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The large thermal conductivity of bulk complex metal oxides such as
SrTiO3;, NaCo,04, and Ca3;Co409 has set a barrier for the
improvement of thermoelectric figure of merit and the applications
of these materials in high temperature (=1000 K) thermoelectric
energy harvesting and solid-state cooling. Here, we present a self-
templated synthesis approach to grow ultrathin SrTiO3 nanowires
with an average diameter of 6 nm in large quantity. The thermal
conductivity of the bulk pellet made by compressing nanowire
powder using spark plasma sintering shows a 64% reduction in
thermal conductivity at 1000 K, which agrees well with theoretical
modeling.

Substantial progress has been achieved on using thermoelectric
materials to convert waste heat into electricity." The performance of
thermoelectric materials is usually evaluated by the figure of merit
(ZT), which is defined as S*T/pk (S: Seebeck coefficient; p: electrical
resistivity; 7% temperature; «: thermal conductivity). Recent research
on nanostructured thermoelectric materials, especially the nanowires,
has shown that a significant improvement in Z7 could be achieved
because of the dramatic reduction of thermal conductivity in nano-
wires comparing to the bulk materials.>* On the other hand, the
thermoelectric energy harvesting from high-grade heat (>1000 K) is
dominated by using Yb;;MnSby4* and Si-Ge,>® both of which
exhibit a few obvious drawbacks, including the material instability
(oxidation or decomposition) at high temperature and high raw
material cost due to the use of scarce elements. In contrast, complex
metal oxides, such as SrTiOs;, NaCo,O4 and CazCos00, are
considered much more stable at high temperature in oxidative
atmospheres, and thus are particularly suitable for the thermoelectric
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devices operating at high temperature. However, the Z7 of complex
oxides'>™ has been historically too low for most practical applica-
tions due to their extremely large thermal conductivity: for SrTiOs,
although it has an unusually high power factor (S%p) of 20 pW cm ™!
K2, the thermal conductivity is 10 W m~' K=, which results in a ZT'
of only 0.26 at 1000 K. So, the advantageous chemical and structural
stability of complex metal oxides, if coupled with well-controlled
nanowire structures with finite diameter, could significantly reduce
the thermal conductivity by effectively scattering the phonon at the
nanowire surface and interface and provide a promising approach to
improve the ZT above the state of the art. At the same time, in order
for nanowire-based thermoelectric materials to have a real techno-
logical impact, a rational yet scalable synthetic approach has to be
developed.

Our interest in SrTiO; is motivated by its high power factor, high
temperature stability (melting point above 2000 °C), and its
composition made from non-toxic and earth-abundant elements.”!
The synthesis of SrTiO3 nanowires has been pursued by several
groups, which involve either the synthesis, oxidation, and decom-
position of a highly flammable bimetallic alkoxide precursor of
strontium titanium isopropoxide'® or high temperature (>800 °C)
solid state reaction between strontium oxalate and TiO,,"” yet neither
yielded uniform nanowires in large quantity with diameter below 10
nm and narrow size distribution. In this study, we demonstrate the
development of rational synthesis of ultrathin SrTiO; nanowires with
an average diameter of 6 nm through a novel self-templated approach
and show that indeed the thermal conductivity of the bulk pellet
fabricated by compressing these SrTiO; nanowire powder using
spark plasma sintering can be reduced by 64% at 1000 K.

The self-templated synthesis approach involves two steps that can
be characterized separately using X-ray diffraction (XRD, Fig. 1a)
and transmission electron microscopy (TEM) as shown in Fig. 1b-d.
In a typical growth, 0.08 g of TiO, nanopowders (anatase, purchased
from Aldrich, Fig. 1b) are mixed with 6.8 g potassium hydroxide
(KOH) in 12 mL water (H,O) and heated for 3 days to synthesize
potassium titanate (K,TigO;7) nanowires (Fig. 1c) in a hydrothermal
reactor at 200 °C. These K,TigO;7 nanowires, which can be washed
and collected as the self templates, will then be re-mixed with 0.106 g
strontium nitrate [Sr(NO;),] and 0.67 g KOH in 10 mL water and
heated for another day in a hydrothermal reactor at the same
temperature to obtain SrTiO; nanowires (Fig. 1d) through the cation
exchange reaction.” The overall yield of SrTiO; nanowires is up to
60% estimated from the starting precursors. XRD analysis (Fig. 1a)
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Fig. 1 (a) XRD patterns of SrTiOs, K,TigO;7 and TiO, nanopowder
Aldrich, respectively. (b) TEM image of TiO, nanopowder Aldrich (scale
bar, 50 nm). (c) TEM image of K,TigO,; nanowires (scale bar, 100 nm),
inset at the top corner is a HRTEM image of a K,TigO,; nanowire (scale
bar, 2 nm). (d) TEM image of SrTiO; nanowires (scale bar, 100 nm), inset
at the top corner is a HRTEM image of a SrTiO3 nanowire (scale bar,
2 nm).

confirms the full conversion from TiO, to SrTiO; through the
intermediate step of K,TigO;7. Low magnification TEM character-
izations show that both K,TigO; (Fig. 1c) and SrTiO; (Fig. 1d)
nanowires have very narrow diameter distribution with an average
diameter of 6.79 + 1.18 nm for K,TigO;7 and 5.8 + 0.89 nm for
SrTiOs, respectively. Notably, both K,TigOy; (Fig. 1c) and SrTiO3
(Fig. 1d) nanowires tend to bundle together due to the lack of organic
capping ligands while surprisingly maintaining as a stable suspension
in water without the overgrowth even after a four-day process, which
is mainly due to the colloidal behaviour associated with their finite
diameters. High resolution TEM (HRTEM) characterizations have
also been used to characterize the crystallinity of our nanowires,
which indicate that both K,TigO;7 (inset, Fig. 1b) and SrTiOj3 (inset,
Fig. 1c) nanowires are single crystals and the lattice fringes in the
HRTEM images have been identified as (311) and (110) for K, TigO,;
and SrTiOs, respectively.

The uniform SrTiO; nanowires with diameters less than 10 nm
could significantly increase the scattering of phonons at the nanowire
surface and interface, thus reducing the thermal conductivity.®* In
order to measure the thermal conductivity of the ultrathin SrTiO;
nanowires, we have fabricated bulk pellets of SrTiO; nanowires with
1 inch diameter and 0.1 inch thickness by performing spark plasma
sintering (SPS) on the dried nanowire powders. The large DC current
(15 KA) and high pressure (50 MPa) have helped to obtain a relative
density of 54.4% within 10 minutes of sintering at 800 K. Thermal

diffusivity measurements have been performed on these pellet
samples, which show a slightly increased thermal conductivity
from room temperature to 1000 K with a value of 1.95 W m~! K-!
at 1000 K (Fig. 2, blue triangles).

In order to understand the reduction of the thermal conductivity in
these ultrathin nanowires and its temperature dependence, we use an
effective porous medium approximation together with empirical
fitting. In the prepared sample, the electronic carrier concentration is
relatively low so that the electronic contribution to the thermal
conductivity can be neglected, and the thermal conductivity is solely
contributed by phonons. In SrTiO; bulk crystals, phonon transport is
dominated by phonon-phonon scattering. However, in the SPS-
processed sample the SrTiO; nanowires are randomly oriented and
interconnected, and phonons are mainly transported along 1D
nanowires and across nanowire-nanowire contacts. Therefore,
intrinsic phonon—phonon scattering is no longer important while
phonon scattering at nanowire surfaces and contacts become essen-
tial. We note that the value of interfacial thermal resistance is typi-
cally in the order of 10~° to 10~ m?> K W~!2'2% In the case of SrTiO3
nanowires with a diameter of 6 nm, the interfacial contact area
between two interconnected nanowires can be assumed to be
3 x 107" m? or larger, and the associated thermal contact resistance
is about 107 to 10° K W~'. On the other hand, the typical length of
our SrTiO; nanowires is around 100 nm, and if we assume the
thermal conductivity of an individual SrTiO3 nanowire to be 2 W m~!
K™, the corresponding nanowire axial thermal resistance is about 10°
to 10" K W~'. As we can see, the contact thermal resistance is
generally lower than that of nanowire axial resistance and is unim-
portant when arranged in series. Therefore, as a good approximation,
the thermal resistance of nanowire contacts is neglected at the
moment. Under such simplifications, nanowire composite can be
viewed as a continuous porous medium, with the “solid” to be
interconnected SrTiOz nanowires and the “pores” to be the air gaps.
Since the thermal conductivity of air is very low, the relationship
between the effective thermal conductivity of the nanoporous
medium and that of unperturbed continuous medium can be
obtained as:**
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Fig. 2 Comparison of thermal conductivity plot between bulk crystal
data (extrapolated from ref. 29), empirical model and experimental
measurements of SrTiO3 nanowires. Also presented are the effective
phonon mean free paths (Mfp) in bulk crystal and SrTiO3 individual
nanowires.
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keifko = (1 — P)™,

where kg is the effective thermal conductivity of nanocomposite and
ko 1s the average thermal conductivity of an individual nanowire.
P = (p — pep)lp = 0.46 is the porosity, where p = 5.13 g cm~? is the
SrTiO; bulk density and per = 2.787 g cm~ is the measured density
of our sample. The parameter e is the shape factor of pores and is
taken to be 2/3 to account for the fully random shapes of the air gaps.
We can reach a simple relation between kg and ko:

kegr = 0.543k, 1

To interpret the measured thermal conductivity, we use an
empirical model which takes into account the temperature depen-
dence of thermal conductivity:>>2¢

e (A (i)

where ¢ is the specific heat, p is the specularity parameter ranging
from 0 to 1, }, = /. T,/T is the temperature-dependent mean free path,
D = 6 nm is the nanowire diameter, L = 1.1 nm is the critical size at
which almost all atoms are localized at the nanowire surface. « = 0.5
is a geometrical factor. ( is related to melting entropy and is kept as
an adjustable parameter since no experimental data is available. Here
the subscripts “0”, “b”, “r” indicate “nanowire”, “bulk”, and “refer-
ence”, respectively. The bulk specific heat data are extrapolated from
ref. 27. The bulk mean free path at 7, = 300 K is estimated to be /, =
18 nm by comparing to that of Bi,Tes since simple calculation from
kinetic theory is found to severely underestimate the effective mean
free path.®

The best fitting to the measurement data of SrTiO; nanowires
thermal conductivity is achieved with parameters p = 1.0, and 8 =
1.2. The results are shown in Fig. 2 in comparison with the measured
data (Fig. 2, blue triangle), in which the black squares correspond to
the bulk crystals and the red circles correspond to the nanowires. It is
seen that the agreement is excellent for the entire temperature range.
The slight underestimation in the modeled thermal conductivity at
higher temperatures is likely due to the alleviation of defects and
better thermal contacts among nanowires at high temperatures,
which will lead to an apparent increase in the mean free path and in
turn lead to higher thermal conductivity values. The fitted sound
velocity is 4800 m s~!, which is smaller than the corresponding bulk
value (5500 m s! in average).* This is a result of the phonon-soft-
ening phenomenon originated from the altered atomic vibrations at
thin nanowire surfaces.?® On the other hand, as also seen in Fig. 2, the
phonon mean free paths in individual nanowires (pink circles) are
found to be only weakly dependent on temperature with values much
less than those in bulk (gray squares). Such observation indicates
that, due to the very small diameters, strong phonon scattering at
nanowire surfaces dominates over the Umklapp scattering and
greatly limits the effective mean free path. Also, the temperature-
insensitive nature of such scattering leads to the weak temperature
dependence of mean free paths in SrTiO; nanowires. Therefore, the
trend that thermal conductivity slowly increases with temperature can
be attributed to the weak temperature dependence in mean free path,
and the increase in the measured specific heat with temperature due to
the relatively high Debye temperature of SrTiO; (513 K).3! From the
analysis, it can be summarized that boundary scattering contributes
to about 45% (at 1000 K) to 85% (at 300 K) reduction to thermal
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Fig. 3 (a) TEM image of BaTiO; nanowires (scale bar, 0.2 um), inset at
the top corner is the HRTEM image of BaTiO; nanowire (scale bar, 5
nm). (b) TEM image of PbTiO; nanowires (scale bar, 100 nm), inset at the
top corner is the HRTEM image of PbTiO3 nanowire (scale bar, 2 nm).

conductivity, while the porosity contributes to an additional 45%
percent reduction. The former mechanism will not affect electrical
conductivity much since electrons have much shorter intrinsic mean
free paths, indicating a potential for significant ZT enhancement.

In addition, our self-templated synthesis approach can also be used
to grow other perovskite nanowires, for example barium titanate
(BaTiOs, Fig. 3a) and lead titanate (PbTiO3, Fig. 3b), by replacing Sr
(NOs3), with 0.131 g barium nitrate [Ba(NOs),] and 0.166 g lead
nitrate [Pb(NOs),]. These nanowires also exhibit finite diameters of
8.15 £ 1.35 nm and 9.49 + 148 nm for BaTiO; and PbTiOs,
respectively. The generality of this synthetic approach could enable us
to further explore the thermoelectric properties of the complicated
layered perovskite nanowires by mixing various cation precursors.
These complicated layered perovskites, which have a general formula
of M,,[A,_,,B, O3, + 1 (M = Cs, Rb, K, Na, Li, etc.; A = Ba, Sr, Ca,
rare earth, etc.; B = Ti, Nb, Ta, W, Mo, etc.), can exist in either
Dion-Jacobson (2 = 1) or Ruddlesden—Popper (12 = 2) phases and
are consisted of perovskite-like slabs (rn = layers of the perovskite-like
slab) and interlayers. These layered structures can be regarded as
natural superlattices with the perovskite-like slabs and the interlayers
in the superlattices to be tuned independently to generate a specific
function to optimize electron transport. The sublattice interfaces are
also expected to enhance the phonon scattering to further suppress
the thermal conductivity and improve the thermoelectric
performance.’?

In conclusion, we have demonstrated that a facile self-templated
hydrothermal synthesis method can be used for the preparation of
ultrathin perovskite oxide nanowires. These nanowires, using SrTiO;
as an example, exhibit a significantly reduced thermal conductivity,
which opens the possibility to improve the thermoelectric perfor-
mance of these non-toxic and abundant metal oxide-based materials
as alternations for skutterudites and Si/Ge for high temperature
energy harvesting and solid-state cooling.
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