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Multiferroic BiFeO3 (BFO) nanotube arrays (100 nm in diameter and 50 nm in length) were 

synthesized by the sol-gel method utilizing the anodic aluminum oxide (AAO) membrane 

technique. The microstructure and chemical components of the BFO nanotubes were 

investigated using scanning electron microscopy (SEM), transmission electron microscopy 

(TEM) and X-ray photoelectron spectrometer (XPS). The BFO nanotubes exhibited 

polycrystalline microstructures. The novel Y-junction BFO nano- tubes were simultaneously 

fabricated. 
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1.  INTRODUCTION 

 

Multiferroic materials having ferroelectric and ferro- magnetic properties are promising in the 

development of novel-concept memories [1–6]. Among the multiferroic materials studied so 

far, BFO has received great attention due to its high Curie temperature (850 ℃) and the Néel 

temperature (370 ℃). However, the application of its bulk form has been limited by leakage 

problems, likely due to low resistivity, defects, and non- stoichiometry issues [7]. Recently, 

some groups proposed to address this problem by changing the size and shape of BFO, and BFO 
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nanomaterials with different sizes and shapes have been synthesized. Wang et al. [1] synthesized 

the BFO film of about 200 nm in thickness by the hetero- epitaxially constrained growth, which 

had a great enhancement in polarization compared with its bulk form. Park et al. [8] synthesized 

pure-phase, substrate-free and single-crystalline BFO nanoparticles with the magnetization 

value which gradually increased with decreasing the size in a certain range. The relationship 

between the size of BFO nanotubes and their physical properties has also aroused much interest 

[9,10] due to their special applications compared with the films and nanoparticles, such as 

vertical magnetic recording with ultrahigh re- cording density and nanodevices [9]. Moreover, 

the BFO nanotubes that contain Bi elements offer interesting optical properties for 

photocatalytic applications [11], and thus it is very important to fabricate and study BFO 

nanotubes. The synthesis of multiferroic nanostructures with a controllable size and shape is 

critical not only in nanodevice applications but also in fundamental re- search. There are many 

ways to fabricate nanotubes, for example, VLS [12], liquid phase method [13], and AAO mem- 

brane method [14]. Among them, the AAO membrane method does not require complicated 

operation equipment and thus is cost-effective. Normally, the AAO membrane with pore 

diameters of 10－200 nm remains stable at high temperature and in organic solvents, and the 

pores are uniform in size and well aligned perpendicular to the membrane surface. These 

advantages make AAO templates ideal for the synthesis of oxide nanotubes. The diameter and 

shape of nanotubes are conveniently controlled by changing the size and structure of membrane 

channel [15–17]. Zhang et al. [9] synthesized the BFO nanotubes, which showed significant 

piezoelectric characteristics and weak ferromagnetism [10]. In this work, AAO membranes and 

Y-junction channel AAO membranes were fabricated using the two-step anodization process, 

and the BFO nanotube arrays and Y-junction BFO nanotubes were synthesized by the sol-gel 

method utilizing the as-prepared AAO membrane. 

 

2. EXPERIMENTAL 

2.1. Synthesis of BFO nanotube arrays and Y-junction BFO nanotubes 

AAO membranes [15] and Y-junction channel AAO membranes [17,18] were synthesized 

according to the literature. An Al foil of 99.9% purity was dc anodized in 0.3 mol/L H2C2O4 

aqueous solution under constant voltage of 50 V for 4 h at 0℃. After chemically removing the 

oxide layer in the mixed solution (1.8 wt% chromic acid and 6 wt% phosphoric acid at the 

volume ratio of 1:1) at 60℃ for 2 h, the second anodization was performed under the same 

conditions for 4 h. Then, the residual Al substrate was removed through the re- placement 

reaction by putting the sample into the saturated CuSO4 solution. The pores of the anodic 

alumina were subsequently widened by immersing the anodized templates into 6 wt% 

phosphoric acid at 30℃ for 30 min. The same process was adopted for the fabrication of Y-

junction channel AAO membranes except for the second anodization process which was divided 

into two stages: the first anodization stage required 50 V and 2 h; the second anodization stage 

required 35 V and 2 h. Y-junction channels of AAO membranes were successfully synthesized. 

During the material synthesis, Bi(NO3)3·5H2O and Fe(NO3)3·9H2O with molar ratio of 1:1 were 

added to ethylene glycol. The resulting mixture was stirred at room temperature for 30 min. The 

concentration of the final solution was adjusted to 0.3 mol/L with pH value of 2－3 by adding 
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2-methoxyethanol and nitric acid. After standing for 1-2 days, stable and yellow-brown sol was 

obtained. Then the two types of AAO mem- branes were immersed in the precursor solution for 

20 min. In order to obtain the perovskite phase and to get rid of NO , the precursor-containing 

templates were subsequently annealed in air at 700℃ for 30 min in the quartz tube. The samples 

were characterized after cooling down to room temperature. 

 

2.2 Characterization method of samples 

The morphologies of AAO membranes and BFO nano- tube arrays were investigated using 

scanning electron microscopy (SEM, JSM-5600 LV, accelerating voltage 20 kV). The structure 

and morphology of BFO nano- tubes were characterized using transmission electron 

microscopy (TEM, JEM-2010, accelerating voltage 200 kV). The components of the samples 

were investigated using X-ray photoelectron spectroscopy (XPS, KRATOS AXIS ULTR) with 

a monochromatic Al Kα source. The wide spectrum and high-resolution spectrum were 

respectively run under pass energy of 80 eV and 40 eV. All spectra were corrected according to 

the C 1s peak at 

284.8 eV. 
 

3. RESULTS AND DISCUSSION 

3.1. SEM characterization of BFO nanotube arrays 

Figure 1(a) shows the top-view SEM image of the empty AAO membrane. The diameter of the 

pores of the as-anodized template is about 100 nm and the distribution of the pores is uniform. 

Figure 1(b) shows the cross-section SEM image of the empty AAO membrane. The channel of 

the AAO membrane is very straight and the arrangement of the channel is very uniform, too. 

According to the actual length of the channel, the thickness of the AAO membrane is about 50 

after partial removal of the AAO membrane using 4 mol/L NaOH. The diameter of the 

orderliness BFO nanotube arrays is about 100 nm. The length of BFO nanotube is tens of 

micrometers. EDX data (inset of Figure 1(c)) demonstrates that the BFO nanotubes consist of 

Bi, Fe and O, and the molar amounts of Bi and Fe are the same. The Al signal is attributed to 

the residual membrane. 

 

 
 

Figure 1 (a) Top-view SEM image of the AAO membrane; (b) cross-section SEM image of 
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the AAO membrane; (c) top-view SEM image of BFO nanotube arrays. The inset is the 

corresponding EDX data of BFO nanotubes. 

3.2. TEM characterization of BFO nanotubes 

For further observation of nanotubes, the samples were characterized using TEM. Before TEM 

observation, AAO membranes were completely dissolved for 24 h in aqueous 4 mol/L NaOH, 

which was cleaned in the deionized water for several times. The crystallinity and morphology 

of a single BFO nanotube of 100 nm in diameter were analyzed by TEM and are shown in 

Figure 2(a), in good agreement with the pore diameters of the AAO membranes. The inset 

shows the selected area electron diffraction pattern (SAED) taken from the nanotube, which 

reveals the polycrystalline structure nature of the BFO nanotubes. Figure 2(b) shows the 400 K 

TEM image of the BFO nanotube. The wall thicknesses of the nanotubes is about 15 nm and 

the wall is com- posed of many particles in sizes from several nanometers to tens of nanometers. 

Figure 2(c) shows the high-resolution electron microscopy (HRTEM) image of the BFO 

nanotube, where the well-recognized lattice spacing of about 0.281 nm corresponds to {012} 

atomic planes. The HRTEM images further confirm that the nanotubes have the polycrystalline 

perovskite structure. 

 

 

Figure 2 TEM images of BFO nanotubes. (a) 10 k, the inset is the corresponding SAED 

image; (b) 400 k; (c) HRTEM image. 

 

3.3. XPS characterization of BFO nanotubes 

Figure 3(a) shows the XPS spectrum of BFO nanotubes, which indicates the existence of Bi, Fe 

and O in the BFO nanotubes. Figure 3(b) shows the high-resolution spectrum of Fe 2p in the 

BFO nanotubes. In this figure, the strong peak of 710.51 eV and the peak of 724.0 eV attributed 

to Fe3+ can be observed. This indicates that in the BFO nanotubes the Fe element exists in the 

oxidation state of Fe3+ without Fe2+, further demonstrating that the synthesized BFO nanotubes 

are in the pure phase. 
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Figure 3 XPS spectrum of BFO nanotubes. (a) Survey scan spectrum; (b) high-resolution scan 

of Fe 2p. 

 

3.4. TEM characterization of Y-junction BFO nanotubes 

Figure 4(a) shows the cross-section SEM image of the empty Y-junction channel AAO 

membrane. It is notice- able that the Y-junction channel AAO membrane has two layers, which 

is attributed to the voltage change in the manufacture process. The pore diameter is proportional 

to the anodization voltage. Hence the diameter reduces from about 100 nm to about 70 nm with 

de- creasing the anodization voltage from 50 to 35 V. In order to maintain the total anodization 

area of the template, almost all pores branched into two in smaller diameter pores [18]. Figure 

4(b) shows the Y-junction BFO nanotubes. These nanotubes perfectly copy the structure of the 

membrane. 

 

 

Figure 4 (a) Cross-section SEM image of the Y-junction channel AAO membrane; (b) TEM 

image of Y-junction nanotubes. 
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4. CONCLUSIONS 

In conclusion, as-prepared multiferroic BFO Nanotube arrays were synthesized by the sol-gel 

method utilizing the AAO membrane technique. The structural characterization indicates that 

the BFO nanotubes have the polycrystalline microstructure. More interestingly, novel Y-

junction BFO nanotubes were successfully synthesized based on the fabrication of Y-junction 

channel AAO membranes. 
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