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Here we demonstrate a novel process to convert TiO2 nanotubes into ferroelectric nano-honeycombs, comprised of 

vertically-aligned PbTiO3 nanotubes. Tube-bottom-opening process enabled effective infiltration of lead acetate 

precursor into the nanotubes. Nano-honeycombs, which were converted via additional lead supplement process, 

showed uniform conversion and well-defined ferroelectric properties with the effective piezoelectric coefficient of 

approximately 20 pm/V, which was measured by piezoresponse force microscopy. 

 

Introduction 

  Lead titanate (PbTiO3, hereafter PTO) is one of the fascinating and typical perovskite ferroelectric materials due to its 

high phase transition temperature (Tc) of 493°C, high spontaneous polarization (> 90 µC/cm2) and large piezoelectric 

coefficient (> 150 pC/N)1,2 In the hope of enhancing performance of ferroelectric devices such as sensors, actuators, 

nonvolatile memories and probe-based data storage devices,3-9 nano-structured PTO has attracted great attention with their 

high surface-to-volume ratio.10-14 Anodized TiO2 nanotube (NT) arrays are one of the promising base materials to fabricate 

nanoscale ferroelectric arrays due to its high degree of vertical alignment and simple fabrication process.13-16 In order to 

convert TiO2 into PTO, lead acetate precursor has been typically used. However, the precursor solution cannot fill the NT 

channels, in particular, deep inside of the channels, by only capillary force since the bottom-ends of conventional TiO2 NTs 

are closed.19,20 This phenomenon may results in incomplete conversion. Hydrothermal method has been generally used to 

convert TiO2 NTs into PTO, but it still has weakness of structural rupture caused by the high pressure.15  

We previously reported on synthesis of rupture-free PTO nanohoneycomb (NH) arrays using vacuum infiltration of lead 

acetate precursor and PbO vapour phase reaction.18 However, vacuum infiltration is inadequate to fill deep inside of the 

nanotubes when the length reaches about 10 µm because it is hard to extract trapped air at the deep bottom through the open 

top-ends. 

  In this work, we focus on synthesis of rupture-free PTO NHs with a length approaching 25 µm. To tackle the problem of 

incomplete infiltration of lead acetate precursor, we used a bottom opening technique21 which provides permeability in the 
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sense that fluids are able to flow through the whole NTs. By using vacuum infiltration and one additional annealing on the 

bottom-open NTs, TiO2 could be fully converted into PTO since lead acetate precursor could fill the whole inside of NTs, 

which makes any further processes such as PbO vapor phase reaction needless.22 We also confirmed the ferroelectricity of 

PTO NHs by piezoresponse loop measurement using a continuous dc mode.23  

 

 Experimental Procedure 

  We degreased commercially available Ti foil (Nilaco, 99.5 % purity, 0.2 mm thickness) in acetone and ethanol, and rinsed 

it with deionized water. Vertically-aligned TiO2 NTs were grown on Ti foils with an exposed area of 1 cm2 by the common 

two electrode anodization in ethylene glycol containing 0.25 wt% NH4F and 2 vol% H2O at 60 V for 1 h with a Pt wire as 

the counter electrode in ambient condition. 

  The firstly grown NT layer was peeled off by ultrasonication, which resulted in patterned surfaces on top of the Ti foils. 

The patterned Ti foil was secondly anodized at the same potentiostatic condition for 1 h. In order to fabricate the bottom-

open TiO2 NTs, the as-grown TiO2 NT array on the Ti foil was additionally anodized at 150 V for 10 min at 7 °C. During the 

additional anodization at the low temperature of 7 °C, the bottom-ends opening and self-detachment occurred. It is worth 

noting that we experimentally found that anodization at 7 °C provided more uniform and wider pores at the bottom-ends than 

5 °C used in the reference. 21  

  To infiltrate lead acetate solution inside the NTs, the TiO2 NT array was placed on a slide glass with an area of 1 cm2, and 

the lead acetate infiltration was performed by dropping 50 µl of 10 wt% lead acetate solution onto the NT arrays, followed 

by drying in a vacuum chamber (Jeio Tech, OV-11) to extract the air inside and fill with lead acetate solution. The lead 

acetate infiltrated-TiO2 NT array was annealed at 550 °C for 1 h to be converted into PTO NH array. We then soaked the 

sample in 1 wt% lead acetate solution for 0.5 h to remove the residues originated from lead acetate, and rinsed it with 

deionized water. 

  In order to obtain a uniform lead concentration distribution along the whole NT from bottom to top, we turned the NT 

array upside down after the first conversion process, and performed another lead acetate infiltration and annealing process 

with the same condition as that for the conversion process. 

  The morphology was characterized by scanning electron microscopy (SEM). The crystal structures were analyzed using 

X-ray diffraction (XRD). For ferroelectric characterization, we used a commercially available atomic force microscopy 

(AFM, XE-100; Park Systems) connected to a lock-in amplifier (SR830; Stanford Research Systems). A controlled 

modulation voltage of 0.5 Vrms at 17 kHz was applied to the PTO NH array via the conducting AFM tip. The array was 

attached to a conductive Cu tape that acted as the bottom electrode. A Pt-coated Si tip (Mikromasch, spring constant k = 6.0 

N/m) was used for measuring local electromechanical properties and imaging surface topography of the NHs.  
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  Piezoresponse hysteresis loop measurements were conducted on the PTO NH array to determine the polarization state and 

its switchability. To obtain a single hysteresis loop at each position, a continuous dc mode was used.23 The dc voltage was 

applied to the bottom electrode (sequence 0 V → +10 V → 0 V → -10 V → 0 V) and superimposed onto the small ac 

modulation voltage applied to the tip. Each voltage step was increased by 400 mV and lasted for 200 ms. 

 

Results and Discussion 

Figure 1 shows the vertically-aligned TiO2 NT arrays. Densely packed NTs with diameter between 60 and 70 nm and 

length of 25 μm are shown in Figures 1(a) and (b). A high degree of vertical alignment, measured by the angle between 

long axis of tubes and surface normal of substrate, of 0.12° ± 0.78° was measured. 

Figure 1(c) shows the closed bottom-ends of the NT array synthesized by conventional anodization. We were able to open 

the closed bottom-ends by additional low temperature anodization as shown in Figure 1(d). The average wall thicknesses of 

the open-bottom-end is 28.7 ± 4.5 nm, and this value is larger than that of the top-end (22.8 ± 5.7 nm). The wall thickness 

difference between top and bottom is one of the intrinsic properties of anodized NTs since the top part is exposed to the 

electrolyte for longer time than the bottom part.24 During the low temperature anodization, we observed the self-detachment 

of the bottom-open TiO2 NT membrane from the Ti sheet as shown in Figure 1(e).  

Figure 2 is a schematic diagram showing the fabrication of PTO NH arrays. When the NT array is immersed in the lead 

acetate solution, the inside of the NTs are not completely filled with the solution as some of the air bubbles are still trapped 

inside. During the vacuum infiltration, the trapped air inside the NTs is extracted and replaced by the lead acetate solution. 

At this moment, some of the lead acetate solution inside the NTs may flow out through the open-bottom-ends due to the 

gravity. Unfilled regions thus can be formed at the top, which causes an incomplete conversion of TiO2 into PTO. In order to 

obtain a uniform lead concentration distribution along the whole NT from the bottom to top, we turned the NT array upside 

down after the first conversion process, and performed another lead acetate infiltration and annealing process, which we 

named lead supplement process. 

  Figure 3 shows the scanning electron microscopy (SEM) images of the vertically-aligned NH arrays after the conversion 

process. The honeycomb synthesized from the bottom-closed TiO2 NTs showed expansion of walls to an average wall 

thickness of 35.8 nm (Figure 3(a)), indicative of conversion of TiO2 NTs into PTO. The bottom surface also showed volume 

expansion supported by the annihilation of spaces between the NTs as shown in Figure 3(b) compared to TiO2 NTs before 

the conversion process (Figure 1(c)).  

  In the case of NHs converted from the open-bottom NTs, we found that the walls expanded in a non-uniform way to an 

average thickness of 28.4 nm at the top-ends as shown in Figure 3(d). On the other hand, the bottom-ends showed uniformly 

thickened walls with an average thickness of 48.6 nm as shown in Figure 3(e). We attribute this non-uniform thickening to 

the fact that the lead deficient regions were formed during the infiltration process, which is supported by the energy 
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dispersive spectroscopy (EDS) data that showed lower lead content at the top than the bottom shown in Figure 3(j). We think 

that this may be due to the gravity and the permeability of the both-ends-open NTs.  

  The NH array synthesized via the additional lead supplement process shows a uniform wall thickening at both the top and 

the bottom as shown in Figures 3(g) and (h) with average thicknesses of 36.3 nm and 49.6 nm, respectively. It should be 

noted that the lead supplement process effectively compensated the lead deficient regions at the top. This uniform 

conversion is also confirmed by the EDS data shown in Figure 3(k), which nearly corresponds to the stoichiometric ratio of 

PTO in the whole part of the nano-honeycombs. 

  Figures 3(c), (f) and (i) indicate that the hollow nano-channels inside the vertically-aligned NH arrays are well-remained 

in spite of the wall thickening after the conversion into PTO.  

Figure 4 illustrates the x-ray diffraction (XRD) patterns of the NH arrays shown in Figure 3. The bottom-closed TiO2 NTs 

show partial conversion into PTO supported by the coexistence of PTO peaks of (001), (100), (101), (110), (111), (002), 

(200), (102), (201), (210), (112), (211) and TiO2 (anatase) peaks of (101) and (004) planes, respectively, as shown in Figure 

4(a). The open-bottom TiO2 NTs went through significant conversion into PTO as illustrated in Figure 4(b). The TiO2 peaks, 

however, still exist with relatively low intensities, which supports our claim of lead deficient regions at the top. Meanwhile, 

the XRD pattern of the NH array synthesized via lead supplement process in Figure 4(c) shows a thorough conversion into 

PTO without any TiO2 peaks in the XRD pattern.  

  The evidence of formation of ferroelectric PTO NHs is provided by the piezoresponse hysteresis measurement using 

piezoresponse force microscopy (PFM). Figure 5(a) is the schematic diagram showing the set up of piezoresponse hysteresis 

measurement on the sample synthesized by the lead supplement process. A conductive Cu tape was placed beneath the 

sample as the bottom electrode, and the probe tip was placed on the top of the array. The measured piezoresponse hysteresis 

loop is shown in Figure 5(b). A well-defined piezoresponse hysteresis loop was obtained within the voltage range between –

10 V and 10 V. The effective piezoelectric coefficient (deff) was measured to be approximately 20 pm/V, which is smaller 

than that reported for PTO thin films synthesized from TiO2 and characterized by the same method (26 pm/V).20 The voltage 

change (ΔV, defined by the gap between voltages when piezoresponse changes from 90% to 10% of the value between 

maximum and minimum saturated piezoresponse) is measured to be 8.58 V. The reason behind smaller value of deff and 

relatively large ΔV could be due to the unstable contact between the probe tip and the rough surface comprised of hollow 

NHs. The average coercive voltage (Vc) was 2.58 V calculated from the positive Vc of 1.52 V and the negative Vc of –3.64 

V. 

Conclusions 

  In summary, we converted high aspect ratio TiO2 nanotube (NT) arrays into a ferroelectric PbTiO3 (PTO) nano-

honeycomb (NH) structure using lead acetate infiltration and annealing. We could infiltrate lead acetate into TiO2 NT arrays 
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with open bottom-ends and convert them rapidly into a uniform PTO NH structure via annealing process at 550 °C, which 

was not the case with the ordinary bottom-closed TiO2 NT arrays that underwent little to no conversion. The resulting PTO 

NH structure showed well-defined ferroelectric properties with remanent piezoresponse of 20 pm/V. We envision that high 

volume-to-surface ratio and regular alignment of PTO honeycomb arrays can be used to enhance the efficiency of 

ferroelectric devices working under electromechanical and electrochemical stimuli.  
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Figure Captions 

Fig. 1. SEM images of TiO2 NT arrays: (a) top view, (b) cross-sectional view and (c) bottom view of conventional anodized TiO2 NTs; (d) 

bottom view of TiO2 NTs with open-bottom-ends fabricated by the additional low temperature anodization; (e) self-detachment of the 

bottom-open TiO2 NT membrane. 

Fig. 2. A schematic diagram showing the fabrication process of PTO NH array. 

Fig. 3. SEM images of the vertically-aligned NH arrays: (a), (b) and (c) are top, bottom and cross sectional views of NHs synthesized from 

bottom-closed TiO2 NTs by the conversion process, respectively; (e), (f) and (g) are top, bottom and cross sectional views of the NHs 

synthesized from bottom-open TiO2 NTs by the conversion process, respectively; (h), (i) and (j) are top, bottom and cross sectional views of 

NHs synthesized from bottom-open TiO2 NTs by the additional lead supplement process, respectively; EDS cross-sectional analysis of 

nanohonycomb array synthesized (j) via the conversion process and (k) lead supplementary process. 

Fig. 4. XRD patterns of the vertically-aligned NH arrays: (a) NHs synthesized from bottom-closed TiO2 NTs by the conversion process; (b) 

NHs synthesized from bottom-open TiO2 NTs by the conversion process; (c) NHs synthesized from bottom-open TiO2 NTs by the additional 

lead supplement process.  

Fig. 5. (a) A schematic diagram showing the piezoelectric characterization of the NH array synthesized via lead supplement 

process; (b) a piezoresponse hysteresis loop measured from the PTO NH array. 


