TN30-TN60); this can be 

attributed to the combination of intrinsic effects (doping and point defects) and also extrinsic 

effects (grain and other boundaries). However, at elevated temperatures, the electrical 

conductivity increases continuously with increasing Nb content. 
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Figure 9. Transport Properties of Nb-doped TiO2 ceramic samples as a function of temperature: 

(a) Electrical conductivity; (b) Seebeck coefficient; (c) Power factor. 

 

Table 5. Electrical conductivity (σ), carrier concentration (n) and carrier mobility (μ) of the Nb-

doped TiO2 ceramics at room temperature 

Sample TN5 TN10 TN15 TN30 TN45 TN60 

σ (S cm-1) 25.25 30.02 31.40 35.68 33.01 26.07 

n (1020 cm-3) 0.575 1.480 3.100 12.00 4.950 6.260 

μ (cm2 V-1 s-1) 2.774 1.268 0.633 0.186 0.416 0.260 
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The trends for electrical conductivity at different temperatures can be explained in terms of the 

Ti3+ species. Near room temperature, the electrical conductivity of lower Nb content samples 

(TN5-TN15) can be attributed to the additional electrons introduced by Nb doping (related to 

Ti3+(d)). However, from XPS (Table 4), the concentration of oxygen vacancies (related to 

Ti3+(v)) starts to decrease from TN30. Recent studies49,50 suggest that defect states induced by 

oxygen vacancies have strong localization effect on electrons. As the effect reduces (at TN30), 

the electrical conductivity and carrier concentration are maximized at room temperature. For 

samples with even higher Nb content (TN45, TN60), the electrical conductivity decreased 

steadily. The reciprocal Arrhenius plots indicate that the activation energy for conduction is 

increased for higher Nb content samples (Figure S17). According to earlier studies51,52 for Nb-

doped rutile TiO2, the carriers tend to be self-trapped at Nb4+ sites at low temperatures. With 

increasing temperature, the carriers are partially thermally activated to Ti sites and form Ti3+, and 

are eventually excited to the conduction band when enough energy is provided. Therefore, in the 

low temperature region, for higher Nb content samples, the higher content of Nb4+ and Ti3+ 

(Figure 8b) localizes more carriers, thereby significantly increasing the thermal activation 

energy. Furthermore, the shift of donor level towards the valence band with increasing Nb 

content has been confirmed by valence-band photoemission experiments53; the peak can further 

coalesce with the 4d peak of NbO2, which supports the model that activation energy increases 

with higher Nb doping. 

At elevated temperatures, the changes in electrical conductivity can be attributed to different 

localization effects produced by the reduced cations. Whilst electrons are ‘self-trapped’ on cation 

sites at low temperatures, the additional energy available at higher temperatures dominates 

processes, increasing carrier concentration and electrical conductivity. 
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The negative Seebeck coefficients (Figure 9b) confirm n-type behavior for the Nb-doped 

TiO2 ceramics. With increasing temperature (from 323 K to 873 K) the absolute Seebeck 

coefficients decrease for all samples, reaching a minimum value of approximately ~230 μV K-1 

for TN60 at 873 K, which is still higher than for many similar compositions54–56. However, the 

Seebeck coefficient of -330 μV K-1 for TN30, obtained near room temperature (323 K), is the 

highest value amongst the samples. Indeed, at elevated temperatures, the Seebeck coefficients for 

TN30 samples are still high, and second only to TN5. As carrier concentration increases with Nb 

content, there is the expected decrease in mobility (Table 5) as noted previously.  

Through the combination of the highest Seebeck coefficients and electrical conductivity 

near room temperature, TN30 exhibits the highest power factor (470 μW m-1 K-2) near room 

temperature (Figure 9c); this is the highest value reported for TiO2-based materials without the 

use of SPS processing. For all samples, except TN30, the power factor increases with increasing 

Nb content. The highest power factor of 503 μW m-1 K-2 was achieved for TN60 sample at 873 

K, approximately twice the value for pure rutile prepared in air/carbon atmosphere. The 

reproducibility of the power factor data is demonstrated in Figure S18, where data for sample 

TN60 are presented as an example.  

Thermal Properties. The temperature dependences of the total thermal conductivity (ĸtotal) for 

Nb-doped TiO2 ceramic samples are shown in Figure 10a; values range from 2.6 W m-1 K-1 to 

4.4 W m-1 K-1, and decrease with increasing Nb content and increasing temperature, reaching the 

lowest value of ~2.6 W m-1 K-1 for TN60 at 873 K. The collected ĸtotal values for these Nb doped 

samples are consistently lower than the thermal conductivity of single crystal rutile 21 (6-8 W/m 

K) and polycrystalline rutile22 (4-5 W m-1 K-1). 
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Figure 10. Temperature-dependent thermal conductivity of Nb-doped TiO2 ceramic samples: (a) 

ĸtotal ; (b) ĸelectronic and ĸlattice. 

By the Wiedemann–Franz approximation, (ĸtotal = ĸlattice +ĸelectronic = ĸlattice + LσT), the electronic 

and lattice thermal conductivity were determined as function of temperature (Figure 10b); L is 

the Lorenz factor (L = 2.44 × 10−8 J2 K−2 C−2), σ is electrical conductivity and T is temperature. 

The electronic components increase with increasing Nb content, reaching a maximum fraction of 

7.7% of ĸtotal at 873 K for TN60. For all samples, lattice thermal conductivity is dominant and the 

changes in ĸlattice as a function of both temperature and Nb content are consistent with those for 

ĸtotal.  

The lattice thermal conductivity can be described by the Debye–Callaway model: 

𝜅𝜅𝐿𝐿 = 𝐾𝐾𝐵𝐵2𝜋𝜋2𝜈𝜈 �𝐾𝐾𝐵𝐵𝑇𝑇ℎ �3 𝑍𝑍3 ∫ 𝜏𝜏𝐶𝐶𝑥𝑥4𝑒𝑒𝑥𝑥
(𝑒𝑒𝑥𝑥−1)2 dx𝜃𝜃𝐷𝐷 𝑇𝑇⁄0                                          (1) 

where 𝐾𝐾𝐵𝐵 is the Boltzmann constant, υ is sound velocity, ℏ is Planck’s constant, 𝜃𝜃𝐷𝐷 is the Debye 

temperature, 𝑥𝑥 = ℏ𝜔𝜔𝐾𝐾𝐵𝐵𝑇𝑇  is a dimensionless quantity, 𝜔𝜔  is the phonon frequency and 𝜏𝜏𝐶𝐶  is the 

overall relaxation time, which depends upon the phonon scattering processes operating57 

(Equation S1 and S2). Compared to pure TiO2, the enhancement of phonon scattering in our 

material is mainly controlled by boundary scattering (grain boundaries, twin boundaries, anti-
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phase boundaries and shear planes) and point defect scattering (dopants and vacancies). In 

samples with lower Nb contents (TN5-TN15), the presence of crystallographic shear structures 

(formed by the high density of oxygen vacancies) is one of the important factors for attaining 

lower lattice thermal conductivity. The Debye model (Equation 2) can be used to estimate the 

phonon mean free path from lattice thermal conductivity and sample density: 𝜅𝜅𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝑡𝑡𝑒𝑒 = 13𝐶𝐶𝑝𝑝𝜌𝜌𝜌𝜌𝜌𝜌                                                              (2) 

where 𝐶𝐶𝑝𝑝  is the specific heat capacity, ρ is density, υ is sound velocity (6.91×10-3 m s-1 for 

rutile58) and l is phonon mean free path. For TN15 samples, the estimated phonon mean free path 

is approximately 0.52 nm at room temperature. This low value is mainly ascribed to the presence 

of crystallographic shear planes in the Magnéli phases (average CS spacing 1.65 nm to 2.13 nm), 

which are believed to contribute to phonon-boundary scattering and help reduce thermal 

transport24,25. The XPS data (Table 4) demonstrated that oxygen vacancy concentrations of 

samples with lower Nb contents (TN5-TN15) are essentially the same, and therefore the 

contributions to scattering by oxygen vacancies will be similar for TN5-TN15. Furthermore, the 

microstructures, and specifically grain sizes, of TN5-TN15 are not significantly different (Figure 

S3 and S4). Therefore, the reduction in lattice thermal conductivity with increasing Nb doping 

level (from TN5 to TN15) can be attributed to increased scattering from point defects generated 

by Nb doping. The presence of the Nb, having different size and mass to the host atoms can 

introduce local strain-stress and mass fluctuations, which can effectively enhance the scattering 

of phonons of a particular wavelength. The fluctuations can be described by the Debye–Callaway 

model, as given by Klemense (details in Supplementary Information). Here the size and mass of 

Nb5+ (RNb
5+ = 0.64 Å) are larger than those for Ti4+ (RTi

4+ = 0.605 Å). According to Equation 

S3, S4, S5 and S6, the substitution of Nb ions for Ti ions will introduce significant local strain-
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stress and mass fluctuations, increasing the disorder scattering parameter, promoting phonon 

scattering and reducing the overall relaxation time, and thus reducing lattice thermal 

conductivity. For higher Nb contents (TN30-TN60), the concentration of oxygen vacancies 

decreases with increasing Nb content (Table 4); therefore, the contribution of oxygen vacancies 

to the overall phonon scattering is reduced. However, lattice thermal conductivity decreases with 

increasing Nb content, which can be explained by the higher levels of point-defect scattering 

produced by the higher Nb doping. 

Planar defect structures (twin boundaries and anti-phase boundaries) can also help to reduce 

lattice thermal conductivity by enhancing boundary scattering. It was noted that twin boundaries 

(TBs) are present inside the primary grains (Figure 7 and Figure S9), and that TBs occur more 

frequently in samples with higher Nb content (e.g. TN60). The interval between the multiple TBs 

varies from 1 nm to 10 nm, which is about 1.5 ~ 15 times the phonon mean free path for rutile 

TiO2. Again, these sizes are comparable with the phonon mean free path, implying that the TBs 

can effectively contribute to phonon scattering and thus help to reduce lattice thermal 

conductivity. Furthermore, a high density of dislocation was observed in TN60, which can 

similarly help to reduce thermal conductivity through phonon scattering59,60. 

Thermoelectric figure of merit (ZT). The resulting thermoelectric figure of merit, ZT values, 

for the Nb-doped TiO2 ceramics are presented as function of temperature in Figure 11a. Whilst 

TN30 exhibits the highest power factor of 470 μW m-1 K-2 at room temperature, the ZT value 

was only 0.04 due to the relatively high thermal conductivity; nevertheless, this is still the 

highest ZT value at room temperature. At elevated temperatures, the ZT values increase with 

increasing Nb content, to a maximum value of 0.17 for TN60 at 873 K. The ZT values from this 

study are presented graphically alongside data from other studies1,12, 54–56,61 for single Nb-doped 
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TiO2 based thermoelectric ceramics in Figure 11b. The present results show approximately 50% 

enhancement in ZT at 373 K compared with earlier studies. Indeed, the maximum ZT value 

obtained in this study (0.17, 873 K) is the equal to the highest reported ZT value for single Nb-

doped TiO2 ceramics, where the earlier samples were prepared by spark plasma sintering1. 

Furthermore, the maximum ZT values achieved in this study are comparable with Magnéli phase 

thermoelectric species13,14,24. Although marginally higher ZT values have been obtained for TiO2 

based thermoelectric ceramics, through a combination of more complex processing routes and 

co-doping, our approach is competitive and offers many advantages, not only because of the 

much simpler, easier and cheaper than alternative processing methods, but also because it 

provides a route and the potential for further enhancement of ZT values. 

 

 

Figure 11. Thermoelectric figure for rutile-based ceramics: (a) results from this study (ZT) as a 

function of temperature; (b) compilation of ZT values for single Nb-doped, TiO2-based 

thermoelectric ceramics. 

CONCLUSIONS 

High density, high quality Nb-doped TiO2 thermoelectric ceramics were prepared by a single 

stage, mixed oxide route under air/carbon reducing atmosphere, without the need for high 
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pressure. Manganese carbonate additions led to the formation of a liquid phase during 

processing, enabling 150 K reduction of the sintering temperature.  

Microstructures of samples prepared with low Nb content (TN5-TN15) are dominated by rutile 

phase and high Magnéli phases (TinO2n-1; 10≤ n ≤16), which are interlaced to form net-shaped 

structures. We provide direct evidence for {121}R crystallographic shear planes in the high 

Magnéli phases and corresponding atomic resolution observations. In contrast, samples with high 

Nb content (TN30-TN60) were dominated by rutile phase with a high density of twin 

boundaries, anti-phase boundaries and dislocations; we present atomic level observations for 

twin boundaries and anti-phase boundaries in the rutile. High resolution XPS data showed that 

Nb doping can suppress the formation of oxygen vacancies. 

By a combination of XRD, HREM and HRXPS we were able to define the structure of 

Ti12O23, the main high Magnéli phase, and provide detailed crystal structure and valence state 

evolution from the multi-phase materials (TN5-TN15) to the single phase (TN30-TN60) TiO2-

based ceramics.  

With increasing Nb content, the electrical conductivity and power factor increased 

significantly, except for TN30; the highest power factor of 530 μW m-1 K-2 was obtained for 

TN60 at 823 K. At room temperature TN30 exhibited a very high-power factor of 470 μW m-1 K-

2, the highest value reported for TiO2-based materials without the use of SPS processing.  

Through the use of Nb doping and a reducing atmosphere the samples contained considerable 

numbers of point defects and planar defects which contributed to phonon scattering, helping to 

reduce lattice thermal conductivity to a minimum of 2.6 W m-1 K-1. Consequently, there was a 

50% enhancement in the ZT value at room temperature and a maximum value of 0.17 at 873 K, 
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equal to the highest reported for single Nb-doped TiO2 ceramics; other studies relied on SPS or 

chemical processing.  

This work presents new understanding of the microstructural evolution of n-type TiO2 and 

offers a simple, economical fabrication route to enhance the thermoelectric performance. The 

control of thermoelectric properties of TiO2 achieved here by Nb doping through engineering the 

defect structures could guide the development of future oxide thermoelectric materials. 
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