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de

Nb-doped TiO,-based nanostructures were novelly prepared by an economical and environmentally
friendly hydrothermal method from TiO, and Nb,Os powder precursors. The proposed formation
mechanism is acceptable for the design of various Nb-doped TiO,-based nanostructures. Furthermore,
Nb-doped TiO, nanostructured bulk materials (nanobulks) embedded with Ag nanoinclusions were
first fabricated by the bottom-up assembly of Ag,O nanoparticles loaded Nb-doped TiO,-based
nanostructures. The introduction of Ag nanoparticles remarkably increased the Seebeck coefficient (S)
of the TiO, bulk ceramic by 15% to 370 pV K~ in the maximum case on account of the electron filtering
effect. Moreover, their electrical conductivity (o) was also improved by one order of magnitude up to
160 Q' cm™!, resulting from the contribution of both introducing Ag nanoparticles and Nb-doping.
Finally, the figure of merit (Z7) was increased by about two-fold owing to the substantially optimized
power factors (S?¢). Our obtained results strongly confirm that the Ag embedded Nb-doped TiO,
nanobulks can be used as good thermoelectric materials up to the high temperature of about 800 °C.

1. Introduction

Thermoelectric materials, which can convert heat directly into
electricity efficiently and vice versa, become more and more
fascinating as the energy crisis and environmental issues inten-
sify. However, their applications are restricted mainly due to
their high costs and low efficiencies. Furthermore, as common
thermoelectric materials, Bi,Tes;, PbTe, SiGe-based materials
and complex “phonon glass electron crystal” (PGEC) materials’
have all kinds of disadvantages though relatively high perfor-
mance has been achieved. For example, some elements of the
composition are rare in the Earth’s crust, elementally harmful or
instable under high temperature. Hence, transition metal oxide
ceramics have attracted more and more attention owing to their
good thermoelectric prospects, innocuity, low costs and excellent
stability under high temperature.

Among the transition metal oxides that are promising ther-
moelectric materials, such as ZnO,? SrTiOs3,* TiO,,* cobaltates,’
etc., TiO, might be considered as the prime candidate because it
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can be easily fabricated into various nanostructures with great
potential thermoelectric applications.® Recently, there have been
a few studies focusing on the thermoelectric properties of
modified TiO; as in the following examples.*”® TiO, nanotubes
covered with Te-Bi—Pb nanoparticles exhibit larger .S than pure
TiO, nanotubes.” Nb,Os or Ta,Os doped (Tig755n9.,5)0>
ceramics show enhanced electrical conductivity and reduced
lattice thermal conductivity (k;)® while the B-doping of rutile-type
TiO, decreases both the electrical conductivity and thermal
conductivity (x).* Besides, modified TiO, is widely applied to
photocatalysis,” solar cells,’ gas sensors,’* lithium ion
batteries,!? etc.

Usually, Nb-doped TiO, nanostructures have enhanced
performance in applications.’®'® However, in wet chemical
preparations, which are more convenient in fabricating various
nanostructures than physical methods, expensive and unstable
niobium alkoxide or niobium chloride (NbCls) are always used
as the precursors. Consequently, economical and easy processes
should be investigated for the synthesis of Nb-doped TiO».

Up to now, the dramatic enhancements of Z7 in nanobulks
have come mostly from very large reduction of x rather than the
increase of S%¢. So it is obvious that we will pay much more
attention to the latter in seeking better performance materials. In
2008, Faleev and Léonard'” proposed a theory to improve S%a,
derived from the strongly energy-dependent scattering time of
electrons at metal-semiconductor interfaces in metal-semi-
conductor nanobulks. Unfortunately, few materials that can be
definitely improved by the introduction of metal nanoparticles
have been reported so far.’®' To the best of our knowledge,
metal-semiconductor nanobulks as essential n-type oxide
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thermoelectric materials for integrated thermoelectric devices
have not been reported. In addition, cermet composites usually
boost fracture toughness,? which is beneficial to the machining
of brittle ceramics. Undoubtedly, these types of nanobulks with
potential for thermoelectric applications are attractive.

For this study, we first used economical and stable TiO, and
Nb,Os powders as the precursors to synthesize Nb-doped TiO,-
based nanostructures via hydrothermal reactions. The products
of this process are mixtures of Nb-doped titanate nanotubes and
nanosheets, and they can be easily transformed into Nb-doped
TiO, nanoparticles by a heat treatment procedure in air, which is
obviously favoured over the frequently used expensive and
environmentally harmful methods. Then, by applying a brilliant
bottom-up assembly,”® Ag,O nanoparticle loaded Nb-doped
titanate nanostructures were successfully fabricated into nano-
bulks. The obtained thermoelectric properties confirm that the
proposed nanobulks have large potential for use in a relatively
high temperature range up to about 800 °C.

2. Experimental section
2.1. Materials

Commercial titanium dioxide (TiO,, 7 nm) with anatase phase
(ST-01, Ishihara) and niobium(v) oxide (Nb,Os) with 99.99%
metal basis (Aldrich) were used without further purification.
Diluted sodium hydroxide (NaOH), hydrochloric acid (HCI) and
silver nitrate (AgNOj3) solutions were prepared by mixing their
corresponding analytical reagents (Guangzhou Brand) with
deionized water.

2.2. Synthesis of Nb-doped TiO,-based nanostructures

An alkaline hydrothermal method similar to our previous
works?*?* was applied to synthesize non-doped and Nb-doped
TiO,-based nanostructures. At first, 1.92 g of TiO, and various
quantities of Nb,Os, the atomic ratio of Nb to (Nb + Ti) for the
starting materials is presented by the variable x, were poured into
10 M NaOH aqueous solutions (160 ml), which were stirred
vigorously by a magnetic bar. Ten minutes later, the mixture was
transferred into a 400 ml Teflon-lined autoclave aided with
a magnetic mixer (40 RPM) and kept at 150 °C for 40 h. After
hydrothermal reaction, the white precipitates were collected and
washed with deionized water until the pH values reached about
9. In order to prepare protonated non-doped and Nb-doped
TiO,-based nanostructures, a part of products were further
immersed in 0.1 M HCl solutions (400 ml) with vigorous stirring
at room temperature for 2 h, and then rinsed again by deionized
water until neutral. Finally, all products were dried in air at
120 °C for 2 h.

2.3. Preparation of Ag,O nanoparticle loaded titanate
nanostructures

The obtained powders without the acidic bath (pH = 9) were
soaked in various AgNOj; solutions, the concentrations of the
AgNOs solutions are represented by the variable y, at 60 °C for
46 h (pH < 5). Then, the faint yellow sediments were washed by
600 ml deionized water followed by being dried at 120 °C in air
for 2 h.

2.4. Compaction of powders to nanobulks

To study the thermoelectric properties, the desiccative Ag* ion
exchanged nanostructures and protonated non-doped titanate
nanotubes were pressed into rectangular bars and disks by cold-
pressing procedures with a pressure of 1.5 x 10° kgf cm~'. All
bulk materials were sintered in a pure N, atmosphere at
a constant heating rate of 5 °C min~' to 1100 °C and kept under
this condition for 10 hours in a tube furnace, where the samples
were put on a graphite boat. After cooling naturally to room
temperature, the Ag sediments on the surface of bulk materials
were removed by a grinding blade and the samples were polished
and incised for the thermoelectric characterizations. The nano-
bulks are denoted Ag,~Ti; _ Nb,O, in this paper.

2.5. Characterization techniques

XRD patterns were collected on a powder diffractometer
(PANalytical X’pert Pro MPD operated at 40 KV and 40 mA,
Cu Ka radiation, A = 0.154 nm) with a scanning step of 0.008°
(26). FTIR transmission spectra were recorded on a Bruker
TENSOR 27 spectrometer after the mixture of prepared powders
and KBr granules had been pressed into wafers. Raman scat-
tering spectra were studied on a JASCO NRS 2100 at room
temperature and a 488 nm laser line was used as the excitation
source. N, adsorption—desorption experiments were carried out
at 77 K (Quantachrome, autosorb-1) after the samples had been
outgassed at 250 °C for 6 hours. SEM and EDX characteriza-
tions were performed on a Hitachi S-4800 FESEM instrument
equipped with an Oxford energy dispersive X-ray detector. TEM
observations were executed on a JEOL-2100 microscope at
200 kV. Electrical resistivity and Seebeck coefficient were
measured by the static DC method (ULVAC-RIKO, ZEM-3)
under low argon (99.999%) atmosphere with temperature
gradients of 20 °C, 30 °C and 40 °C. The thermal conductivity
was calculated by using the formula: x = awcy, where «, w and ¢,
represent thermal diffusivity, density and specific heat capacity,
respectively. The heat capacity was measured by a differential
scanning calorimetry (TA Instruments, DSC-2910), thermal
diffusivity was investigated by a laser-flash method (ULVAC-
RIKO, TC-9000V) and density was estimated by the Archi-
medes’ methods. Carrier concentration (n.) was surveyed by
Hall-effect measurements with a van der Pauw electrode
configuration under a vacuum of 10~* Pa (Toyo Technica, Resi
Test-8300).

3. Results and discussion

3.1. Products of the hydrothermal reactions and formation
mechanism

The XRD patterns of nanostructures (pH = 9) after alkaline
hydrothermal treatments are displayed in Fig. 1a. It is observed
that the non-doped sample has the typical diffraction peaks
observed in sodium titanate nanotubes.?*** However, all peaks
are weakened by the addition of Nb,Os, especially the charac-
teristic reflection at about 10°, which corresponds to the spacing
between neighboring TiOg octahedron layers of the nanotube
walls.?* Meanwhile, no other materials are detected until the
quantity of incorporated Nb,Os reaches about x = 0.30, where
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Fig.1 (a) XRD, (b) FTIR transmission spectra and (c) Raman scattering spectra of the non-doped and various Nb-doped nanostructures (pH = 9). (d)
XRD of parts of the protonated samples after heat treatments at 600 °C in air for 4 h. (¢) XRD of the protonated sample with x = 0.15 after heat
treatment at 900 °C in air for 4 h. (f) Enlarged XRD of the regions marked by dot ellipses in (e).

some peaks of NaNbOs, as indicated by the black arrows in
Fig. 1a, appear. Therefore, Nb atoms might be intercalated into
the space between TiO, octahedron sheets. The introduction of
additive disturbed the crystallization process during the hydro-
thermal reactions.

According to FT-IR spectra shown in Fig. 1b, the absorption
at around 3423 cm™' can be attributed to the stretching vibra-
tions of hydroxyl groups, and the absorption at 1635 cm™' is
associated with the H-O-H deformation vibration of the phys-
isorbed water.?® These phenomena demonstrate that a large
amount of adsorbed water and a large number of hydroxyl
groups exist in the products. As in earlier reports,®**” the
absorption bands near 900 cm~' and 650 cm™' are observed for
all samples without acid treatment due to the existence of Na*
ions. At lower wave numbers, the peak near 468 cm~' has been
assigned to the Ti—O-Ti vibrations of the interconnected octa-
hedra.?” The band near 468 cm ' indicated by the dotted arrow in
Fig. 1b broaden with increasing Nb content. This may be
attributed to the existence of Nb-O bonds.?® In particular,
a absorption region characteristic of MNbO; (M = Li, Na and
K) at about 500-800 cm ™' appears in the sample of x = 0.50 as
marked by the solid arrow in Fig. 1b, and thus agrees with the
result of the XRD study.?

The Raman spectra show broad bands near 167, 190, 275, 385,
441, 664, 700 and 914 cm™! as given in Fig. lc. These agree well
with the previous literature on titanates.*® No distinct peaks of
sodium niobate®! and niobium pentoxide®? can be found even at
values of x up to 0.20, which have been revealed by the XRD
patterns of Fig. la. There are slight shifts indicated by vertical
dotted lines for the bands at around 441, 664 and 911 cm™
between the two represented samples. These bands have been

assigned to the internal vibrations of the TiOg octahedra, the Ti—
O vibrations of anatase and the symmetric stretching mode of
a short Ti—O bond in sodium titanate, respectively.’® It seems
that these changes are also induced by the Nb—O bonds. On the
basis of these observations, it is most likely that Nb atoms are
bonded with O atoms, but they are amorphous.

It may be more convenient to infer their structures from the
characterization after heat treatment in air because of the better
response of XRD to improved crystallinity. Based on this,
thermal treatment under various temperatures in air were applied
to the protonated samples. The XRD patterns of the heated
samples are shown in Fig. 1d and e. Clearly, all protonated
nanostructures (x < 0.20) are converted to the anatase phase
without any impurities (see Fig. 1d) after heat treatment at
600 °C for 4 h. The crystallite size of the samples (x < 0.20) was
estimated as listed in Table 1 by using the Debye—Scherrer
equation. The crystallite size is suppressed significantly for the
Nb-doped samples. In addition, the diffraction peaks slightly
shift to lower degrees for these samples. It is also worth noting
that weak reflections indexed to TiNb,O; (see Fig. If) are

Table 1 Crystallite sizes estimated by Debye—Scherrer equation based
on the peak of (101) of the sample shown in Fig. 1d

Crystallite
Samples size (nm)
x =0.00 27.4
x =0.06 15.9
x=0.10 15.1
x=0.15 14.9
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obtained for the sample with x = 0.15 which has been trans-
formed from anatase into the rutile phase (see Fig. le) at 900 °C.
These results fit well with the conclusion of D. Wu ef al.*® which
focuses on Nb-doped TiO, powders, and we can be assured of the
successful substitution of Ti to Nb.

Accordingly, it might be concluded that Nb atoms are
dispersed in titanate nanostructures in disorganized states but
bonded to adjacent O atoms.

The shapes and morphologies of the nanostructures were
characterized by using FESEM as given in Fig. 2, N, adsorption—
desorption analysis as in Fig. 3 and TEM as in Fig. 4. From
Fig. 2a and 4a, the non-doped sodium titanate nanostructures
are mainly nanotubes with large aspect ratio. However, mixtures
of nanotubes and nanosheets are obtained for the Nb-doped
samples (see Fig. 4b). This relatively poor yield of nanotubes is
attributed to the fact that the process of nanosheets scrolling into
nanotubes during hydrothermal synthesis is hindered by the
additive. In particular, these mixtures are glued together to form
small agglomerations, and furthermore this phenomenon seems
to be more and more highlighted with the increasing of atomic
ratio (x) as observed in Fig. 2b and c. These SEM images suggest
that the exfoliation of layered nanosheets is not perfect so that
they are connected with each other locally. There are some
peculiar nanoparticles with diameters of about 10-30 nm accu-
mulating on the surface of the nanostructure for the specimen
with x = 0.20 in the case of Fig. 2d. These particles are amor-
phous in the TEM image as displayed in the inset of Fig. 2d. It
may indicate that the excess addition of Nb,Os results in the
crystallization of NaNbO; from amorphous particles for the
continuous increasing of x, and this corresponds to the result of
the XRD study for the sample with x = 0.30.

N, adsorption—desorption tests provide us with the auxiliary
evidence to support the discussion as described above. Fig. 3a
and b show N, adsorption—desorption isotherms and the corre-
sponding pore size distribution curves of non-doped and Nb-
doped nanostructures. The hysteresis loops shift to the region of
higher relative pressure and their areas decrease as the Nb

Fig. 2 SEM images of the samples (pH = 9) with different Nb content:
(a) x = 0.00, (b) x = 0.06, (c) x = 0.15, (d) x = 0.20 after hydrothermal
reactions at 150 °C. Inset in (d) shows the corresponding TEM image
with 20 nm scale bar of amorphous particles.

content increase, suggesting that the BET surface areas and pore
volumes decrease as listed in Table 2 owing to the generation of
lots of nanosheets during the hydrothermal reactions. All the
samples have single pore size distributions with the maximum at
about 3.8 nm, which might correspond to the size of pores inside
the nanotubes. Consequently, we reconfirm the existence of
nanotubes.

The HRTEM images shown in Fig. 4b;—bs and the inset of
Fig. 4a could provide more detailed information for the damage
effect of Nb,O5 to the formation of nanotubes. There are two
disparate areas in both nanotubes and nanosheets in the Nb-
doped sample, namely, well ordered (see the areas of 1 in Fig. 4b,
and b,) and poorly ordered (see the areas of 2 in Fig. 4b; and b,)
regions. On the contrary, the non-doped nanotubes seem to be
better organized as shown in the inset of Fig. 4a. This may be
explained as follows. Under the hydrothermal conditions of our
experiments, Nb,Os tends to form perovskite NaNbO3,** which
has a corner-sharing NbOg octahedron block. On the other hand,
it is believed that TiO, is transformed into monoclinic titanate,3"
orthorhombic titanate*®* or anatase’” during hydrothermal
treatments, in all of which edge-sharing TiOg octahedra are
essential. This difference might result in poor crystallization for
the simultaneous precipitation of Ti** and Nb>". It is remarkable
that the trumpet-like nanostructure composed of nanosheets,
nanotubes and nanowires is observed as shown in Fig. 4b;. This
unique morphology is the first such found for titanate nano-
structures. We propose that short nanotubes were generated
during the hydrothermal reactions,* and then these nanotubes
became longer and longer by growing at both ends. However, for
this trumpet-like nanostructure, the diameter of the short
nanotube at one end is larger than that at the other end as dis-
played in the area of 2 in Fig. 4b;, which could be ascribed to the
interference of the additive or other fluctuation factors. There-
fore, the end with small diameter is likely to become closed while
the other would epitaxially grow into curly nanosheets because
a larger inner diameter is unstable for the nanotube.

Reviewing the present results and adopting some conclusions
from earlier studies,*3**® the possible formation mechanism of
Nb-doped nanostructures in the hydrothermal processes can be
proposed. The schematic of it is illustrated in Fig. 5. The outmost
part of the TiO, powders is dissolved at first and then recrys-
tallized into lamellar sodium titanate because TiO, powders can
be synthesized into nanosheets at low hydrothermal tempera-
tures (<60 °C)**3® while Nb,Os powders are still inert even at
100 °C.3%3* As the lamellar sodium titanate grows to be large
enough, thin multiwall nanosheets tend to peel off. These frag-
ments are flexible enough to scroll into short nanotubes, the
driving force arising from mechanic tension® and/or the fluctu-
ation of surrounding conditions.?”® However, once the hydro-
thermal temperature rises to the critical point thus activating
Nb,Os, the residual TiO, and Nb,Os dissolve and precipitate
simultaneously. The new generated lamellar sodium titanate
contains both TiOg and NbOg octahedra. The different struc-
tures of their stable forms result in poor crystallized regions
where O-M-O (M = Nb or Ti) bonds break the parallel layers or
enhance local coalescence. This local coalescence is more rigid
than the electrostatic attraction, which is induced by sodium ions
between layers in sodium titanate, so the scrolling of nanosheets
into short nanotubes is hindered. At last, the agglomerated
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Fig. 3 (a) N, adsorption—desorption isotherms and (b) corresponding pore size distributions of non-doped and Nb-doped nanostructures (pH = 9).
The pore size distributions were determined by using the Barret-Joyner—Halender (BJH) method on desorption branches.

Nb-doped nanosheets with large aspect ratio are obtained after
the hydrothermal treatments. On the other hand, the short tita-
nate nanotubes formed at the very beginning might retain their
nanotubular structure during the subsequent Nb-doping growth
process even though their crystallinity suffers from the distur-
bance. It is worth pointing out that the concentration of dis-
solved Nb** ions in alkaline solutions during the hydrothermal
reactions might not be uniform in the autoclave and may be time-
dependent, which could be responsible for the formation of
designated inhomogeneous poor ordered regions. This proposed
formation mechanism may provide a guide to tailor various Nb-
doped TiO,-based nanostructures.

3.2. Ag,0 nanoparticle loaded titanate nanostructures

Now, we mainly focus on the ability of hydrothermal products to
load Ag,O nanoparticles with small sizes, which is favorable to
the fabrication of Ag nanoparticle embedded nanobulks.

Table 2 BET surface areas and total pore volumes of non-doped and
Nb-doped nanostructures (pH = 9)

BET surface area Total pore volume

Samples (m?g™") (cm® g)
x =0.00 261.014 0.365
x=0.03 238.593 0.250
x =0.06 225.498 0.215
x=0.10 203.534 0.214

The impregnative aqueous ion exchange method is widely
applied to prepare Ag nanoparticles loaded titanate nano-
structures.***! Tt is believed that the process contains three
steps:*! (1) Ag* ions are exchanged with Na* or H* ions on the
outer and inner surfaces, (2) absorbed Ag* ions are deposited on
the surface of the titanate nanostructures in the form of Ag,O,
and (3) the Ag,O is thermally, chemically or photochemically
reduced to Ag nanoparticles.

Fig. 4 TEM micrographs of the samples (pH = 9) with different Nb content: (a) x = 0.00 and (b) x = 0.06. Inset in (a) shows its corresponding
HRTEM image (a single nanotube). High-magnification images of a (b;) nanosheet, (b,) nanotube and (bs) peculiar trumpet-like nanostructure
composed of nanosheets, nanotubes and nanowires for the sample with x = 0.06.
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Fig. 5 Schematic illustration of the possible formation mechanism for
a Nb-doped titanate nanotube and Nb-doped titanate nanosheets. Before
the hydrothermal temperature reached the active point of Nb,Os, some
short pure sodium titanate nanotubes had been generated. However, the
formation of short nanotubes was interrupted when the temperature was
high enough to activate Nb,Os.

Fig. 6b and c illustrate the SEM morphologies of the non-
doped Ag" ion exchanged sample with x = 0.00/y = 0.05 and
x = 0.00/y = 0.20, respectively. Apparently, these Ag" ion
exchanged samples appear as more compact materials compared
with the protonated sample with x = 0.00/y = 0.00 (see Fig. 6a)
whose fibrous shape is nearly the same as the parent sodium
titanate nanotubes as shown in Fig. 2a. Moreover, the degree of
compaction seems intensified as a function of the increased
concentration of the AgNOj; solutions when the other conditions
are unchanged. The Nb-doped sample with x = 0.06/y = 0.05 as
shown in Fig. 6d also has a more compact morphology in
contrast to its precursor (see Fig. 2b). These results may be
associated with the precipitated nanoparticles on the surface of

Fig. 6 SEM images of the (a) protonated sample with x = 0.00/y = 0.00
and Ag" ions exchanged sample with (b) x = 0.00/y = 0.05, (c) x = 0.00/y
= 0.20 and (d) x = 0.06/y = 0.05. TEM images of the Ag,O nanoparticle
loaded samples with (e) x = 0.00/y = 0.05 and (f) x = 0.06/y = 0.05.

the titanate-based supports as displayed in Fig. 6e and f for the
sample with x = 0.00/y = 0.05 and x = 0.06/y = 0.05, respec-
tively. It can be recognized that small nanoparticles with
a maximal diameter of about 10 nm decorate the bundles of both
non-doped titanate nanotubes and Nb-doped titanate
nanostructures.*!

Their XRD patterns are given in Fig. 7a, where the remarkable
changes of peaks emerge for the sodium titanate nanotubes after
acidic treatment or the Ag* ion exchange processes. The peaks at
around 9.89°, 28.39° and 61.13° appearing for the non-doped
sodium titanate nanotubes nearly disappear after the acidic
treatment whereas the peak near 24.28° increases. This is origi-
nated from the replacement of Na* ions by H* ions in the sample.**
Specially, the Ag" ion exchange processes not only erase the peak
at 9.89° but also destroy the peak at 24.28°. This might be
attributed the staking disorder on the layered structure of titanate
nanotubes caused by Ag* ion incorporation.** The peak at 28.39°
shifts to higher degrees, suggesting that Ag* ions are successfully
intercalated into their interlayer position and bind more strongly
with the TiOg layers than Na* ions.*! Additionally, a shoulder
upwarping reflection at 32-38° verifies the generation of Ag,O
(JCPDS no. 12-0793) nanoparticles, which corresponds to the
results of SEM and TEM observations in Fig. 6. The Ag,O is
considered to be reduced to Ag during subsequent high temper-
ature sintering processes in a N, atmosphere.

3.3. Nanobulks after sintering

The compositions and structures of samples after sintering were
determined by XRD as shown in Fig. 7b. The sample deriving
from the non-doped protonated titanate nanotubes (see curve a)
is completely transformed into pure rutile-type TiO, (JCPDS
no. 89-4920, space group: PA42/mnm), while the Ag" ion
exchanged specimens are the composites of TiO, and Ag. No
other crystalline impurities are detected in the Nb-doped
samples (see curve e). In addition, their peaks shift to lower
degrees because of the slightly larger radius of Nb** (#(Nb>*) =
0.064 nm) than that of Ti**, (+(Ti**) = 0.0605 nm),* indicating
that the Nb-doping occurs by substitution of the Ti atoms. This
result agrees with the case of heat treated samples in air as seen
in Fig. 1d. However, the secondary phase TiNb,O; is appar-
ently not found for the samples sintered in a N, atmosphere,
indicating that the solubility limit of Nb°* into rutile in a N,
atmosphere is higher than that in air.** Therefore, their reaction
equations can be given as follows, where V*  represents
a vacancy with 4 negative charges and Nb’* represents a Nb
cation with positive 5 valances:

Air(600° C)
e —

ngzo5 + (1 - X)TiO, (Vi ):Tit Nb*O; (anatase)

+30: (a)

(0.03 + z)Nb,0s

Air(900°c), x> 0.06

+(0.94 4 2)TiO) — (Vi) oo1s Tio 5, Nb3 5O,

i

(rutile) + zTiNb,O; + 0.0150, (b)
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Fig. 7 XRD of the (a) alkaline, protonated and Ag* ions exchanged titanate nanostructures (in this figure, (B) represents sodium titanate nanotubes
and (A) represents protonated titanate nanobutes) and (b) nanobulks after sintering.

Nitrogen(1100°C)
e

ng205+(1 — X)TiO, Ti* Tit, Nb* O, (rutile)

Jrgo2 ©

Oxidative synthesis conditions in air might play in favor of the
reactions described by the eqn (a) and (b), because both Ti and
Nb cations maintain the highest oxidation states. The charge
would be compensated by creating Ti cation vacancies. On the
other hand, the reaction eqn (c) is considered for the reductive
synthesis conditions in a N, atmosphere, where the Nb cations
still keep the highest oxidation state. The charge equilibrium is
realized by reducing Ti** to Ti**.'*3¢ The solubility limit of Nb*>*
into rutile under the oxidative preparation conditions is about x
= 0.06,**** 50 the secondary phase TiNb,O; is detected when the
Nb concentration is high (x > 0.06, eqn (b)) just as exposed in
Fig. 1f and e.

The morphologies of the samples are displayed in Fig. 8. The
pure TiO, (see Fig. 8a) exhibits a flatter surface with boundary
sizes of several microns than both the non-doped and Nb-doped
composites as shown in Fig. 8b and c, respectively. Their corre-
sponding high-magnified images in Fig. 8b; and ¢, show the clear
features mentioned above. The Nb-doped cermet (x = 0.06) as
given in Fig. 8c features more convex particles than the non-
doped one in Fig. 8b. The EDX mapping of Ti, Nb and Ag and
the line-scanning analysis along the part shown in Fig. 8c, are
given in Fig. 8cs—cg, respectively. On all of the composites, Ag
particles from about 50 nm to 2 pm are observed as exemplified
in Fig. 8c;.

It is worthwhile to point out that the oxygen vacancies (V** or
Ti**) should be formed during the sintering process because of
the high temperature and weak reductive atmosphere conditions.
These vacancies might bring the oxygen-defect level in the band
gap close to the conduction band of TiO,, which could be
responsible for the lower electrical resistivity of our obtained
TiO, in contrast with stoichiometric TiO,.*¢

3.4. Thermoelectric properties of the nanobulks

Fig. 9a gives the temperature-dependent electrical resistivities
(p) for our samples. The p—T curves of non-doped samples are
decreasing below 650 °C, suggesting a semiconducting
behavior. However, they slightly rise as the temperature further

increases. This may be attributed to the concentration of
carrier being approximately invariable while the mobility
decreases gradually. On the contrary, the ascending trend is not
remarkable and the descending feature at low temperature
becomes more and more distinct along with the increasing of
Nb content for the Nb-doped specimens. In reality, all the
samples roughly present activation-type transport in low
temperature region where electrical conductivity is linearly
dependent on 1000/7" as shown in Fig. 9a;. By using the rela-
tions*” given by:

p = poexp(E/kpT) 1)

where kg is the Boltzmann constant, the activation energy E, can
be calculated from this Arrhenius plot in Fig. 9a,. The values
depending on Nb and Ag content are listed in Table 3. They rise
with increasing of Nb content and seem independent of Ag
content (Table 3). These phenomena are ascribed to the fact that
the Nb-doping level is stronger and farther away from the
conduction band than the oxygen-defect level in the band gap. It
is remarkable that the addition of both Ag and Nb reduce the
electrical resistivity though different mechanisms take effect. The
former perhaps mainly relies on the electrical connection
between TiO, grains enhanced by Ag particles while the latter
results from the increasing of carrier concentration contributed
by the Nb>* addition.

The Seebeck coefficients as a function of temperature are
exhibited in Fig. 9b. All samples show negative values, indicating
that they are n-type semiconductors. The enhancement of S is
obvious after the introduction of Ag particles for the non-doped
samples, in particular, the absolute value of Aggos—TiO,
increases by about 50 pV K~' at temperatures higher than
500 °C. This can be explained by the theory of Faleev and
Léonard,'” where the thermopower is largely enhanced by the
stronger scattering of low energy electrons than high energy
electrons at the interface of semiconductor and metal. For the
Nb-doped composites, at first, the effect caused by the change of
Nb-doped TiO, granules’ sizes is negligible because the variation
of electronic scattering owing to the increasing of boundaries of
Nb-doped grains is insignificant. Then, by using the following
equation:*®

|S| = —(kg/e)ln 10A4(log n. + B) 2)
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Fig. 8 SEM images of (a) TiO,, (b) Agp.os—TiO, and (c) Agp.os—Tip.0aNbg 00, and high-magnified SEM micrographs of (b;) Aggos—TiO, and (c;)
Ago.05-Tip.0aNbg 060>. An electron image (c,) of Agp.0s—Tig.94Nbg 060> selected to perform EDX analysis. Its corresponding elemental mapping of Ti
(green), Nb (cyan) and Ag (purple) are shown in (c3), (c4) and (cs), respectively, and line-scanning (indicated by the oblique line in (c,)) result is displayed
in (cg). The particles whose sizes have been labeled in (b), (b;), (c) and (c;) are metallic Ag.

where 4 and B are intrinsic parameters determined by the types
of materials and their energy band structures, it is convenient to
identify the relationship between the absolute values of Seebeck
coefficient (|S]) and carrier concentration (n.). As shown in
Fig. 9b,, the slope of the logn. — |S| plot for our samples is
clearly steeper than that for the Nb-doped TiO, with anatase
phase (=—140 pV K-1).* Since the anatase and rutile phase have
the same tetragonal TiOg4 system, it is reasonable to assume that
they have nearly the same slope. Therefore, this deviation is
presumably attributed to the effect of the Ag particles. Finally, it
is easy to find that the content of Ag in the designated samples
augments the activation energy when the Nb additive increases as
shown in the third column of Table 3. This result suggests that
large Ag particles may be abundant in the heavily Nb-doped
specimens. This is responsible for the sharp decrease of ther-
mopower with the increasing of electron concentration because
large Ag grains are harmful to large Seebeck coefficients.

Accordingly, nanobulks display an apparent improved power
factor in contrast with the case of pure TiO, as given in Fig. 9c.
The maximum is obtained by Agg os—Tig.94Nbg 060> and is about
three times higher than that of the pure TiO,. However, succes-
sively increasing Nb content results in the stagnation of power
factors due to the non-compensatable decrease of S as described
above.

Obviously, the introduction of Ag increases the thermal
conductivity of composites as shown in Fig. 9d, which indicates

the existence of large sized Ag particles. Generally speaking, Nb-
doping hinders the growth of TiO, crystalline grains,*** which
generates lots of boundaries to scatter middle and long wave-
length phonons. That is why the thermal conductivity of Nb-
doped samples is suppressed in low temperature region as shown
in Fig. 9d. In spite of the partial counteraction by thermal
conductivities, the values of ZT are still enhanced (see Fig. 9e).
The maximal value of ZT is 0.082 at 973 K for the sample of
Agp.05—Tip.04Nbg 0602, which is about two times higher than that
of TiO, (see Fig. 9¢). This value is one of the better ones reported
for n-type Ti-based thermoelectric materials.

3.5. Evolution mechanism of the nanobulks during sintering

The relationship between thermoelectric properties and the
characteristics of metal particles (size and content) is intimate as
described in Section 3.4. Therefore, it is worthwhile to summarize
the evolution of semiconductor-metal composites during sinter-
ing processes for the prescription to the future efficient experi-
ments. The schematic of it is illustrated in Fig. 10.

Unlike refractory TiO,, whose melting point is about 1855 °C,
noble metal Ag with a melting point of about 961 °C in the bulks
is melted during our sintering procedures. The contact angle
between the TiO, crystallites and the liquid Ag is greater than 90°
in an inert atmosphere as described in the earlier literature,*® so
the Ag exists as liquid drops in the non-doped/Nb-doped TiO,

This journal is © The Royal Society of Chemistry 2012
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Fig.9 Thermoelectric properties of the nanobulks: (a) electrical resistivity, (b) Seebeck coefficient, (c) power factor, (d) thermal conductivity (the lattice
thermal conductivity is estimated by subtracting the corresponding electronic thermal conductivity whose value is calculated through the Wiedemann-—
Franz law: kejecrron = Loo T, where Ly is the Lorentz constant equaling to 2.44 x 108 W Q K~?) and (e) value of ZT as a function of measurement
temperature. (a;) Arrhenius plot of electrical conductivity and (b;) the relationship between carrier concentration (1) and absolute value of Seebeck
coefficient (S) obtained from Ag0>05*Ti02, Ag0'05*Ti0_97Nb0'0302, Ago_OS*Ti0'94Nb0>()602 and Ago_OS*Ti()'gsNbo_lsoQ (from left to rlght) at 1000 K,
respectively. Here, the slope of Nb-doped TiO, with anatase phase from ref. 49 represented by the dotted line is given for comparison.

Table 3 Active energy (F,) estimated by the Arrhenius plots shown in
Fig. 3a; and atomic ratio of Ag to (Ti + Nb) calculated by using the
analysis results of EDX spectra. The area selected for investigation of
EDX spectra is 50 x 50 pm?

Active energy

Samples (E,) Ratio of nag/(nTi + nnw)”
TiO, 24 meV 0

Ag0_05*Ti02 25 meV 0.079

Ag()'lofTiOz 25 meV 0.098

Ago.15-TiO, 25 meV —

Ago20-TiO; 26 meV 0.129

Ago.05~Tip.97Nbp 0302 45 meV —

Ag0_057Ti0'94Nb0_0502 50 meV 0.112

Ago.0s~Tip.8sNbg 1502 81 meV 0.192

“ The results of Ago.lsziOZ and Ag0‘05fTi0.97Nb0,0302 are absent
because they were not investigated.

matrix during the high temperature (1100 °C) sintering processes.
In order to minimize the interfacial energy of the system, small
liquid drops migrate to form bigger drops through two possible
mechanisms: (1) mass exchange leading to collapse of the indi-
vidual drops, and (2) the spatial movement resulting in the
droplet collisions and the merging events.>* However, the sizes of

Sintering process

Cooling
Heating 1100°C down )
5 °C/min 10 hours natu,-a"EE
The droplets ripening and merging of Ag liquid 79 >
drops in bulks would be obstructed by the space @"' S
limitation of TiO, matrix whereas the ones L) ,\(\Q B °®®
outside would be unrestricted. Rl s °\§',¢9 &
Ag particl TiO,, matri IR &
@ Ag particles |:| iO, matrix . e ~o°'bQ°\e°
o of

Fig. 10 Schematic illustration of the possible formation mechanism for
nanobulks during the sintering processes. The droplets ripening and
merging of Ag liquid drops embedded into the bulks would be obstructed
by the space limitation of non-doped/Nb-doped TiO, matrix whereas the
ones outside would be unrestricted.

drops embedded into the matrix might be limited because of the
space limitation imposed by the solid non-doped/Nb-doped TiO,
matrix. Conversely, this limitation is absent on the surface of the
matrix. Thus, melted Ag drops could be continuously extruded
from inside the bulk composites.
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Consequently, we can conclude that intensifying the space
limitation of non-doped/Nb-doped TiO, matrix is effective to the
formation of small-sized Ag particles, which improves thermo-
electric properties (higher ZT). This could be realized by using
higher pressure in cold-pressing procedures as well as acceler-
ating the growth rate of TiO, during the heating processes.

4. Conclusion

In summary, an economical and environmentally-friendly
hydrothermal reaction was proposed to prepare one-dimensional
Nb-doped titanate nanostructures which also can be transformed
into Nb-doped TiO, nanoparticles by a simple heat treatment in
air. The formation mechanism of these nanostructures was dis-
cussed. During the hydrothermal reactions, very short sodium
titanate nanotubes had been generated before Nb,Os was acti-
vated. However, the co-precipitation of Nb’* and Ti*" ions
definitely destroyed the formation of short nanotubes.

By using bottom-up assembly, Nb-doped TiO, nanobulks
embedded with Ag nanoinclusions were successfully prepared by
an aqueous ion exchange process and subsequent liquid phase
sintering procedure in a N, atmosphere.

The introduction of Ag nanoparticles improved the thermo-
electric performance of TiO,-based ceramics, suggesting that
these types of nanobulks can provide a pathway to search for
promising thermoelectric materials. Furthermore, there remains
large scope for the further enhancement of Z7 by the optimi-
zation of the simple liquid phase sintering process or adopting
other advanced sintering techniques. The evolution mechanism
of our nanobulks proposed in this paper may also help to
fabricate other metal-semiconductor nanobulks. In addition,
our work indicates that combining nanostructuring and atomic
doping is a good approach to enhance thermoelectric properties.
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