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ABSTRACT

TiO, is known as one of the excellent and demanded materials for its wide applications. In this paper, the growth of
TiO, nanotube arrays by using smple and inexpensive electrochemical anodizing of a titanium foil is presented.
The vertically oriented TiO, nanotube arrays were prepared in electrolyte solution of 3 wt % HF (40%) and
dimethyl sulfoxide (DMSO) at constant DC voltage of 30 V for 17h. The photoluminescence, crystallinity and
surface morphology of prepared nanotube arrays were studied by Spectrometer, XRD and FE-SEM. Room
temperature photoluminescence measurement showed a sharp peak at 383 nm corresponding to the band gap
energy (3.2 eV) of bulk TiO, anatase phase. However, humps at 412 nm and 471 nm are attributed to the free
excitations where as at 521 is attributed to the formation of oxygen vacancy at the surface of titania nanotube
arrays. XRD measurement revealed the anatase phase of TiO, nanotube arrays and found good matching with
others reported works. FESEM measurement showed well aligned formation of nanotube arrays of ~80 nm of inner
diameter and ~20 nm of wall thickness of TiO, nanotubes.

Keywords. TiO, nanotube arrays, Photoluminescence, X-ray diffactfield emission scanning electron
microscope.

INTRODUCTION

Today, an important challenge to our society is tlewelopment of efficient devices, intensively femergy
conversion and storage. Among all, the energy exsion by dye sensitized solar cells (DSSCs) ardggrstorage

in lithium-ion batteries have brought the enormaatsention of researchers. One-dimensional metaleoxi
nanostructures have got interest due to their blgbtron mobility, low carrier recombination rakégh surface-to-
volume ratio and excellent surface activity. Onetwir important applications is in dye sensitizedar cells, as a
matter of fact the electron diffusion length in tueodic TiQ based DSSCs can be up to 100 pm which is almost
four times longer than in case of commercial Ji@noparticles used in DSSCs. This unique chammesport
property has received an intensive research oniatitghia nanotubes for DSSCs. Bi0D-tubular shape has light
scattering effect and enhanced electron chargspoxhwhich are the critical issues in photoeledtenical and
photocatalysis applications.

Due to good chemical and electronic properties,, 1$Ca suitable candidate as active materials iot®lehemical
devices [1]. Anodic Ti@ nanotube arrays have received the attention @nsfic community due to their ease
fabrication with tunable desired properties. [rb39Keller et al. have described the anodic alunamay as a
hexagonally close-packed duplex structure with dgbmbination of a porous and a barrier layer [2]ttiver, by
using a two-step anodization approach Masuda dtaale presented the optimized degree of self-ardgorous
alumina [3]. Actually, the research on gi@anotube arrays is classified into three genaratitn first generation,
Zwilling et al. have commented the formation of mporous anodized titania however, D. Gong et aleHast
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reported work on anodized titania nanotubes byguaidilute solution of hydrofluoric (HF) acid as electrolyte [4-
5]. The obtained thickness of anodic layer wastéohiupto 0.5um due to used HF which etched andldiess most
of the growing oxide. In second generation of nahes, the rapid rate of titania dissolution wasuced by
replacing the HF acid with less aggressive solstioontaining fluoride salts and have reported thedec layer
thickness from 2{8m [6-9]. However, the use of water yields irregities (ripples) along the walls of the
nanotubes. In third generation of nanotubes, smudids without ripples along the wall were preparedrganic
electrolytes which help to reduce the dissolutiate rof oxide formation. J. M. Macak et al. haveorégd the
formation of titania nanotubes by using organicetdyte and found anodic layer thickness about T®h

The synthesis of Tionanotube arrays can be done by using hydrotheanthklectrochemical anodization methods
[11-12]. The electrochemical anodization synthésisonsidered to be the popular one due to its peseess and
good controllability on structural properties. Ampaxidation is one which can be tuned for largeaauniform
nanotubular arrays on Ti foil with relatively higipecific surface. Feng Zhou et al. have reportedsgmthesis of
TiO, nanotubes with tunable morphologies by adjustivegreaction conditions during anodization. By chiagghe
process parameters such as reaction temperatysbedapoltage and HF concentration either nanoperoiD,
nanotubes or free-standing nanotubes were obtaiiddtunable pore size, length and wall thickne$3][ P.
Schmuki et al. have described the anodic growth sHlf-organized Ti@ nanotube layers in
glycerol/water/ammonium fluoride electrolytes. THeynd that with the use of these electrolytess ipossible to
grow nanotubes of 20-300 nm with the applied vatag the range of 2-40V [14]. F. Durstock et al.reve
successfully fabricated highly ordered Fi@anotubes by using a nanoporous alumina templahad. The
average external diameter, tube lengths and wiaktriess of TiO2 nanotubes were 295 nm, 6-15 um224rd2 nm
respectively. The prepared nanotubes were usedodsng electrode in dye-sensitized solar cells actieved
power conversion efficiency as high as 3.5% [15]Jun Wang et al. have studied the effects of elbtéo
temperature and anodization potential on the faomatf TiO, nanotube arrays by using aqueous and nonaqueous
electrolytes. In case of aqueous electrolyte, thaye found that the anodization potential exertigoificant
influence on the formation of highly ordered Ji@anotube arrays while little effect from the etebtte
temperature. However, with nonaqueous electrohgestectrolyte temperature markedly affected th®, fianotube
dimensions [16]. M. Misra et al. have reported slyathesis of Y-branched Tihanotubes by using a multi-step
sonoelectrochemical anodization method. They hégemved that a change in anodization temperatiife{0 °C)

at a constant applied potential yields a Y-typenbhed TiQ nanotubes with higher photon absorption properties
compared the 1D TiPnanotubes [17]. Patrik Schmuki et al. have regzbthe growth of Ti@ nhanobamboo tubes
by using alternating-voltage anodization of Ti indflide containing electrolytes. They have found thaa simple
variation of the electrochemical conditions, theometry and surface properties of the nanotube $agan be
altered over a wide range. Key to the higher edficy is the substantial increase in dye loadinthefmaterial that
can be achieved because of the bamboo rings [18hekhdra A. More et al. have reported the aligne@, Ti
nanotubes synthesized by anodization of the Tidaiface. The tube inner diameter was found tos€6 nm with
the average wall thickness about 30 nm. A goodetation is found between the photo-enhanced fiehisgion
(FE), photoluminescence results and the photocdivityoof the aligned TiQ nanotubes array [19].

In this paper, self aligned titania nanotube arqargpared by electrochemical anodization is studiedbection 2,
the details of synthesis of titania nanotube arfagge been presented. The structural and opticgiepties of
prepared Ti@nanostructure are discussed in Section 3. Find#gtion 4 concludes the paper.

MATERIALSAND METHODS

For anodization, homemade electrochemical setupwof electrodes configuration was used. For synshetbie
commercial available titanium foil (99.9% purity,50mm thickness, Alfa Aesar) was used as a workiegtrode
and a platinum foil as the counter electrode unmerstant potential at room temperature. Beforepiozess,
titanium foil was degreased in an ultrasonic bathlf0 min. with ethanol and acetone sequentialliie electrolyte
solution of 3 wt % HF (40%) and dimethyl sulfoxi@MSO) was used at constant DC voltage of 30 Viféh.
After synthesis, titanium foil surface is observedbe yellowish in color. Further, as-anodizedniitan foil was
rinsed in deionized water and used for charactéoiza The X-ray diffraction measurement is done fdrase
identification of the as-anodized sample by usingDX@®8 Advance, Bruker AXS). Photoluminescence (PL)
spectrum is recorded at excitation wavelength 325y using Photoluminescence Spectrometer (PenkieELS-
55). For surface morphology of titanium foil is rseeed by using field emission scanning electrorrasicope (FE-
SEM: HITACHI S-4800).
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RESULTSAND DISCUSSION

By using potentiostatic anodization of two electawnfigurations, self aligned Ti@anotube arrays were prepared
and characterized. Figure 1 shows room-tempergioiotoluminescence (PL) emission spectra of ;Ti@notubes
array on titanium foil recorded in the range of 38D nm. A sharp PL emission peak can be cleady s¢ 383 nm
which is corresponding to the band gap energy €% Yof bulk TiO, anatase phase. Two humps were also observed
at wavelength 412 nm and 471 nm which may be ast&atto the free excitations however, a small hatrf21 nm
may be due to the formation of oxygen vacancyastirface of titania nanotube arrays [19, 20].
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Figure 1. Photoluminescence spectra of anodic TiO, nanotube arrays prepared at 30V

Figure 2 shows the x-ray diffraction pattern of Ti@anotube arrays recorded in the range of 26&80The low
intensity peaks at@value of 28, 53, 63 and 74 are corresponding to the anatase phase. It isrtkaiia that thne
broad peaks in the XRD pattern confirm the existemicamorphous phase [19, 21]. However, the otkakpat 2
value of 38, 52, 70 and 78 are related to the titanium substrate itself. Bheained peaks in XRD pattern are
consistent with JCPDS Card No. 84-1286.
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Figure 2. X-ray diffraction pattern of anodic TiO, nanotube arrays annealed at 450 °C for 3h

In general, as-prepared Tianotube arrays are amorphous in nature whichbeaoonverted into anatase or
mixture of anatase and rutile after annealing miperature above 30C. A complete conversion to rutile phase has
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not been reported so far which is due to the faat high temperature around 7 is required to rutile conversion
which results in surface morphology deterioratiohlot even high temperature but other parametersake
important such as texture, impurities, feature sitte To attain the desired properties of Ji@notube arrays, A.
Grimes et al. have reported a approach to prepastadine (anatase) nanotube arrays without posiealing
through anodization of pre-heated crystalline lafefiO, [22].

Figure 3 shows the typical surface morphology iitamanotube arrays measured by FESEM. As can bels#e
side, the prepared nanotube arrays are well alighled right side image shows the close up viewlighad TiO,
nanotube arrays with rough walls. The approximanei diameter of nanotubes were 80 nm and with tvedkness
about 20 nm. Somewhere, regularly spaced ringsddram the side wall can also be observable andependent
on the anodization condition. In photovoltaic degcnanotube materials have a significant role usraf their
effective charge separation due to huge interfaaad transport of free carriers for charge transfechanism and
non-flat morphology which minimizes the reflectadencident light.

1 0inrn

Figure 3. FE-SEM images of anodic TiO, nanotube arrays annealed at 450 °C for 3h
CONCLUSION

By anodic oxidation of Ti@foil, nanotube arrays have been prepared and ceaized. A sharp PL emission peak
at 383 nm corresponds to the band gap energy &f T, anatase phase. In PL spectra, small humps wese als
observed may be associated to the free excitaiodsdue to the formation of oxygen vacancy at tinéase of
titania nanotube arrays. By XRD measurement, tiadase phase of Tianotube arrays is confirmed & \2Zalue

of 25°, 53, 63 and 74 and the obtained peaks in XRD pattern were fownket consistent with JCPDS Card No.
84-1286. By FESEM measurement, well aligned foromatif nanotube arrays is confirmed with ~80 nmnofer
diameter of nanotubes ~20 nm of wall thicknessnaly, the prepared anatase }i@®anotube arrays are well
aligned and hence, suitable for the applicationlya sensitized solar cells due to their higher fitghdf charge
carriers than rutile Ti@
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