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Abstract: In this study, titanium oxide nanotubes anodized on three
different surface morphologies of titanium foils, were investigated. AFM images
is used to show different surface roughness of these foils. Nanotubes were
anodized on titanium foils with 1) no polishing process (A sample), 2)
electropolishing process (B sample) and 3) electropolishing process in ethanolic
electrolyte (C sample). To study the ordering of titanium oxide nanotubes, the
FE-SEM images of nanotubes backside were investigated. It can be seen that by
decreasing surface roughness, the distribution of nanotubes diameter size
becomes more uniform significantly and thereby highly ordering of nanotubes
can be observed.
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1. INTRODUCTION

Over the past decades, electrochemical fabrication of TiO, nanotubes by
anodization method has received considerable attention due to the variety of
applications. Sensors [1], photocatalyst [2], biomedicine [3], hydrogen generation
[4] and dye-sensitized solar cells [5, 6] can be mentioned as some of the TiO;
nanotubes applications. The geometry and morphology of the anodic titanium
oxide have a significant role in the performance of these devices. In dye-
sensitized solar cells, a tube length in the range of 10-20 pm [7] and a small tube
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diameter [8, 9] leads to a high conversion efficiency.

There are many parameters affected on the TiO, nanotubes structure.
Anodization voltage, water content, kind and pH of the electrolyte and
anodization time are some of these important parameters. It is reported that the
diameter of nanotubes is controlled linearly by the applied voltage [10, 11]. The
tube length was investigated as a function of anodization voltage and fluoride
concentration [12]. However, another effective factor in the growth of the tubes
is the anodization time [13]. The nanotubes grown in organic electrolyte, such as
ethylene glycol [14], glycerol [15], has a significant difference in morphology
with respect to the nanotubes grown in aqueous electrolytes [16]. Water content
of the electrolyte has a crucial role in the nanotubes diameter [17], tube length
[18], the transition between TiO, nanopores and nanotubes [19] and the
smoothness of tube walls [10].

A key factor to control the characteristics of the TiO, nanotubes is initial
surface roughness before anodization. There exist a very limited number of
reports about the effect of initial surface conditions on the TiO, nanotubes
structure. Schmuki’s group have shown that the existence of an oxide layer which
is created by pre-anodizing in F-free electrolyte [20] or mechanical polishing [21]
acts as a protective layer to prevent chemical etching of the tube tops. In their
other work, they have produced a template including both TiO2 nanotubes and
nanopores by changing the thickness of initial TiO, layer at different pre-
anodizing voltages [22]. Some scientists have investigated the order of the
nanoporous layer produced by two-step anodization [23] and three-step
anodization [24] on the electropolished surface. The other group has studied the
effect of electropolished surface on the uniformity of length and the order of back
side of the tube bottoms [25]. The effect of added ethanol to electropolishing
electrolyte on diameter and length of TiO, nanotubes are investigated in our
previous work [9].

In the present work, two different initial surface roughness of titanium foil by
changing the polishing conditions are fabricated [9]. The morphology of the
surfaces is investigated by AFM images and also the behavior of the
electropolishing current density is studied. The mechanism of electropolishing
and the act of ethanol is explained in detail. After that titanium dioxide nanotubes
are fabricated on these surfaces by electrochemical anodization. According to FE-
SEM images, the morphology of nanotubes backside is investigated. Then the
ordering of nanotubes and also distribution of outer nanotubes size are compared
to each other and also to as-received sample.
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2. EXPERIMENTAL

Three different samples are: 1) as-received sample is nominated "A" sample,
2) sample electropolished at 10°C in an electrolyte solution containing perchloric
acid (65%, Merk) and glacial acetic acid (100%, Merk) is nominated "B" sample
and 3) sample electropolished in above mentioned electrolyte with additional 15
vol.% ethanol at 1°C is nominated "C" sample. The electropolishing voltage was
increased from 0 to 50 V with rate of 1 V/s and held at 50 V for 6 min. The
anodization was performed at fixed temperature of 20 °C in an ethylene glycol
based electrolyte containing 0.3 wt.% NHiF and 2 vol.% H;O at a constant
potential of 60 V and the electrolyte stirring speed of 1100 rpm. Anodization time
for all samples was 2 hours. Before anodization, roughness factor of the surfaces
(RMS) was measured by an atomic force microscopy (Veeco AFM AutoProbe
CP-Research). The field emission scanning electron microscopy images were
taken by Hitachi FE-SEM S-4160. The experiment procedure is explained in
more detail in our previous work [9].

3. RESULTS AND DISSCUSSION

Fig. 1 shows the AFM images of Ti foils with different surface morphologies:
A, B and C samples. The corresponding surface roughness is also given in Table
1. As can be seen from Fig. 1a, the A sample has a rough surface with random
heights. By electropolishing, the surface smoothness improves considerably.
According to table 1, the roughness of the electropolished surfaces (B and C
samples) declines significantly. Electropolishing creates flat surfaces with a
moderate fluctuation. Moreover the variation of height in C sample is very regular
than B, Fig. 1b and Fig. 1c; and only small undulations can be seen on its surface.
Also there are some small pits on B surface in all regions, Fig. 1b, without any
regularity which can be seen in C sample.

\ i X AR N s
Fig.1. AFM images of Ti samples in different surface conditions: a) A sample, b) B
sample and c) C sample.
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Table 1. Surface roughness, outer diameter size of TiO, nanotubes and maximum value
of electropolished current density.

Sampl RMS of Electropolish Outer
e Surface ed Imax diameter
Roughness (mA/cm?) from
(nm) nanotubes
backside (nm)
A 25.95 - 12545
B 11.43 122 12045
C 8.14 222 9245

Fig. 2 shows the electropolishing curves of current density and voltage versus
time for B and C samples. The amount of the current density of C sample is more
than the other one at all times, and, the maximum amounts of current density
(Imax) Of B and C samples are 122 and 222 mA/cm?, respectively, Table 1. The
reason of this event is due to existence of ethanol in polishing electrolyte which
increased the electrolyte conductivity. As it is illustrated in the figure, for both
electtropoished samples, two current peaks are observed as the voltage is
increased. Then the current densities drop sharply as the voltage becomes
constant and after a few minutes, they go to a constant value. The reduction rate
of current density in B sample is faster than C. Thereby it reaches to a stable value
in a shorter time for B sample, about 300 s, whereas this value for the other sample
(C) is about 400 s.
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Fig. 2. Electropolishing curves of current density and voltage versus time curves of
non-ethanolic (B sample) and ethanolic (C sample) samples.
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It is worth to explain the process of electropolishing in more details. Fig. 3
shows the mechanism of electrolyte polishing on the rough surface of titanium.
On this surface, a viscous liquid layer are immediately produced by the reaction
between the metal and electrolyte. This layer of solution, known as the polishing
film, has a greater electric resistance than the rest of the electrolyte and it controls
the smoothing action. Because the distance A-B is less than the distance C-D, the
resistance at peak A will be lower than at deeper point C. Thereby, the current at
A will be much higher than at C, causing metal to dissolve faster at A than at C,
and producing a nearly level, gently undulating surface by removing asperities in
order size of micrometer to have a smooth surface. More rapid ionic and
molecular diffusion through the thinner polishing film at A, as well as differences
in anodic polarization phenomena at A and C, may also contribute to the leveling
or smoothing action. To have brightened surface, irregularities as small as about
0.01 pum are eliminates due to a thin polishing film [26].

¢B ID Polishing film

C

Ti

Fig. 3. Mechanism of electrolyte polishing

Here by adding ethanol to the polishing electrolyte, the brightness of the
surface is increased. According to Table 1, the surface roughness of C sample is
8.14 nm where this is less than 10 nm which is necessary to have a bright surface.
Actually the added ethanol to the polishing electrolyte increases the disintegration
of ions; thereby the resistance of the electrolyte decreases. As a result, the
polishing film of this sample will have a less resistivity than the B sample.
Therefore, the local current density at the sharp points (ex. point A) of C sample
is more than the B sample, then the higher rate of polishing and brightening action
occurs and finally a smoother and brighter surface is produced.
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Fig. 4. FE-SEM images of the backside of TiO, nanotubes anodized in different initial
surface conditions: a) A, b) B and c) C samples, with their 2D fast Fourier transforms
(FFTs).

After anodizing on different initial surfaces, the anodized layers are peeled off
from the Ti substrate to investigate the effect of initial surface condition on
topography and ordering of the TiO, tube bottom. Fig. 4 shows the FE-SEM
images of the TiO, nanotubes backside of anodized A, B and C samples. Also,
their corresponding 2D fast Fourier transforms (FFT) are shown in this figure.
The curved shape of backside of TiO. nanotubes layer reflects the initial surface
morphology of Ti foil. Itis clear from this figure that electropolishing process has
a great effect on the smoothness of the template surface. The distinguished
darkness difference in image of the anodized A sample indirectly indicates a
rougher surface compared to anodized electropolished samples. Also, as it is
expected darkness difference in image of anodized C sample is less than B
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sample. As shown in insets of FE-SEM images of Fig. 4, by decreasing the
surface roughness, the uniformity of the nanotubes outer diameter size
distribution is increased. The nanotubes outer diameter of the anodized A sample
differs significantly from one tube to the other one, Fig. 4a, whereas the
distribution uniformity of the anodized electropolished samples (B and C
samples) can be seen clearly. At a closer look, the nanotubes outer diameter of C
sample has a more distribution uniformity than the B sample. In addition, the
outer diameter of nanotubes backside decreases by decreasing the surface
roughness. The outer diameter of anodized A, B and C samples are 125 nm, 120
nm and 92 nm respectively, Table 1. Therefore, by decreasing the surface
roughness, the number density of tubes increases, which it affects the efficiency
of devices included TiO, nanotubes very much.

According to the Fig. 4, the FFT pattern of the A sample shows a ring shape
which indicates slightly ordered array of the nanotubes. In contrast, the FFT of
the anodized electropolished samples show a more ordering of nanotubes where
the order of anodized C sample is more than the anodized B sample. The FFT
pattern of the C sample consists of six distinct spots which demonstrate a highly
long range hexagonal ordered of nanotubes arrangement of this sample.

4. CONCLUSION

By investigating three initial surface roughness of Ti foils, interesting results
are observed for TiO, nanotubes structure produced by anodizing on them. By
smoothing Ti initial surface, nanotubes diameter size distribution becomes more
uniform significantly, also, the number density of tubes increases because of
reduction of outer diameter of nanotubes from 125 nm to 92 nm. In addition,
ordering of nanotubes increases very much. Actually, highly ordered TiO;
nanotubes with smaller outer diameter were fabricated on Ti surface
electropolished in ethanol electrolyte (C sample), which shows the high effect of
initial surface roughness on TiO, nanotubes structure.

5. REFERENCES

[1] V. Galstyan, E. Comini, C. Baratto, M. E. Mazhar, A. Ponzoni, V. Sberveglieri, N.
Poli, G. Faglia, G. Sherveglieri, Conductance and Work Function of TiO, Nanotubes
Based Gas Sensors, Procedia Engineering, 120 ( Sep. 2015) 769 —772.

[2] J. Yoo, M. Altomare, M.d Mokhtar, A. A. Alshehri, Sh. A. Al-Thabaiti, A. Mazare,
P. Schmuki, Photocatalytic H, Generation Using Dewetted Pt-Decorated TiO;
Nanotubes — Optimized Dewetting and Oxide Crystallization by a Multiple
Annealing Process, J. Phys. Chem. C, 120 (29) (March 2016) 15884-15892.

[3] A. F. Cipriano, Ch. Miller, H. Liu, Anodic Growth and Biomedical Applications of
TiO2 Nanotubes, j. Biomedical Nanotechnology, 10 (Feb. 2014) 2977-3003.



28 * Journal of Optoelectronical Nanostructures Winter 2017 / Vol. 2, No. 1

[4] N. Liu, Ch. Schneider, D. Freitag, M. Hartmann, U. Venkatesan, J. Miiller, E.
Spiecker, P. Schmuki, Black TiO, Nanotubes: Cocatalyst-Free Open-Circuit
Hydrogen Generation, Nano Letters 14 (May 2014) 6-11-

[5] F. Mohammadpour, M. Moradi, K. Lee, G. Cha, S. So, A. Kahnt, D. M. Guldi, M.
Altomareb, P. Schmuki, Enhanced performance of dye-sensitized solar cells based
on TiO, nanotube membranes using an optimized annealing profile, Chem.
Commun., 51 (Jan. 2015) 1631-1634.

[6] X. Wangl, S. A. Kulkarnil, Z. Li, W. Xu, S. K Batabyal, S. Zhang, A. Cao, L. H.
Wong, Wire-shaped perovskite solar cell based on TiO, nanotubes, Nanotechnology
27 (April 2016) 20LT01 (6pp).

[7] J.J.Jennings, A. Ghicov, L.M. Peter, P. Schmuki, A. B. Walker, Dye-sensitized solar
cells based on oriented TiO2 nanotube arrays: transport, trapping, and transfer of
electrons, J. Am. Chem. Soc. 130 (June 2008) 13364-13372.

[8] N. Liu, K. Lee, P. Schmuki, Small diameter TiO, nanotubes vs. nanopores in dye
sensitized solar cells, J. Electrochem. Commun. 15 (Jan. 2012) 1-4.

[9] F. Mohammadpour, F. Behzadi, M. Moradi, Fast anodically growth of long, small
diameter TiO, nanotubes by electropolishing of Ti foils in an ethanol-containing
solution, Materials Letters, 150 (Feb. 2015) 81-83.

[10]J. M. Macak, H. Hildebrand, U. Marten-Jahns, P. Schmuki, Mechanistic aspects and
growth of large diameter self-organized TiO, nanotubes, J. Electroanal. Chem. 621
(Sep. 2008) 254-266.

[11]K. Yasuda, P. Schmuki, Control of morphology and composition of self-organized
zirconium titanate nanotubes formed in (NH4):SO4/NHsF electrolytes, J.
Electrochim. Acta. 52 (March 2007) 4053-4061.

[12] A. Haring, A. Morris, M. Hu, Controlling Morphological Parameters of Anodized
Titania Nanotubes for Optimized Solar Energy Applications, J. Materials 5 (Oct.
2012) 1890- 1909.

[13]D. Portan, K. Papaefthymiou, E. Arvanita, G. Jiga, G. Papanicolaou, A combined
statistical and microscopic analysis of TiO2 nanotubes synthesized under different
electrochemical anodizing Conditions, J. Mater. Res. 47 (June 2012) 4696-4705.

[14] O. Kuzmych, K. Nonomura, E. M.J. Johansson, T. Nyberg,A. Hagfeldt, M. kompska,
Defect minimization and morphology optimization in TiO, nanotube thin films,
grown on transparent conduction substrate, for dye sensitized solar cell application,
J. Thin Solid Films 522 (Nov. 2012) 71-78.

[15] A. Valota, D. J. LeClere, P. Skeldon, M. Curioni, T. Hashimoto, S. Berger, J. Kunze,
P. Schmuki, G. E. Thompson, Influence of water content on nanotubular anodic
titania formed in fluoride/glycerol electrolytes, J. Electrochim. Acta. 54 (Jul. 2009)
4321-4327.

[16]J. M. Macak, H. Tsuchiya, L. Taveira, S. Aldabergerova, P. Schmuki, High-Aspect-
Ratio TiO, Nanotubes by Anodization of Titanium, J. Angew. Chem. 117 (Feb. 2005)
7629-7632.

[17]S. P. Albu, P. Schmuki, TiO, nanotubes grown in different organic electrolytes: Two-
size self-organization, single vs. double-walled tubes, and giant diameters, J. Physica
Status Solidi Rapid Res. Lett. 4 (June 2010) 215-217.



Investigation on the ordering of titanium oxide nanotubes fabricated by anodization ... *29

[18]H. Yin, H. Liu, W.Z. Shen, The large diameter and fast growth of self-organized
TiO, nanotube arrays achieved via electrochemical anodization, J. Nanotech. 21
(Jan. 2010) 035601:1-8.

[19]W. WEei, S. Berger, C. Hauser, K. Meyer, M. Yang, P. Schmuki, Transition of TiO,
nanotubes to nanopores for electrolytes with very low watercontents, J. Electrochem.
Commun. 12 (Sep. 2010) 1184-1186.

[20]Y. Y. Song, R. Lynch, D. Kim, P. Roy, P. Schmuki, TiO, Nanotubes: Efficient
Suppression of Top Etching during Anodic Growth, J. Electrochem. Solid-State Lett.
12 (April 2009) C17-C20.

[21]D. Kim, A. Ghicov, P. Schmuki, TiO, Nanotube arrays: Elimination of disordered
top layers (“‘nanograss”) for improved photoconversion efficiency in dye-sensitized
solar cells, J. Electrochem. Commun. 10 (Dec. 2008) 1835-1838.

[22] A. Seyeux, S. Berger, D. LeClere, A. Valota, P. Skeldon, G. E. Thompson, J. Kunze,
P. Schmuki, Influence of Surface Condition on Nanoporous and Nanotubular Film
Formation on Titanium, J. Electrochem. Soc. 156 (Dec. 2009) K17-K22.

[23]Y. Shin, S. Lee, Self-Organized Regular Array of Anodic TiO, Nanotubes, J. Nano.
Lett. 8 (Sep. 2008) 3171-3173.

[24]1G. D. Sulka, J. Kapusta-Kotodziej, A. Brzozka, M. Jaskuta, Fabrication of
nanoporous TiOz by electrochemical anodization, J. Electrochim. Acta. 55 (May
2010) 4359-4367.

[25]B. G. Lee, S. Y. Hong, J. E. Yoo, J. Choi, Electropolishing for the formation of
anodic nanotubular TiO, with uniform length and density, J. Appl. Surf. Sci. 257
(June 2011) 7190-7194.

[26] George F. Vander VVoort, ASM Handbook: Metallography and Microstructures, ninth
ed., vol. 9, ASM International, Materials Park, OH, 1985, 281-282.



30 * Journal of Optoelectronical Nanostructures Winter 2017 / Vol. 2, No. 1



