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Lead-free K0.5Na0.5NbO3 (KNN) nanotube arrays were synthesized by a sol-gel method with

anodic aluminum oxide templates. The obtained KNN nanotubes exhibited a polycrystalline and

monoclinic perovskite structure with diameters of �200 nm and wall thickness of �30–40 nm,

respectively. The polarization-electric loop curve of the nanotubes array were examined showing

the values of 2Pr and 2Ec at about 3.4 lC/cm2 and 13 kV/cm, respectively, under a maximum

electric field of 12.5 kV/cm. The piezoelectric characteristics of individual KNN nanotube array

was also identified through piezoresponse force microscopy. VC 2011 American Institute of Physics.

[doi:10.1063/1.3592636]

I. INTRODUCTION

The use of lead-free ferro- and piezo-electric materials has

gained much attention in recent years. Sodium potassium

niobate (KxNa1-xNbO3), a promising candidate for replacing

Pb(ZrxTi1-x)O3 (PZT) in piezoelectric devices as a lead-free

material, is appealing for potential piezoelectric applications

because of its relatively low dielectric permittivity, high

electro-mechanical coupling coefficient as well as good nonlin-

ear optical and electro-optical properties.1–4 K0.5Na0.5NbO3

(KNN), a combination of ferroelectrics KNbO3 and anti-ferro-

electrics NaNbO3, has been reported to possess good piezoelec-

tric properties (as it is near the morphotropic phase boundary),

moderate dielectric constant (ranging from 300 to 600) and rel-

atively large piezoelectric coefficient (d33) (�80–120 pC/N).5

Although the piezoelectric properties of (K,Na)NbO3 ceramics

are not as high as those of commercial PZT, (K,Na)NbO3

ceramics can be used for several applications such as high fre-

quency transducers, ultrasonic diagnostics and tunable micro-

wave components.6–8 Over the past decade, most research

activities concerning (K,Na)NbO3 have focused on two areas:

(1) to improve the material’s sintering activity and (2) to

enhance the ferro- and piezo-electric properties of KNN

ceramics and thin films. For example, Bernard et al. reported

that the KNN ceramics prepared in low-temperature condition

could possess piezoelectric properties of d33 coefficient of 120

pC/N and Zhou et al. described how to fabricate dense

ceramics of Ta-doped KNN (KNTN) using refined nanopow-

ders synthesized through hydrothermal method as start materi-

als.9,10 Hu et al. has also reported the synthesis of

KTa0.25Nb0.75O3 and (K,Na)NbO3 nanorods via orientation-

control approaches.11,12 In another study, Ahn et al. examined

the effects of K and Na excess on the ferroelectric and piezo-

electric properties of (K,Na)NbO3 thin films, and the results

showed that the optimized (K,Na)NbO3 thin film showed good

fatigue resistance with a piezoelectric constant of 40 pm/V,

which is comparable to that of a polycrystalline PZT thin

film.13 The effects of grains size on the dielectric response of

KNN ceramics have also been studied by Buixaderas et al.14

With the rapid development of nanoscale technologies

and devices, the properties exhibited in ferroelectric nanoma-

terials are quite different from those in bulk. For example,

many ferroelectric properties, including the Curie tempera-

ture, mean polarization, area of hysteresis loop, coercive elec-

tric field, piezoelectric strain and remnant polarization, will

become size dependent when certain dimensions are changed

to nanoscale.15 Many of the ferroelectric nanostructures are

potentially useful for applications related to microelectronics,

biochemistry and environmental protections.16–18 Theoretical

calculations of ferroelectrics with lower dimensionality have

provided insights into how ferroelectric properties and size of

nanowires are related to each other and how to select a suita-

ble nanowire in terms of size for optimized performance.19,20

Therefore, the synthesis of 1D ferroelectric nanostructures is

of great significance not only for fundamental understanding,

but also for future applications.

Among the many synthesis methods, template-assisted

synthesis has been widely employed to produce nanowire/

tube arrays. In this method, the most commonly utilized tem-

plates are porous anodic aluminum oxide (AAO) and track-

etched polycarbonate membranes. These templates have 1D

nanoscale pores or channels in which a sol or an aqueous

solution containing the desired components can be incorpo-

rated. In the following drying and annealing processes, the

solvent evaporates and the material starts to densify and

crystallize, forming 1D nanostructures whose dimensions

can be precisely controlled by the pore diameter and the pore

length of the templates.21–23 A number of studies concerning

KNN films, ceramics and powders have been carried out in
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the past, yet little attention has been paid to KNN nanotubes

so far. In this paper, we reported the synthesis of KNN nano-

tube arrays using the sol-gel method through commercially

available AAO templates with pore diameters of� 200 nm.

In addition, the morphologies and microstructures, phase as

well as the ferroelectric and piezoelectric properties of the

KNN nanotubes or/and arrays have been discussed.

II. EXPERIMENTAL DETAILS

The KNN nanotube arrays were synthesized by using a

sol-gel process utilizing the AAO templates that are com-

mercially available porous membranes (Whatman Anodisc

25) with a nominal pore diameter of 200 nm. The preparation

of KNN precursor solution was conducted following the

methods reported in the literature.24,25 The final concentra-

tion of precursor solution was adjusted to be 0.2 M by adding

2-methoxyethanol and acetic acid. The AAO templates were

immersed into the precursor solution for 0.5 h under a lower

atmospheric pressure condition. Then the templates contain-

ing the sol precursor were taken out of the solution and cal-

cined in air at 700 �C for 0.5 h using a tube furnace.

The surface and cross-section morphologies of the KNN

nanotube arrays were characterized by field emission scan-

ning electron microscopy (FESEM, HITACHI, S-4800). The

phase structures of the KNN nanotube array and KNN pow-

ders samples were carried out by an x-ray diffractometer

(XRD, Bruker D8), using CuKa radiation (k¼ 1.5406 Å) as

the radiation source. The microstructure of a single KNN

nanotube was examined through transmission electron mi-

croscopy (TEM, JEM 2010). For SEM and TEM observa-

tions, the alumina was removed by immersing the AAO/

KNN arrays into a 4 M NaOH aqueous solution for a desired

amount of time. To measure the ferroelectric properties of

the KNN nanotube arrays, both surfaces of the array were

first polished carefully with sand paper until the KNN nano-

tubes emerged before a layer of Au with a thickness of 100

nm was sputtered on both sides of the template as electrode.

Then the polarization-electric (P-E) loop of the KNN nano-

tube array was measured by Sawyer-Tower method (fre-

quency of the signal¼ 1 kHz). The piezoelectric properties

of the KNN nanotube were studied by piezoresponse force

microscopy (PFM, Nanoscope IV-Dimension 3100).

III. RESULTS AND DISCUSSION

The XRD patterns of as-prepared KNN nanotubes after

removing the AAO template completely and KNN gel pow-

ders calcined under the same conditions are presented in

Fig. 1. All diffraction peaks of KNN gel powders are well

consistent with the standard powder XRD pattern of mono-

clinic perovskite structure with a symmetry of space group

Pm(6), and can be indexed according to the JCPDS card No.

77-0038. Analogously, a similar XRD pattern was observed

from the KNN nanotube sample without extra peaks, sug-

gesting that a pure polycrystalline perovskite structure of

KNN was obtained without noticeable impurity phase. The

results also show that the peak intensities of KNN nanotubes

are much weaker and broader than those of the correspond-

ing peaks of the powders because the amount of KNN

particles consisted in nanotubes is very limited comparing

with that in powders. On the other hand, the grain size

effects may have contributed to the weaker and broader

peaks of KNN nanotubes. Based on the Scherrer formula, the

crystallite sizes were calculated using the data of three

strongest diffractions (i.e., 200, 020 and 220 diffractions)

and the values are� 54 nm for KNN gel powders and�30

nm for KNN nanotubes, respectively. It is also worth noting

that the relative intensity of the diffraction peaks of the KNN

nanotubes has changed when compared to that of the pow-

ders. It is known that the (220) diffraction peak is the most

intense for KNN ceramics while (200) diffraction peak is the

most intense for the nanotubes sample, implying the KNN

nanotubes have a preferred orientation. The lattice parame-

ters of the KNN nanotubes and powders samples (calculated

by MDI JADE5) are listed in Table I. The lattice parameters

and volumes of nanotubes are slightly smaller than that of

KNN powders, which is caused by the size-effect arisen

from the nanoscale grains of KNN nanotubes.26

Figure 2 presents the SEM images of the surface and

cross-section morphologies of KNN nanotubes after remov-

ing the AAO templates partially. Figure 2(a) shows that there

are large amounts of fiberlike products, which are uniformly

distributed and parallel to each other. Meanwhile there is a

certain degree of bundling at the top of the nanotubes. This

may result from the condition in which the nanotubes are

uncovered by the framework of the AAO templates and have

become partly freestanding after the surface of AAO tem-

plates was dissolved. It can be conceived that the surface

energy of the nanotubes has caused this interesting phenom-

enon. The inset of Fig. 2(a) shows clearly the hollow struc-

tures of fiberlike products. The tubular morphologies were

further examined, which were marked with black arrows. As

FIG. 1. XRD patterns of the KNN nanotube arrays and KNN powders

derived from the same sol calcined at 700 �C.

TABLE I. Lattice parameters for KNN nanotubes and powders.

a/(Å) b/(Å) c/(Å) h b/(�) V/(Å3)

Powders 7.9913(4) 7.8734(5) 7.9651(4) 90.7039 501.12

Tubes 7.9629(9) 7.8696(3) 7.9390(8) 90.2313 497.50
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shown in Fig. 2(b), the KNN nanotubes have outer diameters

in the range of 200–250 nm, which are slightly larger than

the pore diameters of templates employed. This could be

attributed to the etching of the acidic KNN sol precursor

to the AAO templates during the synthesis process; i.e.,

when the AAO templates were immersed into KNN sol pre-

cursor, the nanochannels of templates were expanded by the

acidic solution. Figure 2(c) shows a representative energy-

disperse x-ray (EDX) spectrum of the KNN nanotubes. It is

clear that the nanotubes consist of Na, K and Nb (element Al

comes from AAO template incompletely removed). The

atomic ratio of these three elements is given in the inset of

Fig. 2(c), showing that Na: K: Nb is approximate to 1: 1: 2.

An ideal stoichiometric ratio of the as-prepared KNN nano-

tubes demonstrates that the sol-gel method offers advantages

such as excellent compositional control and homogeneity at

molecular level when synthesizing complex oxides.

The microstructure of the KNN nanotubes was further

examined by TEM. An apparent hollow morphology was

indicated with the transparency between the intermediary

areas and edges of the rodlike samples, as shown in the

Fig. 3(c). The thickness of the wall of nanotube is� 35 nm,

which was marked in the Fig. 3(b), and the outer diameter of

the nanotube is consistent with the measurement from SEM

images. It is also evident that the individual KNN nanotube

is straight but has a relatively rough and irregularly struc-

tured outer wall, implying the KNN nanotubes are composed

of an amount of nano-particles with disordered arrangement.

The inset of Fig. 3(a) shows a typical pattern of selected area

electron diffraction (SAED) taken from a single KNN nano-

tube. The indexed ringlike patterns reveal the polycrystalline

structure nature of the KNN nanotubes. Generally, the nano-

tubes/wires prepared by the sol-gel method within AAO tem-

plates are of polycrystalline structure. It should be noted that

the diffraction rings are discontinuous and consist of rather

sharp spots, indicating the nanotubes are well crystallized.27

The monoclinic perovskite structure of the KNN nanotubes

was also verified by using a high-resolution transmission

electron microscope (HRTEM), as shown in Fig. 3(d). It can

be seen that the wall of the nanotubes is composed of ran-

domly aligned nano-particles. In the HRTEM image, the dif-

fraction fringes with a spacing of 0.408 nm correspond to the

FIG. 2. SEM images of the KNN nanotubes after

dissolving AAO template incompletely. (a) top

view in low and high magnification (inset, the bar is

1 lm); (b) cross-section view; (c) EDX spectrum of

the KNN nanotubes, inset: the atomic ratio of

products.

FIG. 3. (a)–(c) TEM images and SAED pattern [inset of Fig. 3(a)] of KNN

nanotubes after completely dissolving AAO template; (d) HRTEM image of

the KNN nanotube.
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(200) planes while those with a spacing of 0.552 nm corre-

spond to the (101) planes.

The dielectric and polarization properties of KNN films

have been a major area of concern and a number of high fer-

roelectric performances of KNN films have been reported in

the past.28–30 However, little has been reported on the rela-

tive ferroelectric or piezoelectric properties of KNN nano-

tubes. Figure 4(a) shows the P-E hysteresis loops of the

KNN nanotube array measured with different voltage at

room temperature while the schematic drawing of measure-

ment configuration is shown in the inset. The hysteresis

loops demonstrate clear room temperature ferroelectricity of

the KNN nanotubes with some leakage current. The exis-

tence of leakage component could be attributed to a number

of factors including defects of nano-structures, space charge

and the interface conditions between nanowires and internal-

wall of templates. One can also see that the remanent polar-

ization (2Pr) and the coercive electric field (2Ec) obtained

from the P-E hysteresis loops are about 3.4 lC/cm2 and 13

kV/cm under the applied voltage of 75 V, respectively. The

values of Pr and Ec are much lower than those of sol-gel

derived polycrystalline KNN films, which could be

explained as following. First, there is an intrinsic size effect

in low-dimensional ferroelectric materials. The typical phe-

nomenon of such effect is the reduction of ferroelectricity

with reducing grain sizes, which is often associated with

dielectric anomaly.31–33 Second, the geometry of the nano-

tube sample is also an important issue.33 In this experiment,

the measurement of ferroelectricity was made with a nano-

tube array embedded in AAO template with a relatively intri-

cate field distribution. The actual measurements of hysteresis

loops of AAO without KNN nanotubes and with nanotubes

were presented, respectively, in Fig. 4(b). The hysteresis

loop of AAO with KNN displays a co-effect consisting of

polarization derived from KNN (ferroelectric polarization

Pf) and AAO template (paraelectric polarization Pp), i.e., the

measured polarization P(E) could be described as an equa-

tion: P(E) ¼Pf(E) þPp(E). All of these factors have some

contributions to the different ferroelectric behaviors in KNN

nanotube arrays and films.34 In order to take into account the

geometrical dependence of Pr, the effective contact area of

the capacitor was calculated and found to be� 9% with

respect to that of a film capacitor. The normalized 2Pr was

thus, estimated to be 37.7 lC/cm2.

The piezoresponse of an individual KNN nanotube was

measured using PFM with an 11 kHz ac bias applied across

the sample. Before measuring, Au film with a thickness of

FIG. 4. (Color online) (a) P-E hysteresis loops of KNN nanotube arrays em-

bedded in AAO template measured with different voltage; the inset is the

schematic drawing of the measurement configuration; (b) P-E hysteresis

loops of AAO template without KNN nanotubes and with nanotubes.

FIG. 5. (Color online) (a) Hysteresis phase loop and (b) amplitude loop of

an individual KNN nanotube under axial bias voltage; the insets of Fig. 5(a)

are the SEM image of top-view of nanotubes array (left, the bar is 500 nm)

and the schematic drawing of the measurement configuration for PFM

(right).
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100 nm was coated on one side of the sample as the bottom

electrode. A single KNN nanotube embedded into nanochan-

nel of AAO template was identified by a conductive PFM

tip, as shown in the insets of Fig. 5(a). The piezoresponse

phase and amplitude loops are shown in Fig. 5(a) and 5(b),

respectively. The square phase hysteresis loop and the classic

“butterfly shape” amplitude loop reflect the piezoresponse

property of the KNN nanotubes. As shown in Fig. 5(a), when

changing the applied voltage fromþ 80 to – 80 V, the phase

change is about 165� and smaller than 180�, which may be

due to the difficulty of polarization switching in a length of

60 lm nanotube prepared in this experiment. It should be

noted that there is a shift of curves to the positive bias volt-

age in both the phase loop and the amplitude loop. The shifts

may be caused by the surface charge at the interface between

the electrode and KNN, and/or the space charge stored in the

AAO template walls.35,36 Further investigations concerning

the impact brought by size and shape of KNN nanotubes

such as diameter, wall thickness and aspect ratio on ferro-

electric properties are in progress.

IV. CONCLUSION

In summary, KNN nanotubes were successfully fabri-

cated using a sol-gel process combining AAO templates with

pore diameters of 200 nm. The as-prepared KNN nanotubes

possess a polycrystalline structure with monoclinic perov-

skite phase after being annealed at 700 �C for 0.5 h. The

obtained nanotubes have outer diameters of about 200–250

nm, which are slightly larger than the pore diameters of the

templates employed with a wall thickness of �30–40 nm.

The ferroelectric and piezoelectric properties of KNN nano-

tubes were investigated, which exhibit classic ferroelectric

behaviors.
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