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Abstract Long aligned arrays of crystalline strontium
titanate (SrTiO3) nanostructures were synthesized by using
simple low-temperature processes that incorporate stron-
tium into titanium oxides. Tubular nanostructures are often
confine energy carriers that result in extraordinary transport
behaviors in various semiconductors including strontium
titanates, which are promising for developing efficient
thermoelectric energy conversion materials. However,
synthesizing a micron-to-milimeter scale array of one-
dimensional ternary nanostructures has been difficult.
Moreover, ternary compounds are often obtained as dis-
ordered cubic-shape particles at the end of complicated
and/or long reactions. In this study, a two-step process—
anodization for preparing amorphous titanium oxides and a
subsequent thermal annealing process in a mixture of
strontium hydroxide, ammonia, and water—was employed.
Typical diameter and length of the tubes are ~ 150 nm and
~ 160 pm, respectively. It has been found that the amor-
phous structure of titanium oxides plays an important role
in obtaining high-purity long strontium titanate nanotubes
at low temperatures (90 and 180 °C) with short reaction
times. Comparative and systematic studies with different
sample pre-treatments, etching times, temperatures, reac-
tion times, and strontium concentrations revealed reaction
mechanisms and key synthesis parameters, which may be
utilized to obtain other ternary or quaternary nanostruc-
tured compounds such as barium or lead titanates.
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Introduction

Recent reports regarding extraordinary electrical and
thermal transport properties of strontium titanates have
attracted significant subsequent research efforts and
debates related to the origin of such extraordinary behav-
iors [1-11]. For instance, the Seebeck coefficient could be
increased without considerably sacrificing electrical con-
ductivity by confining electron transport within nanoscale
layers [4]. High electron mobility was observed from
confined interfaces [5], and thermal conductivity was
suppressed by introducing nanostructured oxygen vacancy
clusters [2, 12]. These findings, in addition to the wide
tunability in electrical and thermal transport properties of
strontium titanates, have stimulated various transport
related research including thermoelectricity [1-3]. These
transport properties determine thermoelectric energy con-
version efficiency, called as the thermoelectric figure of
merit, Z = Szo'/k, where S, ¢, and k indicate the Seebeck
coefficient (or thermopower), electrical conductivity, and
thermal conductivity, respectively [13]. These properties
are often strongly correlated, making Z enhancement
extremely difficult. For example, in bulk materials, an
increase of electrical conductivity often decreases the
Seebeck coefficient and increases thermal conductivity.
Such typical transport behaviors, however, could be altered
when energy carriers are confined in low-dimensional
nanostructures such as nanotubes and nanowires [14, 15].

Recently, ternary compound nanostructures have been
synthesized by using various methods [16] including a
molten-salt or sol-gel method for nanoparticles [17, 18],
sol-gel methods for nanorods [19-21], a template method
for nanotubes [22], and hydrothermal reactions for several
days at relatively high temperatures to obtain nanowires/
tubes [16, 23]. These nanostructures may not be suitable
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for thermoelectric applications due to the inappropriate
morphology such as cubic-shapes, short wires/tubes (a few
hundreds of nanometer long), or/and other byproducts that
are difficult to remove from strontium titanates. They are
often clumped and dispersed in an arbitrary fashion, which
requires a non-trivial assembly process to build practical
materials. This article does not only present simple low-
temperature synthesis methods to obtain arrays of stron-
tium titanate nanostructures, but also provide a series of
experimental studies for revealing reaction mechanisms.
Comparative studies with different conditions elucidate
key reactions to obtain pristine strontium titanates. The
synthesis reaction involves a two-step process. First, tube
arrays made of amorphous titanium oxides were synthe-
sized by anodizing a titanium foil. Then, the amorphous
tubes were converted into crystalline strontium titanates at
either 90 °C or 180 °C with a beaker or pressure vessel in
ambient air environment. This study may also provide
useful information to synthesize other various ternary or/
and quaternary titanates such as barium or lead titanates.
The following describes experimental details of the syn-
thesis method, key reaction mechanisms, and morphology/
structure characterization.

Experimental details

Strontium titanate tube arrays were synthesized by incor-
porating strontium into tubular shape amorphous titanium
oxides obtained by anodizing titanium foils. Before the
anodization, titanium foils (purity 99.5%, ~250-um thick)
were ultrasonically cleaned in ethanol and de-ionized
water. Then, the foil was immersed in a solution that
contains 1.8 wt% de-ionized water, 0.3 wt% NH4F, and
97.9 wt% ethylene glycol for anodization. When DC 60 V
was applied between a titanium foil (anode) and a stainless
steel foil (cathode), an array of nanotubes was formed from
the outer surface to the center along the foil thickness
direction. Typical size of the titanium foil was
20 x 5 mm” and the distance between the two foils was
~2 cm. The foils were typically anodized for 24 h in
100 mL solution, yielding tube arrays with a tube length of
100 pm or longer.

The tube array was further processed with various
conditions to study reactions between strontium and tita-
nium oxide tubes. The key reaction parameters including
etching time, pre-treatment of the tubes, reaction temper-
ature, reaction time, and strontium hydroxide (Sr(OH),)
concentration were varied. In typical synthesis, the barrier
layer of as-synthesized titanium oxide nanotubes were
etched in a mixture of 0.1 M NH4F and 0.1 M H,SO, in
water. Then, the samples were immersed in an ammonia
solution (1 M in water) at 90 °C for 1 h. This process is
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necessary to remove fluorine adsorbed on the surface of the
titanium oxide during the anodization and etching process.
The nanotubes were then reacted in a mixture of 14 mL
Sr(OH), solution (0.1 M or 0.2 M in water) and 1 mL
liquid ammonia (14.8 M in water) at either 90 °C in a
beaker or 180 °C in a pressure vessel for 4 h or 12 h. The
pH of the mixture was above 13. It is noted that the tube
arrays were inserted in a separate bottle in the beaker or
pressure vessel so as to avoid direct contact between the
array and undissolved Sr(OH),.

Result and discussion

Figure 1 shows scanning electron micrographs (SEMs) and
transmission electron micrographs (TEMs) of as-synthesized
titanium oxide nanotubes. They are well aligned and ver-
tically grown from the foil surface with diameters and
length of ~150 nm and ~ 160 pm, respectively (Fig. 1a,
b). A 0.25-mm thick Ti foil was completely anodized from
both surfaces, creating two 160-pm-long nanotube layers
separated by two thin barrier layers at the center. The
volume expansion is due to the introduction of oxygen to
titanium, forming amorphous titanium oxides. The diame-
ter and length of the nanotubes can be altered by using
different anodization voltage and anodization time [24, 25].
Gentle sonication of samples in an ultrasonic bath sepa-
rated them into bundles and/or individual tubes for TEM
analysis (Fig. 1c, d). The inset of Fig. 1d indicates the tube
has an amorphous structure.

The amorphous titanium oxides underwent the fluorine
desorption and subsequent strontium incorporation pro-
cesses. Without the fluorine desorbing procedure, water
insoluble SrF, (solubility: 0.0117 g per 100 mL water at
18 °C [15]) was crystallized, as indicated by X-ray dif-
fraction (XRD) in Fig. 2a and b from nanotube samples
reacted with 0.1 M Sr(OH), at 90 °C or 180 °C for 2 h.
Conversely, after the fluorine desorbing process, XRD
peaks from SrF, disappeared, showing only crystalline
SrTiO3 from both 90 °C (Fig. 3a) and 180 °C (Fig. 3b)
reactions. A typical SEM shown in Fig. 4a indicates tube
shapes are well maintained after a strontium incorporation
process with 0.1 M Sr(OH), at 180 °C for 12 h. It was
observed that some portions of the outer surface were
covered with a layer of strontium titanates. In order to
perform TEM analysis to identify the structure after reac-
tions, the sample was sonicated in ethanol for a few sec-
onds so as to break it into tiny pieces. It was impossible to
inspect as-synthesized samples without sonication since the
thickness of TEM samples should be ~100 nm or less.
The ultrasonic power broke the brittle samples into small
pieces as shown in Fig. 4b. The strontium incorporation
increases the density and molar volume of the sample from
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Fig. 1 a A cross section of a
typical titanium oxide nanotube
array by anodizing a titanium
foil. Titanium oxide tubes were
made from the outer surface to
the center, creating a barrier
layer that makes one of the tube
ends closed. b An outer surface
of the anodized foil shows
circular pores from the tube
array. Gentle sonication
separated the array into ¢ a
bundle and d an individual
titanium oxide nanotube. The
electron diffraction in the inset
of “d” indicates an amorphous
structure
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Fig. 2 Typical XRD scans of nanotube arrays after a strontium
incorporation process with 0.1 M Sr(OH), at (a) 90 °C and
(b) 180 °C for 2 h without a fluorine desorbing process. Fluorine
residues on the surface of titanium oxides from the anodization and
etching processes are easily crystallized into SrF,. Peaks indicated by
“*” are from SrTiO3

2.98 g/cm3 and 26.80 cm>/mol (amorphous titanium oxide)
[26] to 5.13 g/cm3 and 35.77 cm’/mol (crystalline stron-
tium titanate) [27], respectively. These differences between
titanium oxides and strontium titanates may have made the
wall thickness of the tubes non-uniform after strontium
incorporation. The high resolution TEM image (Fig. 4c)
and the selected area electron diffraction pattern (Fig. 4d)
indicate a conversion from amorphous titanium oxides to
crystalline strontium titanates with the axis in [100]

Intensity (a.u.)

20 30 40 50 60 70 80
26 (degree)

Fig. 3 Typical XRD scans of the tube array after a strontium
incorporation process with 0.2 M Sr(OH), at (a) 90 °C and
(b) 180 °C for 4 h. Crystallographic planes indicate crystalline
SrTiO;

direction. The spots other than the cubic structure in the
SAED may be from the tiny spherical nanoparticles
attached to the tube in Fig. 4b (e.g., the back side that is not
shown in TEM). The nanoparticles are likely to come from
broken pieces after a sonication process.

The relatively simple crystallization of ternary com-
pounds is believed to be due to the amorphous structure of
titanium oxides, allowing low reaction temperatures and
short reaction time, as compared with other synthesis
methods employing crystalline materials. In general,
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Fig. 4 a A strontium titanate
tube array synthesized with

0.1 M Sr(OH), at 180 °C for
12 h. b An individual strontium
titanate nanostructure
synthesized with 0.1 M Sr(OH),
at 90 °C for 4 h. ¢ A high
resolution image of a portion
(marked with a square in “b”)
indicates crystalline strontium
titanates with the axis in [100]
direction. d An electron
diffraction image corresponds to

7Pt

the image in “c

low-temperature reactions often require a very long syn-
thesis process or catalysts to overcome a reaction barrier.
For example, a hydrothermal reaction with TiO, particles
at 170 °C for 3 days produced approximately a few micron
long clumped wires [23]. Byproducts are often inevitable
despite a long time (20-60 h) reflux process with SrCl, and
anatase TiO, [28]. In order to find the correlation between
the crystallinity of titanium oxides and the reactivity of
strontium with titanium oxides, the amorphous tubes were
annealed before the strontium reaction at 450 °C for 2 h
with ~20 sccm flow of oxygen in a 22-mm-diameter tube
furnace. This annealing process converted amorphous
structure (Fig. 5a, before annealing) into anatase TiO,
(Fig. 5b), which is a well-known transformation upon
annealing at elevated temperatures [29-32]. The annealed
samples were reacted with a mixture of 14 mL Sr(OH),
(0.1 M in water) and 1 mL ammonia (14.8 M in water) for
4 h at 90 °C or 180 °C. XRD results (Fig. 5c, d) did not
show prominent peaks comparable to those in Fig. 3
(crystalline strontium titanates). Furthermore, strontium
was not identified from the tube array by using energy
dispersive spectroscopy (EDS). In contrast, when the
amorphous titanium oxide was reacted with strontium, the
atomic ratio of Sr to Ti was approximately 1 to 1. This
result suggests that the amorphous titanium oxide facili-
tates crystallization of ternary strontium titanates without
requiring high temperatures and long reaction times. It is
found that ammonia plays a role in retarding the crystal-
lization of titanium oxides during the strontium incorpo-
ration process. When the amorphous titanium oxide is
immersed in only water at either 90 °C or 180 °C for 2 h, it
is possible to change the amorphous structure into anatase
TiO,, as indicated by XRD peaks in Fig. 6a and b. On the
other hand, 1 M ammonia in water instead of only DI water
kept the amorphous structure during both 2-h 90 °C and
180 °C reactions, as shown in Fig. 6¢ and d.

Finally, in order to confirm the conversion into stron-
tium titanates from amorphous titanium oxides, samples
were annealed after a strontium incorporation process in an
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Fig. 5 Typical XRD scans of (a¢) amorphous titanium oxide nano-
tubes, (b) annealed titanium oxide nanotubes in a furnace with an
oxygen flow at 450 °C for 2 h, and the nanotubes after strontium
incorporation processes with 0.2 M Sr(OH), (¢) at 90 °C and
(d) 180 °C for 4 h. The tiny peak near 20 = 32.4° (indicated by
“*”) would be from SrTiO;

oxygen flow (~20 sccm) at 450 °C for 2 h. Any remaining
amorphous oxides will then crystallize. This would be due
to the barrier layer or/and the deposition of crystallized
strontium titanates on the sample surface, which may
hinder strontium from being smeared into the pores. For
this study, amorphous titanium oxides were etched in a
mixture of 0.1 M NH4F and 0.1 M H,SO, for O, 1.5, or
3.5 h so as to remove the barrier layer before a strontium
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Fig. 6 Typical XRD scans of the amorphous titanium oxide nano-
tubes annealed in water at (a) 90 °C and (b) 180 °C for 2 h and
ammonia (1 M in water) at (¢) 90 °C or (d) 180 °C for 2 h

Table 1 Five different SrTiO5 synthesis conditions to verify stron-
tium incorporation into titanium oxides

Sample Etching Reaction Reaction time for  Sr(OH),

no. time temp. Sr incorporation concentration
(h)* O () M)

1 - 90 4 0.1

2 1.5 90 4 0.1

3 1.5 90 4 0.2

4 1.5 180 12 0.2

5 35 180 12 0.2

* After the etching process, fluorine was desorbed from the sample in
1 M ammonia solution at 90 °C before the strontium reaction

incorporation process, as listed in Table 1. The etch rate of
the sample is estimated to be ~12.5 um/h. It is noted that
the pore side was etched much faster than the barrier side.
Typical barrier layer thickness is several microns, and the
total thickness of the sample is ~ 160 pum. When the tita-
nium oxide tubes were reacted with 0.1 M Sr(OH), at
90 °C for 4 h without etching the barrier layer, the titanium
oxide was not fully converted into strontium titanates
(Sample 1 in Table 1). After the oxygen annealing, anatase
TiO, peaks appeared as shown in Fig. 7a. With an etching

20 (degree)

Fig. 7 Typical XRD scans of Samples 1-5 in Table 1 (corresponding
scans are (a)—(e) in alphabetical order) after annealing in an oxygen
flow (~20 sccm) at 450 °C for 2 h. Peaks indicated by “*” are from
SrTiO;

process for 1.5 h (Sample 2 in Table 1), XRD peaks cor-
responding to anatase TiO, were suppressed (Fig. 7b). On
the other hand, an increase of strontium concentration
(0.2 M Sr(OH),) (Sample 3 in Table 1) or a longer reaction
(12 h) with a higher temperature (180 °C) (Sample 4 in
Table 1) did not make significant changes in XRD, leaving
tiny anatase TiO, peaks (Fig. 7c, d). After 3.5 h etching
(Sample 5 in Table 1), anatase peaks were not identified
anymore (Fig. 7e). This result suggests that amorphous
titanium oxides have fully converted into strontium titan-
ates. It is noted that all samples were crushed into a powder
and dispersed on a glass substrate because x-ray scan
depths are much shorter than the thickness of the samples.

Conclusion

Long aligned arrays of crystalline strontium-titanate
nanostructures were successfully synthesized from amor-
phous titanium oxides with a simple reaction in a mixture
of strontium hydroxide, ammonia, and water at 90 and
180 °C. Typical diameter and length of the tubes are
~150 nm and ~ 160 pm, respectively. It has been found
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that the amorphous structure of the titanium oxides facili-
tates the strontium incorporation process even at low
temperatures, producing high purity and long nanotubes
with short reaction time. The low reaction temperatures
and ammonia are believed to hinder crystallization of
amorphous titanium oxides into anatase TiO,, allowing
low-temperature synthesis of strontium titanates. Compar-
ative studies with different etching times, reaction tem-
peratures and times, and Sr(OH), concentration revealed
that the reaction between the strontium and titanium oxides
can be deterred by the barrier layers.
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