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Abstract
In recent years, one-dimensional piezoelectric nanomaterials have become a research topic of interest because of their special morphology
and excellent piezoelectric properties. This article presents a short review on one dimensional perovskite piezoelectric materials in different
systems including Pb(Zr,Ti)O3, BaTiO3 and (K,Na)NbO3 (KNN). We emphasize KNN as a promising lead-free piezoelectric compound with a
high Curie temperature and high piezoelectric properties and describe its synthesis and characterization. In particular, details are presented for
nanoscale piezoelectricity characterization of a single KNN nanocrystal by piezoresponse force microscopy. Finally, this review describes recent
progress in applications based on one dimensional piezoelectric nanostructures with a focus on energy harvesting composite materials.
© 2016 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Piezoelectric materials produce an electrical potential in
response to an applied force or generate mechanical movement
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when subjected to an electric field [1e3]. Such smart materials
have become essential for modern society, especially in the
fields of information and communications, industrial automa-
tion, medical diagnostics, etc. [3]. Because of their scientific
interests and rich applications, piezoelectric materials have
attracted long-lasting attention from both academic and in-
dustrial communities for several decades with many recent
exciting findings [4].
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Fig. 1. Stereoscopic illustration of ABO3 perovskite structure of (a) cubic and

(b) tetragonal phase with polarization variants.

Table 1

Examples of perovskite structures.

Perovskite structures System examples

AIBVO3 KNbO3, NaNbO3, (K,Na)NbO3

AIIBIVO3 PbTiO3, PbZrO3, Pb(Zr,Ti)O3, BaTiO3

AIIIBIIIO3 BiFeO3, BiScO3
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Lead zirconate titanate, Pb(Zr,Ti)O3, is a representative
piezoelectric material, which has been widely used in many
electronic devices. Alternative research seeks lead-free
piezoelectric ceramics including BaTiO3 and (K,Na)NbO3 as
well as Bi0.5Na0.5TiO3 [5]. It is generally known that ferro-
electric materials possess high piezoelectricity, and most of
them are perovskite compounds with a common molecular
formula of ABO3. Thus, nanoscale ferroelectrics with a
perovskite structure have been extensively studied in the last
two decades with a focus on thin films because of their ap-
plications for memory devices and microelectromechanical
systems (MEMS) [6]. Nevertheless, more and more studies
have been recently devoted to perovskite nanostructures
including nanowires, nanorods, nanotubes, nanobelts, nano-
whiskers, nanoplates, which are expected to open up new
applications in nanoelectronics and self-powered nanodevices
[7e10]. Several good review articles have been published
including that by Rørvik et al. who offered a detailed summary
with an emphasis on processing techniques [6]. This short
review will focus on one dimensional (1D) nanocrystals of
some well-known perovskite ferroelectrics with more details
about (K,Na)NbO3 (KNN), which is a promising lead-free
piezoelectric perovskite.

One dimensional nanocrystals have a high aspect ratio but a
nanoscale cross-section with a width on the order of 100 nm
[6]. Many methods have been developed for their synthesis,
and interested readers can refer to the review by Rørvik et al.
who presented a full view of processing progress that can be
mainly categorized as template-assisted and template-free
syntheses. There are many studies based on template-
assisted synthesis using anodic aluminum oxide (AAO) and
electrospinning method, but the materials fabricated by those
two methods are generally polycrystalline [11e15]. We are
more interested in nanoscale single crystals, and this review
places emphasis on their fabrication processes including the
molten salt reaction and hydrothermal methods [16e22].

One dimensional perovskite nanocrystals have interesting
ferroelectric and piezoelectric properties, but few studies have
characterized them. Piezo-response force microscopy tech-
niques are powerful tools to measure the piezoelectric re-
sponses of an individual nanocrystal [23,24]. Several examples
including our recent work on KNN nanocrystals will be
reviewed here. Finally, this review will introduce some
promising applications of piezoelectric sensors and energy
harvesting devices.

2. Representative piezoelectric perovskites

Perovskites have a cubic structure with a general formula of
ABO3 as shown in Fig. 1. In this structure, the A-site ions are
located on the corners of the lattice with B-site ions at body
center positions; oxygen ions sit at face centers. An ideal
perovskite with a cubic symmetry is not piezoelectric, but its
distorted structures with non-cubic symmetries may possess
good ferroelectricity and hence piezoelectricity. For example,
in a perovskite with tetragonal symmetry as shown in Fig. 1,
the B-site ions may shift downwards or upwards from the
cubic body center resulting in a center asymmetric structure,
which is a prerequisite for piezoelectric materials.

There are three classes of perovskite compounds including
AIBVO3, A

IIBIVO3 and AIIIBIIIO3 where the Roman numerals
represent the chemical valence of cations (see Table 1).
Recently, the lead-free piezoelectric KNN has become a good
example of AIBVO3 perovskites, which have an orthorhombic
symmetry at room temperature. There are many examples of
AIIBIVO3 perovskites, and the representative ones are
Pb(Zr,Ti)O3 and BaTiO3. A

IIIBIIIO3 is also a good example.
BiFeO3 has attracted extensive attention as a multiferroic
compound in addition to being a promising lead-free piezo-
electric material [25]. Other well-known perovskites are listed
in Table 1.
The most widely used piezoelectric materials are based on
Pb(Zr,Ti)O3 and commercially abbreviated as PZT. This is a
solid solution of PbZrO3 and PbTiO3. There is a phase
boundary between rhombohedral and tetragonal phases in the
vicinity of the Zr/Ti ¼ 52/48, which is known as morphotropic
phase boundary (MPB) [5]. When the composition is adjusted
close to the MPB, high piezoelectricity can be obtained
because of enhanced polarization due to the phase co-existing
effect. PZT-based materials are usually used in the form of
ceramic bulks, which are fabricated by sintering process.
Although single crystals outperform the sintered ceramics, it is
difficult to grow PZT single crystals because compositional
separation tends to occur during the crystallization. However,
Pb is quite toxic and lead-free piezoelectric perovskites have a
bright future.

BaTiO3 (BTO) is a typical perovskite compound with an
even longer history than PZT. It is now mainly used as a
dielectric material for multilayered ceramic capacitors due to its
low Curie temperature and low coercive field [26,27]. Never-
theless, great progress has been achieved in the development of
BaTiO3-based piezoelectric ceramics. BaTiO3 has attracted
continuous interest because of its simpler composition than
PZT. There are many studies using BaTiO3 as a model material
to investigate the nanoscale effect of ferroelectrics [28]. It is
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expected that more and more studies will be conducted about
BaTiO3 piezoelectric perovskite nanocrystals [29e33].

(K,Na)NbO3 (KNN) is a promising lead-free piezoelectric
material with higher Curie temperature even than PZT. A huge
amount of research has been conducted on KNN-based ce-
ramics in last decade leading to a great enhancement in
piezoelectric charge coefficient from ~100 to ~500 pC/N
[2,4,34]. Although the comprehensive properties of KNN
based piezoelectric ceramics are still inferior to PZT coun-
terparts, we believe that KNN is one of the most promising
lead-free piezoelectrics. Synthesis of KNN nanocrystals is
challenging because of its high alkalinity and easy evaporation
of alkali oxides. However, its advantages of high piezoelec-
tricity and high Curie temperature and the absence of lead
toxicity have driven many studies including our own [34e41].

3. Synthesis of one dimensional perovskites
3.1. PbTiO3 and PZT nanocrystals
The 1D piezo-nanocrystals containing Pb have high ferro-
electric and piezoelectric performance values and are highly
focused. Several kinds of synthesis approaches have been
employed [42e49]. Of note, fabrication of PbTiO3 (PT)
nanocrystals has been studied even with more numbers of
reports available in literature than PZT. This may be due to its
compositional simplicity and higher spontaneous polarization.

Fig. 2 shows PT and PZT nanorods synthesized by molten
salt and hydrothermal reactions, respectively [43,44,50,51].
The PT nanostrips shown in Fig. 2(a) were grown in the
Fig. 2. PT and PZT nanorods synthesized by molten salt and hydrothermal

methods. (a) SEM image [50] and (b) TEM image and SAED pattern of PT

rods [44] fabricated via molten salt reaction. (c) SEM [43] and (d) TEM

images of PZT nanorods with tetragonal phase [51] synthesized by hydro-

thermal process.
presence of NaCl/KCl mixed chloridesdthis is known as the
molten salt reaction. The width of PT nanostrips ranges from
20 nm to 100 nm, and their lengths reach tens of micrometers.
The phase structures of the PT nanostrips are tetragonal as
confirmed by X-ray diffraction [50]. Single-crystalline PT rods
can also be obtained by the growth of PT nanocrystals, and the
TEM image and selected area electron diffraction (SAED) of
the products are shown in Fig. 2(b) [44]. For the hydrothermal
synthesis, the PZT nanocrystals fabricated by a modified sol-
egel method are used as seeds. The typical PZT nanorods
shown in Fig. 2(c) were grown from the solegel-synthesized
PZT nanocrystals that were added into the salt with appro-
priate surfactants. The mineralizer was also used in the hy-
drothermal synthesis of PZT nanorods in Fig. 2(c), and the
morphology was modified by adjusting the mineralizer con-
centration and reaction time [43]. Moreover, the PZT rods
shown in Fig. 2(d) were also obtained by a hydrothermal
process assisted by surfactants [51]. The use of surfactants
helps to suppress the radial growth of PZT particles leading to
the formation of one dimensional structures.

As discussed above, the molten salt method and hydrother-
mal reaction are employed in the synthesis of PT and PZT 1D
nanocrystals, respectively. These two methods are considered to
be template-free methods and are popular in syntheses of 1D
piezo-nanocrystals due to the facile achievement of single
crystalline nanostructures [38]. However, it is difficult to
accurately determine the major processing parameters that
affect the crystal growth [6]. Hu et al. reported that the
competition between the supersaturation ratio and the surface
energies of some nanostructures may lead products with various
morphology and structures [52]. However, there are several
parameters that affect the morphology and structures of 1D
nanocrystals including the concentration of reactants, compo-
sition of solution, reaction temperature, surfactants, mineralizer,
etc. It is interesting that the surfactants and mineralizerdwhich
do not stay in the productsdalso play critical roles on the
growth of 1D crystals. The surfactants include polyvinyl alcohol
(PVA), polyacrylic acid (PAA), etc. [51], while the mineralizers
include tetramethylammonium hydroxide pentahydrate
(TMAH), etc. [43] leading to the anisotropic growth of the
target products. Fig. 3 compares the growth of PT nanorods
without and with surfactants through the molten salt reaction.
The key mechanism for the product growth without surfactant is
shown in Fig. 3(a) [50]. The PT nanoparticles first nucleate in
the NaCleKCl flux at a certain temperature, and then some
little crystal seeds gradually aggregate preferentially along the
one dimensional direction. They eventually evolve into a
nanorod form. In the presence of surfactant (Fig. 3(b)), the fine
particles steadily form nanorods along an axial direction due to
the kinetic control of the surfactant shell [44].

Many studies have been conducted to fabricate the PT and
PZT nanorod arrays [45,47,53,54]. Fig. 4 shows the aligned
PT and PZT nanorod/microrod arrays grown on different
substrates. For aligned growth, the substrate plays a pro-
nounced effect on the orientation and configuration of rod
arrays [53]. Of note, the epitaxial film layers in Fig. 4(a)e(d)
are an essential component during the growth of rods, and the



Fig. 3. Schematic illustration of the growth of PT nanorods fabricated via molten salt method (a) without [50] and (b) [44] with surfactant.
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resulting rod arrays are all synthesized by the hydrothermal
method. The rod array shown in Fig. 4(a) is aligned perpen-
dicular to the substrate surface of a single crystalline SrTiO3

substrate on which a PT film layer is grown [45]. The rods
have a square cross-section of ~200 nm and are up to several
micrometers long. The PT rods in Fig. 4(b) are grown on a
〈100〉 SrTiO3 substrate, and seem to be parallel to the sub-
strate. Actually, the PT nanorods grow perpendicular out of
some platelet side surfaces, and upward from the platelet top
surfaces. Some vertical rods are seen as white dots in the SEM
image. In addition, the platelet is first synthesized as the initial
products during the hydrothermal process [53]. The PZT rods
shown in Fig. 4(c) and (d) are aligned on TiO2 and (100)
NbeSrTiO3 substrates, respectively. The TiO2 substrate in
Fig. 4(c) is a layer of TiO2 formed on the surface of titanium
foil by a thermal treatment at 600 �C in air as reported by Lin
et al. [47]. The substrate and the hydrothermal solution were
then placed in a stainless steel autoclave with a Teflon liner at
175 �C for 12 h. The SEM image clearly shows that the PZT
rods are well aligned, and the diameter increases along the rod
length from the bottom to the top [47]. Meanwhile, the
diameter of rods in Fig. 4(d) is around 200 nm, and the length
varies markedly [19]. The in-plane aligned PZT single crystal
rod can also be grown on a SrTiO3 substrate with gold parti-
cles on its surfaces by a simple method based on near
Fig. 4. Aligned PT and PZT nanorods/microrods grown on different substrates.

(a) PT rod array on (001)-oriented PT substrate [45]. (b) PT rod array on (100)-

oriented SrTiO3 substrate [53]. (c) PZT wire array on the TiO2 film formed on

titanium substrate [47]. (d) PZT rod array on (100) NbeSrTiO3 substrate [19].
migration and restricted growth process [54]. It is also a facile
method to synthesize self-assembled PZT nanorods.
3.2. BTO nanocrystals
1D BTO nanostructures are lead-free piezomaterials and
have received increasing attention both for their properties and
applications [55]. The hydrothermal method is widely utilized
in the fabrication of BTO nanostructures [33,56,57]. The SEM
and TEM results of BTO nanorodsdas well as the aligned
BTO nanorod arraydare shown in Fig. 5. Joshi et al. reported
the template-free hydrothermal synthesis of BTO single
crystals for the first time [33]. After that, hydrothermal
methods became widely utilized in the fabrication of BTO 1D
nanostructures. The BTO nanowires with high aspect ratios
shown in Fig. 5(a) were effectively controlled by adjusting the
hydrothermal reaction temperature [58]. The aspect ratios of
BTO rods increased from 9.3 to 45.8 depending on the hy-
drothermal temperature. Fig. 5(b) shows a TEM image of BTO
nanowires synthesized by a hydrothermal reaction [57]. The
preparation of BTO nanowire arrays presented in Fig. 5(c) and
(d) is based on a two-step hydrothermal reaction [59]. The
diameter of the resulting rods is around 90 nm. The cross-
sectional view of BTO nanowire array is also shown in
Fig. 5, and the rods are aligned nearly vertically [31].
Fig. 5. BTO nanorods synthesized via hydrothermal methods. (a) SEM [58]

and (b) TEM images [57] of BTO nanorods fabricated by a hydrothermal

method. (c) Cross-sectional view of BTO nanorod array [59]. (d) The BTO

nanowire array synthesized via a hydrothermal method [31].



Table 2

List of the synthesis of one dimensional niobate based nanocrystals.

Products Description Reference

Hydrothermal method

NaNbO3 100 nm in diameter; NaOH solution

adjustment; piezoelectricity

determination

[61]

KNbO3 Temperatureepressure condition

variation; a narrow window of

diagram of KOHeNb2O5eH2O;

structure transformation

[62]

Polymorphous nanocrystals; low

temperature

[63]

LiNbO3 SHG signal measurement; DEP

response

[64]

K1�xNaxNbO3 Phase structure change with

composition; Raman study; UV/vis

absorption study;

[65]

Molten salt method

NaNbO3 Topochemical method; Nb2O5

precursor

[66]

Ion exchange; K2Nb8O21 precursor [67]

KNbO3 Topochemical method; Nb2O5

precursor

[66]

Three kinds of precursors;

preferential orientation of the

crystals

[68]

K1�xNaxNbO3 Topochemical method; Nb2O5

precursor; ceramic preparation

[66]

Different precursors; preferential [68]
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The molten salt method can also be employed for the
synthesis of BTO nanorods, however studies on the molten salt
method are much less common than the hydrothermal method
[29]. Mao et al. reported the fabrication of BTO nanorods via
molten salt reaction as one of the pioneering works in 2003
[60]. More efforts have been made to improve the morphology
and quality of BTO nanorods [50]. By using this molten salt
synthesis method, Deng et al. studied the surfactant-free
fabrication of BTO nanostrips as shown in Fig. 6(a) [50].
The BTO rods are straight and have a rectangular cross-section
as seen from the low magnification SEM image. Their widths
range from 50 to 200 nm (inset of Fig. 6(a)). Additionally, the
TEM image shown in Fig. 6(c) agrees well with the SEM data.
In addition, Fig. 6(b) reveals that the molten salt synthesis of
BTO nanowire using Ba(CH3COO)2 as the precursor.

In spite of some trace spherical particles, the rods are long,
and the diameters vary from several nanometers to ~500 nm.
The SAED pattern indicates that the growth direction of BTO
nanowires is along its c-axis. It is assumed that the as-
synthesized perovskite crystal nanoseeds in the molten salt
would arrange in a certain way to reduce the surface energy of
the fresh section. After that, more and more crystals would
aggregate and combine with the initially formed nano-
structures along the self-polarized c direction, i.e., the growth
direction [29]. The TEM image shown in Fig. 6(d) also agrees
with the BTO nanowire image shown in Fig. 6(b).
orientation of the crystals

Structure transformation;

piezoelectricity characterization;

[35,38]

3.3. KNN nanocrystals
composition measurement

Other methods

LiNbO3 Nanotube; ordered alumina template [69]

Table 2 lists the synthesis key words and references of

some niobate-based, 1D nanomaterials. The hydrothermal
Fig. 6. BTO nanorod fabricated by molten salt method. (a) SEM image of BTO

nanorod together with the statistic of width [50]. (b) SEM result of as-

synthesized BTO nanowire and one enlarged image of one rod as the inset

[29]. (c) and (d) TEM images of 1D BTO nanostructures corresponding to the

rod shown in (a) [50] and (b) [29], respectively.

Decomposition; reaction of alkoxide

precursor and triphenylphosphine

oxide

[70]

NaNbO3 Decomposition; niobium oxooxalate

complex

[71]

In2O3/NaNbO3; co-precipitation

method

[72]

Gel precursor; templated

crystallization

[73]
method, molten salt reaction and some other synthesis ap-
proaches are introduced in detail with related description of
the studies.

KNN-based 1D nanomaterials have been highly focused
due to the high piezoelectric performance, and the molten salt
method is increasingly used for their synthesis. Actually, the
molten salt method was employed several decades ago for the
synthesis of BaFe12O19 and SrFe12O19 crystals as reported by
Arendt [74]. PZT materials based on molten-salt solvent were
synthesized as powders in 1979 [75]. Since then, the molten
salt method has become attractive for producing highly crys-
tallized, size-controlled nanostructures [6]. Chiu et al. also
reported the fabrication of complex perovskite Pb(Fe0.5Nb0.5)
O3 [76].

For the synthesis of 1D nanocrystals by molten salt method,
the key reaction step is the formation of 1D precursors whose
morphology will be inherited finally by the targeted perovskite



Fig. 7. Flow chart of synthesis reactions and products for the molten reaction

synthesis of KNN nanorods.

30 L.-Q. Cheng, J.-F. Li / J Materiomics 2 (2016) 25e36
crystals [66]. For example, Xu et al. reported a complex
niobate precursor synthesis of NaNbO3 and Ca(NbO3)2 NRs,
and the products were both well crystallized [67]. Madaro
et al. revealed the chemical conversion of KNbO3 and
K0.5Na0.5NbO3 single crystals from various complex niobate
precursors [68]. The perovskite niobate nanostructures are
anisometric, and their morphology is highly dependent on that
of complex niobate precursors such as needle-like K2Nb4O11,
long plate-like KNb3O8 and K4Nb6O17$3H2O plate particles
[68]. Xing's group extensively studied the synthesis of niobate
nanostructures in both nanowires and micron-platelet particles,
and also fabricated complex niobate based products with 1D
and plate-like morphology as precursors [66,77,78]. Santulli
et al. also reported the synthesis of LiNbO3 NRs from the
same 1D niobate precursor [79].

Based on these studies, the molten salt synthesis of KNN
nanorods consists of four steps (Fig. 7) with the evolution of
products morphology. The equiaxed Nb2O5 particles first
convert to complex niobate precursors with high aspect ratio
via a molten salt reaction that is the initial precursor. After
Fig. 8. Schematic illustration of the structure evolution of products o
that, the high-aspect-ratio nanorods act as templates for the
formation of Nb2O5 nanorods. The Nb2O5 nanorods obtained
via ion exchange and thermal decomposition processes inherit
the morphology of the smooth surface and length, which is
typically tens of micrometers.

2H3ONb3O8/3Nb2O5 þ 3H2O

Finally, the Nb2O5 nanorods, together with appropriate re-
actants, transform to KNN NRs via the molten salt reaction
according to:

Nb2O5 þ xK2CO3 þ ð1� xÞNa2CO3/
KCl

2KxNa1�xNbO3

þCO2[

The as-synthesized KNN NRs reaches 10e20 mm in length
and 400e500 nm wide.

The crystallographic evolution of the Nb-containing species
during the synthesis of KNN nanorods is schematically shown
in Fig. 8 [38]. The Nb atoms are located in the center of the
oxygen-octahedra. The anions of complex niobate products
have a framework based on the tetragonal bronze structure;
most Nb atoms occupy octahedral, and the others are trian-
gular tunnels and share NbO6 octahedra on the corners. The
complex niobate precursor then transforms into the H3ONb3O8

structures. This complex compound is further converted back
into niobium pentoxide, which inherits NR morphology and
exhibits a corner- and edge-shared NbO6 octahedra network.
Thus, all of these efforts are devoted to changing Nb2O5 from
equiaxial morphology to high-aspect-ratio nanorods. This
serves as a template for the KNN nanorod synthesis through
the molten-salt reaction. Finally, the network transforms to a
corner-sharing perovskite structure [78,80].

The SEM and TEM images of the representative KNN
nanorods synthesized by molten salt reaction are displayed in
Fig. 9 [36,38,66]. Fig. 9(a) and (b) show the morphology of
KNN nanorods and reveal that the diameters of the KNN
nanorods range from 200 to 700 nm with lengths of 10e20 mm
[36,80]. The morphology is similar to titanate nanowires
[81,82]. The enlarged SEM image for an individual nanorod is
shown in Fig. 9(c). The surface of the rod is smooth and the
diameter varies somewhat along the length of the NR. The top-
view image in Fig. 9(c) is nearly square. Meanwhile, the
btained during the molten salt synthesis of KNN nanorods [38].



Fig. 9. KNN nanorods synthesized by molten salt reaction. (a) [80] and (b)

[36] SEM images of KNN nanorods, (c) morphology of an individual KNN

nanorod, and the top view of the tip of a representative nanorod, respectively,

and (d) TEM image of nanorod together with SEAD pattern and HRTEM

image [38].
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nanoscale steps have heights of ~5e10 nm at the tip of an
individual NR. These are marked with the red circle in
Fig. 9(c). These steps might correspond to the growth stages
[83] and provide evidence for growth mechanisms with pref-
erential orientations [40,64,78]. The bright-field TEM images
of the KNN nanorod are also presented in Fig. 9(d). They are
consistent with the SEM results presented in Fig. 9(c). The
single crystalline nature of KNN NRs is indicated according to
plots of the selected area electron diffraction (SEAD) pattern
[38] (For interpretation of the references to color in this
paragraph, the reader is referred to the web version of this
article.).

The single crystalline nature of KNN NRs is indicated
according to plots of the SEAD pattern [38]. Different regions
Fig. 10. KNN nanorods synthesized by hydrothermal. (a) (K0.99Na0.01)NbO3

nanorods synthesized at 220 �C for 24 h [86]. (b) K0.50Na0.50NbO3 nanorods

fabricated under 200 �C for 24 h [65]. (c) KNN nanorods on KNN/STO(100)

substrates at 200 �C for 24 h [40]. (d) KNN nanorods on KNN/STO(111)

substrates at 205 �C for 24 h [40].
of the nanorod had the same SAED results indicating that the
current KNN NR is single crystal with a growth direction in
the 〈010〉. Moreover, the high-resolution transmission electron
microscopy (HRTEM) data (Fig. 9(d)) shows interplanar
spacing of 4.01 Å and 3.95 Å corresponding to the 〈100〉 and
〈010〉 directions, respectively. These are consistent with KNN
bulk materials [84].

Hydrothermal synthesis is another approach to fabricate
KNN 1D nanocrystals. In 2001, Cho et al. reported hydro-
thermal synthesis of acicular PZT structures, which paved the
way of hydrothermal fabrication method in 1D piezoelectric
perovskites [43]. Next, Liu et al. reported the successful
synthesis of KNbO3 NRs with hydrothermal synthesis in 2002
[63]. Since then, many research groups have published their
syntheses and properties characterization of 1D piezoelectric
nanostructures. Vasco et al. investigated the growth kinetic of
1D KNbO3 nanostructures synthesized by a hydrothermal
route. From this, a model was designed to account for the
cube-based morphology of the nanostructures [83]. Wang et al.
reported the synthesis of KNN nanostructures, analyzed the
growth mechanism and optical properties in 2010 [65].
Furthermore, KxNa1�xNbO3 nanorods were fabricated via a
hydrothermal method that was accompanied by a post-heat
treatment process [21].

The morphology and structure vary a lot at different tem-
peratures and reaction times [85], even under the same reac-
tion conditions [65,86]. Fig. 10(a) and (b) show KNN
nanorods with different morphologies synthesized via a hy-
drothermal method. The data indicate that hydrothermal syn-
thesis is a variable and intractable method [65,86]. In addition,
the 1D nanostructures can also be synthesized as aligned ar-
rays on a substrate. Xu et al. reported the fabrication of KNN
NRs grown on different substrates, i.e. STO/KNN (100)
(SrTiO3/KNN) and STO/KNN (111) substrate as shown in
Fig. 10(c) and (d) [40]. They used a special installation to hold
the substrate as illustrated in Fig. 11. The growth of arrays
takes place in the KNN film-coated STO substrate [40,53].
The substrate is mounted on the substrate holder, inverted, and
soaked in a hydrothermal reaction solution. The distance from
substrate the holder and the autoclave bottom can be
controlled. This setup was first introduced in the synthesis of
PT nanostructures by Rørvik et al. in 2009 [53]. This approach
Fig. 11. Illustration of the experimental setup for the fabrication of aligned

arrays synthesized by hydrothermal method.
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is also effective in the synthesis of KNN nanorods grown on
the substrate surface facing downward in the autoclave.

4. Piezoelectricity characterization

Compared with the traditional piezoelectric bulk materials,
the characterization of piezoelectric crystals, especially the
piezo-nanocrystal, is a critical problem because it is difficult to
observe piezoelectric nanostructures at the nano/micro-scale.
New research is establishing the relationship among the
microstructure, piezoelectricity at the nanoscale and the per-
formance of macro materials. Recently, the properties of 1D
piezoelectric nanostructures were investigated with piezores-
ponse force microscopy (PFM) [23]. This is an effective
technique for drawing topography and conducting nonde-
structive property characterization of piezoelectric and ferro-
electric materials at the nanoscale. For instance, Kalinin's
group developed a switching spectroscopy piezoresponse force
microscopy (SS-PFM) to quantitatively address local switch-
ing characteristics of the PZT materials [87]. Moreover,
Fig. 12. AFM/PFM measurement of (a) PZT, (b) BTO and (c) KNN nanorods. (a) 3D

information of PZT nanowire poled with voltage of �40 V applied on the bottom el

(d) AFM image of BTO nanowire [91]. Lateral PFM phase loop (e) and amplitude b

[36]. (h) The piezoresponses and phase information obtained from three points as
piezoelectric properties of monocrystalline PZT nanowires,
KNN nanorods and polycrystalline BiFeO3 nanofibers were
also investigated, respectively [36,88,89]. Even soft biological
tissues were shown to be electromechanically coupled in
porcine aortic walls and elastin [23,24,90].

Fig. 12 presents the morphology and piezoelectric perfor-
mance measured by AFM and PFM, respectively. The AFM/
PFM results of 1D PZT nanostructures are shown in
Fig. 12(a)e(c) [88]. The topography presented in Fig. 12(a)
was first drawn by the AFM tip. The amplitude (Fig. 12(b)
left) and phase (Fig. 12(b) right) are related to piezoelectric
vibration and polarization. These were acquired concurrently.
The piezoelectric response loop shown in Fig. 12(c) was ob-
tained with a positive voltage cycle and reveals a typical
piezoelectric hysteresis. Wang et al. studied the PFM charac-
terization of BTO nanowires in both vertical and lateral modes
[90]. Fig. 12(d) shows the morphology of the BTO nanowire,
and lateral amplitude curves and phase hysteresis loops are
revealed in Fig. 12(e) and (f), respectively. Our group con-
ducted PFM study on the KNN NRs synthesized via molten-
drawing of the amplitude of PZT nanowire [88]. (b) The amplitude and phase

ectrode [88]. (c) Local hysteresis loop of piezoresponse of PZT nanowire [88].

utterfly curve (f) of BTO nanowire [91]. (g) Morphology of the KNN nanorod

marked in (g) [36].
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salt reaction [36]. Fig. 12(g) shows the AFM image of one
individual NR ~25 mm in length and ~500e700 nm in width.
Fig. 12(g) also indicates the measurement points that were
set along the length direction. A sequence of DC voltage
signals with “on” and “off” states in a periodic triangle wave.
These were applied as shown in Fig. 12(c), and an AC signal
was simultaneously applied to obtain the piezoelectric vibra-
tion [36]. Therefore, the amplitude butterfly curves and phase
hysteresis loops were acquired, and the results are shown in
Fig. 12(d) [24]. These results show the typical amplitude-
voltage and phase-voltage hysteresis loops, respectively.
They indicate the uniformity of the NRs. The phase boundary
in KNN NRs was further confirmed by the composition
dependence of piezoelectric responses [24,36,92].
Fig. 13. Representative illustrations of composite systems based on 1D (a)

PZT nanowire [96], (b) BTO nanowire [30], and (c) NaNbO3 nanowire [97].
5. Studies for piezoelectric applications

One dimensional piezoelectric nanostructure-based nano-
composites are a unique and interesting class of materials that
synergize the advantages of piezoelectric nanomaterials and
the polymer matrix. They have attracted extensive attention in
applications of energy harvesting and self-powered sensing
[93]. Most applications on 1D piezoelectric nanostructures
includes sensors and nanogenerators for self-powered systems
[49]. The size at the micro/nano scale renders the composite
suitable for some personal electronic devices [94]. There are
also many studies on 1D piezoelectric-based energy harvesting
systems over the last decade. Wang's group has made great
efforts in the fabrication and characterization of ZnO, as well
as ZnO based composite [7,94,95]. However, the complex
ternary piezoelectrics with perovskite (ABO3) structure at low
dimensions emerged during the past several years. It is
reasonable that not only high piezoelectric performance but
also multifunctional properties such as optical and magnetic
properties exist in ABO3 nanostructures [6,45]. Fig. 13 pre-
sents three illustrations of 1D piezomaterials based compos-
ites, including PZT, BTO, and NaNbO3 nanowire systems.

The illustration of piezoelectric nanogenerators based on
PZT nanofibers is shown in Fig. 13(a). The PZT nanofibers
have a diameter and length of around 60 nm and 500 mm.
These were aligned on interdigitated electrodes of platinum
wires, respectively [96]. The output voltage and power under a
periodic force was measured to be 1.63 V and 0.03 mW,
respectively. Koka et al. reported the fabrication of a vertically
aligned BTO nanowire array, and the energy harvesting
behavior of the array was also evaluated [30]. The schematic
drawing of the device is shown in Fig. 13(b). The device
shown in Fig. 13(c) consists of NaNbO3 nanowire-PDMS
(polydimethylsilane) composite and Au/Cr-coated polymer
films [97]. High-quality NaNbO3 nanowires can be grown by a
hydrothermal method at low temperature and poled by an
electric field at room temperature. After that, the output
voltage and current reach 3.2 V and 72 nA under a compres-
sive strain, respectively. Recently, Wang et al. developed KNN
nanofiber-based sensors with KNN nanofibers that were
fabricated through electrospinning and polymer packaging
process [98]. The composites exhibited a fast and active
response that is proportional to the strain and generating rate.

However, there are still some unresolved issues with the
flexible piezoelectric nanocomposites including insufficient
output performance and size limitations before commerciali-
zation [99]. Specifically, the KNN-based piezoelectric nano-
structures possess limited output voltage and current due to their
relatively low piezoelectric coefficients [100]. Therefore, some
other profound ways are highly desired in the fabrication of
lead-free piezoelectric nanocomposites. Nanostructures with
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structure modifications and feature specialization including
high-aspect-ratio nanorods, single crystal nanowires, etc. will
likely have great potential for nanocomposites with large output
signals. There are few reports of piezoelectric applications
based on one dimensional KNN nanostuctures. Thus, more
challenges and explorations are expected in this field.

6. Summary and outlook

The piezoelectric effect was discovered in 1880 by the
Curie siblings and has been extensively studied and widely
used in many technologies. Recently, one dimensional piezo-
electric nanostructures are receiving extensive attention
because of their promising applications in innovative tech-
nologies. In particular, 1D perovskite (ABO3) nanocrystals are
highly focused in the past two decades because of their
multifunctional properties, i.e. ferroelectricity, high-
temperature superconductivity, and colossal magnetoresis-
tance. Thus, the 1D nanostructures with perovskite structure is
a hot topic of interest not only for their potential applications
but also for scientific interest and challenges.

Recently, there are three commonly studied research sub-
jects based on 1D piezoelectric perovskite nanostructures. The
first one is the controllable synthesis of perovskite nano-
structures such as nanorods, nanowires, nanotubes, etc. In
addition, aligned nanostructures grown on some substrates
have also been investigated. Many studies have investigated
the fabrication of 1D ABO3 nanostructures, and the research
interest is gradually developing single crystals due to the high
piezoelectric performance. Secondly, emerging characteriza-
tion techniques are also promoting the research of nano-
structures. The measurement of nanostructures at the micro/
nano-scale is beyond the traditional means of piezoelectric
ceramics characterization. Ferroelectric and piezoelectric
characterization along a special direction of the nanostructures
is reasonably obtained because the test method is more
microscopic. The last one could be referred as to the fabri-
cation techniques of nanocomposites. The composites contain
the 1D nanostructures as well as the polymer matrix and some
other component. The composites are self-powered and could
be utilized in energy harvesting systems, biomedical sensors
and portable electronic devices.

In view of the recent research interest, we consider that the
research focus in the near future would include the following
two parts. First, academic research on 1D piezoelectric
perovskite nanostructures should be emphasized. It is neces-
sary to investigate the growth mechanism and effectively
control the synthesis of perovskite nanostructures. Moreover,
highly efficient syntheses of single crystalline nano-
structuresdalong with ordered nanorod arraysdare expected.
One dimensional single crystalline nanostructures are mostly
fabricated via the molten salt and hydrothermal methods.
However, the products are unstable versus conventional bulk
piezomaterials. This makes the subsequent processing and
fabrication of composites difficult. Second, novel structures
with high output signals are expected. The composites will
hopefully be based on lead-free piezoelectric nanomaterials.
Certainly, more and more application studies based on 1D
lead-free perovskite nanostructures are highly desired.
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