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Morphology dependence of TiO, nanotube arrays on anodization variables

and buffer medium*
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Abstract: Vertically oriented TiO5 nanotube arrays were prepared by potentiostatic anodization of Ti foils in HF/acetic
acid (HAC) aqueous solution. Anodization variables including anodization electrolyte concentration, anodization volt-
age, anodization time and buffer medium can be chosen and adjusted to manipulate the nanotube arrays to give the

required length and morphology.
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1. Introduction

Recently, vertically oriented TiO, nanotube arrays have re-
ceived much attention due to their interesting properties and
various applications in solar cells!!>2], sensorsl®], photocataly-
sis*l, and biomedicinel®!. Many routes have been tested to pre-
pare TiO,-based nanostructural materials, including templat-
ing synthesis[®, electrochemical lithography!”l, photoelectro-
chemical etching!®], sol-gell®) anodic oxidization['® 11 etc.
Anodic oxidization, a relatively simple and efficient technique,
has been widely used and is easily automated to engineer
TiO, porous and tubular structures. Moreover, some deriva-
tive methods have been used for the precise design and con-
trol of the geometrical features. For example, Gong and co-
workers!!2] have reported the growth of TiO, nanotubes to
a length of about 500 nm and, subsequently, the lengths of
nanotubes were increased to about 1000 um by controlling
the anodization electrolyte concentrationl'3]. Nageh and co-
workers!'4 have grown nanotubes using aqueous HCI elec-
trolyte without fluoride. Yang and co-workers!'5] prepared
graded TiO, nanotubes by two-step anodization. TiO, thin film
with aligned pores in the submicrometer and nanometer scales
is of great interest in its use in photovoltaic cells due to its out-
standing carrier transport capability. For instance, porous n-
type TiO, films with a transparent p-type CuSCN filling the
pores have been used to fabricate photovoltaic devices with
a thin layer of CdS acting as the absorber!!®l. Sun and co-
workers!!7] investigated TiO, nanotube photoelectrodes sensi-
tized with CdS quantum dots for photoelectrochemical (PEC)
solar cells. For these applications, the morphologies and struc-
tures of TiO, nanotubes are critical for high and reproducible
cell efficiencies. The morphologies and structures of TiO, nan-
otube arrays are determined by some variables such as elec-
trolyte concentration, pH value, anodization voltage, and elec-
trolyte composition. In this work, we report the growth of TiO,
nanotube arrays with their morphologies and structures being
controlled by aqueous HF electrolyte solution and growth pa-
rameters. The addition of buffer electrolyte was useful to obtain
a lower pH value in the pore bottom, which is helpful for the

EEACC: 2520

growth of TiO, nanotubes with varying sizes['®].

2. Experimental details

Prior to anodization, pure titanium foils (0.2 mm thick,
99.5%) were ultrasonically cleaned in acetone, and then rinsed
with deionized water and dried in a nitrogen stream. The
anodization was performed at room temperature in a two-
electrode configuration with titanium foil as the working elec-
trode and platinum gauze as the counter electrode. A DC an-
odizing power supply was used as the voltage source to drive
the anodization and HF aqueous solution was used as the elec-
trolyte solution. In addition, a buffer medium of HAC was
added into the HF aqueous solution to reduce the dissolution
rate of TiO, formed. The concentration of HF ranged from
0.3 wt% to 0.9 wt%, and the concentration of HAC varied from
2.5 wt% to 20 wt%.

3. Results and discussion

After the electrochemical process, the samples were rinsed
by deionized water and dried in a nitrogen stream. Scanning
electron microscopy (SEM) images of the TiO, nanotube films
were taken on FESEM (field emission SEM, FEI Sirion 200).
In this work, we used image analysis software (Image Pro Plus,
by Media Cybernetics) to gather statistical parameters of the
TiO; nanotubes from the SEM images. Figure 1 presents SEM
images of the top and side views of the as-grown TiO;, nan-
otube arrays. The mean area of the pore mouth of the nanotubes
was calculated by a special function in the software. We set a
certain intensity range to select the dark area of the SEM im-
age and consequently both the gap between the tubes and the
area of the pore mouth were selected. The gap can be aban-
doned by several restriction rules, such as area and roundness
(see Fig. 1(a)). Then the statistics of the selected zones is pro-
vided automatically by the software. The length of nanotubes
was measured directly by the software after spatial calibration
(Fig. 1(b)).

Figure 2 displays the SEM image of TiO, nanotubes. Fig-
ures 2(a), 2(b), and 2(c) show the side, top, and bottom views
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Fig. 2. Illustrative SEM images of (a) side, (b) top and (c) bottom views of TiO, nanotubes fabricated in 0.4 wt% HF solution at 20 V for

15 min.

of the nanotubes, respectively. Obviously, the individual nan-
otube looks like a test tube. The formation of nanotubes in
fluoride-containing electrolytes is the result of three simulta-
neously occurring processest8): (1) field-assisted oxidation of
the Ti metal that leads to the formation of the titanium dioxide
film, (2) field-assisted dissolution of Ti metal ions into the elec-
trolyte solution, and (3) chemical dissolution of Ti and TiO,
due to etching away by fluoride ions. The formation of nan-
otubes in the aqueous-HF-containing electrolyte is described
by the following two reactions:

Ti 4+ 2H,0 — TiO, + 4H™, (1)

TiO, + 6HF — [TiFg]*>~ + 2H,0 + 2H*. ()

In the initial anodization, Ti metal oxidation dominates the
reaction. The oxidation and hydrolysis of elemental titanium
offer extra HT, leading to the enhancement of localized acid-
ification in the vicinity of the TiO, foil. The chemical disso-
lution rate of TiO, is strongly dependent on the pH value. If
the anodization voltage can provide enough H, the chemical
reaction in Eq. (2) will take place in the local area. This results
in a higher field at the bottom of the pore that drives further ox-
idation and field-assisted dissolution accompanied by Ti ions
coming out of the metal. The dissolution and breakdown of
the bottom of TiO, pores occurs prior to the mouth due to the
higher localized acidification. The metal substrate is exposed to
the anodization electrolytes again after the bottom of the TiO,
pores is dissolved into the electrolyte. The new layer of TiO,
grows directly from the breakdown sites where it acts as the

new bottom of the already-formed TiO, pores. Thus, the same
process of field-assisted formation and field-assisted dissolu-
tion of TiO, repeats subsequently to form porous TiO, thin
films, with the TiO, pores growing more and more deeply into
the Ti metal. In repeating the formation and dissolution pro-
cess, the pore walls are conserved while the bottoms are de-
stroyed by anodization electrolytes. If given enough anodiza-
tion time, TiO, nanotubes will form with a configuration which
looks like a conical flask and a rough side-wall. TiO, nanotube
arrays were formed via self-organization of TiO,, governed
by the delicate balance of electrochemical oxidation of Ti into
TiO,. The nanotubes stop growing when the balance between
electrochemical oxidation (at the pore bottom) and chemical
dissolution of TiO, is established in the F~-containing solu-
tion.

Figure 3 shows the growth process of TiO, nanotubes. Ini-
tially there are only TiO, pores on the surface of Ti metal
substrate (Fig. 3(a)). Repeating the field-assisted formation
and dissolution of TiO, leads to the pores growing wider and
deeper into the substrate (Fig. 3(b)). Finally the development
of TiO, pores results in TiO, nanotubes (Fig. 3(c)).

3.1. Effect of buffer medium on the microstructure of TiO,
nanotube arrays

Figure 4 shows SEM images of TiO, nanotubes grown in
aqueous solutions of 0.4 wt% HF at 20 V for 15 min without
(Fig. 4(a)) and with (Fig. 4(b)) 20 wt% acetic acid (as the buffer
medium in the anodization electrolyte). TiO, nanotubes were
formed both in HF and in HF/HAC aqueous solutions at 20 V,
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Fig. 4. SEM top-view images of TiO2 nanotubes obtained by anodization of Ti foil in 0.4 wt% HF at 20 V (a) without and (b) with acetic acid

as the buffer medium in the anodization electrolyte.
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Fig. 5. Variation of (a) the mean area of the pore mouth and (b) length of TiO, nanotubes as a function of applied voltage for 15 min anodization
using 0.4 wt% HF electrolyte with and without HAC as the buffer medium in the anodization electrolyte.

as verified in Fig. 4. There is no distinct difference between the
size of TiO, nanotubes grown with and without acetic acid as
the buffer medium. The nanotubes are 60 nm in inner diameter
on average.

3.2. Effect of anodization voltage on the microstructure of
TiO2 nanotube arrays

Figure 5(a) plots the area of the pore mouth as a function of
the anodization voltage in HF and HF/HAC (acetic acid) elec-
trolytes anodized for 15 min. The mean area of the pore mouth
becomes larger as the anodization voltage increases, indicating
an increase in the pore diameter with increasing anodization

voltage. The pores cannot grow when the anodization potential
is under 4 V. On the other hand, the nanotubes become clogged
when the anodization potential is higher than 22 V. Note that it
seems that the presence of HAC in HF aqueous solution does
not change the area of the pore mouth. However, both the min-
imum voltage for the initiation of TiO, nanotube growth and
the highest voltage before the occurrence of clogging are in-
creased.

Figure 5(b) displays the relationship between the nanotube
length and the anodization voltage in HF and HF/HAC elec-
trolytes for anodization carried out for 15 min. At low an-
odization voltage the length of TiO, nanotubes grown with
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Fig. 6. Variation of the mean area of the pore mouth (a) and length of TiO» nanotubes (b) as a function of anodization time in 0.4 wt% HF
electrolyte at 20 V with and without acid as the buffer medium in the anodization electrolyte.

1 e Pt (a)
- I = — Pore area
5000 - —a— Length of tube 11000
— £
E 4000} 1800 =
= 1 2
& 30001 —i— 4600 5
n =
T 2000F g— g {400 3
g Ty 5
T
1000f J . . J a1 {200
03 04 05 06 07 08 09

HF concentration (wt%)

5000 1000
—8— Pore area (b)
—o— Length of tube
_ 4000F - 1800 E
E i
E | bttt |
S 3000} 1600 Z
| =]
a =
2000f ‘"“*ﬁ——ﬁmﬁ/ 2 J400 2
—
1000 . k ; 200
10 20 30

HAC concentration (wt%)

Fig. 7. (a) Variation of the mean area of the pore mouth and length of TiO5 nanotubes as a function of HF concentration. (b) Mean area of the
pore mouth and length of TiO5 nanotubes as a function of HAC concentration in 0.4 wt% HF aqueous solution. The anodization voltage and

time are 20 V and 15 min, respectively.

HF-containing electrolyte is shorter than that grown with
HF/HAC in the electrolyte. TiO, nanotubes stop growing in
both electrolytes after the anodization voltage is raised to
higher than 18 V. It can easily be seen from Fig. 4 that the
addition of acetic acid gives the TiO, nanotubes the chance
to grow longer. The maximum TiO, nanotube length obtained
is about 390 nm and 450 nm in HF and HF/HAC anodization
electrolytes, respectively.

3.3. Effect of anodization time on the microstructure of
TiO2 nanotube arrays

Figure 6 summarizes the mean area of the pore mouth (Fig.
6(a)) and the length of TiO, nanotubes (Fig. 6(b)) as a func-
tion of anodization time in HF and HF/HAC electrolytes an-
odized at 20 V. The anodization duration dramatically affects
the surface features of nanotubes for the first 5 min. Ordered
TiO, nanotubes occur earlier in HF than in HF/HAC elec-
trolytes. A longer anodization duration is helpful for the growth
of longer TiO, nanotubes using HF/HAC electrolytes. The ef-
fect is, however, not obvious when HF electrolyte is used. Short
and narrow TiO; nanotubes can be easily obtained with the use
of HF electrolyte with short growth time. The maximum TiO,
nanotube length reached 560 nm in HF/HAC electrolytes.

3.4. Effect of the electrolyte concentration on TiO2 nan-
otube arrays

In Fig. 7(a), the mean area of the pore mouth and length
of TiO, nanotubes are found to decrease dramatically with in-
creasing HF concentration. When the concentration of HF is
0.3 wt%, the mean area of the pore mouth is about 5500 nm?
and the length of the TiO, nanotubes is close to 400 nm; when
the HF concentration is 0.9 wt%, the mean area of the pore
mouth decreases to 2000 nm? and the length of the TiO, nan-
otubes to 200 nm. As mentioned above, the TiO, layer will
break down when the HT concentration reaches certain level.
A higher electrolyte concentration could provide more H* in
the solution. With a high electrolyte concentration it is easy
to gather enough HY at the bottom of the TiO, nanotubes
when the TiO, nanotubes are relative small. Thus the mean
area of the pore mouth and the length of TiO, nanotubes in a
higher electrolyte concentration are relatively small. However,
the mean area of the pore mouth and the length of TiO, nan-
otubes are essentially unchanged with the HAC concentration,
as shown in Fig. 7(b).

The above results clearly indicate that anodization param-
eters play an important role in controlling the formation and
geometric configuration of TiO, nanotubes by tuning the an-
odization voltage, electrolyte concentration, and anodization
time.
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4. Conclusion

In summary, we demonstrate the fabrication of TiO, nan-
otubes by constant voltage anodization of titanium foils in HF
and HF/HAC electrolytes. The effect of anodization parame-
ters on the diameter of nanotubes was also studied. TiO, nan-
otube arrays can be obtained by combining different anodiza-
tion variables including anodization electrolyte concentration,
anodization voltage, anodization time and buffer medium. The
presence of HAC as a buffer medium can help grow longer
TiO, nanotubes and more ordered microstructures.
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