IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Electrode distance regulates the anodic growth of titanium dioxide (TiOZ) nanotubes

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2017 Nanotechnology 28 25L.T01
(http://iopscience.iop.org/0957-4484/28/25/25L.T01)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 129.21.113.126
This content was downloaded on 30/05/2017 at 14:16

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0957-4484/28/25
http://iopscience.iop.org/0957-4484
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

10OP Publishing

P Letters

Nanotechnology

Nanotechnology 28 (2017) 25LT01 (5pp)

Letter

https://doi.org/10.1088/1361-6528 /aa703d

Electrode distance regulates the anodic
growth of titanium dioxide (TiO,) nanotubes

Rong Fan® and Jiandi Wan

Microsystems Engineering, Rochester Institute of Technology, Rochester, NY 14623, United States of

America

E-mail: jdween@rit.edu

Received 30 March 2017, revised 21 April 2017
Accepted for publication 28 April 2017
Published 30 May 2017

Abstract

CrossMark

Electrochemical anodization of titanium has been used widely to produce self-organized TiO,
nanotube arrays. Many experimental parameters, such as anodizing voltage and electrolyte
composition, have been investigated extensively in the anodic growth of TiO, nanotubes. The
effect of electrode distance on the anodic growth of TiO, nanotube arrays, however, remains
elusive. This could be an important problem when in situ growth of TiO, nanotubes is required
in microdevices. Here, we show that decreasing the electrode distance at a constant anodizing
voltage enhances the anodic growth of TiO, nanotubes and the change of nanotube structures
becomes more sensitive to the electrode distance at high voltages. We further demonstrate the
correlation between electrode distance and current density during the anodic growth of TiO,
nanotubes and suggest that the change of current density regulated by electrode distance controls
the growth of TiO, nanotubes. The present study offers an effective approach to enhance the
production of TiO, nanotube arrays without changing the anodizing voltage and electrolyte
composition and thus provides useful insights to the anodic growth of TiO, nanotubes at reduced

electrode distances.

Supplementary material for this article is available online
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1. Introduction

TiO, nanotubes are equipped with unique physical and che-
mical properties and have attracted great interest in the fields
of solar cell, biosensor, and photocatalysis [1-4]. Although
many approaches such as sol-gel [5], electrochemical litho-
graphy [6], and hydrothermal synthesis [7] have been devel-
oped to produce TiO, nanotubes, anodic growth of TiO,
nanotubes is one of the most common methods to produce
highly ordered nanotube arrays [8—10]. During anodization,
titanium metal is first oxidized to a TiO, layer on the top of
the metal surface, which is subsequently dissolved via a field-
assisted electrochemical process to produce TiO, nanotubes.
The continuous competition of field-assisted oxidation and

0957-4484,/17 /25L.T01+-05$33.00

dissolution is believed to be responsible for the growth of
TiO, nanotube arrays [10-14].

Although the definitive mechanisms of anodic growth of
TiO, nanotubes remain elusive [9, 15], a wide range of
experimental parameters including pH [16, 17] and compo-
sition [18, 19] of the electrolyte, applied electrical voltage
[20-23], anodization time [24-26], and temperature [27, 28]
has shown to be able to control the growth of TiO,. Increasing
the concentration of F~ ions in the electrolyte solution, for
example, accelerates the electrochemical dissolution process
and results in an increased length of nanotubes [16, 18, 29].
Extending the anodization time or increasing the applied
voltage will also lead to an increased length. Elevated voltage
can further cause an increased outer diameter of the nanotubes

© 2017 I0OP Publishing Ltd  Printed in the UK
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Figure 1. Electrode distance regulates the anodic growth of a TiO, nanotube. (A) Schematics of the anodic growth of TiO, nanotubes. The
anodizing voltage (V) is kept at 20, 40 or 60 V. The distance between the cathode (Pt) and anode (Ti) (d) varies at 5, 1, 0.2, or 0.05 cm for
each anodizing voltage. SEM images of (B) top view and (C) side view of TiO, nanotubes fabricated at 60 V when the electrode distance is

controlled at 5, 1, 0.2, or 0.05 cm.

due to enhanced electrochemical dissolution. To date, how-
ever, it remains unclear whether the distance of electrodes
during anodization influences the growth of nanotubes. A lack
of such knowledge could be an important problem for in situ
growth of TiO, nanotubes in miniature devices [30, 31] or
microelectronics [32].

Here, we investigate the effect of electrode distance on
the anodic growth of TiO, nanotubes and show that the length
and diameter of nanotubes increase with a decrease of elec-
trode distance. At elevated anodizing voltages, the change of
the length and diameter of nanotubes becomes more sensitive
to the change of electrode distance. The present study reveals
a previously unidentified effect of electrode distance on the
growth of TiO, nanotubes and provides a new approach to
enhance the growth of TiO, nanotubes without increasing the
applied voltage or changing the electrolyte composition. The
developed approach may find applications in the development
of TiO, nanotube-based micro-devices for sensing, photo-
catalysis, and biomedical engineering.

2. Experimental

2.1. Materials

0.5 mm thick titanium (Ti) film (99.2% pure) and 0.001” thick
platinum (Pt) film (99.9% pure) were purchased from Alfa
Aesar (Ward Mill, MA). The electrolyte solution for anodi-
zation was prepared by mixing 15wt% NH4F (Sigma
Aldrich) and 3 ml DI water with 145 ml Ethylene Glycol
(VWR). HCI (37%) was purchased from Sigma Aldrich.

2.2. Instruments

An electric power supply (TKD-Lambda) was used to con-
duct the electrochemical anodization. The current density
during anodization was recorded by BenchVue software.
High resolution images of TiO, nanotubes were obtained by
using a scanning electron microscope (FIB-SEM, Zeiss
Cross Beam).

2.3. Electrochemical anodization

Ti and Pt films were submerged in the electrolyte solution in a
150 ml beaker. Titanium film was connected to the power
supply as the anode, whereas the Pt film was connected to the
cathode. Distances between the Ti and Pt films were con-
trolled at 5, 1, 0.2, or 0.05 cm during anodization. A caliper or
spacer with a thickness of 0.05 cm was used to control the
distance between the electrodes. The applied voltage between
the anode and cathode was controlled at 20, 40 or 60V for
each electrode distance. Anodization was conducted for
30 min at room temperature (25 °C) for all experiments.

2.4. Imaging and statistical analysis

The TiO, samples were etched with HCI for 2—5 min and then
cleaned with acetone before SEM imaging. Image J software
was used to measure the length and diameter of TiO, nano-
tubes based on SEM images. To determine significant dif-
ferences of data between experimental parameters, a Student’s
t-test was performed, where P < 0.05 was considered as
significant. Each set of experiments was conducted more than
three times. The data was expressed as mean +/— standard
deviation.

3. Results and discussion

The anodic growth of TiO, nanotubes was conducted in a
static bath with an electrolyte that contained ethylene glycol
and NH4F (figure 1(A)). Platinum foil was used as the cath-
ode and titanium foil served as the anode. We kept the
composition of the electrolyte and anodization time (30 min)
the same for all experiments and decreased the distance
between the anode and cathode at constant anodizing vol-
tages. Figures 1(B) and (C) showed typical SEM images of,
respectively, the top and side views of TiO, nanotubes pro-
duced at 60V with varied anode-to-cathode distances.
Nanotubes produced at 20 V and 40 V are shown in figure S1
available at stacks.iop.org/NANO/28/25LT01/mmedia.
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Figure 2. Effect of electrode distance (d) on the growth of TiO,
nanotubes at different anodizing voltages. The dependence of (A)
length (L), (B) inner diameter (/D) and (C) outer diameter (OD) of
TiO, nanotubes on d at an anodizing voltage of 20, 40 or 60 V.
**P < 0.01, *P < 0.05, and non-significant (NS) were calculated
based on paired student’s r-test analysis.

Evidently, both the diameter and the length of nanotubes
increased with a decrease of electrode distance. In addition,
the effect of electrode distance on the length of the nanotubes
became more significant when the magnitude of the anodizing
voltage increased. For example, the electrode distance did not
significantly affect the growth of nanotubes when the ano-
dizing voltage was 20 V (except when the electrode distance
decreased to 0.05 cm (P < 0.05)) (figure 2(A)). However, the
length of the nanotubes increased significantly with decreas-
ing electrode distance when the anodizing voltage was 40 V
and 60 V. The effect of electrode distance on the inner and
outer diameter of the nanotubes shows a similar trend
(figures 2(B) and (C)), suggesting a regulatory role of elec-
trode distance in the growth of TiO, nanotubes. We note that
the pore diameter of TiO, nanotubes close to the substrate
also increased with a decrease of electrode distance
(figure S2).

To explore why the electrode distance affects the growth
of nanotubes, we examined the anodizing current density at
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Figure 3. Electrode distance (d) regulates current density (J) during
the anodic growth of TiO, nanotubes. (A) The typical change of
current density with electrode distance when anodizing voltage is
60 V. (B) The dependence of steady-state current density on d at
different anodizing voltages. “*P < 0.01, *P < 0.05, and non-
significant (NS) were calculated based on paired student’s #-test
analysis.

different electrode distances. Figure 3(A) showed the current-
time characteristics of anodization at 60 V at different elec-
trode distances. Current-time curves showed typical patterns
of growing nanotubes [9] and the magnitude of the steady
state current density increased with the decrease of electrode
distance (figures 3(A) and (B)). Such an increase of current
density at a constant voltage could be attributed to the
increased electric field, E, as the electrode distance decreased,
where E = V/d, V is voltage, and d is the electrode distance.
In addition, because the magnitude of the steady state current
density correlates positively with the length of nanotubes
[10, 18], the increased current density at a short electrode
distance contributes to the observed effect of electrode dis-
tance on the length of the nanotubes (figure 2(A)). Increased
current density could also cause a rapid electrochemical dis-
solution and lead to the widening of the pore structures and
thus produces nanotubes with enlarged diameters. Thus, it is
likely that the decreasing electrode distance results in a sig-
nificant increase of electric field and consequently an
increased current density, which in turn promotes the elec-
trochemical dissolution process and helps nanotubes to
penetrate into the oxide layer in a more effective manner.
Note that the temperature change before and after anodization
was not significant (~2 °C during 30 min anodization at 60 V)
and thus would not affect the results significantly [10, 33].
Moreover, because elevated voltages will increase the
current density at a constant electrode distance, decreasing
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Figure 4. Inverse of the current density (J) correlates linearly with
the dimension of TiO, nanotubes. The dependence of (A) length (L),
(B) inner diameter (/D) and (C) outer diameter (OD) of TiO,
nanotubes on 1/J at an anodizing voltage of 20, 40, or 60 V. R* is
the correlation of determination and k is the slope of the linear
regression fitting curve.

electrode distance at high voltages shall further increase the
current density and impact the nanotube structure more
effectively. Indeed, when we correlated the nanotube diameter
and length with the steady current density at different elec-
trode distances and voltages (figure 4), the length of the
nanotubes changed linearly with the inverse of current density
and the slopes of these linear regression curves increased with
the increase of voltage (e.g., 489, 1442, and 2327 nA dm™!
for 20V, 40 V and 60 V, respectively), demonstrating that the
growth of nanotubes is more sensitive to the change of
electrode distance at high voltages. A similar trend was found

for the inner (figure 4(B)) and outer diameter (figure 4(C)).
These results demonstrate that the anodic growth of TiO,
nanotubes is enhanced at decreased electrode distances and
the growth of TiO, nanotubes is sensitive to electrode dis-
tances at high voltages.

4. Conclusions

In summary, we demonstrated a previously unidentified reg-
ulatory role of electrode distance in the anodic growth of TiO,
nanotubes. By decreasing the electrode distance, both the
diameter and length of TiO, nanotubes can be improved due
to the enhanced steady-state current density. The growth of
TiO, was also found to be more sensitive to the change of
electrode distance at high anodizing voltages. Because the
enhanced growth of TiO, nanotube can be achieved without
increasing the anodic voltages, the present study provides a
promising approach to fabricate TiO, nanotubes in a more
energy-efficient manner. In addition, the understanding of the
roles of electrode distance in the regulation of TiO, nanotube
growth will provide useful insights to the development of
TiO, nanotube-based microdevices for biomedical research,
solar cells and micro-sensors.
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