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ABSTRACT: Uniform BaTiO; nanotubes were synthesized via a simple wet chemical route at low temperature (50 °C). The as-
synthesized BaTiO; nanotubes were characterized using powder X-ray diffraction, field-emission scanning electron microscopy,
transmission electron microscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy. The results show that the
BaTiO; nanotubes formed a cubic phase with an average diameter of ~10 nm and wall thickness of 3 nm at room temperature.
The composition of the mixed solvent (ethanol and deionized water) was a key factor in the formation of these nanotubes; we
discuss possible synthetic mechanisms. The microwave absorption properties of the BaTiO; nanotubes were studied at
microwave frequencies between 0.5 and 15 GHz. The minimum reflection loss of the BaTiO; nanotubes/paraffin wax composite
(BaTiO; nanotubes weight fraction = 70%) reached 21.8 dB (~99.99% absorption) at 15 GHz, and the frequency bandwidth less
than —10 dB is from 13.3 to 15 GHz. The excellent absorption property of BaTiO; nanotubes at high frequency indicates that
these nanotubes could be promising microwave-absorbing materials.
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Bl INTRODUCTION

Nanostructure materials currently are under intensive inves-
tigation, because of their unique shape- and size-dependent
properties, as well as their potential applications as advanced
materials with collective properties."”” Among the different
morphologies of nanomaterials, one-dimensional (1D) nano-
structures have received considerable attention from the
scientific community, and they have been investigated
extensively in a variety of application, such as electronics,
optoelectronics, mechanics, catalysis, and biological and
environmental systems, because of their unique physical and
chemical properties, particularly their smaller size and large
specific surface area.>* Moreover, one-dimensional nanostruc-
ture is considered an ideal form for the fabrication of devices.

Barium titanate (BaTiO;) perovskite is famous for its high
dielectric constant and ferroelectric response, both of which are
regarded as being quite useful in the electronics industry as
multilayer ceramic capacitors, thermistors and piezoelectric
transducers, electro-optical applications, photonic crystals,
ceramics, and microwave absorbers, to name a few.”® With a
wide range of applications, the synthesis and characterization of
the one-dimensional (1D) BaTiO; nanostructure provides
strong motivation to understand its properties.

However, to the best of our knowledge, the traditional
techniques for preparing BaTiO; nanostructures rely on high
pressure or high temperature, as in, for instance, classical solid-
state routes,’ the hydrothermal route,® and the sol—gel
method.” Bao et al. prepared a variety of nanostructured such
as nanocubes, coral-like nanostructures, and starfish-like
nanostructures through hydrothermal synthesis." Tian et al.
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reported that BaTiO; hollow nanoparticles were obtained
through a one-pot template-free route in a molten hydrated salt
medium.'® In contrast, relatively few studies on the synthesis of
BaTiO; nanotubes are available in the literature. Therefore,
seeking a simple method for a low-cost, lower-temperature, and
large-scale preparation of BaTiO; nanotubes with fine
crystallinity and high purity remains a severe challenge.
Moreover, there have been few investigations specifically
concerned with BaTiO; as a microwave absorber. BaTiO; is a
type of dielectric material; relaxation present in BaTiO; occurs
at gigahertz (GHz) frequencies, which can be characterized by a
decrease in dielectric constant (&) and a peak in the dielectric
loss (tan &) with increasing frequency. Thus, it is natural to
speculate that BaTiO; might be useful as a microwave
absorber.''* On the other hand, the small diameters of
nanotubes with hollow structure and high interface areas, which
result in an increase of the absorption points, and the
microwaves can be trapped by the hollow structures for longer
periods, creating conditions for microwave energy loss.
Therefore, these features make the synthesis of BaTiOj;
nanotubes as a microwave absorber a very promising work.

In this work, we report the facile synthesis of BaTiO,
nanotubes in ethanol/water mixed solvent at low temperature
(~50 °C). The structure, morphology, and possible mechanism
of formation of BaTiO; nanotubes are discussed. Microwave
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and absorption properties were also investigated and results are
presented.

B EXPERIMENTAL SECTION

Materials. Titania (P25) was obtained from Degussa (Germany).
Barium hydroxide octahydrate, sodium hydroxide, formic acid,
hydrochloric acid and ethanol were supplied by Wako Pure Chemical
Reagent Co., Ltd. (Japan). All chemicals were used without further
purification.

Hydrothermal Synthesis of H,TiO; Nanotubes. H,TiO,
nanotubes (abbreviated hereafter as HTO) were prepared by a simple
hydrothermal method, according to previous work with some
modification.”® In a typical procedure, 0.5 g of TiO, powder was
added to S0 mL of 10 M NaOH aqueous solution and magnetic stirred
at room temperature for 12 h. Next the mixed suspension was
transferred into Teflon-lined autoclave, and the autoclave was then
sealed and placed in an oven and heated to 150 °C, for 48 h. The
newly formed white suspension was separated from the liquid by
centrifuge and washed with deionized water and aged in an aqueous of
0.1 M HCL solution to exchange Na* with H*. Afterward, the treated
powder was filtered and washed repeatedly with distilled water until
the pH level was almost neutral. Finally, the resulting white
precipitates were dried under vacuum at 50 °C for 24 h.

Synthesis of BaTiO; Nanotubes. BaTiO; nanotubes were
prepared using a simple wet chemical route. The prepared HTO
was added to ethanol/water mixed solvent with 25% ethanol by
volume, and sonicated for 10 min to break up any agglomeration.
Next, Ba(OH),-8H,0 was added to the prepared suspension in a
beaker; afterward, the beaker was put into a S0 °C water bath for 4 h
under magnetic stirring. The molar ratio of Ba** to Ti*" was 1:1. After
the reaction was completed, the beaker was taken out. The resulting
products were washed sequentially with 0.1 M formic acid, ethanol,
and distilled water. Finally, the final product was dried under vacuum
at 50 °C overnight for further characterization.

Characterization. The crystal structure of the prepared powders
was analyzed with a diffractometer (RINT, Model 2550H), using Cu
Ka radiation. Raman spectroscopy was also used to investigate the
existing phase of the synthesized powders with HoloLab series 5000
Raman spectroscopy system (514-nm excitation of the laser). The
morphology and microstructure of the products were characterized
using field-emission scanning electron microscopy (FE-SEM) (JEOL,
Model S-5000) and transmission electron microscopy (TEM) (JEOL,
Model JEM-2010) with an accelerating voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) analysis (Kratos AXIS Ultra DLD)
was used to measure the elemental composition of the samples.

The real and imaginary parts of the complex permittivity & (e = &' —
je") and permeability u (u = p’ — ju") were measured using a vector
network analyzer (37247D Anritsu Co., Ltd.) over a range of 0.5—15
GHz. For this, samples were prepared with BaTiOj; loading in paraffin.
The weight percentage of BaTiO; to paraffin was varied from 40% to
70%. The powder—wax compound was pressed into a toroidal shape
with an outer diameter of 7 mm, an inner diameter of 3.0 mm, and a
thickness of 2 mm.

B RESULTS AND DISCUSSION

Structure and Morphology Analysis. Figure 1 presents
the X-ray diffraction (XRD) patterns of the as-prepared BaTiO,
nanotubes synthesized by the simple wet chemical route. All
diffraction peaks can be labeled and assigned to the cubic
crystal structure of BaTiO;, and the lattice constant is indexed
as a = 4031 A; b = 4031 A; ¢ = 4031 A; thus, there is no
indication of crystalline byproducts such as TiO, or BaCO;,
which matches well with the reported data (JCPDS Powder
Diffraction File Card No. 31-0174). The thermodynamically
stable polymorph of bulk BaTiO; in contrast, has a
noncentrosymmetric tetragonal phase that is ferroelectric at
room tempera‘cure.M’15
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Figure 1. XRD pattern of BaTiO; nanotubes.

Representative FE-SEM images of HTO nanotubes and
BaTiO; nanotubes are shown in Figures 2a—d. Figures 2a and

Figure 2. Representative FE-SEM images of (a, b) HTO nanotubes
and (¢, d) BaTiO; nanotubes.

2¢ are low-magnification images of HTO and BaTiO;
nanotubes, respectively. Indicatively, the BaTiO; product has
a morphology that is similar to that of HTO nanotubes, which
mainly has a homogeneous structure over the large scale; this is
further confirmed by TEM images. The length of the nanotubes
is several hundred nanometers to several micrometers. The
high-magnification images of HTO and BaTiO; nanotubes
(Figures 2b and 2d, respectively) demonstrate that the as-
prepared nanotubes have a uniform diameter of ~10 nm.
Further structural characterization was performed by TEM,
from which images of the BaTiO; nanotubes at different
resolutions are shown in Figures 3a—c. Figures 3a and 3b reveal
that the BaTiO; one-dimensional (1D) nanomaterials have a
hollow structure typical of nanotubes, hence the use of the
term. The BaTiO; nanotubes have a mean diameter and wall
thickness of ~10 and 3 nm, respectively, as measured from
TEM images; that is in accordance with the FE-SEM
observations obtained from Figure 2. The selected-area electron
diffraction pattern (SAED) for the cubic BaTiO; nanotubes
presented in Figure 3d enables BaTiOj; to be indexed as a cubic
Pm3m space group, using the BaTiO; unit cell parameters
(JCPDS Powder Diffraction File Card No. 31-0174) and the
single-crystal nature of BaTiO; nanotubes. The representative
high-resolution TEM image of the nanotube in Figure 3c
further reveals that BaTiO; nanotubes form a single crystal with
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Figure 3. (a, b, and ¢) TEM images of the BaTiO; nanotubes at
different resolutions. (d) Selected-area electron diffraction (SAED)
pattern of BaTiO; nanotubes.

an interplanar crystal spacing of ~0.28 nm that corresponds to
the (110) crystalline plane.

Raman spectroscopy is generally a highly sensitive
spectroscopic technique to probe structure at the atomic
scale on the basis of vibrational symmetry. Cubic BaTiO;
inherently has no Raman-active modes, but such modes are
expected for the noncentrosymmetric tetragonal structure.'®"”
The Raman spectrum of the BaTiO; nanotubes is shown in
Figure 4. The observed Raman peaks have been assigned to
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Figure 4. Raman spectrum of the BaTiO; nanotubes.

more than one phonon mode, where, in the Raman spectra of
the BaTiO; nanotubes, sharp bands at ~181 cm™ [A,(TO),
E(LO)] and 302 cm™ [B,;, E(TO+LO)] and broad bands at
~262 cm™! [A,(TO)], 518 cm™ [E, A; (TO)], and 718 cm™!
[A;, E(LO)], all of which are suggestive of a tetragonal phase.s‘9
Even though XRD analysis reveals a cubic perovskite structure,
the observed Raman-active modes imply a certain degree of
tetragonality on the atomic scale, in accordance with the
previous report.” The peak at 805 cm™ is not an intrinsic mode
of tetragonal BaTiOs;'® it may be associated with the presence
of hydroxyl lattice groups, which can reside as defects on
oxygen sites with BaTiO,.'**°

To verify the composition of the nanotube and confirm the
chemical states of the elements, we performed XPS, the spectra
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from which are presented in Figure 5. Survey scans of the
sample identified the presence mainly of barium (Ba 3d, 4s, 4p,
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Figure 5. X-ray photoelectron spectroscopy (XPS) spectrum of the
BaTiO; nanotubes.

4d), titanium (Ti 2p), and oxygen (O 1s). The Ba 3d;,, and Ti
2p;), binding energies measured for the nanotubes were 777.8
and 456.9 eV, respectively, which is in good agreement with
those reported.9 Moreover, the ratio of Ti:Ba is ~1.07,
calculated by the peak area of Ba 3d and Ti 2p, which
indicated that the product has relatively high purity. Never-
theless, trace amounts of carbon element were revealed in the
spectra. A residual carbon content of ~2.21 wt % was calculated
according to the peak area, presumably remaining organic
solvents of formic acid and ethanol, or contamination from the
carbon conductive tape in the process of test sample
preparation. Moreover, no CO®” impurity was detected by
either XRD or Raman spectroscopy.

To probe the formation mechanism of single-crystalline
BaTiO; nanotubes under reaction system of ethanol/water
mixed solvent at low temperature, a series of experiments were
performed. The reaction system of mixed solvent might play
important role in the growth of BaTiO; nanotubes. Figures 6a
and 6b show typical FE-SEM images of BaTiO; powders
prepared by different volume ratios of ethanol/water mixed
solvent. If prepared with mixed solvent with 10% ethanol by
volume and heated at 50 °C for 4 h, the obtained sample
consisted of BaTiO; nanotubes. However, with mixed solvent
with 50% ethanol by volume, the product obtained consisted of
BaTiO; nanoparticles, not nanotubes. In addition, the XRD
analysis indicated that the as-prepared BaTiO; phase well-
crystallized with increasing ethanol volume (see Figure 6c).
According to the results, the possible formation mechanism of
BaTiO; nanotubes might be dominated by topochemical
reactions (as shown in Figure 7).21_23 The Ba** species in
the solution can react initially with HTO nanotubes to form a
Ba-doping H,TiO; layer on the surface of HTO nanotubes.
Moreover, with similar crystallographic features of BaTiO; and
HTO, and the thin walls of HTO nanotubes, the propagation
of the reaction was expected to occur more easily along the
entire HTO nanotubes, which were transformed to BaTiO;,
through reaction with barium ions (Ba**) or complexes
(BaOH") that continuously diffused through the outside
BaTiO; layer, and finally BaTiO; nanotube crystallites were
formed. This process was possible even at low temperatures,
because of the supersaturation caused by the lowered dielectric

constant (¢) of the mixed solvent (€,ganol = 25, Ewater = 80).>%>
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Figure 6. Typical FE-SEM images of the powders prepared by
different volume ratio of ethanol/water mixed solvent: (a) mixed
solvent with 10% ethanol by volume; (b) mixed solvent with 50%
ethanol by volume; and (c) XRD patterns of the powders prepared by
different ethanol/water mixed solvent volume ratios.

However, with mixed solvent with 50% ethanol by volume used
as the reaction system, the product obtained consisted of
BaTiO; nanoparticles, which occur for the reason of the
relatively low dielectric constant makes the solution more
supersaturated, which can increase the nucleation rate.”*
Therefore, the dissolved parts of H,TiO; react with barium
or complexes in solution, forming BaTiO; particles via a
dissolution—precipitation process.

Electromagnetic Wave Absorption Properties of
BaTiO; Nanotubes. To the best of our knowledge, the
microwave absorption properties of the BaTiO; nanotubes have
not been studied. Here, the microwave absorption properties of
the novel BaTiO; nanotubes were investigated. Figures 8a and
8b show the frequency dependence of the complex
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Figure 8. (a) Real part £ and (b) imaginary part (¢”) of the complex
permittivity of the mixture of BaTiO; nanotubes and paraffin wax with
different weight fraction.

permittivity—the real part (&) and the imaginary part (¢")—
of the mixture of BaTiO; nanotubes and paraffin wax with
different weight fractions. The dip and slight rise with
increasing frequency appearing in €’ for the samples is mainly
due to the various polarizabilities (electronic, ionic, and
orientation) and electric displacement of dielectric materials
not keeping up with the variational microwave band.*® As the
BaTiO; weight fraction increased from 40% to 70%, ¢
increased in the frequency range of 0.5—6 GHz. Since all
samples have similar &’ values in the high-frequency range, this
indicates that the &’ value of the samples is less sensitive to the
BaTiO; content.

H,TiO; nanotubes

nanotubes

BaTiO,

nanoparticles
200 nm
mve—

Figure 7. Schematic illustration of the formation mechanism of BaTiO; nanotubes and BaTiO; nanoparticles.
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In contrast, £” shows an appreciable increase with increasing
BaTiO; content, especially in the higher frequency range.
Samples showed little change up to a frequency of 12 GHz and
then increased with increasing frequency over the higher
frequency range (see Figure 8b). The dielectric loss at relatively
low frequency is explained as being determined by the leak
conductance, whereas at relatively high frequencies, the
mechanisms contributing to dlelectnc loss are the relaxation
polarization and electric conductance.”” More specifically, the
loss mechanisms in dielectric BaTiO; are dominated mainly by
dielectric polarization, spontaneous polarization, and the
associated relaxation phenomena.”®

Figures 9a and 9b show the frequency dependence of the real
(') and imaginary (u”) parts of the complex permeability
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Figure 9. (a) Real part (¢') and (b) imaginary part (") of complex
permeability of the mixture of BaTiO; nanotubes and paraffin wax
with different weight fractions.

spectra of the mixture of BaTiO; nanotubes and paraffin wax
with different weight fractions. The y' and p” values of samples
exhibit a resonance peak in the relatively high frequency range
(between 4 and 15 GHz). The resonance peak may be related
to a natural resonance. However, these values are higher than
previously reported;**® this could be due to equipment error
and must be checked by testing blank samples. Nevertheless,
further study is needed to understand more of the details.
The reflection loss (RL) was calculated according to

transmission line theory, as follows:

Ziy — 1
RL = 20log| ~t*—
+

(1)
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The normalized input impedance (Z,,) is given by the formula

=)

r

@)

where ¢, = &' — je’, — ju', f is the microwave frequency
(in Hz), d is the thlckness of the absorber (in m), and ¢ is the
velocity of light in free space (in units of m/s). The reflection
loss (RL) of mixtures of BaTiO; nanotubes and paraffin wax
with different weight fractions were measured at a sample
thickness of 2 mm, and the results are shown in Figure 10. The
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Figure 10. Reflection loss (RL) curves for BaTiO; nanotubes with a
thickness of 2 mm, in the frequency range of 0.5—15 GHz.

microwave-absorbing parameter for the samples is listed in
Table 1. It can be seen that the frequency for the minimum

Table 1. Microwave Absorbing Properties of Samples

Microwave-Absorbing Properties of Sample

sample
(weight minimum frequency frequency
fraction of reflection loss range (GHz) range (GHz)
BaTiO;) value, RL,,, (dB) (GHz) (RL < 5dB) (RL « 10 dB)
40% 4.7 15 0 0
50% 7.0 15 0.7 0
60% 16.9 15 1.50 0.65
70% 21.8 15 2.30 1.80

“Frequency at which the reflection loss is the minimum.

reflection loss increases as the weight fraction increases. The
BaTiO; nanotubes/paraffin wax composite shows a minimum
reflection loss of 21.8 dB (~99.99% absorption) at 15 GHz for
a weight fraction of 70%, and the frequency bandwidth at less
than —10 dB is from 13.3 GHz to 15 GHz. The minimum
reflection loss of other samples is also achieved around a
frequency of 15 GHz. Through analysis, the dip found at 15
GHz corresponds to a matching resonance frequency
condition.®® We note that BaTiO; nanotubes have excellent
absorbing properties at high frequencies. The small diameters
(~10 nm) of nanotubes lead to high interface areas, which, with
a hollow structure, result in the complicated interface
polarization and intensive dielectric relaxation. Moreover,
increased interface areas increase the absorption points, so
that microwaves can be trapped by the hollow structures for
longer periods, creating conditions whereby microwave energy
is transformed to heat energy or other forms of energy, and
finally dissipate.*®

dx.doi.org/10.1021/am300069x | ACS Appl. Mater. Interfaces 2012, 4, 2101-2106



ACS Applied Materials & Interfaces

Research Article

B CONCLUSIONS

In summary, BaTiO; nanotubes were successfully synthesized
by a simple wet chemical route at low temperature. Reaction
solvents were found to play a key role in the formation, with a
possible mechanism being via topochemical reactions. Because
of a high interface area and hollow structure, the microwave
absorption of the BaTiO; nanotubes/paraffin wax composite
reached a minimum reflection loss of 21.8 dB (~99.99%
absorption) at 15 GHz for a weight fraction of 70%. Therefore,
it is reasonable to believe that BaTiO; nanotubes can be useful
materials as microwave absorbers.
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