
Vol:.(1234567890)

Journal of the Korean Physical Society (2023) 82:40–45
https://doi.org/10.1007/s40042-022-00640-6

Vol.:(0123456789)1 3

ORIGINAL PAPER - CONDENSED MATTER

Synthesis and structural properties of  PbTiO3 nanotube arrays using 
a  TiO2 template‑assisted hydrothermal method

Bo Hyeon Kim1 · Sam Yeon Cho1 · Eun‑Young Kim1 · Sang Don Bu1

Received: 1 September 2022 / Revised: 30 September 2022 / Accepted: 4 October 2022 / Published online: 17 October 2022 
© The Korean Physical Society 2022

Abstract
One-dimensional  PbTiO3 (PTO) nanotubes (NTs) were fabricated via a hydrothermal method based on an anodized  TiO2 
template. Anatase-structured  TiO2 NTs were converted into tetragonal-structured PTO NTs by the entry of  Pb2+ ions from 
high pressure generated during the hydrothermal process. This was confirmed through structural analysis using X-ray dif-
fraction and Raman scattering; increase in the wall thickness of the NTs was observed. However, it was observed that when 
the conversion process from  TiO2 to PTO NTs exceeds the saturation state, the surface morphology of PTO NTs is changed, 
and PbO particles are formed on the PTO NTs. This constitutes an inhibitory factor in forming PTO NT arrays with clear 
surface morphology. To prevent this phenomenon, we successfully fabricated PTO NT arrays by controlling the reaction 
temperature, reaction time, and molar concentration of lead acetate solutions in a hydrothermal process.
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1 Introduction

Because nanoscale structures have novel properties that 
depend on their size, they continue to receive much atten-
tion. Particularly, one-dimensional (1D) structures such as 
nanotubes (NTs) and nanowires (NWs) are the smallest-
dimensional structures that can be used for efficient elec-
tron transport and optical excitations. Therefore, they are 
expected to play an essential role in the function and integra-
tion of components in nanoscale electronic devices [1–3].

Ferroelectrics have been widely applied in various fields 
owing to their unique physical properties such as piezoelec-
tric, ferroelectric, ferroelastic, and pyroelectric behaviors. 
Because nanostructures have relatively high specific surface 
areas compared to the bulk, they present a greater amount of 
surface atoms and higher level of surface energy [4]. Accord-
ingly, the characteristics of the piezoelectric response, 
including spontaneous polarization, dielectric properties, 
and phase transitions, which are intrinsic properties of fer-
roelectrics, are modified [5]. Additionally, a reduction in 

size and dimensionality can promote the formation of single 
domain structures, thereby significantly improving ferroelec-
tric properties [4]. Moreover, NT geometries can lead to 
novel properties that enable various applications such as pie-
zoelectric nanogenerators, terahertz emitters, high-density 
memory, high-density dielectric energy storage, and fluidic 
devices [6]. Therefore, theoretical and experimental studies 
of ferroelectric domain-wall nanoelectronics on polariza-
tion domains and complex interactions such as geometry, 
surface effect, and crystal symmetry of nanostructures have 
been recently conducted [6, 7]. In this sense, developing 
and applying various methods to fabricate high-quality 1D 
ferroelectric nanostructures for related research and applica-
tions is essential.

Hydrothermal, sol–gel template, nanosolid-state reaction, 
molten salt, and electrospinning methods are used for manu-
facturing 1D ferroelectric nanostructures [4]. A universal 
method for manufacturing 1D ferroelectric nanostructures 
is the sol–gel template synthesis method, the reason for this 
is that the morphology of the 1D ferroelectric structures is 
inherited from the channel of templates.

Therefore, the diameters and lengths of the fabricated 
NTs or NWs are uniform. However, a relatively high temper-
ature in calcination process for crystallization and removal 
of the used template are necessary [4].
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On the other hand, the hydrothermal method is one of 
the most common methods for synthesizing nanomaterials, 
and is relatively easy and inexpensive. Also, the size, shape, 
and crystallinity of the resulting synthetic materials can be 
controlled through changing parameters such as reaction 
temperature, reaction time, solvent type, surfactant type, and 
pH of the solution [5, 8]. However, it is difficult to uniformly 
control the morphology in the fabrication of NTs or NWs. 
Therefore, we used a  TiO2 template-assisted hydrothermal 
method for easy manufacturing process and uniform mor-
phology control of the  PbTiO3 (PTO) NT arrays.

We used a  TiO2 template with anodized  TiO2 NTs grown 
on Ti foil to fabricate ferroelectric PTO NTs. Previous stud-
ies reported that 1D nanostructures can be fabricated using 
a  TiO2 template as both a precursor and template through a 
relatively simple low-temperature hydrothermal process [9, 
10]. In this study, the  TiO2 template formed an anatase phase 
through heat treatment; given that anatase  TiO2 NTs have a 
similar structure to the final target (tetragonal PTO NTs), it 
was determined that they would be easy to synthesize via a 
hydrothermal process. Therefore, optimized PTO NTs were 
fabricated by applying a hydrothermal process characterized 
by various parameters.

2  Experiments

A. Preferred anatase  TiO2 NTs  (TiO2 template)

To obtain anatase  TiO2 NTs, pure Ti foil (99.5%, 250-
µm thickness, Alfa Aesar) was prepared with a size of 
1.0 × 1.5  cm2. Anodization was performed using ethylene 
glycol (99.0%, Daejung Chemical) dissolved in 0.3 wt% 

 NH4F (≥ 98.0%, Sigma Aldrich) and 10 wt% deionized 
(DI) water as electrolyte solutions at 25 °C and applied 
electric voltage with 50 V for 1 h [11]. Then, a  TiO2 tem-
plate of the anatase phase was prepared by heat treatment 
at a temperature of 450 °C for 2 h.

Figure 1a shows the X-ray diffraction (XRD) results of 
the Ti foil and  TiO2 template before and after heat treat-
ment. Only Ti foil peaks were observed, indicating that 
the anodized  TiO2 NTs had an amorphous structure. Then, 
 TiO2 NTs with anatase phase (JCPDS No. 21-1272) were 
formed through heat treatment [11, 12]. It can be con-
cluded from the field-emission scanning electron micro-
scope (FE-SEM) results that the  TiO2 NTs produced in the 
form of a tube had an average wall thickness of 14 nm and 
an average length of 2.2 µm (Fig. 1b, c).

B. Fabrication of ferroelectric PTO NTs by hydrothermal 
method

Lead acetate solutions were prepared by dissolving 
0.005 M and 0.05 M lead acetate trihydrate (≥ 99.99%, 
Sigma Aldrich) in DI water. Vessels were filled with the 
lead acetate solutions up to 140 mL (approximately 70% of 
the total capacity of the vessels). Then, the prepared  TiO2 
template was placed in the vessels. Finally, the hydrother-
mal vessels were placed in an oven at 200 °C for 6–36 h 
to form PTO NTs [13].

The prepared  TiO2 and PTO NTs were characterized 
by a FE-SEM (S-4800, Hitachi) and XRD (D/MAX-2500, 
Rigaku) analyses. Energy-dispersive X-ray spectroscopy 
(EDS) was used to analyze the Pb, Ti, and O spectra. In 
addition, the local crystal symmetry was evaluated through 
room-temperature Raman scattering analysis (Raman, 
Confotec NR500, SOL).

Fig. 1  a XRD measurement 
results and b surface and c 
cross-sectional morphology 
images of anatase  TiO2 NTs 
using FE-SEM following heat 
treatment of the  TiO2 template 
produced by anodization
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3  Results and discussion

Figure 2a shows the XRD results of PTO NTs prepared 
using 0.005 M or 0.05 M lead acetate solutions with a 
reaction time of 24 h. In both cases, the peaks related to 
PTO of the tetragonal phase (space group P4mm) can 
be identified; the lattice parameters calculated through 
the (100) and (001) peaks are a = 3.926 and 3.921 Å, 
c = 4.172 and 4.191 Å, respectively. These results are 
similar to those previously reported [14, 15]. Also, peaks 
related to the  TiO2 template (Fig. 1a) were also observed. 
These results suggest that polycrystalline PTO (JCPDS 
No. 78-0298) NTs were properly synthesized and  TiO2 
NTs grown on Ti foil by the hydrothermal method were 
successfully converted into PTO NTs. However, the PTO 
NTs do not show the expected preferential orientation. The 
reason is that the anatase  TiO2 NTs are not continuous 
tubes but an agglomerated form of anatase nanoparticles. 
This is known to be a typical feature of anodized  TiO2 NTs 
[16]. In this regard, it has been reported that single crystal 
PTO NWs can be fabricated using high-quality regular 
and uniform  TiO2 NTs [16]. These results suggest that 
the structural properties of the  TiO2 template have a great 
influence on the structure of PTO NTs.

E(1TO), A(1TO), E(2TO), and B1 + E modes related 
to tetragonal PTO were also confirmed from the Raman 
results (Fig. 2b) [14, 15, 17]. Moreover, Eg (symmetric 
stretching vibration of O–Ti–O) and B1g (symmetric bend-
ing vibration of O–Ti–O) modes were found near 144 and 
395  cm−1 due to the  TiO2 template [14]. These results are 
consistent with XRD results.

The formation mechanism of PTO NTs that can be 
inferred from these results is as follows. In the initial stage 
of hydrothermal synthesis,  Pb2+ ions dissolved in a hydro-
thermal solution have a high diffusion rate under high-
pressure conditions generated in hydrothermal vessels. 

These  Pb2+ ions are concentrated around the  TiO2 tem-
plate, resulting in local supersaturation of  Pb2+ ions. Then, 
supersaturated  Pb2+ ions are inserted into the crystal lat-
tice of  TiO2 NTs and gradually converted into tetragonal 
PTO NTs [9, 15]. The in situ reaction of these  Pb2+ ions 
with the  TiO2 template is known to depend on the reac-
tion time of the hydrothermal process [15]. Therefore, the 
shape and structure transitions as a function of the reaction 
time in each solution were investigated.

In the case of 0.005 M lead acetate solution, in observ-
ing the transitions in morphology with the lapse of reaction 
time, there was no significant difference from the initial  TiO2 
template for a reaction time of 6 h (Fig. 3a). For a reac-
tion time of 12 h, the conversion of  TiO2 NTs into PTO 
NTs was induced, and the wall thickness increased owing 
to crystal cell expansion (Fig. 3b). The wall thickness of 
the initial  TiO2 NTs had an average value of ~ 14 nm and 
increased to ~ 31 nm after 12 h (Fig. 3b) and ~ 42 nm after 
24 h (Fig. 3c). Then, after 36 h, it became saturated, and the 
wall thickness was maintained at ~ 41 nm (Fig. 3d).

Considering the XRD (Fig. 4a) and Raman (Fig. 4b) 
measurements together, it can be expected that the con-
version from the initial anatase  TiO2 structure to the PTO 
structure started after a reaction time of 6 h. When the reac-
tion time reached 12 h, the conversion of  TiO2 NTs into 
PTO NTs was accelerated, and a distinct PTO structure was 
formed with an increase in the wall thickness. Then, after 
24 h,  TiO2 NTs were mostly converted to PTO NTs, and the 
wall thickness reached its maximum. However, when the 
synthesis time exceed 36 h,  Ti4+ partially dissolved in the 
Ti foil and PTO NTs formed PTO particles on their surface 
as a result of a dissolution–precipitation process by reacting 
with excess  Pb2+, thereby changing the surface morphology 
of NTs (Fig. 3d) [15].

In the case of 0.05 M solution, characteristic new types 
of particles were formed on PTO NTs for a reaction time 
of 24 h (Fig. 5a, b). These particles were subjected to 

Fig. 2  a XRD and b Raman 
measurement results as func-
tions of the molar concentra-
tions of lead acetate solutions
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elemental analysis through an EDS. The results indicate 
that these new types of particles (indicated by yellow dot-
ted lines) are mainly composed of Pb and O, unlike PTO 
NTs (Fig. 5c–e). These results also suggest that in the pres-
ence of a large amount of excess  Pb2+ ions, as the reaction 
time increases, PbO particles form on the already formed 
PTO NTs in the in situ reaction and dissolution–precipita-
tion process.

Therefore, when it comes to fabricating PTO NTs using 
a  TiO2 template and a hydrothermal process, the reaction 
time of the hydrothermal process and the molar concentra-
tion control of lead acetate solutions are crucial param-
eters to form PTO NTs with clear surface morphology.

4  Conclusion

To fabricate 1D-structured PTO NTs, a  TiO2 template was 
prepared through anodization, and various hydrothermal 
parameters were adjusted. As a result,  TiO2 NTs were con-
verted into PTO NTs by reflecting the shape of the  TiO2 
template and the wall thickness was increased. However, 
they were not completely converted to PTO NTs, and 
showed a polycrystalline structure. This is expected to be 
due to the structural properties of the  TiO2 template.

The surface change of PTO NTs and the formation of 
PbO particles were investigated as a function of the molar 

Fig. 3  Surface morphology 
images as a function of the 
reaction time in 0.005 M lead 
acetate solutions using FE-
SEM; a 6 h, b 12 h, c 24 h, and 
d 36 h

Fig. 4  a XRD and b Raman 
measurement results as a func-
tion of the reaction time in 
0.005 M lead acetate solutions
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concentration and reaction time of the lead acetate solu-
tions. In the case of 0.05 M solution, a large amount of 
excess  Pb2+ ions formed PbO particles on the PTO NTs 
surface.

These results are expected to provide information on 
important experimental parameters and their effects in the 
fabrication of high-quality ferroelectric nanotubes through 
 TiO2 template-assisted hydrothermal method.
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