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a b s t r a c t

Free-standing and well-ordered TiO2 membranes were prepared by two-step anodization in F−-
containing ethylene glycol electrolytes at voltage of 60 V. It was found that the ordering of TiO2

membranes was significantly improved after the second anodization process. The initially closed bot-
tom side of TiO2 membranes was opened through chemical etching to obtain two-end opened TiO2
vailable online 3 March 2010

eywords:
anotube
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ol–gel process

membranes. Using the two-end opened membranes as template, dense NiTiO3/TiO2 nanotubes were
successfully prepared for the first time by a sol–gel method. The microstructure and morphologies of the
samples were characterized by scanning and the transmission electron microscopy techniques.

© 2010 Elsevier B.V. All rights reserved.
iO2

iTiO3

. Introduction

The TiO2 nanotube materials have been widely studied due to
heir potential technological applications in lithium batteries [1,2],
olar cells [3], and photocatalysis [4]. The TiO2 nanotube growth on
itanium (Ti) under anodic bias in electrolytes has been an object for
ver a decade [5]. At least two different electrolytes were reported
o far, the aqueous electrolyte [6–8] and non-aqueous organic elec-
rolyte [9] respectively, yielding two distinguishable morphologies
10–12]. The mechanisms of the nanotubes formation have also
een discussed previously by Yasuda et al. [13,14].

Towards the application of nanomaterials, as porous alumina
embranes have relatively regular structure with concentrated

ize distributions in pore diameter and interpore spacing, they have
een utilized as nanofilters to selectively filtrate nanomaterials,
rug separation, as well as a host or template for nanodevices,
uch as magnetic, electronic, or optoelectronic devices [15]. On the
ther hand, well-ordered anodic titanium dioxides (ATO) also have
otential applications as the porous alumina membranes. In addi-

ion, fabricating well-ordered ATO would provide clues for better
nderstanding the formation mechanism of the anodization [16].
fforts have been made to fabricate highly ordered nanoporous
iO2 membranes by several groups [17–19].

∗ Corresponding author.
E-mail addresses: klhuang@mail.csu.edu.cn (K. Huang), luo@mic.tamu.edu

Z. Luo).
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Recently, ternary oxides containing titanium and transition
metals, such as MTiO3 (M = Ni, Pb, Fe, Co, Cu and Sr), are increas-
ingly recognized as chemical or electrical materials because of
their outstanding catalytic, ferroelectric, piezoelectric, pyroelectric,
dielectric, and photoelectric properties [20–23]. Several method-
ologies, such as sol–gel [24], hydrothermal [25], sputtering [26],
co-precipitations [27], solid-state reactions [28], and polymeric
precursor method [29] have been proposed for synthesising crys-
talline MTiO3 powders. While, MTiO3 fabricated by these methods
usually require complex equipments and complicated operation
procedures. On the other hand, the traditional way to produce
MTiO3 using solid reaction produces large MTiO3 particles with
uncontrollable morphologies, due to their inherent problems such
as high reaction temperature and heterogeneous solid phase reac-
tions.

In the present work, we first attempt to fabricate well-ordered
free-standing ATO membranes with ideal hexagonal ordering using
the two-step anodization process. Second, two-end opened ATO
membranes are obtained by chemical etching. Finally, high-density
NiTiO3/TiO2 nanotubes are prepared by the sol–gel method on the
two-end opened ATO template. Electron microscopic characteriza-
tions confirm the formation of NiTiO3/TiO2 nanostructures.
2. Experimental procedures

2.1. Preparation of TiO2 nanotubes

Titanium (Ti) foils (99.6% purity, 0.3 mm thick) were degreased by sonication
in acetone, isopropanol and methanol, respectively. This procedure was followed

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:klhuang@mail.csu.edu.cn
mailto:luo@mic.tamu.edu
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y rinsing with deoinized water and then drying in a nitrogen stream. The electro-
hemical setup consisted of a two-electrode configuration with graphite as counter
lectrode. All anodization experiments were carried out at room temperature in gly-
ol solution. The anodic titania was grown at a voltage of 60 V for 48 h. Afterwards,
he whole samples were transferred into 95% of ethanol solution for ultrasonic agi-
ation for several minutes. After removing the anodic oxide layers using ultrasonic
gitation, the textured Ti substrate was anodized again under the same conditions
s the first anodizing step.

.2. Preparation of NiTiO3/TiO2 nanotubes

Before using free-standing ATO membrane, the bottom closed side of the mem-
rane was chemically etched using a 5 wt% NH4F-1 M H2SO4 solution for 15 min, to
btain two-end opened ATO membrane [30]. Then the two-end opened ATO mem-
rane was immersed into the sol for 10 h under relative vacuum ambience. For the
ol fabricating, nickel nitrate was used as the cationic source, and citric acid and
lcohol as the monomers to form the polymeric matrix. Therefore, the Ni(NO3)2

as added to dissolve into a mixture of citric acid and alcohol solution, with molar
atio of Ni2+ to citric acid as 1:2, and then the solution was heated at 70 ◦C to dis-
ill out excess alcohol. Finally, the two-end opened ATO membrane was placed in a
urnace and annealed at 450 ◦C for 2 h under atmosphere.

.3. Materials characterization

The samples were characterized by scanning electron microscopy (SEM, JSM-
360LV) and transmission electron microscope (TEM, JEM-2100). For the SEM, a
hin Au layer (∼3 nm) was evaporated on the sample surface to form a conductive
lm for the observation. For the TEM, a small piece of the template with NiTiO3

anoparticles was immersed into 1 ml water, which was broken into fine pieces
sing ultrasonication, and then a drop of the solution was placed onto a Cu grid cov-
red with carbon support film. Quantitative measurements of electron diffraction
ED) intensities were made using ELD program [31,32] in Crisp package [33], and
he simulations of powder ED patterns were performed using the Reflex module in

aterials Studio, Version 5.0, by Accelrys.

. Results and discussion
In the initial stage of the anodization, the degree of the ordering
t the surface of the ATO is low, since the surface of the starting
aterial is relatively rough at the micrometer scale. As a result,

oles develop randomly. To improve the ATO ordering on the sur-
ace, two-step anodization is exercised. This process involves two

ig. 1. Two-step anodization process. (a) Starting material with irregular surface; (b) fo
fter removing the TiO2 nanotubes by the first anodization; (d) formation of well-ordered

ig. 2. SEM images of (a) top surface of porous TiO2 membrane formed by the first-step a
ompounds 498 (2010) 37–41

separate anodization procedures, as sketched in Fig. 1. Starting form
the Ti film with rough top surface (Fig. 1a), the first anodization pro-
cess is a long-period anodization to form the highly ordered dimple
configuration at the TiO2/Ti interface using the electrochemical
anodization of Ti foil at 60 V (Fig. 1b). Subsequently, the textured
Ti substrate was obtained after removing the ATO membrane using
ultrasonic agitation in 95% of ethanol solution (Fig. 1c). Then the
textured Ti substrate was anodized again under conditions identi-
cal to the first anodizing step, in which a way an ordered holes array
throughout the entire oxide layer was generated in this process
(Fig. 1d). Using ultrasonic agitation, the free-standing and well-
ordered ATO membrane, with ideally hexagonal ordering, could be
peeled off from the Ti substrate.

In the ATO membrane prepared by the first anodization, as
shown in the SEM image of the top surface in Fig. 2(a), the ordering
areas are limited, with evident gaps exist between them, and the
degree of hexagonal ordering is also limited. Fig. 2(b) shows the Ti
substrate after removing the TiO2 membrane, which exhibits rel-
atively flat dimpled surface, acting as the starting material for the
second anodization.

By the second anodization, free-standing and well-ordered ATO
membrane was produced, as shown in Fig. 3. Its average pore diam-
eter (dp) is about 115 nm as measured from its top surface (Fig. 3a),
and the length of the membrane is about 158.3 �m as revealed from
the cross-sectional view in Fig. 3(b). Fig. 3(c) is the SEM image of the
bottom side of the film, depicting that the nanotubes are completely
closed at this end. Fig. 3(d) shows an image of the free-standing
well-ordered ATO membrane taken using an ordinary digital cam-
era, with the dimensions of the membrane about 2.0 × 2.0 cm2.

In order to fabricate NiTiO3 inside the well-ordered ATO mem-
brane, as shown in Fig. 4, the well-ordered ATO membrane (Fig. 4a)

was soaked in 0.5 wt% NH4F-1 M H2SO4 solution to obtain the two-
end opened ATO membrane (Fig. 4b) [30]. Afterwards, the two-end
opened ATO membrane was immersed in the sol under relative
vacuum ambience so that the sol could get into the tube during
this process (Fig. 4c). The membrane was then taken out from

rmation of TiO2 nanotubes after the first anodization; (c) regular dimpled surface
TiO2 nanotubes after the second anodization.

nodization, and (b) titanium substrate surface after removing the TiO2 membrane.
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Fig. 3. SEM images of the well-ordered ATO membrane by two-step anodization along the top view (a), cross-sectional view (b), and bottom view (c). The inset in (b) shows
the thickness of the membrane. The image of the membrane in (d) is taken by an ordinary digital camera, showing the planar dimensions of the membrane.
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ig. 4. Synthesizing NiTiO3 process. (a) Starting material of the well-ordered ATO
tching; (c) filling the two-end opened membrane with sol; (d) formation of NiTiO3

he sol, and washed in ethanol. Finally, the sample was annealed
n air to obtain NiTiO3/TiO2 nanotube membrane (Fig. 4d). We
bserved that the final NiTiO3/TiO2 nanotube membrane exhibited
ight green colour.
Fig. 5(a) shows the SEM image of a transverse section of the as-
repared NiTiO3/TiO2 membrane, which was made by cutting the
ample along the transverse direction using a blade. The energy
ispersive X-ray (EDX) spectrum of the NiTiO3/TiO2 nanotubes is

Fig. 5. Transverse section view of SEM image (a) an
rane produced by two-step anodization; (b) opening the bottom side by chemical

shown in Fig. 5(b), with the evidence of Ni and the Ti/Ni atomic
ratio is about 11:1.

Fig. 6(a) and (b) is typical TEM images of a bundle and a single
NiTiO3/TiO2 nanotube, respectively. They still retain their struc-

tural integrity on the TEM grids after the ultrasonication process
in the TEM sample preparation. The HRTEM image in Fig. 6(c) is
taken from the single nanotube in Fig. 6(b). Most of the areas are
identified as TiO2 nanocrystals with the anatase phase (tetragonal

d EDX spectrum (b) of NiTiO3/TiO2 nanotube.
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ig. 6. TEM images showing a bundle (a) and a single NiTiO3/TiO2 nanotubes (b). Th
he FT pattern in (d) showing the NiTiO3 ilmenite structure.

tructure, with space group of I41/amd, and lattice parameters of
= 0.378479 nm, c = 0.951237 nm) [34]. However, the band shaped
hase in Fig. 6(c) exhibits clearly a different structure with larger

attice spacing. A Fourier transformation (FT) pattern from the
ramed area in Fig. 6(c) is given in Fig. 6 (d), which confirms the
iTiO3 ilmenite phase (rhombohedral structure, with space group
f R3̄c, and lattice parameters of a = 0.50321 nm, c = 1.37924 nm)
35].

A further confirmation of the ilmenite structure is made by

uantitative electron diffraction analysis over larger areas. Fig. 7(a)
nd (c) are two ED patterns taken from different regions, where
ig. 7(a) shows the strongest reflections at the innermost posi-
ion, while Fig. 7(c) shows the innermost reflections are weak,

ig. 7. Quantitative analysis of ED patterns taken from two different areas (a and c), w
ackground, the intensity profiles are given in (e), compared with simulated powder ED p
TEM image in (c) is taken from the single nanotube in (b), whose framed area gives

while the second innermost reflections are the strongest. Fig. 7(b)
and (d) is the reflection intensity profiles starting from the cen-
ter direct beam, resulted using the program ELD [31,32] and then
processed using Reflex in Materials Studio. The backgrounds were
calculated using Reflex module, as shown in Fig. 7(b) and (d),
respectively. After subtracting the background, the two intensity
profiles are shown in Fig. 7(e), together with simulated powder
ED patterns of the TiO2 anatase, NiTiO3 ilmenite, and NiO (face-
centered cubic structure, with space group of Fm3̄m, and lattice

parameter a = 0.41684 nm) structures. From the ED pattern simu-
lations, it is seen that the first peak (1 0 1) of TiO2 anatase is the
strongest that is consistent to the previous work [36,37], while the
first peak (1 0 2̄) of NiTiO3 ilmenite is weak but its second peak,

ith their intensity profiles given in (b) and (d), respectively. After subtracting the
atterns of TiO2 anatase, NiTiO3 ilmenite, and NiO structures.
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omposed of (1 0 4) and (1 1 0), is the strongest. The first two reflec-
ions from the NiO phase locate at higher angles. As compared to
hese simulations, it is found that the ED pattern #150 in Fig. 7(a)
ontains reflections from both TiO2 anatase (major one) and NiTiO3
lmenite (minor one), while the ED pattern #151 in Fig. 7(c) contains
eflections predominately from the NiTiO3 ilmenite phase. None of
hese two patterns exhibit the evidence of the NiO structure, whose
trongest peak (2 0 0) does not appear in their intensity profiles.

From the results, it is evident that the NiTiO3/TiO2 nanotubes
ere successfully fabricated.

. Conclusions

In summary, we have fabricated free-standing and well-ordered
TO membrane by the two-step anodization of Ti substrate in
thylene glycol/NH4F electrolytes, under the condition of 60 V.
he quality of the structure, in terms of assembly defects, was
reatly improved after the second anodization. The fabricated
ense porous material is the first example of NiTiO3/TiO2 combina-
ion among several other systems, such as PbTiO3 [23,25], SrTiO3
24], BaTiO3 [20,24], etc., prepared so far. The sol–gel method using
he two-end opened ATO membrane as template was a facile possi-
le way to fabricate the NiTiO3/TiO2 compound nanotubes, which
pens a new avenue to prepare these composite materials by the
ol–gel method. These materials have great potentials to find appli-
ations if they are associated with high porosity, optical quality,
igh accessibility and high surface-to-volume ratio.
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