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Abstract Porous TiO, thin films obtained from sol-gel
self-organize approach were firstly used as masks to control
the growth of ZnO nanorod arrays by aqueous solution
method. The effect of TiO, pore size on the density of ZnO
nanorod arrays was investigated by atomic force micros-
copy and field emission scanning electron microscope. The
results show that the density of ZnO nanorod arrays
obviously decreases after using porous TiO, masks, and
increases with increasing the TiO, pore size. Additionally,
the existence of TiO, mask can also effectively prolong the
wet-chemical etching time of TiO, nanotube arrays man-
ufactured from ZnO nanorod templates assisted sol-gel
method, to completely remove the ZnO nanorod templates
and to avoid collapsing of TiO, nanotube arrays from the
substrates.
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1 Introduction

Due to high surface-to-volume ratios, excellent mechani-
cal, optical and electronic transport properties in
comparison with colloid, powder and film materials, one
dimensional (1D) TiO, nanotubes are promising candidate
for applications in photocatalysts [1], gas sensors [2],
photovoltaic solar cells [3] and rechargeable lithium bat-
teries [4]. Therefore, particular attention has been paid to
the preparation of 1D TiO, nanotubes or nanotubal arrays,
and many methods have been developed including elec-
trochemical anodic oxidation of pure titanium sheet [5, 6],
hydrothermal treatment of TiO, nanoparticles with alkali
solution, hydrolysis of TiF, under acidic conditions [7],
porous alumina (PA)—template methods [8, 9]. Up to date,
however, oriented TiO, nanotube arrays directly grown on
conductive substrates, which are often more desirable for
applications employing the wide band-gap semiconductor,
cannot be obtained from these methods. There is a
requirement for the development of a facile and repro-
ducible way to synthesize oriented TiO, nanotube arrays on
the conductive substrate.

Recently, a significant progress was achieved by Yang
[10] and Kim [11], who demonstrated that inorganic
nanotubes can be obtained by using ZnO nanorods grown
from the desired substrates as template. Their procedures
are composed of ZnO template-inorganic coating core-
shell formation and ZnO template removal procedure,
which involves the use of catalysts, high temperature, and a
vacuum technique, leading to increase the cost and to limit
the choice of substrates. Subsequently, we had improved
this procedure by selecting an environment friendly syn-
thesis route with a low-temperature in common-pressure:
aqueous solution growth method for ZnO nanorod arrays,
sol-gel dip-coating technique for inorganic shell coating,
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and wet-chemical route for removal of ZnO template [12—
15]. In comparisons with other available growth techniques
for 1D ZnO nanorods, for example, catalytic growth via the
vapor-liquid—solid mechanisms [16], metal-organic
chemical vapor deposition [17], vapor phase transport
deposition [18], pulsed laser deposition [19] and epitaxial
electrodeposition [20], aqueous solution method route has a
good potential for scale-up production in low-cost. In
contrast to other methods such as atom layer deposition
[11], electrophoresis [21], liquid phase deposition [22], the
unique advantages of the sol-gel dip-coating process are
low processing temperature, low-cost, high purity and
homogeneity, good shaping ability and easy fabrication of
extremely light materials and porous materials. Therefore,
ZnO nanorod template assisted with sol-gel dip-coating
method has proven to be a versatile route to generate ori-
ented TiO, nanotube arrays over large area on substrates.

In spite of a great deal of effort to successfully synthesize
TiO, nanotube arrays on the substrates in our group, how-
ever, several barriers still exists due to the intrinsic
properties of ZnO template obtained from aqueous solution
method. Firstly, it is still a significant challenge to control
the density and the orientation of ZnO template obtained
from aqueous solution by an efficient and low-cost tech-
nique. Currently, lithography techniques [23-28], including
photolithography, e-beam lithography, nanoimprint lithog-
raphy, nanosphere lithography and mask lithography via
porous alumina, generally are used to precisely control the
position and the density of ZnO nanorods on the substrates,
which involve high production costs for sophisticated
equipment and power consumption. Second, well-aligned
TiO, nanotube arrays with open-ended structure are only
obtained for a narrow range of synthetic conditions, such as
dip-coating number, wet-etching time and heating rate. For
instance, it is necessary to increase the etching time to

Fig. 1 Schematics of the
fabrication process of TiO,
nanotube arrays by ZnO
nanorod templates assisted sol—
gel technique. (a) Deposition of
the ZnO seed layer by sol-gel
method; (b) Deposition of the
porous TiO, membrane on the g
ZnO seed layer by sol-gel self- ”"('a)
organize approach; (c)
Synthesis of ZnO nanorod
templates by aqueous solution
method; (d) Fabrication of
7ZnO-TiO, core-shell structures
by dip-coating method; (e)
Removing ZnO nanorod
templates by wet-chemical
solution
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completely eliminate ZnO template, however, an irrevers-
ible deterioration and collapse of TiO, nanotubes from the
substrates is often associated with the elimination of the
template in the wet-chemical etching procedure. This is due
to that the ZnO seed layer, which are pre-deposited on the
substrate for inducing the oriented growth of ZnO nanorods
in aqueous solution process, also may be easily etched by
wet-chemical etching solution when removing ZnO nano-
rod templates, leading to TiO, nanotubes deposited over it
detaching from the substrates.

Herein we firstly proposed to use porous TiO, thin film
as mask to control the density of ZnO nanorod template
and to avoid the collapse of TiO, nanotube arrays from the
substrates in the course of eliminating ZnO templates. The
porous TiO, mask are formed by sol-gel self-organize
technique [29, 30], which is a cheap, effective, and scalable
to 10s of inches in linear dimension. By adjusting the size
of TiO, pores, the density of well-aligned ZnO nanorod
templates could be changed from 10'° to 10® cm™2. At the
same time, TiO, mask deposited over the ZnO seed layer
will prevent direct contacting between etching solution and
the ZnO seeds to protect ZnO seed layer from etching, so
we can increase the etching time to remove completely the
ZnO nanorod templates and avoid the collapsing of inor-
ganic nanotubes.

2 Experimental details

The whole fabrication process is illustrated schematically
in Fig. 1.

First, ZnO seed layer was deposited on glass substrates
from sol-gel method. Second, porous TiO, mask was
deposited on the ZnO seed layer to control the density of
ZnO seeds by coating some area of ZnO seed layer. In other
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words, ZnO nanorods can only grow out from the TiO,
pores where expose the ZnO seeds. Then aqueous solution
method was used to manufacture the ZnO nanorods at low
temperature (70 °C), and the fabrication process of TiO,
nanotube arrays by sol—gel assisted ZnO nanorod templates
was described in Ref. [9].

2.1 Deposition ZnO seed layer

Sol-gel method was used to obtain high quality ZnO seed
layers. In brief, Zn(CH3;COO), 2H,O (0.75 mol/L) was
dissolved in a 2-methoxyethanol-monoethanolamine solu-
tion at room temperature. The resultant solution was stirred
at 60 °C for 0.5 h to yield a clear and homogeneous
solution. Then clean glass substrates (30 mm x 25 mm)
were dipped into the sol, withdrawn at 3.0 cm min~' and
dried at air. Then as-coated substrates were preheated at
300 °C for 10 min and then were heated up to 550 °C at a
2 °C/min for 1 h to obtain dense and transparent ZnO
catalyst particle layers on glass substrates.

2.2 Deposition of porous TiO, membrane

The porous TiO, mask are formed by sol-gel self-organize
technique. In brief, tetrabutylorthotitanate (TBT), alcohol
(EtOH), deionized water (H,0), diethanolamine (DEA),
together with polyethylene glycol (PEG, the molecular
weight is 1,000), which servers as porous structure-directing
agent, were mixed with the molar ration [n(TBT) : n(DEA) :
n(H,0) : n(PEG) : n(EtOH)=1:1:1:(0 ~ 0.05) : 26.5] to
form a light yellow solution. After being stirred for 2 h, the
light yellow solution was gelatinized for 24 h. Then the sol
was deposited on ZnO seed layer coated substrates to form a
wet gel by using the dip-coating method with a drawing
speed of 2.0 cm/min at 60% relative humidity (RH). The wet
film was dried at 100 °C for 10 min, and then was calcined at
550 °C for 1 h. To avoid cracks, the heating rate should be
slow, about 2 °C/min.

2.3 Growth of ZnO nanorod templates by aqueous
solution

Precursor aqueous solution was prepared by dissolving zinc
nitrate hydrate (Zn(NOj), - ¢H,O) and alkali (NaOH) in
deionized water. The concentration of zinc and alkali were
fixed at 0.01 and 0.4 mol/L, respectively. ZnO-coated
substrates were suspended in the precursor solutions at
70 °C for 25 min under strong stirring. Subsequently, the
resultant films were thoroughly washed with deionized
water to remove any residual salt or amino complex and
dried in air at room temperature.

2.4 Preparation of TiO, nanotube arrays

Then TiO, sol without PEG obtained from process (2.2) was
deposited on ZnO nanorod templates by dip-coating with a
withdrawing speed about 0.5 cm/min. The deposited films
were dried at 100 °C for 10 min, and heated up to 550 °C for
1 h at 2 °C/min in air to obtain crystalline ZnO/TiO, core-
shell nanorod arrays. Subsequently, the ZnO/Ti0O, nanorod
arrays were immersed in 3% (v/v %) diluted hydrochloric
acid aqueous solution at room temperature for 15 ~ 120 s
to remove ZnO nanorod templates and to obtain hollow
TiO, nanotubes.

2.5 Characterization of samples

The crystallization and phase structure of ZnO catalyst
seed layers were analyzed by an X-ray diffractometer
(XRD: D/max 2200 PC with Cu Ka, Rigaku Co., Tokyo,
Japan). The morphology of the surface and the fracture
cross section of the specimens were observed by an atomic
force microscopy (AFM: SPA 400) and a field emission
scanning electron microscope (FESEM: S-4700, Hitachi).

3 Results and discussion

Figure 2 gives XRD pattern and AFM graph of the ZnO
seed layer obtained from sol-gel. From Fig. 2a, only a
(002) peak of ZnO is observed, showing that the ZnO seed
is preferentially oriented along the c-axis direction.
Figure 2b shows 5 x 5 um?* 3D AFM image of ZnO seed
layer. It’s clear that the film has a dense surface structure
composed of regular grains with an average diameter of
about 100 nm, and no visible pores and defects can be
observed over the seed layer. The surface root-mean-square
roughness (RSM) is about 3 nm and the maximum value of
roughness is 10 nm, showing very smooth surface struc-
ture. The ZnO seed layer with the c-axis preferred
orientation, good crystalline and smooth surface is favor-
able for the subsequent vertical growth of ZnO nanorod
templates.

It is well known that the pore size and the density of
porous TiO, thin films are quite sensitive to preparation
conditions, such as composition, chemical additives,
withdrawal speed and humidity. Figure 3 shows the AFM
topography (5 x 5 um?® 2D) and accompanying profiles of
the surface of porous TiO, thin films prepared from various
amount of PEG (1000) at 60% RH with a withdrawal speed
of 2 cm/min. There are many nanometer or sub-micrometer
pores produced in the TiO, films, resulting from decom-
posing of PEG at 550 °C. The pore size and density are
related to the PEG (1,000) concentration in TiO, sol. As
increasing the PEG concentration from 0.01 to 0.05, the
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Fig. 2 XRD pattern and AFM (a)
image of ZnO seed layer coated
glass substrate. (a) XRD
pattern; (b) 3D-AFM image

(002)

Intensity (a.u.)

Fig. 3 AFM images and accompanying profiles of porous TiO, masks obtained from various PEG concentrations. (a) 0.01; (b) 0.03; (¢) 0.05

diameter and the depth of TiO, pores increase from ~ 20 to
~250 nm and from ~8 to ~44 nm, respectively, and the
pore density decreases from ~ 1.6 x 10" to ~3.2 x 10*cm ™2
This is ascribed to the fact that with an increase in the amount
of PEG in TiO, sol, the viscosity increases and more poly-
merization-induced phase separation occurs at earlier stages
in the growth process of TiO,, and earlier phase separation
leads the system to lower volume fraction of polymerizing
TiO, clusters [18].

Figure 4 shows the related XRD pattern of porous TiO,
mask deposited on the ZnO seed layers. It is clear that
except for ZnO (002) peak at 34.4°, a new peak can be
observed at 25.4°, assigning to (101) diffraction peak of
anatase TiO, (JCPDS no. 21-1272). This result indicates
porous TiO, masks obtained from PEG assisted sol-gel
may be predominantly oriented along the <101> direction
on ZnO seed layers. Additionally, the intensity of TiO,
(101) peak doesn’t degenerate with increasing the PEG
concentration, meaning the PEG concentration has little
influence over the crystallization of TiO, mask.

Figure 5a shows the ZnO nanorod templates directly
grown from ZnO seed layer without the porous TiO,
membranes. It is clear that all ZnO seeds were completely
utilized to induce the vertical growth of ZnO nanorods,
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Fig. 4 XRD pattern of TiO, mask deposited on the ZnO seed layer,
which was synthesized from 0.0 3 M PEG

resulting in high density of 2.5 x 10'° cm ™2 Figure 5b—d
shows the FESEM images of ZnO nanorod templates
grown out from porous TiO, masks. It is obvious that the
density of ZnO nanorod templates grown from porous TiO,
masks distinctly decreases. Although the pore density
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Fig. 5 Titled 25° and plan-view
FESEM images (inset) of ZnO
nanorod templates grown from
porous TiO, masks with various
pore size and density obtained
from various PEG
concentrations; (a) Directly
grown on catalyst particle layer-
coated glass substrate; (b) 0.01;
(¢) 0.03; (d) 0.05

decreases with increasing PEG concentration from 0.01 to
0.05, the density of ZnO nanorods increases from 4 x 108
to 5 x 10° cm™2, indicating that pore size has more sig-
nificant effect on the density of ZnO nanorods. Only
individual ZnO nanorod can grow from a small size TiO,
pore, as shown in Fig. 5b, two and more ZnO nanorods can
grow from a bigger TiO, pore size obtained from relatively
higher PEG concentration. It should be noticed that the
density of ZnO nanorods grown from the TiO, mask
obtained from 0.01 PEG concentration is less than the pore
density of the TiO, mask, meaning that not every TiO,
pore can grow ZnO nanorod. We think that it is only
through-TiO, pore extended into ZnO seed layer that grow
ZnO nanorod.

As the ZnO nanorod arrays are used as template to
fabricate the TiO, nanotube arrays, TiO, nanotube arrays
can inherit the structural features of ZnO nanorod array
template, such as the hexagonal shape, the length, the
diameter and the density. So we can control the preparation
of ZnO nanorod templates to achieve controlled growth of

Fig. 6 Plan-view FESEM
images of TiO, nanotube arrays
fabricated from different density
ZnO nanorod templates grown
from various TiO, masks. (a)
0.01; (b) 0.03; (¢) 0.05

TiO, nanotube arrays. Figure 6 shows representative FE-
SEM images of TiO, nanotube arrays with various
densities, which were fabricated from ZnO nanorod tem-
plates grown from porous TiO, masks with various pore
sizes. Therefore, it is a simple route to control the density
of TiO, nanotube arrays by depositing porous TiO, thin
film with tunable pore sizes over the ZnO seed layer.

In the fabrication process of TiO, nanotube arrays by
sol—gel assisted ZnO nanorod template, the etching time is
very important to form hollow structure. In the case of
shorter etching time, ZnO nanorod templates can’t be
completely removed and can’t obtain hollow TiO, nano-
tubes, as shown in Fig. 7a. In order to obtain completely
hollow TiO, nanotube arrays grown on the substrates, it is
necessary to prolong the etching time. Unfortunately,
increasing the etching time, the ZnO seed layer can also be
etched by etching liquid, resulting in peeling TiO, nano-
tubes off from the substrate, as shown in Fig. 7b. However,
after being deposited over the ZnO seed layer, porous TiO,
thin film can protect the ZnO seed layer from being
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Fig. 7 Effects of etching time
and porous TiO, masks on the
morphology of TiO, nanotube
arrays. (a) 15 s without TiO,
masks; (b) 60 s without TiO,
masks; (¢) and (d) 60 s with
TiO, mask

destroyed by preventing the etching solution eroding the
ZnO seed layer. So we can increase the etching time from
15 to 120 s to completely remove the ZnO nanorod tem-
plates. It can be seen from their cross-sectional view
images showing in Fig. 7c and d that ZnO nanorod tem-
plates at bottom of TiO, nanotubes completely disappear
and the TiO, nanotubes vertically stand on the substrate as
the etching time is above about 60 s.

4 Conclusions

In summary, porous TiO, thin films obtained from sol—gel
method were successfully used as mask to control the
density of ZnO nanorod obtained from aqueous method and
TiO, nanotube arrays synthesized by ZnO nanorod tem-
plates assisted sol-gel method. The AFM images show that
the size of TiO, pore obviously increases from 20 to 250
nm and the pore density decreases from ~1.6 x 10" to
~3.2 x 10® cm™? with increasing the PEG concentration
from 0.01 to 0.05. After the porous TiO, masks with var-
ious pore sizes were deposited over the ZnO seed layers,
the density of ZnO nanorods decreases from 10'° to 10
cm 2. However, the density of ZnO nanorods increases
with increasing the size of TiO, pore, this is due to that two
and more ZnO nanorods can grow from a bigger size TiO,
pore. Except for controlling the density of ZnO nanorod
templates, porous TiO, masks also can avoid breaking
away TiO, nanotubes obtained from sol-gel assisted ZnO
nanorods template in the case of longer etching time, by
preventing etching liquid eroding ZnO seed layers. With
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increasing the etching time, ZnO nanorod templates can be
completely remove to achieve hollow nanotubal structure.
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