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Abstract
Electrochemical anodization of titanium has been used widely to produce self-organized TiO2

nanotube arrays. Many experimental parameters, such as anodizing voltage and electrolyte
composition, have been investigated extensively in the anodic growth of TiO2 nanotubes. The
effect of electrode distance on the anodic growth of TiO2 nanotube arrays, however, remains
elusive. This could be an important problem when in situ growth of TiO2 nanotubes is required
in microdevices. Here, we show that decreasing the electrode distance at a constant anodizing
voltage enhances the anodic growth of TiO2 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 TiO2

nanotubes and suggest that the change of current density regulated by electrode distance controls
the growth of TiO2 nanotubes. The present study offers an effective approach to enhance the
production of TiO2 nanotube arrays without changing the anodizing voltage and electrolyte
composition and thus provides useful insights to the anodic growth of TiO2 nanotubes at reduced
electrode distances.

Supplementary material for this article is available online
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1. Introduction

TiO2 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 TiO2 nanotubes, anodic growth of TiO2

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 TiO2 layer on the top of
the metal surface, which is subsequently dissolved via a field-
assisted electrochemical process to produce TiO2 nanotubes.
The continuous competition of field-assisted oxidation and

dissolution is believed to be responsible for the growth of
TiO2 nanotube arrays [10–14].

Although the definitive mechanisms of anodic growth of
TiO2 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 TiO2. 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
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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 TiO2 nanotubes in miniature devices [30, 31] or
microelectronics [32].

Here, we investigate the effect of electrode distance on
the anodic growth of TiO2 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 TiO2 nanotubes and provides a new approach to
enhance the growth of TiO2 nanotubes without increasing the
applied voltage or changing the electrolyte composition. The
developed approach may find applications in the development
of TiO2 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 15 wt% NH4F (Sigma
Aldrich) and 3 ml DI water with 145 ml Ethylene Glycol
(VWR). HCl (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 TiO2 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 60 V 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 TiO2 samples were etched with HCl for 2–5 min and then
cleaned with acetone before SEM imaging. Image J software
was used to measure the length and diameter of TiO2 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 TiO2 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 TiO2 nanotubes pro-
duced at 60 V 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.

Figure 1. Electrode distance regulates the anodic growth of a TiO2 nanotube. (A) Schematics of the anodic growth of TiO2 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 TiO2 nanotubes fabricated at 60 V when the electrode distance is
controlled at 5, 1, 0.2, or 0.05 cm.
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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 TiO2 nanotubes. We note that
the pore diameter of TiO2 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

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

Figure 2. Effect of electrode distance (d) on the growth of TiO2

nanotubes at different anodizing voltages. The dependence of (A)
length (L), (B) inner diameter (ID) and (C) outer diameter (OD) of
TiO2 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 t-test analysis.

Figure 3. Electrode distance (d) regulates current density (J) during
the anodic growth of TiO2 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 t-test
analysis.
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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−1

for 20 V, 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 TiO2

nanotubes is enhanced at decreased electrode distances and
the growth of TiO2 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 TiO2

nanotubes. By decreasing the electrode distance, both the
diameter and length of TiO2 nanotubes can be improved due
to the enhanced steady-state current density. The growth of
TiO2 was also found to be more sensitive to the change of
electrode distance at high anodizing voltages. Because the
enhanced growth of TiO2 nanotube can be achieved without
increasing the anodic voltages, the present study provides a
promising approach to fabricate TiO2 nanotubes in a more
energy-efficient manner. In addition, the understanding of the
roles of electrode distance in the regulation of TiO2 nanotube
growth will provide useful insights to the development of
TiO2 nanotube-based microdevices for biomedical research,
solar cells and micro-sensors.

Acknowledgments

We acknowledge the support from Rochester Institute of
Technology and the New York State Energy Research and
Development Authority (NYSERDA). We thank Christiaan
Richter, Patricia L Taboada-Serrano and Xiang Li for con-
structive suggestions and advice. We also thank Xi Li and
David Custer for providing technical support of SEM imaging
and nanotube fabrication.

ORCID

Rong Fan https://orcid.org/0000-0001-6873-1094

References

[1] Adachi M, Murata Y, Okada I and Yoshikawa S 2003
Formation of titania nanotubes and applications for dye-
sensitized solar cells J. Electrochem. Soc. 150 G488–93

[2] Lai Y, Sun L, Chen Y, Zhuang H, Lin C and Chin J W 2006
Effects of the structure of TiO2 nanotube array on Ti
substrate on its photocatalytic activity J. Electrochem. Soc.
153 D123–7

[3] Varghese O K, Mor G K, Paulose M and Grimes C A 2004 A
titania nanotube-array room temperature sensor for selective
detection of low hydrogen concentrations Mater. Res. Soc.
Symp. Proc. 828 117–25

[4] Varghese O K, Paulose M, LaTempa T J and Grimes C A 2009
High-rate solar photocatalytic conversion of CO2 and water
vapor to hydrocarbon fuels Nano Lett. 9 731–7

Figure 4. Inverse of the current density (J) correlates linearly with
the dimension of TiO2 nanotubes. The dependence of (A) length (L),
(B) inner diameter (ID) and (C) outer diameter (OD) of TiO2

nanotubes on 1/J at an anodizing voltage of 20, 40, or 60 V. R2 is
the correlation of determination and k is the slope of the linear
regression fitting curve.

4

Nanotechnology 28 (2017) 25LT01

https://orcid.org/0000-0001-6873-1094
https://orcid.org/0000-0001-6873-1094
https://orcid.org/0000-0001-6873-1094
https://orcid.org/0000-0001-6873-1094
https://doi.org/10.1149/1.1589763
https://doi.org/10.1149/1.1589763
https://doi.org/10.1149/1.1589763
https://doi.org/10.1149/1.2203112
https://doi.org/10.1149/1.2203112
https://doi.org/10.1149/1.2203112
https://doi.org/10.1557/PROC-828-A3.1/K4.1
https://doi.org/10.1557/PROC-828-A3.1/K4.1
https://doi.org/10.1557/PROC-828-A3.1/K4.1
https://doi.org/10.1021/nl803258p
https://doi.org/10.1021/nl803258p
https://doi.org/10.1021/nl803258p


[5] Miao Z, Xu D, Ouyang J, Guo G, Zhao X and Tang Y 2002
Electrochemically induced sol-gel preparation of single-
crystalline TiO2 nanowires Nano Lett. 2 717–20

[6] Lai Y, Lin C, Wang H, Huang J, Zhuang H and Sun L 2008
Superhydrophilic-superhydrophobic micropattern on TiO2

nanotube films by photocatalytic lithography Electrochem.
Commun. 10 387–91

[7] Wang W, Varghese O K, Paulose M, Grimes C A, Wang Q and
Dickey E C 2004 A study on the growth and structure of
titania nanotubes J. Mater. Res. 19 417–22

[8] Macak J, Tsuchiya H, Ghicov A, Yasuda K, Hahn R,
Bauer S and Schmuki P 2007 TiO2 nanotubes: self-
organized electrochemical formation, properties and
applications Curr. Opin. Solid State Mater. Sci. 11
3–18

[9] Roy P, Berger S and Schmuki P 2011 TiO2 nanotubes:
synthesis and applications Angew. Chem. Int. Ed. 50
2904–39

[10] Mor G K, Varghese O K, Paulose M, Shankar K and
Grimes C A 2006 A review on highly ordered, vertically
oriented TiO2 nanotube arrays: fabrication, material
properties, and solar energy applications Sol. Energy Mater.
Sol. Cells 90 2011–75

[11] Quan X, Yang S, Ruan X and Zhao H 2005 Preparation of
titania nanotubes and their environmental applications as
electrode Environ. Sci. Technol. 39 3770–5

[12] Liang Y, Cui Z, Zhu S and Yang X 2011 Study on the
formation micromechanism of TiO2 nanotubes on pure
titanium and the role of fluoride ions in electrolyte solutions
Thin Solid Films 519 5150–5

[13] Berger S, Kunze J, Schmuki P, LeClere D, Valota A T,
Skeldon P and Thompson G E 2009 A lithographic approach
to determine volume expansion factors during anodization:
using the example of initiation and growth of TiO2-
nanotubes Electrochim. Acta 54 5942–8

[14] Macak J, Hildebrand H, Marten-Jahns U and Schmuki P 2008
Mechanistic aspects and growth of large diameter self-
organized TiO2 nanotubes J. Electroanal. Chem. 621
254–66

[15] Regonini D, Bowen C, Jaroenworaluck A and Stevens R 2013
A review of growth mechanism, structure and crystallinity of
anodized TiO2 nanotubes Mater. Sci. Eng. R 74 377–406

[16] Cai Q, Paulose M, Varghese O K and Grimes C A 2005 The
effect of electrolyte composition on the fabrication of self-
organized titanium oxide nanotube arrays by anodic
oxidation J. Mater. Res. 20 230–6

[17] Song Y-Y, Lynch R, Kim D, Roy P and Schmuki P 2009 TiO2

nanotubes: efficient suppression of top etching during anodic
growth key to improved high aspect ratio geometries
Electrochem. Solid-State Lett. 12 C17–20

[18] Kojima R, Kimura Y, Bitoh M, Abe M and Niwano M 2012
Investigation of influence of electrolyte composition on
formation of anodic titanium oxide nanotube films
J. Electrochem. Soc. 159 D629–36

[19] Paulose M, Prakasam H E, Varghese O K, Peng L, Popat K C,
Mor G K, Desai T A and Grimes C A 2007 TiO2 nanotube
arrays of 1000 μm length by anodization of titanium foil:
phenol red diffusion J. Phys. Chem. C 111 14992–7

[20] Chen X, Chen X, Tang J and Chen S 2012 Preparation of self-
organized titania nanotubes electrode and its electrochemical
properties Energy Procedia 16 1206–10

[21] Gong D, Grimes C A, Varghese O K, Hu W, Singh R,
Chen Z and Dickey E C 2001 Titanium oxide nanotube
arrays prepared by anodic oxidation J. Mater. Res. 16
3331–4

[22] Mor G K, Varghese O K, Paulose M, Mukherjee N and
Grimes C A 2003 Fabrication of tapered, conical-shaped
titania nanotubes J. Mater. Res. 18 2588–93

[23] Albu S P, Ghicov A, Aldabergenova S, Drechsel P, LeClere D,
Thompson G E, Macak J M and Schmuki P 2008 Formation
of double-walled TiO2 nanotubes and robust anatase
membranes Adv. Mater. 20 4135–9

[24] Prakasam H E, Shankar K, Paulose M, Varghese O K and
Grimes C A 2007 A new benchmark for TiO2 nanotube
array growth by anodization J. Phys. Chem. C 111 7235–41

[25] Albu S P and Schmuki P 2010 Highly defined and ordered top‐
openings in TiO2 nanotube arrays Phys. Status Solidi Rapid
Res. Lett. 4 151–3

[26] Lim J H and Choi J 2007 Titanium oxide nanowires originating
from anodically grown nanotubes: the bamboo-splitting
model Small 3 1504–7

[27] Wang J and Lin Z 2009 Anodic formation of ordered TiO2

nanotube arrays: effects of electrolyte temperature and
anodization potential J. Phys. Chem. C 113 4026–30

[28] Crepaldi E L, Soler-Illia G J d A, Grosso D, Cagnol F,
Ribot F and Sanchez C 2003 Controlled formation of highly
organized mesoporous titania thin films: from
mesostructured hybrids to mesoporous nanoanatase TiO2

J. Am. Chem. Soc. 125 9770–86
[29] Shankar K, Mor G K, Prakasam H E, Yoriya S, Paulose M,

Varghese O K and Grimes C A 2007 Highly-ordered TiO2

nanotube arrays up to 220 μm in length: use in water
photoelectrolysis and dye-sensitized solar cells
Nanotechnology 18 065707

[30] Toyoda T and Shen Q 2012 Quantum-dot-sensitized solar
cells: effect of nanostructured TiO2 morphologies on
photovoltaic properties J. Phys. Chem. Lett. 3 1885–93

[31] Liu Y, Li M, Wang H, Zheng J, Xu H, Ye Q and Shen H 2010
Synthesis of TiO2 nanotube arrays and its application in
mini-3D dye-sensitized solar cells J. Phys. D: Appl. Phys. 43
205103

[32] Paulose M, Shankar K, Varghese O K, Mor G K, Hardin B and
Grimes C A 2006 Backside illuminated dye-sensitized solar
cells based on titania nanotube array electrodes
Nanotechnology 17 1446

[33] Mor G K, Shankar K, Paulose M, Varghese O K and
Grimes C A 2005 Enhanced photocleavage of water using
titania nanotube arrays Nano Lett. 5 191–5

5

Nanotechnology 28 (2017) 25LT01

https://doi.org/10.1021/nl025541w
https://doi.org/10.1021/nl025541w
https://doi.org/10.1021/nl025541w
https://doi.org/10.1016/j.elecom.2007.12.020
https://doi.org/10.1016/j.elecom.2007.12.020
https://doi.org/10.1016/j.elecom.2007.12.020
https://doi.org/10.1557/jmr.2004.19.2.417
https://doi.org/10.1557/jmr.2004.19.2.417
https://doi.org/10.1557/jmr.2004.19.2.417
https://doi.org/10.1016/j.cossms.2007.08.004
https://doi.org/10.1016/j.cossms.2007.08.004
https://doi.org/10.1016/j.cossms.2007.08.004
https://doi.org/10.1016/j.cossms.2007.08.004
https://doi.org/10.1002/anie.201001374
https://doi.org/10.1002/anie.201001374
https://doi.org/10.1002/anie.201001374
https://doi.org/10.1002/anie.201001374
https://doi.org/10.1016/j.solmat.2006.04.007
https://doi.org/10.1016/j.solmat.2006.04.007
https://doi.org/10.1016/j.solmat.2006.04.007
https://doi.org/10.1021/es048684o
https://doi.org/10.1021/es048684o
https://doi.org/10.1021/es048684o
https://doi.org/10.1016/j.tsf.2011.01.075
https://doi.org/10.1016/j.tsf.2011.01.075
https://doi.org/10.1016/j.tsf.2011.01.075
https://doi.org/10.1016/j.electacta.2009.05.064
https://doi.org/10.1016/j.electacta.2009.05.064
https://doi.org/10.1016/j.electacta.2009.05.064
https://doi.org/10.1016/j.jelechem.2008.01.005
https://doi.org/10.1016/j.jelechem.2008.01.005
https://doi.org/10.1016/j.jelechem.2008.01.005
https://doi.org/10.1016/j.jelechem.2008.01.005
https://doi.org/10.1016/j.mser.2013.10.001
https://doi.org/10.1016/j.mser.2013.10.001
https://doi.org/10.1016/j.mser.2013.10.001
https://doi.org/10.1557/JMR.2005.0020
https://doi.org/10.1557/JMR.2005.0020
https://doi.org/10.1557/JMR.2005.0020
https://doi.org/10.1149/1.3126500
https://doi.org/10.1149/1.3126500
https://doi.org/10.1149/1.3126500
https://doi.org/10.1149/2.003211jes
https://doi.org/10.1149/2.003211jes
https://doi.org/10.1149/2.003211jes
https://doi.org/10.1021/jp075258r
https://doi.org/10.1021/jp075258r
https://doi.org/10.1021/jp075258r
https://doi.org/10.1016/j.egypro.2012.01.192
https://doi.org/10.1016/j.egypro.2012.01.192
https://doi.org/10.1016/j.egypro.2012.01.192
https://doi.org/10.1557/JMR.2001.0457
https://doi.org/10.1557/JMR.2001.0457
https://doi.org/10.1557/JMR.2001.0457
https://doi.org/10.1557/JMR.2001.0457
https://doi.org/10.1557/JMR.2003.0362
https://doi.org/10.1557/JMR.2003.0362
https://doi.org/10.1557/JMR.2003.0362
https://doi.org/10.1021/jp070273h
https://doi.org/10.1021/jp070273h
https://doi.org/10.1021/jp070273h
https://doi.org/10.1002/pssr.201004159
https://doi.org/10.1002/pssr.201004159
https://doi.org/10.1002/pssr.201004159
https://doi.org/10.1002/smll.200700114
https://doi.org/10.1002/smll.200700114
https://doi.org/10.1002/smll.200700114
https://doi.org/10.1021/jp811201x
https://doi.org/10.1021/jp811201x
https://doi.org/10.1021/jp811201x
https://doi.org/10.1021/ja030070g
https://doi.org/10.1021/ja030070g
https://doi.org/10.1021/ja030070g
https://doi.org/10.1088/0957-4484/18/6/065707
https://doi.org/10.1021/jz3004602
https://doi.org/10.1021/jz3004602
https://doi.org/10.1021/jz3004602
https://doi.org/10.1088/0022-3727/43/20/205103
https://doi.org/10.1088/0022-3727/43/20/205103
https://doi.org/10.1088/0957-4484/17/5/046
https://doi.org/10.1021/nl048301k
https://doi.org/10.1021/nl048301k
https://doi.org/10.1021/nl048301k

	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Instruments
	2.3. Electrochemical anodization
	2.4. Imaging and statistical analysis

	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References



