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Abstract Three steps anodization process is used to synthesize highly ordered and uniform multilayered titanium
oxide (TiO2) nanotubes and effect of different anodization
voltages are studied on their physical properties such as
structural, morphological and optical. The crystalized
structure of the synthesized tubes is investigated by X-ray
diffractometer analysis. To study the morphology of the
tubes, field emission scanning electron microscopy is used,
which showed that the wall thicknesses and the diameters
of the tubes are affected by the different anodization
voltages. Moreover, optical studies performed by diffuse
reflection spectra suggested that band gap of the TiO2
nanotubes are also changed by applying different
anodization voltages. In this study using physical investigations, an optimum anodization voltage is obtained to
synthesize the uniform crystalized TiO2 nanotubes with
suitable diameter, wall thickness and optical properties.
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Introduction
Among various oxide semiconductor materials, Titanium
dioxide (TiO2) is attracted much attention due to its band
gap, which is about 3 eV. Its wide band gap causes photoactivity effect in the UV range, good mechanical strength,
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non-toxicity, low cost and long-term photostability [1–4].
Different nanostructures of TiO2 such as nanotubes [5],
nanofibers [6], nanowires [7] and nanorods [8] have been
investigated for its wide application in gas sensors [9, 10],
biomedical application [11], hydrogen generation [12],
battery electrode [13] and dye-sensitized solar cells
[14–17] so far. TiO2 nanoparticles were used in dye-sensitized solar cells as photoanode in 1991 by O’Regan and
Gratzel [14]. Different approaches were suggested so far to
improve dye cells efficiency like replacing TiO2 nanoparticles with nanotubes since one dimensional TiO2 nanotube
arrays provide direct path for electrons and improves the
electron transport velocity and also cause reduction of the
charge recombination [18, 19]. TiO2 nanotubes have been
prepared by various methods such as sol–gel [20–22],
liquid-phase deposition [23], hydrothermal [24–26] and
electrochemical anodization processes [27, 28]. Amongst
them, the electrochemical anodization of Titanium foil is
producing compacted and oriented arrays and is known to
be one of the most simple and low cost processes. On the
other hand, one of the advantages of this process is morphological control of the TiO2 nanotubes by changing
anodization conditions like voltage and time of anodization, temperature and concentration composition of the
electrolyte [29–31]. Since the morphological properties of
the TiO2 nanotubes such as diameter and wall thickness of
tubes and arrays’ length are so effective on their optical
application hence it is important to synthesize the nanotubes by morphological controlled methods. At first
Masuda and Fukuda suggested anodization process to grow
alumina (Al2O3) nanostructures in 1995 [32] and then
Zwilling et al. promoted this methods for synthesizing
TiO2 nano porous on Ti metal in electrolyte containing HF
[33] and at last the TiO2 nanotubes which had acceptable arrays’ length were anodized by Schmuki et al.
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[34, 35]. However, the nanotubes, which are synthesized by
anodization are not top open channel and the suggested
solution is two step anodization process to produce highly
ordered and open channel arrays of TiO2 nanotube [36, 37].
In this method, the first anodized foils were ultra sonicated
to remove the nanotubes and later second anodization steps
can be performed. Therefore, the three step electrochemical
anodization is known to be more concerned due to the
possibility of producing vertically oriented and controllable
dimension nanotube arrays. In this work we focus on the
influence of the anodizing voltage on the morphological
properties of the TiO2 nanotubes grown by three steps
anodization process. Furthermore, correlation between
structural, morphological and optical properties are studied
using X-ray diffractometer (XRD), field emission scanning
electron microscopy (FESEM) and diffuse reflection
spectra (DRS).

Experimental
Top open TiO2 nanotubes are grown through a three step
anodization process. Firstly the titanium foils (0.25 thickness, 99.9% pure Sigma Aldrich) were cut and they were
polished by ultra sonication in ethanol, acetone and
deionized water for 20 min, respectively, to remove a
surface contamination and later were dried by N2 stream.
For the electrochemical anodizing setup, the two electrodes
of a platinum foil (as cathode) and a titanium foil (as
anode) were connected to the DC power supply in electrolyte solution. The distance between the anode and the
cathode was adjusted about 2 cm. The electrolyte solution
contained ethylene glycol (C2H6O2), 0.3 wt% ammonium
fluoride salt (NH4F) and 2 v% deionized water (DI).
Electrochemical setup and the anodizing parameters such
as process temperature, concentration of electrolyte and
anodizing time were kept same for all of the processes and
different voltages of 35, 45 and 55 V were applied to study
the effect of the applied voltage on the TiO2 grown samples. The first step of the electrochemical process was
anodizing Ti foil for 1 h. After that the TiO2 nanotubes
grown on the substrate were detached by ultra sonication in
methanol to prepare hexagonal patterns on the Ti surface.
Presence of this pattern is essential to grow compact and
top open arrays at the next step. For the second step, the
prepared Ti substrate was re-anodized at the same condition for 3 h and then ultrasonicated in methanol. This is
followed by annealing the samples w in air ambient at
450 °C for 1 h with a heating ramp of 2.5 °C min-1. In the
last step the annealed samples were anodized for 1 h and
dried by N2 stream. The high resolution FESEM and XRD
Cu Ka radiation (k = 1.5418 Å) are used to observe
morphological and structural properties of the TiO2
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nanotube films. Moreover, DRS were also obtained in
200–800 nm wavelength range to calculate the band gap
energy of the samples.

Results and discussion
Figure 1a–c show SEM images of the samples which are
anodized using three different voltages of 35, 45 and
55 V. As we can see top open nanotubes with different
diameters and wall thicknesses are synthesized. The
applied voltage produce electric field between anode and
cathode to absorb more fluoride ions, on the other hand
more fluoride ions promote etching process. Hence the
fluoride ions are etching surface of the Ti foils and produced pours on its surface and reduced the thickness of
oxide layer. When more fluoride ions are absorbed
through bottom of pours, make them deeper and produce
tubes. The tubes grown at 55 V are more uniform, compact and identical in their diameters and wall thickness
than the other samples. However, the samples prepared at
35 and 45 V do not show compact and uniform arrays,
which result in increasing the tube center to center distance. The non-uniformity is more observable in case of
the sample prepared at the lower applied voltage of 35 V.
It is known that the applied voltage is one of the most
important parameters on nanotubes morphology and by
increasing the anodizing voltage, tubes diameters can be
increased due to the improved chemical etching through
the more florid ion arrived to the Ti substrate [28]. The
TiO2 nanotubes diameters and wall thickness depend on
anodizing voltage as follows [38]:
dðnmÞ ¼ kV

ð1aÞ

wðnmÞ ¼ hV

ð1bÞ

where, w, d and V are wall thickness, diameters and
applied voltage, respectively. Moreover k and h are nanotubes’ diameters growth coefficient and wall thickness
growth coefficient with anodizing voltage. According to
Table 1 k and h coefficients are estimated about 1.2
(nm V-1) and 0.13 (nm V-1), respectively. The ratio of
surface area occupied by pores to the whole surface area is
defined by porosity, P, from SEM images. The porosity of
the nanostructures may improve the absorption of the
incident photon in comparison with the flat surface.
Porosities of the TiO2 nanotubes can be calculated using
following equation [36]:


dw þ w2
P ¼ 1  2p pﬃﬃﬃ
 100%
ð2Þ
3I 2
where, d, w and I are inner pore diameters, wall thickness and
center–center distance between nanotubes, respectively.
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Fig. 1 SEM images of TiO2
nanotube samples anodized at
different applied voltages of
a 35, b 45 and c 55 V in (2 v%)
DI and (0.3 wt%) NH4F
electrolyte solution and
annealed at 450 °C in air

Table 1 Diameter, wall thickness, porosity and roughness factor calculated from SEM images for the samples anodized at 35, 45 and 55 V
Sample (V)

Diameters (nm)

Wall thickness (nm)

Porosity (%)

Roughness factor (lm)-1

35

50

4.8

73.1

110.2

45

57

6

71.1

96

55

65.7

8.2

67.3

79.5

Moreover surface roughness is the ratio of total area to
the projected area [38]. This factor is essential to handle
nanotubes application such as dye absorbing for dye-sensitized solar cells and gas sensor. Following formula is
used to calculate Rf from SEM images and the results are
given in Table 1:
4p ðd þ wÞ
:
Rf ¼ p
3 I2

ð3Þ

The calculated results for P are 73.1, 71.1 and 67.3% in
case of samples 35, 45 and 55 V, respectively. The calculated amount of P for sample 55 is in good agreement
with previously reported data on the TiO2 nanotubes [37].
Furthermore, increasing the anodizing voltage is caused to
reduce roughness factor of sample. TiO2 optical properties
such as photoelectron chemical and photo catalysis are
known to depend on their phase crystallites and moreover
these are so important for their application [39, 40]. XRD
pattern of the TiO2 nanotubes synthesized at various
anodizing voltage are 35, 45 and 55 V are given in Fig. 2.
All the three samples are annealed in air ambient at 450 °C,
before XRD measurement to form polycrystalline structures. Different phase crystallites like anatase, rutile and
brokite are reported for TiO2 films by previous groups
[39, 40]. As it can be seen XRD pattern of the samples
grown at 35 and 45 V show mixed crystalline crystal
phases of anatase and rutile with (210) and (212) planes.
The sample synthesized at 55 V shows anatase as a dominant phase and two peaks corresponding to the (200) and
(105) planes. It is observable that all the three samples
show a peak that is centered at about 25.3° which is a
characteristic peak of TiO2 (anatase, 00-001-0562). This

Fig. 2 XRD spectra for the anodized samples at different applied
voltages of 35, 45 and 55 V anodized in (2 v%) DI and (0.3 wt%)
NH4F electrolyte solution and annealed at 450 °C in air

peak corresponds to the (101) preferential growth orientation plane of TiO2. So if anodizing voltage is increased, the
anatase peak intensity will also be improved. This
increasing may be caused by the formation of thicker and
denser nanotube films on the substrate. The size of the
anatase crystal is calculated using the Deby–Scherrer
relation as follows:
b¼

kk
;
D cos h

ð4Þ

where b is full width half maximum of TiO2 peak for
reflections (101) corresponding to 2h = 25.1°, D is crystallite size, K is a constant (close to 0.94), k is the
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Fig. 3 Diffuse reflectance spectra versus wavelength for the samples
prepared at applied voltages of 35, 45 and 55 V anodized in (2 v%)
DI and (0.3 wt%) NH4F electrolyte solution and annealed at 450 °C
in air (inset image shows fringes in 250–340 nm range wavelength)

wavelength of the X-rays (1.54 Å) and h is the Bragg angle
[38]. The estimated value of the crystallite size for the
sample, which was anodized at 55 V was about 3.13 nm.
With decreasing anodizing voltage from 55 to 35 V, the
size of the anatase crystallites is increased to 4 nm. Presence of both the anatase and rutile phases in the samples
grown at 35 and 45 V and rutile phase in the sample prepared at the higher voltage of 55 V can be explained by
effect of the different anodization voltages on producing
the tubes with different diameters and wall thickness which
can cause various phase crystallites.
Figure 3 shows UV–Vis diffuse reflectance spectroscopy (DRS) of the samples grown at different applied
voltages are recorded from 200 to 900 nm wavelengths.
DRS is one of the most useful optical measurements and
through its absorption spectrum, the electronic transitions
of material can be investigated. As we can see the DRS
show blue shifted and the strong absorption coefficient of
the TiO2 nanotubes in short wavelength range reduce the
diffuse reflectance intensity in 300–400 nm wavelength
[41]. Furthermore the DRS intensities are gradually
increased in the wavelength range of 500–800 nm and the
highest ones appear for the sample, which is anodized at
55 V. This maybe related to increasing of the TiO2 nanotube thickness by increasing the anodization voltage.
Band gap energy can be also determined from butter
equation [40] as follows:
ah# ¼ bðh#  Eg Þm

ð5Þ

where a is an absorption coefficient, h is a plank constant,
# is a frequency, b is a proportionality constant and m is a
parameter for semiconductor direct transition and this
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pﬃﬃﬃﬃﬃﬃﬃﬃ
Fig. 4 Tauc plot, ah# versus h# for nanotubes grown in (2 v%) DI
and (0.3 wt%) NH4F electrolyte solution and annealed at 450 °C in
air

value can be considered as 2 [42]. By plotting the Tauc
pﬃﬃﬃﬃﬃﬃﬃﬃ
graph ð ah# versus h#), the band gap energies of the TiO2
nanotubes can be evaluated with the extra plotting line to
the x-axis from Fig. 4. The band gap energies of samples
35, 45 and 55 were found to be about 3.2, 2.8, 3.3 eV,
respectively. The difference between the values of the band
gap may arise from the different crystal phases [43, 44]. In
other words, variation in band gap energy maybe related to
the nanotubes morphology. Morphological properties such
as nanotube ordering and grain size affect their optical
properties. More compacted and highly oriented TiO2
nanotube arrays cause to produce the small grains due to
the stronger redox capacity by producing the photo-induced charges in the highly oriented TiO2 nanotube arrays
[45]. According to the XRD pattern diffraction and the
SEM image, the sample which was anodized at 55 V have
the smallest size of grain and the most ordered arrays and
confirms higher band gap energy of the sample.

Conclusion
In this paper the effective approach, three step anodization
process, proposed to develop highly ordered crystallized
and top open channel TiO2 nanotubes. The pore diameter,
porosity and wall thickness of the TiO2 nanotubes could be
tuned by changing the anodization voltages. Moreover, it
was observed that the anodization voltage has significant
effect on band gap values. The optimum anodization
voltage was found to be 55 V in our experiments using
(2 v%) DI water and (0.3 wt%) NH4F solution to grow
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compact TiO2 nanotubes with 67% porosity, which can be
used as photoanode in dye-sensitized solar cells.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References
1. Linsebigler, A.L., Lu, G., Yates, J.T.: Photocatalysis on TiO2
surfaces: principles, mechanisms, and selected results. Chem.
Rev. 95, 735–758 (1995)
2. Schiavello, M., Dordrecht, H.: Photoelectrochemistry photocatalysis and photoreactors: fundamentals and developments.
Kluwer Academic Publishers, Boston (1985)
3. Serpone, N., Pelizzetti, E.: Photocatalysis: fundamentals and
applications. Wiley, New York (1989)
4. Zhang, Z., Zhang, L., Hedhili, M.N., Zhang, H., Wang, P.:
Plasmonic gold nanocrystals coupled with photonic crystal
seamlessly on TiO2 nanotube photoelectrodes for efficient visible
light photoelectrochemical water splitting. Nano Lett. 13, 14–20
(2012)
5. Zhu, K., Neale, N.R., Miedaner, A., Frank, A.J.: Enhanced
charge-collection efficiencies and light scattering in dye-sensitized solar cells using oriented TiO2 nanotubes arrays. Nano Lett.
7, 69–74 (2007)
6. Nair, A.S., Jose, R., Shengyuan, Y., Ramakrishna, S.: A simple
recipe for an efficient TiO2 nanofiber based dye sensitized solar
cell. J. Colloid Interface Sci. 353, 39–45 (2011)
7. Feng, X.J., Shankar, K., Varghese, O.K., Paulose, M., Latempa,
T.J., Grimes, C.A.: Vertically aligned single crystal TiO2 nanowire arrays grown directly on transparent conducting oxide
coated glass: synthesis details and applications. Nano Lett. 8,
3781–3786 (2008)
8. Chen, Z.H., Tang, Y.B., Liu, C.P., Leung, Y.H., et al.: Vertically
aligned ZnO nanorod arrays sensitized with gold nanoparticles
for Schottky barrier photovoltaic cells. J. Phys. Chem. C 113,
13433–13437 (2009)
9. Varghese, O.K., Mor, G.K., Grimes, C.A., Paulose, M.,
Mukherjee, N.: A Titania nanotube array room temperature
sensor for selective detection of low Hydrogen concentrations,
p. 828. Cambridge University Press, Cambridge (2004)
10. Paulose, M., Varghese, O.K., Mor, G.K., Grimes, C.A., Ong,
K.G.: Backside illuminated dye-sensitized solar cells based on
titania nanotube array electrodes. Nanotechnology 17, 1446–1448
(2006)
11. Park, J., Bauer, S., von der Mark, K., Schmuki, P.: Nanosize and
vitality: TiO2 nanotube diameter directs cell fate. Nano Lett. 7,
1686–1691 (2007)
12. Varghese, C.K., Paulose, M., Shankar, K., Mor, G.K., Grimes,
C.A.: Water photolysis properties of micron length highly
ordered Titania nanotube arrays. J. Nanosci. Nanotechnol. 5,
1158–1165 (2005)
13. Ortiz, G.F., Hanzu, L., Djenizian, T., Lavela, P., Tirado, J.L.,
Knauth, P.: Alternative Li-ion battery electrode based on selforganized titania nanotubes. Chem. Mater. 21, 63–67 (2009)
14. O’Regan, B., Gratzel, M.: A low-cost, high efficiency solar cell
based on dye sensitized colloidal TiO2 films. Nature 353,
737–740 (1991)

247
15. Mor, G.K., Shankar, K., Paulose, M., Varghese, O.K., Grimes,
C.A.: Use of highly-ordered TiO2 nanotube arrays in dye-sensitized solar cells. Nano Lett. 6, 215–218 (2006)
16. Ji, Y.J., Zhang, M.D., Cui, J.H., Lin, K.C., Zheng, H., Zhu, J.J.,
Samia, A.C.S.: Highly ordered TiO2 nanotube arrays with double
wall and bamboo type structures for dye sensitized solar cells.
Nano Energy 1, 796–804 (2012)
17. Sun, L., Zhang, S., Sun, X., He, X.: Effect of the geometry of the
anodized titania nanotube array on the performance of dye-sensitized solar cells. J. Nanosci. Nanotechnol. 7, 4551–4561 (2010)
18. Chen, C.C., Chung, H.W., Chen, C.H., Lu, H.P., et al.: Fabrication and characterization of anodic titanium oxide nanotube
arrays of controlled length for highly efficient dye-sensitized
solar cells. J. Phys. Chem. C 112(48), 19151–19157 (2008)
19. Nair, S.V., Balakrishnan, A., Subramanian, K.R.V., Anu, A.M.,
Asha, A.M., Deepika, B.: Effect of TiO2 nanotube length and
lateral tubular spacing on photovoltaic properties of back illuminated dye sensitized solar cell. Bull. Mater. Sci. 35, 489–493
(2012)
20. Lakshmi, B.B., Dorhout, P.K., Martin, C.R.: Sol–gel template
synthesis of semiconductor nanostructures. Chem. Mater. 9,
857–862 (1997)
21. Jung, J.H., Kobayashi, H., van Bommel, K.J.C., Shinkai, S.,
Shimizu, T.: Creation of novel helical ribbon and double-layered
nanotube TiO2 structures using an organogel template. Chem.
Mater. 14, 1445–1447 (2002)
22. Kobayashi, S., Hamasaki, N., Suzuki, M., Kimura, M., Shirai, H.,
Hanabusa, K.: Preparation of helical transition metal oxide tubes
using organogelators as structure directing agents. J. Am. Chem.
Soc. 124, 6550–6551 (2002)
23. Yu, J.G., Xiong, J.F., Cheng, B., Liu, S.W.: Fabrication and
characterization of Ag–TiO2 multiphase nanocomposite thin
films with enhanced photocatalytic activity. Appl. Catal. B 60,
211–221 (2005)
24. Kasuga, T., Hiramatsu, M., Hoson, A., Sekino, T., Niihara, K.:
Formation of titanium oxide nanotube. Langmuir 14, 3160–3163
(1998)
25. Chen, Q., Zhou, W.Z., Du, G.H., Peng, L.H.: Trititanate nanotubes made via a single alkali treatment. Adv. Mater. 14,
1208–1211 (2002)
26. Yao, B.D., Chan, Y.F., Zhang, X.Y., Zhang, W.F., Yang, Z.Y.,
Wang, N.: Formation mechanism of TiO2 nanotubes. Appl. Phys.
Lett. 82, 281–283 (2003)
27. Mor, G.K., Varghese, O.K., Paulose, M., Mukherjee, N., Grimes,
C.A.: Fabrication of tapered, conical shaped titania nanotubes.
J. Mater. Res. 18, 2588–2593 (2003)
28. Mor, G.K., Varghese, O.K., Paulose, M., Mukherjee, N., Grimes,
C.A.: Fabrication of tapered, conical shaped titania nanotubes.
J. Mater. Res. 18, 2588–2593 (2003)
29. Cai, Q., Paulose, M., Varghese, O.K., Grimes, C.A.: The effect of
electrolyte composition on the fabrication of self-organized titanium oxide nanotube arrays by anodic oxidation. J. Mater. Res.
20, 230–236 (2005)
30. Ruan, C., Paulose, M., Varghese, O.K., Mor, G.K., Grimes, C.A.:
Fabrication of highly ordered TiO2 nanotube arrays using an
organic electrolyte. J. Phys. Chem. B 109, 15754–15759 (2005)
31. Mor, G.K., Shankar, K., Paulose, M., Varghese, O.K., Grimes,
C.A.: Enhanced photocleavage of water using titania nanotube
arrays. Nano Lett. 5, 191–195 (2005)
32. Masuda, H., Fukuda, K.: Ordered metal nanohole arrays made by
a two-step replication of honeycomb structures of anodic alumina. Science 268, 1466 (1995)
33. Zwilling, V., Aucouturier, M., Darque-Ceretti, E., et al.: Anodic
oxidation of titanium and TA6 V alloy in chromic media. An
electrochemical approach. Electrochim. Acta 45, 921–929 (1991)

123

248

J Theor Appl Phys (2017) 11:243–248

34. Macak, J.M., Tsuchiya, H., Schmuki, P.: High aspect ratio TiO2
nanotubes by anodization of titanium. Angew. Chem. Int. Ed. 44,
2100–2102 (2005)
35. Macak, M., Tsuchiya, H., Taveira, L., Aldabergerova, S., Schmuki, P.: Smooth anodic TiO2 nanotubes. Angew. Chem. Int. Ed.
44, 7463–7465 (2005)
36. Regonini, D., Satka, A., Jaroenworaluck, A., Allsopp, D.W.E.,
Bowen, C.R., Stevens, R.: Factors influencing surface morphology of anodized TiO2 nanotubes. Electrochim. Acta 74, 244–253
(2012)
37. Mor, G.K., Varghese, O.K., Paulose, M., Shankar, K., Grimes,
C.A.: A review on highly ordered, vertically oriented TiO2 nanotube arrays: fabrication, material properties, and solar energy
applications. Sol. Energ. Mater. Sol. Cells 90, 2011–2075 (2006)
38. Vahabzadeh, P.J., Gilani, N., Ebrahimian, P.A.: The effect of the
anodization voltage on the geometrical characteristics and photocatalytic activity of TiO2 nanotube arrays. Nano Struct Nano
Objects 8, 7–14 (2016)
39. Yu, J.G., Wang, B.: Effect of calcination temperature on morphology and photoelectrochemical properties of anodized titanium dioxide nanotube arrays. Appl. Catal. B 94, 295–302 (2010)

123

40. Macak, J.M., Zlamal, M., Krysa, J., Schmuki, P.: Self-organized
TiO2 nanotube layers as highly efficient photocatalysts. Small 3,
300–304 (2007)
41. Kushwaha, R., Chauhan, R., Srivastava, P., Bahadur, L.: Synthesis and characterization of nitrogen-doped TiO2 samples and
their application as thin film electrodes in dye-sensitized solar
cells. J. Solid State Electrochem. 19, 507–517 (2015)
42. Wood, D., Tauc, J.: Weak absorption tails in amorphous semiconductors. Phys. Rev. B 5, 3144 (1972)
43. Lopez, R., Gomez, R.: Band gap energy estimation from diffuse
reflectance measurements on sol–gel and commercial TiO2: a
comparative study. J Sol-Gel Technol 61, 1–7 (2012)
44. Chiarello, G.L., Zuliani, A., Ceresoli, D., Martinazzo, R., Selli,
E.: Exploiting the photonic crystal properties of TiO2 nanotube
arrays to enhance photocatalytic hydrogen production. ACS
Catal. 6, 1345–1353 (2016)
45. Zhang, L., Wanxia, W., Sheng, Z., Lanfang, Q., Jihuai, W.: An
efficient method to prepare high-performance dye-sensitized
photoelectrodes using ordered TiO2 nanotube arrays and TiO2
quantum dot blocking layers. J. Solid State Electrochem. (2016).
doi:10.1007/s10008-016-3263-y

