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ABSTRACT: The spark-plasma-sintering (SPS) technique has successfully
been applied for the single-step direct synthesis of Ti,0; from a mixture of
powders of rutile/anatase with titanium. The components react by diffusion
through the grain boundaries, forming several intermediate phases locally. A
single-phase material of titanjum(III) oxide is obtained in compact bulk form
after 180 min of SPS treatment at 1473 K. The electrical and thermal transport
properties of such a SPS-prepared material measured in the temperature range
between 300 and 800 K reflect the known semiconductor-to-metal transition
above 400 K. The observed metallic-like electrical and thermal conductivity
above this temperature is in good agreement with previously reported results. A
maximum of the thermoelectric figure-of-merit ZT = 0.04 is achieved at 350 K.

Ti + 3TiO,

Spark Plasma Sintering

2Ti,0,

B INTRODUCTION

An important task of contemporary science is focused on
finding new, fast, reproducible, and energy-efficient synthetic
routes for bulk quantity production of new and known
functional materials. In addition, for practical use, these
materials are often required to be manufactured in specified
shapes. Spark-plasma sintering (SPS) is a one of the advanced
densification techniques developed over the last decades that
may fulfill these requirements. As one of the main features of
SPS, the millisecond-pulsed direct current (dc) passes directly
through the die, as well as through the powder green body.
Other significant features of the SPS method are a high heating
rate, the application of pressure, and the effect of the dc."”
Recently, the development and production of new thermo-
electric materials have evolved into a central goal of application-
and basic knowledge-driven research programs in many
countries. Through such intensified research, many materials
with the high thermoelectric figure-of-merit ZT have been
developed. However, these materials are often of limited use, in
particular for operation at high temperatures (above 800 K),
because of decomposition and possible vaporization of the
constituents. In addition, these materials should be comprised
of inexpensive, readily abundant elements of low toxicity.
Oxides and borides are promising classes of candidates within
this field of high-temperature thermoelectrics. Consequently,
the study of oxide materials for potential use in thermoelectrics
is rapidly progressing. Some key findings are n-type high-
mobility In—Sn—O mixed oxides,> hopping conduction in
CaMnO;-based perovskites,* SrTiO;-based perovskites with
heavy effective mass of electrons,” composites of the layer-
structured homologous series (Zn0Q),,In,03° and aluminum-
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doped ZnO as one of the best n-type oxide-based thermo-
electrics so far.” Typical ZT values of the n-type materials lie
between 0.3 and 0.4, which are lower than those for practically
used thermoelectric materials. An important performance can
be expected for p-type oxides. Extensive studies on cobalt-based
layered oxides were triggered by the discovery of the large
thermopower of NaCo,0,° The family of cobalt oxides
including Ca;Co,0,” and BiZSrZCOZOy10 exhibits ZT values
close to 1. A layered structure seems to be one of the key
features for a good thermoelectric performance. Yet, one of the
major drawbacks of oxide materials stems from the difficulty to
obtain both n- and p-type materials from the same “mother”
compound.

The titanium oxides raised considerable interest, specifically
with respect to thermoelectricity. The Ti—O system is
characterized by the formation of many phases with complex
crystal structures. The first detailed investigation of the phase
diagram was performed within the range of 0—67 atom % of
oxygen;'' complete information about the Ti—O system is

Interesting intermediate
11,13

available in a previous review."”
compounds in this system are Magnéli phases Ti,O,,_,
followed by Ti,0;.'* In particular, Magnéli phases are
interesting because of their special building principle, resulting
in structural complexity and unusual electrical properties.' Just
recently, a high dimensionless figure-of-merit ZT of 1.6 has
been reported for p-type TiO, ), rendering this oxide as an
attractive material for thermoelectric applications.'®
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Titanium sesquioxide, Ti,O;, attracts attention by a second-
order semiconductor-to-metal transition upon heating.'”
Numerous studies were carried out to understand this behavior.
The most widely accepted model for the Ti,O; semiconductor-
to-metal transition involves a band-crossing mechanism.'® The
crystal structure of this oxide contains two different kinds of
Ti—Ti distances.'* One of them corresponds to a sum of the
covalent radii of titanium (2.99 A), whereas the second one is
significantly shorter (2.58 A), which may indicate a strong
cation—cation interaction.'® The theoretical calculation predicts
that this short Ti—Ti distance is required to open a
semiconducting gap.'® This suggests that electron—electron
correlation effects may provide the key for understanding the
semiconductor-to-metal transition in Ti,O;. The changes in the
structural parameters of Ti,O; occur in the temperature range
373—573 K. In the same range, Ti,0; shows a 50-fold drop in
resistivity,”® a specific heat anomaly,” as well as significant
changes in the elastic constants,”* the magnetic susceptibility,*
and the Raman spectrum.”* The changes of the short Ti—Ti
distances are very sensitive to temperature, and their behavior is
nonlinear in the same temperature ranges,25 which cannot be
explained solely on the basis of normal thermal expansion.

Further work was devoted to the thermoelectric/transport
properties of Ti,0;.°**7 Experimentally, bulk Ti,O; has been
found to be a semiconductor below 450 K with a rather small
band gap of ~0.1 eV.*® However, early attempts to reproduce
this gap using theoretical tools have been unsuccessful.'®
Recently, using cluster dynamical-mean-field theory, it was
shown that the semiconductor-to-metal transition can success-
fully be reproduced for Ti,O;>® Nonetheless, the complete
picture of the electrical and thermal transport behavior of
titanjum sesquioxide is still under investigation. From the
chemical point of view, it is worth mentioning that even the
color of the compound was described differently: from black,*
black blue, to (dark) violet,® which may indicate the
presence of the Magnéli phases with titanium in mixed or
intermediate valence states in the samples.

In this work, we present a novel preparation route based on
the SPS technique for the synthesis and shaping of bulk Ti,0;
in a single step. Chemical characterization and thermoelectric
properties of the SPS-synthesized Ti,0; are discussed.

Synthesis. Powders of rutile (99.8 mass %, Alfa Aesar) or
anatase (99.6 mass %, Alfa Aesar) and titanium (99.9 mass %,
Alfa Aesar) were used. SPS experiments were carried out
utilizing a SPS-S15 ET, Dr. Sinter setup [Fuji SDC (SPS
Syntex), Japan]. The mixtures of powders were prepared in an
argon-filled glovebox and loaded into graphite dies of inner
diameter of 8 mm. Carbon foil was used to separate the powder
specimen from the graphite die and punches. Successful
preparation was achieved by heating to 1473 K with a rate of
50 K min~! under a uniaxial pressure of 60 MPa in a vacuum
(<10 Pa), holding at these conditions for 180 min, and then
cooling to room temperature. The temperature measurement
within the SPS setup is performed either by means of a
thermocouple inside the die wall (in the temperature region
below 1073 K) or by a pyrometer on the surface of the die (in
the high-temperature region 850—2270 K). To minimize
thermal radiation, the die was wrapped with graphite fleece.

Characterization. Finely ground powders were fixed with
vacuum grease (Lithelen, Leybold) on a polyimide film (d = §
um, Chemplex). Powder X-ray diffraction (PXRD) patterns
were measured on a Huber G670 camera (Guinier geometry,
Cu Ka, radiation, A = 1.540562 A, graphite monochromator, 5°
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<26 <100° and A26 = 0.005°). Data evaluation was made by
means of WinXPow software.’" The positions of the reflections
were determined by a single profile fit with LaBg as the internal
standard [NIST; a = 4.1569162(97) A at 295.5 K]. The lattice
parameters were obtained from a least-squares refinement with
the program package WinCSD.**

For their metallographic characterization, the SPS specimens
were cut perpendicularly to the pressure direction exerted
within the SPS treatment. The surface area was prepared by SiC
grinding and vibration polishing (VibroMet 2, Buehler) with a
0.05 um AlLOj; slurry. The microstructures were studied by
optical microscopy (Axioplan2, Zeiss) as well as energy-
dispersive X-ray spectroscopy performed on a scanning electron
microscope [Philips XL30 LaBg; EDAX Pheonix system, Si(Li)
detector]. Carbon-coated specimens have been used for
scanning electron microscopy analysis.

Electrical resistivity and thermopower were measured
simultaneously using a commercial setup (ZEM-3, Ulvac-
Riko) in the temperature range 300—800 K. Specific heat
measurements were conducted on a Netzsch Pegasus differ-
ential scanning calorimeter. For these measurements, the
specimens were heated up to 1073 K under an argon
atmosphere with a heating rate of 10 K min~". The thermal
diffusivity @ was measured by means of a laser-flash apparatus
(Netzsch LFA 457). The total thermal conductivity was
subsequently calculated by x = aC,py, where C, and py are
the specific heat capacity and density, respectively.

B RESULTS AND DISCUSSION

The previously found preparation routes for Ti,O; are
reduction of titanium dioxide by hydrogen at 1000 °C or by
elemental titanium at 1600 °C. So far, Ti,0; and other titanium
oxides were obtained from TiO, and titanium either by arc-
melting'' and subsequent annealing or by oxidizing TiO.*® The
drawback of both synthesis methods is the difficulty in
controlling the reaction progress at elevated temperatures and
the homogeneity of the final product.®® In order to overcome
the latter, the intermediate mixtures have to be reground and
rereacted, finally yielding powder products. This hinders the
measurements of the transport properties. Thus, single-crystal
growth was necessary to obtain single-phase specimens for the
property investigations. The single crystals were grown by the
Czochralski method.'*

Here, the SPS technique was applied for the simultaneous
synthesis, densification, and shaping of Ti,O;. This kind of
treatment was applied earlier, in particular, for a low-
temperature synthesis and densification of skutterudite
derivatives CoSb, and LaFe,Sb,,,* as well as intermetallic
compounds TiB,,** TigSis,*° MgZSi,36 and MgB2.37 These
materials were obtained from mixtures of the elements or from
precursors. Such solid-state reactions are based on the mass
transport of reagents within the powder mixture.>® From the
chemical point of view, these SPS preparations are redox
reactions. This was clearly shown by recent studies of the SPS
preparation of Na,,Si;;s from Na,Si,. At the cathode, silicon
anions were oxidized to Si’, whereas the anode served to reduce
sodium cations to an elemental metal.*

All samples with the nominal final composition Ti,O;
investigated in this work were synthesized in a single-step
reactions starting from the mixtures of powders of rutile/
anatase and metallic titanium in a molar ratio of 3:1 according
to the reaction 3TiO, + Ti = 2Ti,05. The reaction conditions
and results for selected samples are summarized in Table 1.
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Table 1. Reaction Temperature and Products of SPS-
Prepared Ti,O; Samples

T, K products
Anatase as the starting component
873 anatase + rutile + Ti
1073 rutile + TiO,_, + TiyO
1273 Ti,0; + TizOs + Ti,O5 + Magnéli phases (traces)
Rutile as the starting component
873 rutile + Ti
1073 rutile + TiO,_, + Ti;O
1273 Ti,O; + TizOs + Ti,O5 + Magnéli phases (traces)
1473 Ti,04

At temperatures between 820 K and 1270 K, anatase
transforms into the equilibrium rutile phase.** Indeed, the
presence of rutile was observed in the PXRD pattern of a
sample obtained at 873 K from anatase and titanium. No
chemical reactions between the starting components were
found below 873 K. The samples have a white color with black
metallic inclusions. The anatase-to-rutile transformation was
found to be completed at 1073 K. The PXRD patterns of
samples with anatase and rutile as starting materials obtained at
temperatures above 1073 K are identical. Thus, further
considerations will deal exemplarily only with those samples
for which rutile was used as a starting component. The first
changes visible in the PXRD patterns were observed for the
samples that were SPS-treated at 1073 K (Figure 1a). Besides
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Figure 1. Products of the SPS reaction of rutile and titanium at 1073
K: (a) PXRD pattern showing reflections of TiO,_, and Ti;O along
with those of rutile; (b) microstructure exhibiting a distribution of
spherical titanium particles (light blue) in an oxide matrix (blue).

the main-phase rutile, partially decomposed TiO,_, and
titanium-rich phase Ti,O (Ti;O) are detected. It is clearly
seen from the microstructure (Figure 1b) that titanium
particles act as reaction centers and are surrounded by layers
of titanium-rich suboxide Ti;O and of oxygen-deficient TiO,_,.
All of these phases are embedded in the rutile matrix.
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The reaction continues when the temperature is increased.
As a result, the SPS-treated sample at 1273 K contains Ti,0;
and Ti;O; in equal amounts, some Ti,Os, and traces of other
Magnéli phases (Figure 2a). The latter are difficult to identify
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Figure 2. Products of the SPS reaction of rutile and titanium at 1273
K: (a) PXRD pattern showing reflections of Ti,0;, TizOs, Ti,Os, and
traces of other Magnéli phases; (b) microstructure exhibiting a
distribution of six different phases.

more precisely because of the weak intensities of most of the
reflections and complex diffraction pattern of these phases. The
microstructure reveals at least six phases, which are spatially
arranged in a complex manner (Figure 2b). Titanium-rich
phases, and also residues of initial titanium, are surrounded by
oxygen-enriched areas. The phases Ti,Os and Ti;O; are closer
in composition to Ti,O; compared with Ti;O and TiO,_,.

Finally, Ti,0; as a single phase was obtained at 1473 K after
180 min of SPS treatment (Figure 3). Contrary to the
descriptions made in some previous publications, the color of
the compound is light brown. In combination with the
metallographic investigation of the microstructure, this proves
the absence of impurities with the mixed or intermediate
valence of titanium, e.g, Magnéli phases. The geometrical
density was found to be 95% of the value calculated from the
crystal structure.

From the experimental findings, the following reaction
scenario may be proposed. The components of the starting
mixture (TiO, and titanium) react at the contact surface only.
At first, those phases form compositions that differ only slightly
from the compositions of the starting materials (Ti;O and
TiO,_, at 1073 K). After longer SPS treatment or after a
treatment at increased temperature, further Ti—O phases with
compositions closer to Ti,O; are formed by diffusion; i.e., the
distribution of titanium and oxygen in the sample becomes
more homogeneous. Finally, only the target phase Ti,O; is
observed. Formation of the Ti,O; phase is therefore a diffusion-
controlled reaction.

Crystal Structure. All observed reflections in the PXRD
pattern (Figure 3a) could be indexed assuming a thombohedral
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Figure 3. Product of the SPS reaction of rutile and titanium at 1473 K:
(a) PXRD pattern showing reflections of Ti,O3; (b) microstructure
exhibiting a distribution of one Ti, O phase (black areas correspond to
voids/holes in the sample).

lattice with lattice parameters a = 5.1586(1) A and ¢ =
13.6040(1) A (structure type a-ALOs, space group R3c). A
narrow homogeneity range of Ti,O; with a slight variation of
the lattice parameters between a = 5.160 A and ¢ = 13.60 A for
Ti,0,95 and a = 5.147 A and ¢ = 13.64 A for Ti,0,, was
reported earlier.'' Considering this homogeneity range, the
observed lattice parameters indicate a slight oxygen deficiency
of our product.

The crystal structure of Ti,O; belongs to the a-Al,O,
(corundum) type and can be understood as a hexagonal close
packing of oxygen atoms, with trivalent titanium cations inside
the octahedral cavities (Figure 4) 1014 Along the 3-fold axis,

Figure 4. Crystal structure of Ti,0;. Black spheres — oxygen, titanium
atoms are located within the octahedrons and are only exemplarily
shown by gray spheres.

titanium cations occupy octahedra that share common faces
between edges within layers. The shortest cation—cation
distance of 2.58 A is formed between the layers; the longer
one of 2.99 A is observed within layers. The interlayer Ti—Ti
interaction may be a key for the interesting electrical and heat
transport. In addition, the crystal-chemical behavior of Ti**
species allows for a partial substitution by other transition
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metals and, thus, opens the way to modifying physical
properties.

Thermoelectric Properties. The semiconductor-to-metal
transition observed in Ti,O; manifests itself in a peak of the
temperature-dependent specific heat at 450 K for the SPS-
treated sample at 1473 K (Figure S).
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Figure 5. Temperature dependence of the specific heat C, of T,O;.

During this transition, the resistivity p drops by about 2
orders of magnitude for the single-phase Ti,O; (Figure 6a).
Above the transition temperature, the slope p(T) resembles a
bad-metal behavior (Figure 6a). Below the transition temper-
ature, the thermopower a is positive (Figure 6b). Above 400 K,
the thermopower changed sign toward negative values but is
much less temperature-dependent (Figure 6b) compared to
that of rutile and, thus, is in agreement with the higher electrical
conductivity of Ti,0j; in this temperature region. These results
are in well agreement with the literature data in the investigated
temperature range (resistivity chan%e from 1 X 107> Q cm at
300 K to 1 X 10~ Q cm at 800 K*° and thermopower change
from 180 4V K~' at 300 K to —10 #V K~! at 800 K'*). The
observed behavior is well in agreement with the electronic
structure calculations.”®

The thermal conductivity k(T) of Ti,O; falls within the range
of 3 and S W m™' K™ (Figure 6¢c). It decreases upon
approaching the transition temperature, as expected for an
insulator, and increases slightly again at temperatures above the
transition temperature, a behavior that is in agreement with the
electronic conductivity (cf. the thermopower).

The thermoelectric figure-of-merit for Ti,O; (Figure 6d) is
low in the investigated temperature range. Below the transition
temperature, it increases slightly with temperature, dropping
close to zero at elevated temperatures because of a strongly
increased electrical conductivity. The influence of chemical
substitutions on the thermoelectric properties of Ti,0; is the
focus of an ongoing study.

B CONCLUSIONS

Dense specimens of Ti,O; with given shape were synthesized in
pursuing a new preparation route. This route consists of a
single-step reaction starting from powder mixtures of rutile/
anatase and metallic titanium using the SPS technique. Ti,0; as
a single phase was obtained at 1473 K after 180 min of SPS
treatment. The electronic and thermal transport properties
reflect a transition from semiconductor to metallic behavior
above 400 K. The observed metallic-like behavior above this
temperature is in good agreement with previously reported

dx.doi.org/10.1021/ic3027094 | Inorg. Chem. 2013, 52, 44584463
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Figure 6. Temperature dependence of the electrical resistivity p (a),

the thermopower a (b), the thermal conductivity k (c), and the
dimensionless figure-of-merit ZT (d) for Ti,Os.

results. The figure-of-merit is low: a maximum ZT of 0.04 is
achieved at 350 K.
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