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Abstract

A modified sol-gel method was used to synthesize single-crystalline lead-free (K,Na)NbOj; (KNN) nanorods. The effects of
calcination temperature and heating rate on the crystal structure and morphology were examined. At low heating rate, it was found that
with increasing calcination temperature, the crystallization of KNN gradually completed and the size of the one-dimensional rods
increased significantly. On the other hand, increasing heating rate changed the morphology of KNN from one-dimensional rods to
cubes. The as-synthesized KNN nanorods calcined at 750 °C with heating rate of 1 °C/min were determined to be orthorhombic single

crystals of 100400 nm wide and 1-2 pm long.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

For the past 50 years, Pb(Zr,Ti)O; (PZT) based piezo-
electric ceramics have been widely used in electronic devices,
including actuators, sensors, and transducers; the extensive
use of these ceramics is due to their good dielectric and
piezoelectric properties [1,2]. However, the high lead content
of PZT-based ceramics could cause severe environmental
issues. Thus, developing environment-friendly lead-free
piezoelectric materials to replace PZT is desirable [3,4].

Perovskite (K,Na)NbO; (KNN) lead-free piezoelectric cera-
mics, one of the most important lead-free materials, were first
fabricated in the 1950s [5]. Recently, the textured (Li,Ta,Sb)-
modified KNN has been reported to exhibit high piezoelectric
properties comparable to those of PZT [6]. As a result,
numerous studies on the KNN system have been carried out
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to improve its piezoelectric properties [3-8]. With different
additions, such as LiTaOs;, LiNbO;, LiSbOs;, and SrTiOs,
the KNN-based materials were reported to exhibit “soft”
piezoelectric behavior analogous to donor-doped PZT materi-
als, indicating that KNN is indeed one of the most promising
lead-free piezoelectric materials [9-14].

In the past few years, one-dimensional lead-free ferro-
electric perovskites, including nanoneedles, nanowires,
nanobars, and nanotubes, have been studied with increas-
ing intensity because of their potential use in non-volatile
ferroelectric random access memory, nanoelectromechani-
cal systems, energy-harvesting devices, advanced sensors,
and photocatalysis [15-20]. More recently, KNN nanotube
arrays with diameters of ~200 nm and wall thickness of
~30 nm to 40 nm were synthesized by Zhou et al. using a
sol-gel method with anodic aluminum oxide templates,
exhibiting classic ferroelectric behavior [19]. Xu et al.
synthesized one-dimensional single-crystalline KNN nano-
bars through a topochemical method based on molten salt
synthesis. The effective piezoelectric coefficient d33 of
113 pm/V of an individual KNN nanobar was measured
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Fig. 1. SEM images of the KNN powders calcined at different temperatures with a heating rate of 1 °C/min: (a) 650 °C, (b) 700 °C, (c) 750 °C and (d) 800 °C.

via scanning probe microscopy. The resulting piezoelectric
coefficient was higher than that of bulk ceramics prepared
by conventional solid-state reaction [20]. In this work, a
one-dimensional rod-like single-crystalline (K,Na)NbOj
(KNN) was successfully synthesized through a modified
sol—gel method. The effects of calcination temperature and
heating rate on the crystal structure and morphology of the
nanorods were investigated. The probable growth behavior
and mechanism were proposed.

2. Experimental procedures

Analytical reagent grade Rochelle salt, oxalic acid, and
ethanediol were used as raw materials. Nb(OH)s was used
as a source of Nb, as described elsewhere [21]. First,
Nb(OH)s was dissolved in an oxalic acid solution (with a
molar ratio of 1:3) for 30 min. Then, at the molar ratio of
n(Na™):n(K ")mn(Nb>T)=1:1:2, Rochelle salt was added
into the solution and allowed to react for 30 min. Ammo-
nia water was used to adjust the pH value between 2.5 and
3.5. Finally, ethanediol with a molar ratio of n(oxalic
acid):n(ethanediol)=1:2 was added into the solution and
allowed to react for 2 h to obtain the sol. The as-prepared
sol was dried at 120 °C for 24 h to extract the light yellow
and subtranslucent xerogel. The xerogel was calcined at
600 °C to 800 °C at different heating rates (1, 2, 3 °C/min)
for 3 h to obtain the KNN powder.

The crystalline phases were identified through X-ray
diffraction analysis (XRD, Ni-filtered Cu K, radiation,
40 kV). The microstructures of the samples were observed
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Fig. 2. XRD patterns of the KNN powders calcined at different
temperatures (600 °C, 650 °C, 700 °C, 750 °C and 800 °C) with a heating
rate of 1 °C/min.

with a scanning electron microscope (SEM, Hitachi
S-4300, Japan) and a transmission electron microscope
(TEM, JEOL JEM-2010, Japan).

3. Results and discussion
The SEM images of the KNN powders calcined at diffe-

rent temperatures with a heating rate of 1°C/min are
shown in Fig. 1. By increasing the calcination temperature
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Fig. 3. SEM images of the KNN powders calcined at 750 °C with
different heating rates: (a) 1 °C/min, (b) 2 °C/min and (c) 3 °C/min.

from 650 °C to 800 °C, it was found that the morphology
of KNN gradually changed from nanopowders to one-
dimensional rods, and the size of the one-dimensional rods
increased significantly with higher temperature. As shown
in Fig. 1(a), the KNN nanopowders with a particle size
of 50 nm to 100 nm were obtained at the calcination
temperature of 650 °C. With the temperature increasing
to 700 °C, the KNN nanorods gradually generated. Short
nanorods with a width of 20 nm to 50 nm and a length of
100 nm to 200 nm were observed, as presented in Fig. 1(b).
When the calcination temperature was increased to 750 °C,
the KNN nanorods became considerably homogeneous
with a width of 100 nm to 400 nm and a length of 1 um to
2 pm as shown in Fig. 1(c). However, when the calcination
temperature was increased up to 800 °C, the KNN

nanorods changed into a form that was a mixture of
microrods and cubes as shown in Fig. 1(d), indicating that
an extremely high calcination temperature has negative
effects on the growth of KNNN nanorods.

Fig. 2 shows the XRD patterns of the KNN powders
calcined at different temperatures. When the calcination
temperature was lower than 700 °C, a second phase of
Ks575Nbjg35030 (PDF#38-0297) was clearly observed
aside from the main perovskite phase, as indicated in
Fig. 2. By increasing the calcination temperature to 750 °C,
the crystallization of KNN gradually completed, and a
pure orthorhombic phase with the lattice parameters of
a=>5.5808 A, h=5.5906 A, and ¢=3.8977 A was obtained.
Notably, when the calcination temperature was increased,
the diffraction peaks (200) for KNN gradually split as
circled in Fig. 2, attributed to a grain-sized induced
structural phase transition [12,13].

The effects of the heating rate on the phase structure and
morphology of the KNN powders calcined at 750 °C are
shown in Figs. 3 and 4. By increasing the heating rate from
1 °C/min to 3 °C/min, the one-dimensional rod-like KNN
nanorods gradually evolved into cubes with 1 pm to 2 um
in length as shown in Fig. 3, indicating that the KNN
nanorods could only develop at a low heating rate. When
the heating rate was as low as 1 °C/min, complete KNN
nanorods with a width of 200 nm—400 nm and a length of
1 um—2 pm were obtained as shown in Fig. 3(a). By
increasing the heating rate to 2 °C/min, the KNN nano-
rods gradually grew close together, and a mixture of
nanorods and cubes was observed in Fig. 3(b). When the
heating rate was increased to 3 °C/min, only KNN cubes
with 1 pm-2 pm in length were found, as presented in
Fig. 3(c). On the other hand, the increase in heating rate
had limited effects on the crystal structure of KNN.
As shown in Fig. 4, the studied KNN samples with
different heating rates were found to be the orthorhombic
phase.
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Fig. 4. XRD patterns of the KNN powders calcined at 750 °C with
different heating rates (1 °C/min, 2 °C/min and 3 °C/min).
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Fig. 5. (a) TEM image of KNN nanorods and (b) TEM image of a single KNN nanorod; insets are the corresponding SAED pattern and HRTEM image

of the edge of the nanorod.

In light of the above discussion, the calcination tem-
perature of 750 °C and the heating rate of 1 °C/min were
determined to be the optimum processing condition for
synthesizing KNN nanorods. Fig. 5(a) shows the TEM
image of as-synthesized KNN products consisting of uni-
form nanorods. An individual nanorod is shown in
Fig. 5(b). The corresponding selected area electron diffrac-
tion (SAED) pattern and lattice fringes are given in the
insets of Fig. 5(b), confirming the single-crystalline nature
of the products.

It was proposed that the use of oxalic acid and
ethanediol during preparation could promote the growth
of KNN nanorods [22]. The carboxyl in oxalic acid would
form a complex of K™, Na™, and Nb>" jons, leading to
the formation of gel with the assistance of ethanediol.
By increasing the calcination temperature and time, the gel
particles gradually evolved into one-dimensional rods
along the direction with the fastest growth velocity [23].
As a consequence, a low heating rate could provide
sufficient time for crystallization and play a critical role
in the formation of KNN nanorods. The more in-depth
investigation of the growth behavior and mechanism of
KNN nanorods is underway.

4. Conclusions

Single-crystalline lead-free KNN nanorods were success-
fully synthesized through a modified sol-gel method.
Calcination temperature and heating rate had significant
influence on the structure and morphology of the KNN
nanorods. By increasing the calcination temperature, the
crystallization of KNN gradually completed, and the
morphology of the resulting products changed from
nanopowders to one-dimensional rods. At higher tempera-
ture, the size of the KNN nanorods was found to increase
significantly. In addition, the morphology of KNN

nanorods gradually changed from one-dimensional rods
to cubes by increasing the heating rate. The as-synthesized
KNN nanorods, calcined at the optimum processing
condition (750 °C, 1 °C/min), were proven to be single
crystals of 100-400 nm wide and 1-2 um long.
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