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Optimum in the thermoelectric efficiency of
nanostructured Nb-doped TiO2 ceramics: from
polarons to Nb–Nb dimers†

Alexandre Verchère,a Stéphane Pailhès, *b Sylvie Le Floch,b Sandrine Cottrino,c

Régis Debord,b Gilbert Fantozzi,c Shantanu Misra, d Christophe Candolfi, d

Bertrand Lenoir,d Stéphane Daniele e and Shashank Mishra a

Rutile is the most common and stable polymorph form of titanium oxide TiO2 at all temperatures. The

doping of rutile TiO2 with a small amount of niobium is reknown for being responsible for a large

increase of the electrical conductivity by several orders of magnitude, broadening its technological

interest towards new emerging fields such as the thermoelectric conversion of waste heat. The

electronic conduction has been found to be of a polaronic nature with strongly localized charges

around the Ti3+ centers while, on the other side, the relatively high value of the thermal conductivity

implies the existence of lattice heat carriers, i.e. phonons, with large mean free paths which makes the

nanostructuration relevant for optimizing the thermoelectric efficiency. Here, the use of a high-pressure

and high-temperature sintering technique has allowed to vary the grain size in rutile TiO2 pellets from

300 to 170 nm, leading to a significant reduction of the lattice thermal conductivity. The thermoelectric

properties (electrical conductivity, Seebeck coefficient and thermal conductivity) of Nb-doped rutile

nanostructured ceramics, namely NbxTi1�xO2 with x varying from 1 to 5%, are reported from room

temperature to B900 K. With the incorporation of Nb, an optimum in the thermoelectric properties

together with an anomaly on the tetragonal lattice constant c are observed for a concentration of

B2.85%, which might be the fingerprint of the formation of short Nb dimers.

1 Introduction

Titanium oxide (TiO2) is a cheap, chemically and biologically
stable, non toxic material whose electronic properties have
attracted a great deal of interest in various environmental
and energy fields such as photocatalyst (self-cleaning surfaces,
air and water purification systems, sterilization, hydrogen

evolution, photoelectrochemical conversion),1–3 as transparent
conducting oxide,4–6 as memristor,7 as gas sensor,8 as anode for
Lithium-ion batteries9 and as refrigeration through the Peltier
effect.10 In the field of thermoelectricity (TE), i.e. the conversion
of waste heat into renewable electricity, there has been a
constant interest in transition metal (TM) oxides for high
temperature applications because of their superior stability
in oxidizing environments.11,12 The TE energy conversion effi-
ciency is evaluated by the dimensionless TE figure of merit,
ZT = (S2s/k)T, where S, s, k, and T are respectively the Seebeck
coefficient, the electrical conductivity, the total thermal
conductivity, the absolute temperature and S2s defines the TE
power factor (PF).13 Despite their lower ability to conduct
electricity in comparison with the renowned TE intermetallics,
TM oxides exhibit very high TE power factor due to their large
Seebeck values.13 Among the TM oxides, doped TiO2 has
attracted significant attention due to its intriguing semicon-
ducting properties, where major charge carriers can be tuned
from p- to n-type, and which exhibits exotic behaviors like giant
Seebeck values.14

TiO2 crystallizes mostly in three common crystallographic
structures i.e. rutile, anatase and brookite.15 The rutile phase is
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the most stable phase for particles above 35 nm in the size and
at high temperature.16,17 The rutile crystal structure is tetra-
gonal with a building unit made of distorted TiO6 octahedra.
The Ti4+ cations, whose ground-state is [Ar]3d24s2, adopts a 3d0

electronic configuration with a crystal-field splitting between eg

and t2g states. The O-2p and Ti-t2g atomic orbitals dominate the
edges of the valence band (VB) and conduction band (CB),
respectively.18,19 Stoichiometric rutile TiO2 is a d0 semiconduc-
tor whose band gap value varies from B2.7 eV to B3.5 eV in
experimental20–24 and theoretical19,25,26 literature. The electro-
nic properties of d0 materials are reknown to be strongly
affected by the addition of a small amount of defect states in
the band gap and their coupling with the propagating states
which can result in resonant states.18,19 These states are
responsible for singularities in the electronic density which
can be used to boost the thermoelectric efficiency.27 Among the
different possibilities of these states, the most studied are
achieved either by the substitutional replacement of Ti4+ by a
cation with a higher d-electron count, such as group VB cations,
or by oxygen vacancy. Interesting TE properties have been
discovered in oxygen-deficient rutile, known as Magneli phase
TiOx.14,28–30 The dominant charge carriers have been found to
be tunable from n- to p-type by increasing the amount of oxygen
vacancies. Concomitantly, the Seebeck coefficient changes sign
with typical absolute values of about a hundred of mV K�1.
At low temperature, colossal values of the Seebeck coefficient
up to +60 000 mV K�1 have been reported,14 as observed in
FeSb2.31 The lattice thermal conductivity is significantly
decreased from B7 W m�1 K�1 in stoichiometric rutile to
about 2–3.5 W m�1 K�1 in reduced rutile, which is ascribed
to the defect shear plane structures resulting from the oxygen
vacancies.30,32,33

The substitution of the Ti4+ cation with elements from the
group VB is mostly associated with a change of its oxidation
state, i.e. the formation of Ti3+ species. Although the gain in the
electrical conduction is large for only a few percents of Ti3+, the
degree of itineracy of the charge carriers depends on the nature
of the Ti3+ centers.18,19

In the diluted regime of the solid solution NbxTi1�xO2, with
x t 1%, it is commonly admitted that the tetravalent Ti4+ ion
([Ar]3d24s2) is substituted by the pentavalent Nb5+ ion
([Kr]4d45s1) without changing the rutile structure. It causes a
shift of the Fermi level upward to the CB, which is dominated
by the Ti-t2g orbitals and gives rise to Nb-4d weighted shallow
donor levels in the gap near the CB minimum. These additional
carriers are readily thermally excited into the conduction band
to make the material an n-type semiconductor.5,21,34,35 Contrary
to the case of other group VB elements like In or V which yield
deep and localized states embedded in the gap,21,25 Nb4+

cations act simply as electron donors towards the 3dt2g-Ti
dominated CB,36,37 and enable increasing the electrical
conductivity by several orders of magnitude at room
temperature.5,6,38–45 However, Nb doping turns the metallic
character of TiO2 into a thermally-activated electrical conduction
which is commonly assumed to originate from the polaronic
nature of the Ti3+ centers, the transport of which transport is

characterized by effective masses as large as a hundred times the
free electron mass.19,26,45–50

On the other side of the solid solution, NbO2 adopts a
distorted rutile structure which transforms into an undistorted
rutile phase at about 1000 K.51–53 Simultaneously, a large
increase in electrical conductivity is observed suggestive of a
non-metal to metal transition.54–56 The mechanism of the
structural/electronic transition is best understood in terms of
metal–metal bonding between Nb ions, which paired along the
c-axis as a result of a Peierls instability.44,52 Hence, the crystal-
lographic transition results from a partial dissociation of
Nb–Nb bonds. The Nb–Nb bonding produces a splitting of
the manifold of 4d bands to leave a lowest Nb–Nb s-bonding
at a binding energy of about 1.4 eV.21 In the room temperature
phase diagram of the solid solution NbxTi1�xO2, the onset of
the structural distortion due to the Nb–Nb pairing is reported
in the bulk to be around x B 0.75–0.85.44,57

Interestingly, in the intermediate range of the solid solution
NbxTi1�xO2, for x higher than a few percent, Nb4+ are found to
coexist with Nb5+ cations, synonymous with an incomplete
electron transfer from the Nb cations to the CB band which
manifests by a non-linear increase in the density of states in the
band gap with the amount of Nb added.36,58,59 As a result, an
optimum of the electrical conductivity is observed for a Nb content
of about 2–4% in polycrystalline, in single crystals and thin films of
Nb-doped TiO2.38,39,41,44,45 A similar behavior with an optimum is
observed as a function of the Nb content on the amount of para-
magnetic centers representative of free Nb4+ which is followed by a
change from negative to positive Weiss temperature.38 Concomi-
tantly, a structural anomaly is reported along the tetragonal lattice
constant c.38 All of these electronic and structural discontinuities
with the Nb doping have been ascribed to the formation of short
range Nb–Nb dimers which might be at the origin of an additional
band in the valence band spectrum with a binding energy close to
that of the Nb–Nb s-bonding, and of the hybrid metallic/semi-
conducting character of the absorption spectrum.21,38,42,58 The
pair formation process occurs such that the Nb 4d1-electrons,
which have been free in the Ti-3d like CB, are reclaimed by
neighboring niobium and become localized as Nb–Nb dimers.

Here, we report the structural and thermoelectric properties
of Nb-doped nanostructured rutile, namely NbxTi1�xO2 with
x varying from 1 to 5%, from room temperature to B900 K. The
sintering process was optimized at high pressure and high
temperature in order to obtain highly-dense nanoceramic pellets
allowing for the investigation of the grain size reduction on the TE
properties. We demonstrate that the electronic transport is thermally
activated over the entire temperature range. The Nb-dependence of
the TE properties exhibits an optimum for a Nb content of B2.85%
where a ZT of 0.08 has been measured at 873 K.

2 Experimental
2.1 Syntheses of niobium-doped TiO2 nanoparticles

All syntheses were carried out under argon using standard
air-free techniques. All the solvents and reagents, Ti(OEt)4 and

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
:5

9:
00

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cp00652a


13010 | Phys. Chem. Chem. Phys., 2020, 22, 13008--13016 This journal is©the Owner Societies 2020

Nb(OEt)5, were purchased from Sigma-Aldrich and distilled prior
to use. In a typical sol–gel synthesis procedure (described for
sample Ti0.98Nb0.02O2 as representative of the series): 17.00 g
(74.53 mmol) of Ti(OEt)4 in solution to 15 mL of pentane are
mixed with 0.47 g (1.49 mmol) of [Nb(OEt)5]2 under stirring at
room temperature. 150 mL of water with 2.40 g (7.45 mmol,
0.1 eq.) of tetrabutylammonium bromide are added dropwise
and the medium was stirred for 1 hour at 423 K. The suspension
was then centrifuged to yield a white solid. The as-prepared
precipitate was washed by 3 � 50 mL of deionized water and
50 mL of ethanol and dried at 353 K for 12 hours. Then, the
powder was calcinated at 773 K for 4 hours under air. The
temperature of pre-treatment of 773 K before spark plasma
sintering (SPS) processing was determined with respect to the
TG-DTA data of the powders. TG-DTA data were collected in air
using Setaram TGA92-12 thermal analyser (thermal ramp
10 K min�1, temperature range 293–1173 K). This latter presents
two weight losses between 293–473 K and 473–723 K of about
12.2 and 6.2% respectively. An endothermic peak around
373 K concerning the loss of solvent and three exothermic
peaks (523, 653 and 763 K) relative to the pyrolysis of the
organics (see Fig. S1 in the ESI†). After calcination, all the
samples mainly crystallized under the anatase phase (JCPDS
no. 00-021-1272) with a varying fraction of brookite (5–40%).
The sample doped at 15 mol% of niobium also contains a high
fraction of amorphous phase. We note that, after 4 hours at
773 K, the powder is slightly yellowish and becomes white after
cooling to room temperature. The slight yellowish coloration may
be attributed to polaron absorption due to niobium doping into
the TiO2 lattice.60

2.2 Spark plasma sintering

The powders, after calcination, were sintered by SPS using HPD
25 instrument (FCT Systeme GmbH, Germany). A graphite die
with an internal diameter of 10 mm and a wall thickness of
10 mm was used with 1.2 g of powder. The sintering experi-
ments were performed under vacuum (10 Pa) in a temperature-
control mode using an optical pyrometer focused in a hole
(3 mm diameter) drilled in the middle of the die. A constant
pressure of 76 MPa was applied all along the process.
A sequence of 10 ms of pulsed current followed by 5 ms of
current without pulse was chosen. At the end of the heating
time, a natural cooling was performed. The heating rate varies
from 10 K min�1 (for samples sintered at 1123 K) to 100 K
min�1 (for samples sintered at 1233 K) and the sintering
temperature varies between 1123 and 1233 K. The Nb-doped
TiO2 pellets, obtained after sintering, are dark blue. The color
change is not due to carbon whose diffusion was limited by the
application of a layer of boron nitride between the powder and
the graphite sheet. In agreement with Morita et al. the carbon
contamination of our materials depends on the heating rate
but also on the sintering temperature. In our case, the thermo-
electric properties were studied for materials sintered at rather
low temperature (1123 or 1233 K). Therefore the contamination
is minimized and do not affect the physical properties of the
materials.61

2.3 Characterization techniques

The as-prepared and heated powders were examined at ambi-
ent atmosphere. A bruker D8 Advance A25 diffractometer
(Cu Ka radiation at 0.154184 nm) equipped with a Ni filter
and 1-D fast multistrip detector (LynxEye, 192 channels on
2.951) was used. The diffractograms were collected at 2Y with
steps of 0.021 from 15 to 851 (2Y) for a total acquisition time of
120 min. Treatments of the data were carried out by Rietveld
refinement (FullProf Suite package)62 using ‘‘Thompson Cox
Hastings (modified pseudo-Voigt)’’ and ‘‘instrumental resolution’’
functions.

Parallelepiped specimens (about 2.0 mm by 1.0 mm by
8.0 mm) cut from the disc-shaped samples were used for simul-
taneous measurements of electrical resistivity and Seebeck coeffi-
cient from 298 K to 873 K using a ZEM-3 apparatus (Ulvac-Riko
Co., Japan). Resistivity and Seebeck data have been averaged from
measurements along up and down temperature ramps which
behave similarly. Thermal conductivity was determined in the
298–873 K temperature range by combining thermal diffusivity l,
specific heat Cp, and density d according to the relation k = lCpd.
Thermal diffusivity was measured by the laser flash technique
using Netzsch LFA 427 instrument. The density was determined
from the Archimedes method. The specific heat was measured by
differential scanning calorimetry using Pegasus 403 instrument
(Netzsch).

The grain size and Nb distribution were determined from
scanning electron microscopy (SEM) combined with X-ray
dispersive energy (EDX) microanalysis.

3 Results and discussion

The Ti1�xNbxO2 pellets with x ranging from 1% to 5% (molar)
obtained after the same SPS treatment at 1123 K and at 76 MPa
(see Experimental section) are shown in Fig. 1a. The metallic
appearance of the undoped pellet is due to the oxygen reduction
during the SPS process which is reproducible when the same
operating conditions are applied. Further study will be needed to
evaluate more in detail the effect of oxygen on the thermoelectric

Fig. 1 (a) Ti1�xNbxO2 pellets, after the Spark Plasma Sintering (SPS) treat-
ment at 1123 K, for different values of the Nb content. (b and c) Scanning
Electron Microscopy (SEM) images of the cross-section of Ti0.08Nb0.02O2

pellets sintered at 1233 K, in panel (b), and at 1123 K, in panel (c). The scales
are indicated in the bottom left corner of each image.
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properties by post-sintering treatments under oxidizing or
reducing atmosphere. The additional darkening of the pellets
upon increasing the Nb is a signature of the formation of Ti3+

which results from the activation of d–d transitions.19,45,63 The
SEM pictures of the pellets sintered at 1233 K and 1123 K are
shown in panels (b) and (c) of Fig. 1, respectively. The decrease of
the sintering temperature by 110 K results in a significant
reduction of the averaged grain size by almost a factor two from
300 to 170 nm while the density of the pellets is kept very high.
The latter is 94% and 98% of the theoretical density for the pellets
sintered at 1123 K and at 1233 K, respectively. As far as we know,
for rutile TiO2, dense ceramics with a grain size of 170 nm have
never been described in the literature. Moreover, the SEM-EDX
microanalysis shows that, for a Nb content lower than 7.5%, Nb
atoms are uniformly distributed in the grains and the elemental
composition is consistent with the stoichiometry Ti1�xNbxO2 with
x close to the nominal value used in the chemical synthesis of the
nano-particles (see Fig. S2 in the ESI†). For higher Nb content,
the distribution of Nb in the grains is heterogeneous with the
appearance of the Nb rich phase, TiNb2O7.

The X-ray diffraction patterns recorded from the bulk of the
Ti1�xNbxO2 pellets are shown in Fig. 2a (see Experimental
section). The patterns obtained in samples containing 7.5%
of Nb and less are perfectly refined by considering only the
rutile phase (JCPDS no. 00-021-1276), without additional
secondary Nb–O or ternary Ti–Nb–O phases. In several diffrac-
tograms, there is a significant shoulder on the left side of the
main Bragg peak in the XRD patterns. This shoulder can be
assigned to boron nitride (JCPDS no. 34-0421) and counts for
about 5 wt%. It is observed at the top and hand-polished
surface of the pellet after sintering but is not present at the

inner-surface obtained from a cross section of the pellet. For
the physical characterizations, the electrodes were fixed on the
inner-surface. For higher Nb contents, the ternary phase
TiNb2O7 (JCPDS no. 1001270) is observed (crosses in Fig. 2a).
It confirms that the solubility limit of Nb in our Ti1�xNbxO2

pellets is around 7.5% in agreement with previous studies.64

The (a,c) lattice parameters as a function of the Nb content,
obtained from Rietveld refinements, are shown in panels (b)
and (c) of Fig. 2, respectively. Below the Nb solubility limit,
(a,c)-parameters increase upon adding Nb due to the larger
ionic radius of Nb5+ (65 pm) compared to Ti4+ (60.5 pm). The
a-parameter follows a linear dependence, in agreement with the
Vegard’s law, across the entire homogeneity range. In contrast,
the Nb-dependence of the c-parameter exhibits a discontinuity
for a Nb content of about 3%, labeled as cL

Nb. Indeed, slight but
systematic deviations from the linear increase at low doping
range (solid red line), for x t cL

Nb, are observed when the Nb
content is higher than cL

Nb. For x \ cL
Nb and below the solubility

limit, c-parameter increases linearly with x but with a lower
slope. This contraction of the lattice parameter c with the
Nb-doping was reported in bulk Ti1�xNbxO2 and interpreted
as the result of the formation of metallic Nb–Nb bonds.65

In the following section, the TE properties of the Ti1�xNbxO2

pellets are reported as a function of the Nb content, below the
solubility limit (i.e. x o 7.5 mol%), and as a function of
temperature, from room temperature to B900 K. The results
are mostly shown for pellets sintered at 1123 K with the
smallest grain size.

The temperature dependences of the electrical conductivity
and the Seebeck coefficient obtained from room temperature to
B900 K are reported in the Fig. 3a and b, respectively. For all
specimens, the electrical conductivity decreases linearly as a
function of temperature in the log(sT) vs. 1/T representation.
For x = 2.8, 4 and 5%, log(sT) is well fitted by using one single
slope over the whole temperature range while, for the lower
doping levels (x = 1, 2%), two linear regimes are observed with a

Fig. 2 (a) Powder X-ray diffraction patterns (red points) and calculated
profiles (solid black lines), obtained after Rietveld refinements, from the
bulk of the Ti1�xNbxO2 pellets. The vertical black dotted lines indicate the
main reflection positions of the rutile phase (r). The crosses show the
TiNb2O7 phase. (b and c) Lattice parameters a (in panel b) and c (in panel c)
as a function of the Nb content (black points). The limit of solubility of Nb is
shown by the blue rectangle whose width indicates the position uncertainty.
Solid lines are linear fits using the Vegard’s law (see text). A discontinuity in the
Nb dependence of the lattice parameter c is observed at cL

Nb.

Fig. 3 Temperature dependences of the electrical conductivity (s) and
the Seebeck coefficient (S) in the Ti1�xNbxO2 pellets sintered at 1123 K:

: Ti0.99Nb0.01O2; +: Ti0.98Nb0.02O2; : Ti0.972Nb0.028O2; : Ti0.96Nb0.04O2;
: Ti0.95Nb0.05O2. (a) log(sT) versus 103/T. The solid lines correspond to the

best-fit curves according to Mott’s model (see text). (b) Seebeck coefficient
as a function of 103/T. The solid lines correspond to the best-fit
curves using the Heikes formula. The insets in panels (a and b) show
respectively the Nb dependences of the activation energy (Ea) and the
constant C (see text).
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transition at about 650 K. The linear decrease of log(sT) as a
function of 1/T indicates an effect of localization of the charge
carriers whose transport is mostly thermally activated. Its
temperature dependence is described by the general formula

sðTÞ ¼ A

T
exp

�Ea

kbT

� �
, where Ea represents the main energy

barrier in the system and A a constant which depends on the
carrier concentration, i.e. the Nb content. In literature, the
electronic localization in conducting TiO2 has been ascribed
to the polaronic nature of the conducting Ti3+ states, so that the
elementary charge carriers are composites made of self-trapped
carrier surrounded by a pattern of atomic displacements. In the
Holstein small-polaron model, the activation energy corre-
sponds to the binding potential of the conducting electrons
bound to Ti3+ cations and A is a constant which depends on
their concentration (i.e. related to the Nb content), the hopping
probability and the averaged energy of the optical phonons
interacting with electrons.66 In the inset of the Fig. 3a, Ea

obtained from the least-squares linear fits of log(sT) versus
1/T in the high-temperature regime (T 4 650 K) are reported as
a function of the Nb content. The main effect observed is a
sharp discontinuity at a Nb content x B 3% which corresponds
to a sudden increase of Ea from about 60 meV to 220 meV. The
Nb content at which this discontinuity appears is close to cL

Nb

where the structural anomaly on the lattice parameter c is
observed (see Fig. 2c). For xo cL

Nb, Ea increases slightly with
the Nb content while the material is getting more metallic
which might be an indication of electronic correlations.
As shown in the Fig. 3b, the Seebeck coefficient is negative
for all Nb contents and over the whole temperature range with
values ranging from �500 mV K�1 to �350 mV K�1 in agreement
with the previous reports on Nb-doped TiO2.67,68 This indicates
that electrons are the major carriers. The Seebeck can be
expressed as the sum of two terms S(T) = S1 + S2(T), the first
term is temperature independent while the second contains the
temperature effects. Both terms depend on the carrier concen-
tration. The Seebeck coefficient changes slightly by about
10–20% over the whole temperature range, so that the term
S1 dominates, which indicates that the amount of charge
carriers is mostly independent of the temperature. S2(T) follows
a C(1/T)n law in the entire temperature range, where C is a
constant which depends on the charge carrier concentration
and contains a term in energy characterizing the polaronic
band. The solid lines in the Fig. 3b show the (Ec/T)n fits for
each Nb contents and for temperatures higher than 500 K.
Taking into account the experimental uncertainties, the
values of n lie in the range [1.5 : 1.8]. The fitting values of the
constant C are reported in the inset of the Fig. 3b. As observed
in the Nb dependence of Ea (see inset of Fig. 3a), the Ec(x)
exhibits a sharp discontinuity at a Nb concentration of about
3% also close to cL

Nb.
The Nb dependences of s, S and the TE power factor (S2s)

measured at 800 K in Ti1�xNbxO2 pellets sintered at 1123 K are
reported in the Fig. 4a–c, respectively. All these quantities
exhibit a pronounced optimum at x B 3% very close to the
cL

Nb (see Fig. 2c). The electrical conductivity first increases

linearly for x o cL
Nb (solid red line in panel a) and then

decreases at higher Nb contents. The maximum electrical con-
ductivity at 800 K obtained for x = 2.85% is about 1960 S m�1 in
the range of the values measured in polycrystalline38,42,69 and in
single crystals Ti1�xNbxO2.45 The increase in the electrical con-
ductivity with respect to the Nb content for x o cL

Nb is consistent
with previous reports where it was found that Nb4+ cations act as a
simple electron donors in this doping range.5,6,25,38,40–45 Conco-
mitantly, the absolute value of the Seebeck coefficient decreases
for x o cL

Nb and then increases for higher Nb content with a
minimum value of�370 mV K�1 for x = 2.85%. For x t cL

Nb, the Nb
dependence of the Seebeck coefficient follows the Heikes formula,

that is SðxÞ ¼ �kB
e
ln

1� x

x

� �
(solid red line in panel b). Overall,

the temperature and Nb dependences of the Seebeck coefficient
are consistent with the formula of the polaronic Seebeck derived
by Emin.70 In the high temperature and low doping range of this
theory, the polaronic Seebeck simplifies into the sum of two
terms: a first contribution which is given by the Heikes formula,
and a second contribution which contains the temperature effect.

The latter follows a power law C
W

T

� �n

with n = 2, where W

represents the width in energy of the polaronic band and C is a
constant which depends on the charge carrier concentration.
In this context, the sudden increase of the constant C in S2(T)

Fig. 4 Nb dependences of the electrical conductivity (log(s)) in panel (a),
the Seebeck coefficient (S) in panel (b), the thermoelectric power factor
(sS2) in panel (c) and the figure of merit (ZT) in panel (d) obtained at 800 K
in the Ti1�xNbxO2 pellets. Measurements are reported in pellets of
Ti1�xNbxO2 sintered at 1123 K (blue filled circles). All quantities exhibit an
optimum at xNb B cL

Nb (see Fig. 2c). For x o cL
Nb, the solid red lines

correspond to the fit with the polaronic transport model (see text) whose
carrier content is directly given by the Nb content. The solid lines are
continued by dotted lines beyond cL

Nb. For x 4 cL
Nb, the solid blue lines

show the model with a reduced charge carrier content due to the
formation of Nb dimers (see text).
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observed at cL
Nb (see inset in Fig. 3b) may arise from the broad-

ening of the polaronic band due to the addition of defect states
with the formation of the Nb–Nb dimers. The TE power factor
reaches an optimal value of 250 mW m�1 K�2 for x B cL

Nb. This
value is in the middle range of the power factors measured in TM
oxides71,72 but is still one order of magnitude lower than those
observed in efficient TE materials due to the low electrical
conductivity.73 Further improvement of the TE power factor in
Ti1�xNbxO2 will need to explore either a dual doping in addition
to Nb or oxygen reduction. In the above considerations, the effect
on the electrical properties of the crystalline domain size, the
grain size, the grain boundaries and micro-strains have not been
considered, although they are known to impact significantly.74,75

The difficulty lies in the fact that the change of the sintering
conditions used to reduce the average grain size might also
slightly change the amount of oxygen in the materials, thus
hindering the intrinsic effect of the grain size. Further study of
the particle size dependence on the electrical transport in bulk
nanostructured r-TiO2 with a fine control over the oxygen content
would be required in particular when lower particle size will be
accessible.

As described above and shown in the Fig. 4, the Nb-
dependences of s, S exhibit an optimum at about cL

Nb B 3%
in the [300 K: 900 K] temperature range. This effect on the
electrical properties correlates with the structural anomaly
observed in the Nb-dependence of the lattice parameter c of
the tetragonal unit cell (see Fig. 2c).

Such anomaly on the electronic and structural properties of
TiO2 with the incorporation of Nb has already been reported at
room temperature in single crystals and bulk polycrystals for
similar Nb content of about 2–3%. The Nb dependence in the
electrical properties of nanocrystalline thin films of anatase
Nb-TiO2 exhibits similar discontinuity with a first strong
decrease of the resistivity in the range lower than 2% followed
by a plateau in the range 2–6% of Nb doping.39 Different
scenarios were suggested to explain why, above a few percent,
the Nb ion doesn’t act as a simple electron donor. One is
the formation of short Nb–Nb dimers as introduced
above.21,38,41,43,45 An alternative scenario is the segregation of
the Nb ions at the grain boundaries so that they don’t provide
any additional charge carrier but act as carrier scattering
centers damaging the electrical conduction.39 Other research
has suggested that the delocalized electron added by Nb in TiO2

can be pinned on oxygen vacancy resulting in defect dipoles.25

Some research has suggested Nb–Ti hybridization forms a
nonbonding band near the valence band.59 In our case, we
found simultaneously a structural and electrical discontinuities
at the same Nb content at cL

Nb and then a decrease in the
electrical conductivity for a Nb content higher then cL

Nb which
underlays a carrier annihilation effect induced by these addi-
tional Nb ions. Moreover there is no fingerprint for a segrega-
tion of Nb in the diffraction spectra. Viewed in their entirety,
our data favour the scenario of the Nb–Nb dimer formation.
In a first approximation, for x \ cL

Nb, the main consequence of
the Nb dimer formation is the reduction of the charge carrier
content. By considering the deviation of the Nb-dependence of

the lattice parameter c for x \ cL
Nb from its linear increase

observed at lower doping (see Fig. 2c), we quantify the amount
of Nb dimers and, thus, the reduced charge carrier content in
the system (see ESI†). In the following, we use the later in order
to extrapolate the Nb-dependences of s and S, observed for
x t cL

Nb at 800 K, in the region where x \ cL
Nb. In panel (b) of

Fig. 4 (solid blue line), the Nb-dependence of the Seebeck
coefficient, obtained from the Heikes formula with the reduced
charge content, is shown for x \ cL

Nb. Although it slightly
underestimates the absolute value of the Seebeck coefficient,
by about 10–20%, this simple approach allows to reproduce the
upturn observed at cL

Nb. It works probably because the Seebeck
is almost temperature independent (S2 c S1) and depends
mostly on the charge carrier content. On the other hand, the
upturn of the electrical conductivity observed at cL

Nb and its
abrupt decrease for x \ cL

Nb, see Fig. 4a, can not be reproduced
by considering only the decrease of the charge carrier content.
This effect together with the sudden increase at cL

Nb of
the activation energy, shown in the inset of Fig. 3a, indicates
a deep change in the hopping mechanism with the formation
of Nb–Nb dimers which corroborates the reduction of the
electron mobility reported in the Hall effect measurements.45

It, therefore, indicates that Nb dimers play a prominent role in
the electronic transport.

The lattice thermal conductivity, ll, measured in the pellets
of Ti1�xNbxO2 from room temperature to 900 K are reported in
Fig. 5a.

ll was deduced by subtracting the electronic carrier con-
tribution to the measurement of the total thermal conductivity
which, as estimated from the Weidemann–Franz law, doesn’t
exceed 2% of it, so that the thermal conduction is mostly
dominated by the lattice (see Fig. S3 in the ESI†). The room
temperature value of ll in polycrystalline TiO2 is typically of

Fig. 5 (a) Temperature dependences of the lattice thermal conductivity,
lL, in the series of Ti1�xNbxO2 samples. ( : bulk TiO2 from U. Diebold
et al.;76 ’: Ti0.99Nb0.01O2 with grain size of 2 mm from Zaitev et al.41

: Ti0.99Nb0.01O2 at 1123 K; : Ti0.98Nb0.02O2 at 1123 K; : Ti0.98Nb0.02O2

at 1233 K; : Ti0.972Nb0.028O2 at 1123 K; : Ti0.97Nb0.03O2 at 1123 K;
: Ti0.95Nb0.05O2 at 1123 K), (b) inverse of the lattice thermal conductivity

normalized to the value in pure TiO2 as a function of the inverse grain size
derived from SEM pictures, see Fig. 1. ( : Ti0.98Nb0.02O2 at 373 K and his
linear fit (y = 147.3x + 1.003) including the point from Zaitev et al.41 (’);

: Ti0.965Nb0.035O2 at 373 K and his linear fit (y = 174.1x + 1.02); : the
skutterudite In0.25Co4Sb12 at 300 K from Benyahia et al.77 and linear fit
(y = 70.3x + 1.044)).
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B7 W m�1 K�1 and monotonically decreases with temperature
as reported in Fig. 5a.76 The room temperature value of ll in our
nanostructured ceramics of TiO2 is on an average of about
B3.5 W m�1 K�1 independently of the Nb content. This value is
about two times lower than that measured in the bulk TiO2.
As a function of temperature, ll shows a slight decrease, much
less pronounced than the one in bulk TiO2, and reaches values
between 2.5–3 W m�1 K�1 at the high limit of the temperature
range. The measurement of ll(T) is also reported for the pellet
of Ti1�xNbxO2 (with x = 2.85%) sintered at 1233 K in Fig. 5a
(empty blue circles). ll(T) exhibits a clear dependence on the
grain size. The influence of the grain size (D) on the lattice
thermal conductivity (ll) can be quantified by using the model
of Nan and Birringer,78 with the correction of Yang.79 This
model relates the inverse of ll to the inverse of the grain size

(D):
lL0
lL
¼ 1þ LK

D
with lL0 the lattice thermal conductivity in

single crystal (D -N) and LK the Kapitza length. In Fig. 5b, the
inverse of ll normalized to the bulk value (ll0) is represented
against the inverse of the average grain size diameter (1/D) in
two pellets of Ti1�xNbxO2 for x = 0.02 and 0.035. It confirms that
ll0
ll

is linear with respect to
1

D
. The fit using the function of

Nan and Birringer yields a Kapitza length LK E 156 nm. Similar
measurements recently obtained in the skutterudite
In0.25Co4Sb12, reported in Fig. 5a, also show a linear relation
between ll and D. However, the Kapiza length is significantly
higher (about a factor of two) in TiO2 than in the skutterudite,
meaning that the decrease of the grain size is more efficient to
reduce ll in TiO2. From the fit, we can estimate that a pellet of
TiO2 with a grain size of about 25 nm would have a lattice
thermal conductivity lower than 1 W m�1 K�1. The bulk
phonon spectrum is fundamentally different between the
skutterudite and TiO2. Indeed, in the later, the phase space
in momentum and in energy available for acoustic phonons,
which are assumed to be the dominant heat carriers, as well as
the group velocities near the center of the Brillouin zone are
larger than in the skutterudite which might explain the higher
sensitivity of TiO2 against the nanostructuration.80–82

4 Conclusions

In conclusion, the thermoelectric properties of nanostructured
Ti1�xNbxO2 pellets in the low doping range and below the Nb
solubility limit, found at about x B7.5%, have been measured
from room temperature to 900 K. Firstly, we have shown the
existence of an optimum in the Nb dependences of the elec-
trical conductivity, the Seebeck coefficient and the thermo-
electric power factor which appears for a Nb content of about
cL

Nb B 2.85% (well below the Nb solubility limit in rutile). This
optimal concentration in the Nb dependence of the electronic
properties correlates with a structural anomaly observed in the
Nb dependence of the lattice parameter c. Similarly reported at
room temperature in bulk Nb-doped TiO2, this optimal Nb
content is related to the formation of Nb–Nb dimers. Below the
optimal concentration, the electrical conductivity increases and

the absolute value of the Seebeck coefficient decreases upon
adding Nb4+ cations which act as electron donors. The transport
mechanism is dominated by hopping processes which is charac-
terized by an activation energy of about 70 meV. At higher doping
level, an upturn is observed in the Nb-dependences of the
electrical conductivity and the Seebeck coefficient, so that the
electrical conductivity decrease and the absolute value of
the Seebeck coefficient increase. The changes in the Seebeck is
almost reproduced by considering the reduction of the charge
carrier content with the appearance of Nb dimers. On the other
hand, the electronic conductivity is still dominated by hopping
processes but with a much larger activation energy of about
200 meV, indicating that the Nb dimers play a role in the
electronic transport beyond the simple annihilation of charge
carriers. The optimal value of the TE figure of merit, ZT, obtained
at the optimal Nb content in the pellets with the minimum grain
size is of about 0.08 at 873 K. Secondly, the thermal measure-
ments in pellets with an averaged grain size of 300 nm and
170 nm have revealed a significant decrease of the lattice thermal
conductivity with the grain size diameter following the model
established by Nan and Beringer. Thus, lowering the grain size
down to 170 nm has allowed to reduce the lattice thermal
conductivity of rutile by almost a factor of two. This grain size
dependence of ll in TiO2 is much larger than the one observed in
complex intermetallic thermoelectric materials. Further improve-
ment of the ZT may be achieved by decreasing further the grain
size below 170 nm and by exploring the dual doping. The
appearance of the Nb dimers changes abruptly the electronic
properties of rutile TiO2 and introduces large defects structure in
the system which may open an opportunity to reduce more the
thermal conduction.
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program ‘‘Investissements d’Avenir’’ (ANR-11-IDEX-0007) oper-
ated by the French National Research Agency (ANR). SP
acknowledges the Lyon IDEX Scientific Breakthrough program
for funding of the project IPPON. The authors thank the
technological platforms PLECE@ILMTech, TRANSPORT@
ILMTech and MATEIS@INSA-Lyon. The authors would like to
thank V. Giordano, S. Vignoli, S. Thébaud, C. Adessi and
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