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Air-cathodes were used to produce TiO; nanotube arrays. The effects of pH, voltage and degradation of
air-cathode in tailoring the morphologies of TiO, nanotube arrays were investigated. Preliminary results
show that TiO; nanotubes could be formed and are comparable to those produced by platinum electrodes
under similar conditions. The lengths and diameters of TiO, nanotube arrays obtained are in the range of
1.0-2.2 pm and 40-150 nm, respectively. It is found that the rate of formation of the nanotubes is closely
related to the pH of the solution. Air-cathodes are found to have relative low values of mass loss rates.
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1. Introduction

Nanostructured titanium dioxide (TiO,) materials have been
investigated extensively in recent years for application in pho-
tovoltaic electrodes, coating and corrosion protections. Various
approaches have been studied and developed to produce nanos-
tructured TiO,, the most notable of which include the sol-gel
technique [1,2], template-assistant deposition [3], seeded growth
[4], hydrothermal processes [5], and metal anodization [6]. Among
these techniques, the metal anodization process has been widely
regarded as a straight forward surface treatment technique that can
be easily automated to produce highly ordered self-aligned TiO,
nanotube arrays with decent qualities. There are scattered reports
investigating the effects of electrolyte composition, pH, voltage,
time, and temperature for tailoring nanotube properties [7,8]. How-
ever, there is very little study on the effect of cathode materials used
in the anodization process.

The selection of electrode influences the rates of certain reaction
steps, thus influencing the overall performance [9]. For exam-
ple, hydrogen evolution reaction rates vary between metals [10].
Besides, overvoltage, which is the difference in electric potential of
an electrode with no current flowing through it at equilibrium and
with a current flowing, affects cathodic and anodic reactions [11].
All of these parameters are closely related to the electrode material
selectivity to the final products. Hence, it is understood that the
selection of electrode system has to be considered carefully to pro-
duce the desired TiO, or other oxide nanotubes. Allam and Grimes
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[9] reported that TiO, nanotubes could be formed from different
types of cathode materials, and the selection of cathode materials
will affect the TiO, structure in one way or another. For example,
the tube length, tube diameter, etc. could vary.

Apart from the properties of TiO, nanotube arrays, the stability
of the cathode materials also has different responses to the syn-
thetic process as well. For example, tungsten as a cathode material
yields TiO, nanotubes with decent tube properties, but the stability
of tungsten is relatively low and can be worn out quickly. Hence,
it is essential to carefully select the cathode material without seri-
ously compromising both the TiO, nanotube properties and the
cathode material stability. A greater understanding of these rela-
tions would provide flexibility towards the process in terms of cost,
time, manpower, etc.

Air-cathode generally consists of nickel foam sandwiched
between a catalyst-nickel-polytetrafluroethylene (PTFE) films
[12-14]. The nickel acts as a current collector that can withhold
high current densities, while the catalyst mixture normally consists
of MnO, and carbon, which acts as a catalyst for oxygen reduction
and channels it into the system. A PTFE film is placed over the struc-
ture to repel atmospheric water but allow oxygen diffusion. The
large surface area of the air-cathode helps it gain a large amount of
reaction compared to platinum (Pt) electrodes, which have limited
gas-liquid-solid three-phase boundary areas even though meshes
are used [15]. Considering its high conductivity at 83.3Scm~! and
high recyclability [16] the use of air-cathode could have positive
impacts on the production of TiO, nanotube arrays. Higher conduc-
tivity would literally mean that lower voltage is required to do the
same work and potentially less heat build-up that could eventually
reduce the overall lower operating cost would occur. Aside from
these, air-cathodes possess design flexibility that Pt electrodes do
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not. For example, platinum cathode cannot tailor dimensions that
could provide large surface areas for anodization.

In this work, the use of air-cathode to synthesize TiO, nanotube
arrays is explored, and the effects of some anodization parame-
ters on the stability of the air-cathode are considered. The aim is
to determine whether or not air-cathode could produce TiO, nan-
otube arrays with properties similar to those obtained using Pt
electrode and sustain the relevant morphologies under the same
anodization conditions.

2. Experimental
2.1. Construction of casing

The plastic casing used for the anodization process was specially constructed
as shown in Fig. 1. The air-cathode used, with an active area of 13.5cm?2, was
obtained from MEET, Korea. It cost 0.05 USD cm~2 compared to Pt electrode, which
cost 44.01 USD cm~2. It is composed of nickel foam coated with PTFE and a mixture
of MnO», carbon, and PTFE binder.

2.2. Anodization process

Titanium (Ti) foils (1 cm x 2.5cm in size, 0.127 mm thick, 99.6% purity) were
purchased from STREM Chemicals. Prior anodization, the foils were degreased by
sonicating in acetone and methanol for 15 min each, followed by rinsing with deion-
ized water. The pre-cleaned foils were then dried in ambient air. Anodization was
performed in a standard two-electrode bath, with Ti as the working electrode while
either the air-cathode or Pt was used as the counter electrode. Pt was used as control
sample. The working and counter electrodes were separated by a constant distance
of 1cm throughout the experiment. The electrolyte bath consisted of glycerol with
0.5 wt% NH4F. The experiment was then divided into two parts, where the effects of
pH and anodization voltage were investigated separately.

In the first part of the experiment, the effect of pH was investigated. The pH of the
solution was adjusted to 4.0 (acidic) and 10.0 (alkaline) with the addition of sulfuric
acid (H,S04) or sodium hydroxide (NaOH), respectively. The bulk electrolyte bath
without extra additives had a pH of 6.2. The experiment was carried out for 1 h under
an anodization voltage of 20V, which is the typical voltage [17] used to produce TiO,
nanotube arrays. In the second part of the experiment, the effects of voltage on the
TiO, surface morphologies produced from the electrolyte were investigated for all
the pH. Anodization was carried out at room temperature (27 °C), consisting of a
potential ramp (250 mVs~') from an open circuit potential to selected potentials
ranging from 20 to 70V swept across the cell by a power supply for 1h. The as-
anodized TiO, nanotube arrays samples were then rinsed in deionized water and
ethanol before drying in ambient air.

The morphologies of the as-anodized TiO, nanotube arrays were characterized
using field emission scanning electron microscopy (FESEM, Zeiss SUPRA 35VP). Cou-
pled with the results of transmission electron microscopy (TEM, Philips 420T), the
presence of TiO, nanotube arrays could be justified. The FESEM model is capable of
energy dispersive X-ray (EDX) spectra determination and hence, the in situ chemical
composition of the samples could be identified. The crystallographic structure and
chemical composition of the TiO, nanotube arrays were studied by X-ray diffraction
(XRD, Bruker D8 powder diffractometer).
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2.3. Characterization of air-cathode

Inorder to investigate the air-cathode durability, another set of experiments was
prepared. Ti anodization was carried out six consecutive times without changing the
air-cathode. The air-cathode was weighed in order to study the stability of the air-
cathode. From there, the air-cathode mass loss rate (R) in mg cm~2h-! could be
calculated according to Eq. (1).

W -W,

R= Axt (1

where W; and W, are the weights of the cathode material before and after the
anodization process, respectively, A is the surface area (cm?) of the cathode material,
and t is the anodization time (h).

3. Results and discussion
3.1. Possible application air-cathode as a cathode electrode

FESEM micrographs of the as-anodized sample produced in
glycerol + 0.5 wt% NH4F at 20V (potential ramp of 250mVs~1) for
1 h using air-cathode and Pt as cathode material are shown in Fig. 2.
Fig. 2a shows that TiO, structures produced using the air-cathode
are comparable to those produced using Pt as the cathode material
(Fig. 2b). Initial results also show that there is a slight improve-
ment in the TiO, surface produced using the air-cathode. Residues
of oxide debris left on the surface of the products, as in Fig. 2b,
could be clearly observed when Pt cathode are used, while there
is only little or no oxide debris observed when air-cathodes are
used. The debris formed is possibly caused by incomplete oxidation
as a consequence of an insufficient length of time for anodization.
However, under the same condition, the surface produced using the
air-cathode was improved, prompting the idea that air-cathode are
better oxidative agents.

In order to see the nanotube structure in detail, the TiO, nan-
otube arrays produced by air-cathode are magnified in Fig. 3. The
FESEM image in Fig. 3a reveals the bottom of the TiO, nanotube
arrays produced. The bottom of the nanotube arrays is closed, and
the TEM image from Fig. 3b shows a tubular structure. Thus, the
formation of tubular structure with open tops (Fig. 2a) and closed
bottoms (Fig. 3a) is confirmed.

The proposed formation of TiO, uniform layer to TiO, nanotube
arrays by this work can be summarized by Eqs. (2)-(10). As anodiza-
tion initiated, at anode an initial oxide layer formed uniformly
across the substrate surface due to the interactions [18]:

2Ti — 2Ti*t +8e~ (2)
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Fig. 1. Schematic diagram of the constructed case for titanium anodization: (a) front view and (b) side view.
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Fig. 2. FESEM micrographs of the as-anodized sample produced in glycerol + 0.5 wt% NH4F (pH 6.2) at 20V for 1 h using: (a) the air-cathode and (b) platinum as the cathode.

Ti** ions combine with OH~ and 02~ species from water.

6H,0 — 40H™ +202 +8H* (3)
Ti*t +40H™ — Ti(OH)4 (4)
Ti*t +20%~ - TiO, (5)
Ti(OH)4 — TiO; +2H,0 (6)

In the air-cathode system, oxygen evolution normally occurs
during charging for battery system (referred as anodization in this
study) [12]:

40H™ — 4e~ +2H,0 + O, (7)

However this oxidation is not feasible as compared to hydrogen
evolution:

8H" +8e~ — 4H, (8)
Thus, the overall process of oxide formation is given as follows:
Ti + 2H,0 — TiO, +2H, (9)

Subsequently, with the presence of F~ ion, the preformed oxide
layer is dissolved through the formation of soluble fluoride com-
plexes [TiFg]>~ as shown in Eq. (10). With prolonged anodization
period, the tube forming mechanisms become governed by TiO,
oxide formation and dissolution process [19]:

TiO, + 6F +4H* — [TiFg]*>~ +2H,0 (10)
3.2. Effect of pH on as anodized TiO, by air-cathode

Fig. 4 shows the current density transient recorded during
anodization in glycerol + 0.5 wt% NH4F at 20V at different pH. The
time dependent polarization curve, specifically the part during the
first few minutes of anodization, can be ascribed to different stages
of the tube growth process. Initially, there is a sudden drop (Stage I),

I 5

followed by a slow and steady decrease (Stage II). Finally, a constant
current density (Stage III) is observed for all the polarization curves
regardless of pH level. At pH 4.0, the current density dropped dras-
tically to around 1.2 mA cm~2 within a 1 min after the voltage was
applied. The current density plateaus recorded at pH 6.2 and 10.0
are 0.8 and 0.5 mA cm~2, respectively. The drop in current density
at higher pH is due to the formation of a denser oxide layer that
poses higher restriction to current penetration.

At high pH (low concentration of H*), the hydrolysis ability of
electrolytes is increased. Hence, the oxygen content is increased
at high pH electrolyte and forms a denser oxide layer. Solutions at
higher pH level also require longer times to reach Stage III, con-
firming the low oxidizability. The sudden decay of current density
at Stage I could be attributed to the formation of a compact TiO,
layer (Eq. (6)).

At this stage, the Ti foil area revealed to the electrolyte oxidizes
and forms a fine layer of TiO, film on the electrolyte/metal interface
[19]. The presence of TiO-, at this stage is confirmed by EDX (Fig. 5).
The approximate Ti:O atom ratio was determined to be 1:2, sug-
gesting the formation of TiO, layer. This oxide layer will act as a
natural inhibitor and elevates the resistance (due to the low con-
ductivity of metal oxide), thus limiting the current flow, which is
proportional to the thickness of this barrier layer. From here, the
localized current could form pits or slits on the oxide film layer to
nucleate the tube formation process. These pits will enlarge and
act as sites where the oxide in these areas could be dissolved by
fluoride (F7) ions according to Eq. (10).

Here, the TiO, layer is attacked by F~ ions, forming the highly
soluble [TiFs]2~ complex, and then dissolved to form porous struc-
ture (Stage II). At this stage, the dissolution of the TiO, layer will
allow more current flow. These two processes compete between
pore formation and dissolution of the oxide. Hence, at Stage III
where the current density is steady, pore formation is in equilib-
rium with pore dissolution.

Fig. 3. (a) FESEM bottom view and (b) TEM of tubes formed using the air-cathode in glycerol +0.5 (pH 6.2) wt% NH4F at 20V for 1 h. y and —y refer to upward and downward

directions, respectively.
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Fig. 4. Current density-time curves for titanium anodization performed at 20V in
electrolyte at (a) pH 4.0, (b) pH 6.2, and (c) pH 10.0.

The TiO, layer dissolution process in Stage III is closely con-
trolled by the presence of H* ions, as shown in Eq. (10). As
mentioned earlier, different pH levels (where the concentration
of H* varies), could affect the dissolution process. As a result, the
length of the TiO, tube also varies according to pH, as shown
in Table 1. The average tube length produced in the electrolyte
at pH 4.0 (high H* concentration) recorded the highest value,
which is 1149 nm. The average tube length anodized under the
same conditions at pH 6.2 and pH 10.0 are 1096 and 896 nm,
respectively.

In order to better understand the effects of pH on tube length
using the air-cathode as the electrode, the tube growth rate,
where the final tube length was divided by time, was deter-
mined. The tube growth rate at pH 4.0 is 19.15nmmin~!, which
is the highest recorded. At pH 6.2, the tube growth rate is
approximately 18.27nmmin~!, while at pH 10.0, it recorded
14.93 nm min~!. At higher voltage, the pH of the electrolyte also
influences the oxide morphologies. The nature of the alkaline
electrolytes reveals the relatively lower ability of anodic oxide
formation.

Therefore, the anodic forming voltage, corresponding to the
dynamic equilibrium between the oxide formation rate and chem-
ical dissolution rate, is much lower, as shown in Fig. 6. At higher
voltage, i.e.,, 60V, the TiO, formed could be varied by different
electrolyte pH, although the field-assisted tube-forming ability is
elevated. The morphology image in Fig. 6a shows that, at acidic
solution (pH 4.0), the TiO, formed still consists of tubular struc-
tures. Tubes formed at pH 6.2 maintain porous structures, and TiO;
tubes formed at pH 10.0 are non-porous (a consequence of poor
oxidation/dissolution capability), as shown in Fig. 6b and c, respec-
tively. The dimensions and structure of the TiO, tubes are rather
important, as they play a paramount role in order to achieve higher
efficiency of photoabsorption and longer electron lifetimes, as well
as longer diffusion length in the TiO, tube [20]. As a whole, the
electrochemical growth of anodic Ti oxide occurs in the following
hierarchy:

pH4.0 > pH6.2 > pH10.0

Aside from tube dimensions, it could also be observed that pH
affects the surface topography. Fig. 7 shows the surface conditions
of the as-anodized TiO, at 20V (lower than 60V) for 1h in elec-
trolyte at pH 4.0, 6.2, and 10, respectively. The surfaces of the three
as-anodized TiO, samples were covered by a ‘vague’ layer, which
consists of conglomerates of partially dissolved tubes. At pH 4.0
(Fig. 7a), the surface morphologies are relatively ‘clean’ and the tube
ring could be seen clearly. With increasing pH (Fig. 7b), the oxide
debris layer covering the surface became thicker and more signifi-
cant until the tube was clotted (as can be seen in Fig. 7c). At lower
pH, strong chemical dissolubility within the electrolyte could dis-
solve the oxide and reveal the Ti substrate. At higher pH, however,
weak chemical dissolubility limits the dissolution process, leaving
debris covering the top surface.

Table 1
Tube diameter and length formed at different electrolyte pH and anodization voltage.
Voltage pH 4.0 pH 6.2 pH 10.0
Average length (nm) Average diameter (nm) Average length (nm) Average diameter (nm) Average length (nm) Average diameter (nm)
20 1149 46 1096 59 896 53
30 1770 100 1284 84 879 70
40 2064 126 1692 107 1025 103
50 2053 146 1592 138 - -
60 2189 242 - - - -

70 - - -
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Fig. 7. FESEM of as-anodized sample at 20V for 1 h with electrolyte at (a) pH 4.0, (b) pH 6.2, and (c¢) pH 10.0.
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3.3. Effect of voltage on as anodized TiO, by air-cathode

In order to exploit the influence of the applied voltage, exper-
iments were carried out at different anodization voltages. While
the tube growth rate is closely related to pH, the tube diameter,
wall thickness, and crystallinity are greatly affected by the voltage
applied. For Ti anodization carried out in this experiment, a wide
variety of tube diameters in the range of nano- and micron sizes
could be achieved depending on the voltage applied. Fig. 8 shows
that the current fluctuations at Stage IIl increased with increasing

anodization voltage regardless of pH. At lower voltages (20-50V),
oxidation and dissolution processes occur at relatively mild or
steady conditions. When the anodization voltage is increased (60
and 70V), the diffusion of ions in the field-driven process increases
and becomes unstable. The unstable oxidation and dissolution pro-
cess could lead to inconsistent tube formation and hence, current
fluctuations. Eventually, the tube structure will collapse when the
applied voltage is too high, to the extent where the fine oxide layer
constructing the tube can no longer sustain the high diffusion rate.

Fig. 9 shows FESEM images of samples anodized in glyc-
erol+0.5wt% NH4F (pH 6.2) using the air-cathode at different
anodization voltages for 1 h. It could be seen that the Ti foil anodized
at 20, 30, 40, and 50V (Fig. 9a-d) all possess tube structures.
However, those that are anodized at 60 and 70V (Fig. 9e-f) have
nanoporous structures (where the tube structure is destroyed by
the high passivation and re-passivation rate). This is in line with
the results of current density studies, where the tube structure is
clearly absent in samples anodized at 70V (Fig. 9f).

In general, when the voltage is increased, the magnitude of the
localized current on the oxide surface will increase accordingly and
thus create larger pits. The final diameters of the tube are highly
dependent on the initial size of the pits formed. Hence, the higher
the voltage applied to the system, the greater the tube diameter will
be, as shown in Table 1. The increment of voltage could also remove
the debris on top of the oxide surface, which is caused by weak
chemical solubility as mentioned earlier. Debris could be observed
on top of the surface (Fig. 9a), and this layer is removed when the
voltage is increased to 30V (Fig. 9b).

Besides the tube diameter, at relatively low voltages (20 and
30V), the nanotube arrays appear to grow in a self-aligned for-
mation and show high uniformity. However, when the voltage is
increased beyond 30V, the diameter exceeds 100 nm and shows a
slight difference in surface morphology. It could be seen that the
tubes formed consist of two distinctly different diameters, indicat-
ing that voltage plays a vital role in determining the uniformity and
homogeneity of the tube formed (Fig. 9d).

Although it has been shown that the pH factor is more dom-
inant in determining the tube length, the voltage also affects the
length of the tube formed. The length of the tube formed at all pH
(Table 1) increased with voltage, confirming the effect of voltage
on tube length. It should also be noted that the chemical dissolu-
tion of TiO, occurs over the entire tube length. As a result, the tube
grown for extended periods of time will become increasingly V-
shaped in morphology [21,22]. In another words, the upper parts of
the tubes will become significantly thinner due to longer chemical
dissolution reaction times than the bottom parts of the same.

Fig. 10 shows a schematic of the chemical dissolution processes
that occur during the formation of V-shaped morphology on the
TiO, nanotube. The process starts with pit formation prior to dis-
solution (Fig. 10a). Dissolution occurs at all directions, forming
U-shaped morphology (Fig. 10b), after which prolonged dissolution
triggers tube growth, and the distance between neighboring tubes
is decreased (Fig. 10c). Finally, tube possessing V-shaped morphol-
ogy is formed (Fig. 10d). It can also be seen that the gaps between
upper tubes (y-direction) become thinner during the V-shaped pro-
cess. The thickness of the tube wall decreases from W, X, Y to Z
processes.

The effects of voltage are not restricted to the dimensions of the
tube formed. Fig. 11 shows the XRD pattern obtained from samples
anodized in glycerol + 0.5 wt% NH4F (pH 6.2) at different voltage
for 1 h. The result shows that the anatase peak intensity generally
increases with the applied voltage. Depending on the anodization
conditions, the TiO, formed could exist in amorphous or crystalline
forms (anatase, rutile, or a mixture of anatase and rutile). Initially,
the raw sample mainly consists of Ti peaks with a little rutile phase.
However, upon anodization at 20V, the Ti oxide formed is in the
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Fig. 10. Schematic diagram of the chemical dissolution process forming the V-shaped morphology on the TiO, nanotube. (a) Pit formed prior to dissolution, (b) dissolution
occurring at all directions, forming a U-shaped morphology, (c) prolonged dissolution triggers tube growth and (d) final tube possessing V-shaped morphology. Inset: SEM
image of the V-shaped tube, y and —y refer to upward and downward directions, respectively.
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Fig. 11. XRD patterns of (a) raw sample, as well as sample anodized at pH 6.2, at
voltages of (b) 20V, (c) 30V, (d) 40V, (e) 50V, (f) 60V, and (g) 70 V.

amorphous phase. When the voltage is increased to 30V, a min-
imal percentage of rutile is observed at 26 =36° and 42°. Further
increments of voltage show that parts of the amorphous region are
transformed to anatase crystals, where XRD analysis shows peaks
at 26=25°. As a result, the peak intensity for pure Ti decreases
accordingly and the intensity of anatase peaks increases with the
voltage. Under these conditions, the rutile phase decreases slowly.
The result also agreed with other researchers [23,24].

This transformation of amorphous to crystalline TiO, at ele-
vated voltage is particularly interesting. To date, it has been widely
reported that transformation of amorphous to crystalline TiO,
would happen only when thermal treatment is applied to the
as-anodized TiO, nanotube arrays [25]. In order to convert the
amorphous tubes into crystalline anatase or rutile phase, anneal-
ing process is usually necessary. It is reasonable to assume that the
crystallization process developed after the electrical breakdown,
which is triggered by local exothermic heat with increasing volt-
age. Moreover, considering the anodization process is field driven,
higher anodization voltage would favor high ion diffusivity which
would lead to crystallization. Nonetheless, Jamieson and Olinger
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[26] reported that anatase is thermodynamically always unstable.
Thus the persistence or formation of anatase under this condition
should be regarded as a consequence of sluggish reaction kinetics
or metastable crystallization. Meaning that, the as-anodized TiO,
nanotube arrays are weakly crystallized as been confirmed by the
low anatase peak intensity.

3.4. Air-cathode stability

Figs. 12-14 shows air-cathode mass loss rates as a function of
pH, voltage, and number of cycles used, respectively. This is the first
time that the stability of a material during anodization is being eval-
uated to the extent where the effect of pH, voltage, and number of
cycles are considered. Fig. 12 shows the mass loss rate as a function
of pH was recorded at a cell voltage of 20V. Electrolytes with pH
4.0 recorded the highest mass loss rate at 0.08191mg cm=2h-1.
Electrolytes with pH 6.2 and 10.0 recorded a decreasing trend of
0.04716 and 0.03315 mg cm~2 h~!, respectively. At low pH (pH 4.0),
the high concentration of H* ions results in higher passivation and
re-passivation activities that could lead to high current flows in the
system. As a result, the overwhelming built-up charge could dam-
age the air-cathode. When the pH of the electrolyte is increased,
mild TiO, tube formation processes could yield lower mass loss
rate.

When the air-cathode was subjected to different voltages, the
mass loss rate increased with increasing voltage; this could be
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Fig. 13. Air-cathode mass loss rate as a function of voltage in electrolyte with pH
6.2 for 1h.
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Fig. 14. Air-cathode mass loss rate as a function of number of cycles anodized at
20V in electrolyte with pH 6.2.

because of the same reasons given for the effect of pH. That is,
higher voltages could allow higher current densities to flow. Fig. 13
shows the mass loss rate as a function of voltage recorded in the
electrolyte with pH 6.2 for 1h. The mass loss rate recorded for
20V is 0.04716 mgcm~2 h~1. This value has increased steadily to
0.08191 mgcm—2 h~! when anodization was performed at 70 V.

While both pH and voltage induced significant impacts on air-
cathode stability, the number of cycles for which the air-cathode is
used appears to show slightly different behaviors. Fig. 14 shows
the mass loss rate as a function of number of cycles the air-
cathode is used for anodization at 20V for 1h. The air-cathode
is used for 6 consecutive cycles without changing. A completely
new set of electrolyte and Ti foil was used to eliminate unneces-
sary determining factors. Initially, it could be seen that the mass
loss rate was high. During the first usage, the mass loss rate
recorded was 0.04587 mgcm~—2h~!; during the second usage, a
drop in the loss rate to 0.02928 mgcm~2 h~! was observed. How-
ever, beginning from the third usage onwards, the mass loss rate
recorded a near constant trend. The third usage recorded a mass
loss rate of 0.010533 mgcm~2 h~!, which is more than a 60% drop
from the second usage. The fourth, fifth, and sixth usages of the
air-cathode recorded mass loss rates of 0.012733, 0.012033, and
0.009833 mgcm~2 h~1, respectively. The high mass loss rate at first
cycle attributed to dissolution of carbon and active material from
air-cathode. Normally, at the surface of air-cathode these mate-
rials are not bound strongly by binder and easy to dissolve into
electrolyte. The electrolyte changed from clear to a black color
after the cycle. In previous report we also reported the changes
of air-cathode upon cycling [13].

4. Conclusion

The present work investigates the possibility of fabricating
self-organized TiO, nanotube arrays using relatively cheap but
compatible air-cathodes as cathode. Results showed that the TiO,
nanotube arrays formed using such material are of decent quality
and comparable to those produced using Pt as a cathode material.
Tube formation rates were found to decrease with increasing pH.
The anodization voltage was dominant in controlling the diame-
ter of the tubes formed. The crystallographic structure was found
to be closely connected to the anodization voltage. XRD results
also confirmed that no pollution towards the as-anodized sample
occurred, thus eliminating the concern of pollution. The air-cathode
showed high durability with repeated usage. Combining all these
results, it appears that the less expensive and highly recyclable air-
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cathode can replace Pt for fabricating decent TiO, nanotubes via
anodization.
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