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Titania and zirconia nanotubes were prepared in aqueous and organic electrolytes through anodization
method. The bottom morphology and oxide composition were investigated via transmission electron
microscopy and Fourier transform infrared spectroscopy. Influences of mass transfer, heat transfer and
electrolyte properties on the growth of nanotubes have been discussed in detail. During anodization,
inhomogeneous mass transfer and heat transfer result in inhomogeneous temperature distribution and
different oxide compositions between the bottom and wall of nanotubes. On the one hand, the tube
wall with lower hydroxyl content is more difficult to be dissolved than the tube bottom with higher
hydroxyl content. On the other hand, the higher temperature at tube bottom results in stronger oxide
dissolution than that at the tube wall. All these effects lead to the longitudinal growth of the nanotubes
during anodization process because the dissolution rate at tube bottom is larger than that at tube wall.
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1. INTRODUCTION

Metal oxide nanochannel structures including alumina nanopore arrays [1], titania nanotube
arrays [2-4], zirconia nanotube arrays [5, 6], and so forth have been successfully fabricated by the
anodization method [7-12] in recent years. The nanochannel structure may improve and enhance the
performance of metal oxides and have vast application prospects [13, 14]. For example, titania
nanotube arrays and zirconia nanotube arrays have outstanding properties in photocatalysis [15], water
decomposition [16], solar energy cell [17, 18], catalyst [19-21], gas sensitivity [22-24] ,
photoelectroactivity [25], biological activity [26, 27], dye degradation [28] , and so forth.
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A widely accepted nanotube growth mechanism is the dissolution action under electric field
induction [29-33]. Obviously, the larger difference in dissolution between tube bottom and tube wall
are favorable to longitudinal growth of the nanotubes during anodization process. Previous studies
show that titania and zirconia nanotubes with a length more than 100 um have been prepared in
organic electrolytes (e.g. ethylene glycol, dimethyl sulfoxide (DMSQO), N-methyl formamide (NMF),
formamide (FA), glycerol, etc.) [34-38]. Preparation of nanotubes longer than 100 um indicates that
the tube wall which is generally a few to a few tens of nanometers in thickness has poor dissolution
while the tube bottom has better dissolution in organic electrolytes. The great difference in dissolution
between the wall and bottom cannot be explained completely and satisfactorily only through field-
assistant dissolution phenomenon. In this paper, from the viewpoint of mass transfer and heat transfer,
the reasons why there are so great dissolution difference between tube wall and bottom have been
discussed in detail via investigations of preparation of titania and zirconia nanotubes by anodization
process. Influences of electrolytes on the nanotube growth process have also been discussed.

2. EXPERIMENTAL

The metal foils (Ti or Zr, 99.7% purity, 10X 10X 0.5 mm®) used in this study were obtained
from the General Research Institute for Nonferrous Metals (Beijing, China). They were polished
mechanically and washed in twice-distilled water and acetone by ultrasonic washing before use. Ti or
Zr foils were anodized using a program-controlled DC source (Dahua Coop., Beijing, China) in
different kinds of electrolyte and the electrode distance was kept at 2 cm. During the experiments, the
electrolyte solutions were stirred using a magnetic stirrer. After anodization, the samples were rinsed
in deionized water, dried and characterized through transmission electron microscopy (TEM-200CX,
JEOL, Japan) and Fourier transform infrared spectroscopy (FTIR, WQF-410, China).

3. RESULTS AND DISCUSSION

100 nm

Figure 1. Bottom TEM images of titania and zirconia nanotubes: (a) Ti, 1M H3PO4+0.5% HF+H,0,
20V, 1h; (b) Ti, 1% HF+H,0, 20V, 30min; (c) Zr, formamide and glycerol (volume ratio=1:1)
+ 2 wt% HCI + 3.5 wt% H,0 20V, 5h; (d) Zr, formamide and glycerol (volume ratio=1:1) +1%
NH4F+3% H,0, 50V, 24h
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Figure 1 shows the bottom TEM images of titania and zirconia nanotubes prepared in different
electrolytes. The color of the bottom and wall of titania nanotubes prepared in aqueous solution is
similar and the thickness of tube bottom is obviously larger than that of the tube wall (Fig.1a, b). The
bottom of zirconia nanotubes prepared in mixture of formamide and glycerol (volume ratio=1:1)
containing 2 wt% HCI and 3.5 wt% H,0 is loose (Fig.1c) and the bottom color of zirconia nanotubes
prepared in mixture of formamide and glycerol (volume ratio=1:1) containing 1wt% NH4F and 3wt%
H.O is obviously lighter than that of the tube wall (resembling gelatin) (Fig.1d). Figure 1 shows that
the electrolytes have great impact on the morphology of nanotube bottom.

FTIR spectra of titania nanotubes annealed at different temperatures are shown in Figure 2. The
peaks at 3430 and 1630 cm™ can be assigned to the absorption of water. The peaks at 3026, 2925,
2850, 1493,1452, 1398, 756, 698 cm™ correspond to the characteristic absorption of titania. The
intensity of the Ti-OH absorption peak at 1398 cm™ decreases with the increasing annealed
temperature, which is identical to the FTIR results of zirconia nanotubes [38]. The FTIR spectra
analysis show that titania and zirconia nanotubes prepared through anodization method contain many
hydroxyl groups and the hydroxyl amount decreases with the increasing annealed temperature. The
results are concordant with references [39-42].
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Figure 2. FTIR spectra of titania nanotubes annealed at different temperatures

Therefore, the anodization product of Ti and Zr can be represented with MOy(OH)s.2x (x = 0
~2) and the anodization reactions can be shown as Equation 1 ~3.

M=M*+4e (M=Ti, Zr) 1)
M* +6 X = [MXe]* (2)

M* + (4-X) Ho0 = MOy (OH)ax + 4 H" (x = 0 ~2) (3)
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Metal (M) loses electrons to form metal ions M** (Equation 1) and then metal ions react with
X~ or H,0 in the electrolytes (Equation 2 and 3). Equation 2 results in the formation of [MXg]* and
dissolution in the electrolytes and Equation 3 leads to the formation of oxides on the metal surface.
The amount of metal ions formed in Equation 1 is definite. Consequently, when the reaction rate of
Equation 2 increases, the reaction rate of Equation 3 would decrease correspondingly, and vice versa.

After the formation of nanotubes, mass transfer would affect the reaction rates of Equation 2
and 3 at tube bottom. The driving force of mass transfer comes from the action of the electric field on
charged ions and the concentration gradient of the solution constituents, the action of electric field
playing a predominant role.

When anodization is conducted in organic electrolytes containing a low amount of water, mass
transfer affects the reaction rate of Equation 3 much apparently. Due to the blockage effects of the tube
wall, mass transfer at the center area of tube axis is larger than that at the tube wall [43]. Therefore,
there are much more X at the center part of the tube bottom than that at the tube wall, which results in
the faster reaction rate of Equation 2 and the relatively slower reaction rate of Equation 3.
Consequently, less fewer oxides form at the tube bottom than that of the tube wall. When anodization
is conducted in agueous solution, similar amount of oxides would form at the reaction interface
because there is sufficient water and mass transfer hardly affects the reaction rate of Equation 3.
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Figure 3. Influence of temperature on the oxide composition: (a) temperature distribution (dark red:
higher temperature; light red: lower temperature); (b) oxide composition (dark grey: lower
hydroxyl content; light grey: higher hydroxyl content)

A large amount of heat which is liberated during anodization of Ti and Zr (AHt = —944 kJ-mol
1 AHz = —1101 kJ-mol™, [44] ) would result in the temperature increase at the reaction interface (the
tube bottom). The heat would be transferred outward through heat transfer which results in the
temperature decrease at the reaction interface ( the tube bottom). Mass transfer velocity affects heat
transfer ability of the electrolytes, higher mass transfer velocity results in better heat transfer ability
and lower reaction interface temperature at the tube bottom. The mass transfer velocity in the center
area of the tube bottom is larger than that at the tube wall, resulting in the inhomogeneous temperature
distribution in the tube bottom [43]. As shown in Fig.3a, from point A to point B the temperature
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would increase. From point B to C, because there are less heat liberated at the interface, the
temperature would decrease gradually and be close to the electrolyte temperature at point C. From
point C to point D, the temperature is same as the electrolyte temperature. The temperature distribution
can be described as: Tg > Ta > Tc = Tp.

The thermal conductivity of electrolytes also affects the temperature distribution at the tube
bottom. The thermal conductivity of frequently-used solvents is listed in Table 1. The organic
electrolytes with lower thermal conductivity have lower heat transfer velocity and lead to higher
temperature at the tube bottom (Tg > Tao> Tc = Tp). As discussed in the above-mentioned FTIR
spectra, temperature affects the hydroxyl content of the oxides according to Equation 3. In Fig.3a, from
point A to point B, temperature increases gradually and hydroxyl contents of the oxides decrease
gradually. As shown in Fig.3b, during anodization, along with downward movement of the reaction
interface, the oxides at point B are partly dissolved in the electrolytes, the undissolved remnants
constitute the tube wall. Therefore, when anodization is conducted in organic electrolytes, the hydroxyl
contents of the tube wall are lower than that of the tube bottom.

The thermal conductivity of water is 2-3 times larger than that of the organic electrolytes.
When anodization is conducted in aqueous solutions, fast heat transfer velocity results in a relatively
homogeneous temperature distribution (Tg = Tax Tc = Tp) and similar oxide composition of the tube
wall with that of the tube bottom.

Table 1. Thermal conductivity of frequently-used solvents

Dimethyl sulfoxide (CH3),SO 1.96 [45]
N-Methylformamide HCONHCH; 2.03
Formamide HCONH, 3.51 [46]
1, 2-Ethanediol HOCH,CH,OH 2.56
Glycerol HOCH,CH(OH)CH,0OH 2.92
Water H,O 6.07

During anodization, the oxides would be dissolved in the electrolytes (Equation 4). Dissolution
in aqueous solution is much easier than that in organic electrolytes. Dissolution of oxides would be
affected by temperature, mass transfer velocity and the oxide composition, etc. Higher temperature and
faster mass transfer velocity would accelerate the dissolution of oxides. Under the same conditions,
oxides formed at higher temperature have lower hydroxyl contents and would be dissolved in the
electrolytes difficultly [47, 48] .

MOY(OH)azx + 6 X+ 4 H" = [MXe]® + (4-X) H,0 (4)

According to the above analysis, when anodization is conducted in organic electrolytes, faster
mass transfer velocity, higher temperature and higher hydroxyl contents of oxides (Fig.3a, point A)
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would result in the easy dissolution of the oxides at tube bottom. Mass transfer velocity and hydroxyl
contents of oxides decrease from point A to point B, however, the temperature increases slightly,
therefore, the oxides can still be dissolved in the electrolytes. From point B to point C, the oxide
composition does not change, however, mass transfer velocity and temperature decrease gradually,
therefore, oxides would be more difficult to be dissolved in electrolytes. From point C to point D,
oxides are hardly soluble.

In brief, due to the influence of mass transfer and heat transfer, the inhomogeneous distribution
of oxides composition and dissolution would lead to the increasing length of nanotubes and the
appearance of bottom morphology in Fig.1c,d at the tube bottom in organic electrolytes.

When anodization is conducted in aqueous solutions, mass transfer and heat transfer have very
little effect. The similar temperature and hydroxyl content of oxides together with the strong
dissolution ability of aqueous solution lead to little dissolution difference. Dissolution takes place at
both inside and outside of the tube wall [49]. As for the tube bottom, the side near the electrolytes
would be dissolved and the side near the metal would form new oxides. These factors lead to the
bottom morphology as shown in Fig.1a,b.

4. CONCLUSIONS

During anodization, the inhomogeneous mass transfer and heat transfer result in the
inhomogeneous temperature distribution and different oxide compositions between the tube wall and
bottom. On the one hand, the hydroxyl contents of the oxides are lower and the oxides are difficult to
be dissolved at tube wall than that at tube bottom. On the other hand, the temperature is higher and the
oxides are easy to be dissolved at the tube bottom than that at tube wall. Under the joint action of both
effects, the oxides would dissolve much faster at tube bottom than that at tube wall and lead to the
longitudinal growth of the nanotubes.

When anodization is conducted in organic electrolytes, the oxides at tube wall is difficult (or
hardly) to be dissolved while the oxides at tube bottom is easy to be dissolved in the electrolytes
because of the lower thermal conductivity and the weaker dissolution ability of the electrolytes, as well
as the larger difference of temperature and hydroxyl content of the oxides. In aqueous solution,
stronger dissolution ability and larger thermal conductivity of the electrolytes, as well as the similar
temperature and hydroxyl content of oxides between tube bottom and wall are unfavorable to the
growth of nanotubes. Consequently, longer nanotubes are easy to be prepared in organic electrolytes.
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