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We report a discovery of titanium dioxide nanorods that could be directly fabricated by 

electrochemical anodization in diethylene glycol medium. The anodization has been strictly performed 

in a particular condition using electrolyte mixture containing hydrofluoric acid and water, low 

anodization voltage, and controlled temperature bath at 20°C, consequently yielding TiO2 nanorod 

arrays with size range of 30-50 nm. Analysing the current density slope, our finding has shown that the 

possible window to produce titania nanorod structure is limited by the rate of increment in current 

density, which is less than 10 µA/cm
2
/h. The DEG-fabricated TiO2 nanorod array has exhibited the 

hydrophobic characteristic surface property with contact angles higher than 70°, different than those 

commonly observed for the TiO2 nanotube array films grown in other organic electrolytes. Surface 

wettability relating to the array morphologies has been investigated. A schematic drawing 

demonstrated different views of relation among surface wettability, architectural morphologies, and 

electrolyte property.  
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1. INTRODUCTION 

Highly ordered vertically oriented TiO2 nanotube arrays, fabricated by electrochemical 

anodization of titanium in fluoride-based electrolytes, have shown their great ability in dye-sensitized 

solar cells,[1, 2] water-photoelectrolysis,[3-5] and high-performance sensors.[6-8] The efficiency of 

devices is primarily determined by the nanotube architectures and properties, which are known to be 

achieved by strictly manipulating electrolyte composition and anodization parameters. Employing 

nanotubular structure with particularly controlled surface properties, the titania nanotube arrays have 

attracted considerable attention during the past years for use in biomedical applications due to their 

bioactivity and biocompatibility properties. The nanotubular geometry of TiO2 with specific 
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dimensions can be exploited in tissue engineering,[9, 10] drug eluting coatings for medical 

implants,[11-13] growth platform for stem cell,[14, 15] and bone cell,[16-19] and blood clotting.[20-

22] For bone-material interface, the bone growth level is dependent upon the surface characteristics of 

the implant. Proper surface chemistry and topography are believed to play a critical role influencing 

the extent of osseointegration, governing long-term stability and functionality of the implant.[16, 18] 

While in the application of bone regeneration, superhydrophilicity of TiO2 nanotube array is needed 

because the nanotube feature and surface wettability has been believed to promote the greater cell 

adhesion.[19] Blood compatibility of TiO2 nanotube arrays makes them beneficial for blood 

compatible coating on surgical tools, due to their inactive surface and chemical stability that help to 

retain the natural forms of proteins and also reduce unwanted the number of platelet activation. [16] 

Wettability of material surface is an important factor that is anticipated to possess good blood 

compatibility in terms of controllable clotting kinetics and clotting strength, adhesion and activation of 

platelets.[23] In blood vessel replacement and wound management, superhydrophobic surface is 

strongly preferred to prevent platelets adhesion, as altering surface chemical composition can be 

practically performed for titanium implants to improve the surface characteristic.[24] To alter the 

surface characteristic of TiO2 nanotube array film, generally surface activation has been employed to 

achieve the excellent bioactivity. Surface treatment by applying chemicals of different polarity on the 

film surface is known a controllable way to achieve the superhydrophobic material, while the 

superhydrophilic surface could be obtained by exposing the titania nanotube film with UV light.[22] 

To our best knowledge, it is difficult to obtain superhydrophobic and superhydrophilic characteristics 

of TiO2 nanotube array surface without any further surface modification. In addition, it has been 

believed that the material surface for implantation has random topography as those fabricated 

nanofeatures could be reproducible controlled.[18] To this particular point, clarification is needed for a 

better insight into the effect of surface topography on wettability of the film. 

In this work, we report on a window of electrochemical anodization process that could provide 

possibility to produce the TiO2 nanoarray films− nanotube and nanorod arrays, with different features 

and surface wettability using the same anodizing electrolyte. This work shows how to manipulate 

anodizing parameters to step over the capability window of producing nanotubular structure of anodic 

oxide film. It is of great significance to the point describing a limiting synthesis window for the 

nanorod array critically controlled the oxide formation; the TiO2 nanorod array has been achieved. 

Observation of anodization current in DEG is also discussed, with its current behavior, current density 

flux corresponding anodization rate to be analyzed. Further, we investigate water contact angle of the 

TiO2 nanorod array films in comparison to that of the TiO2 nanotube array films. Preferred nanoarray 

architecture of the titania film relating to its surface wettability is explained. 

 

 

 

2.  EXPERIMENTAL 

Titanium foil (250 m thick, 99.7%; Sigma-Aldrich) was cut in a size of 1.0 cm  2.0 cm, then 

cleaned with acetone, soap and iso-propanol. Anodizing electrolytes were prepared using different 

organic electrolyte media; (i) glycerol (99%, Aldrich)-x1 % ammonium fluoride (98%, Merck)-30% 
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H2O; x1 %=1-2%, (ii) diethylene glycol (DEG, 99.7%, Sigma-Aldrich)-hydrofluoric (HF, 48% 

solution, Merck)-3% water, and (iii) ethylene glycol (EG, 99.%; Sigma Aldrich) )-x2% ammonium 

fluoride (98%, Merck)-3% H2O; x2=0.15-1%. Anodization was performed upon varying parameters in 

a controlled temperature water bath at 20°C using a two-electrode electrochemical cell and platinum 

foil as cathode electrode. Morphology of the anodized films was characterized by scanning electron 

microscope (SEM, JEOL JSM–6301F). Water drop contact angle was measured by optical contact 

angle meter (DataPhysics, OCA-40) at ambient temperature, with volume size of water droplet fixed at 

1 l. 

 

 

 

3.  RESULT AND DISCUSSION 

Considering the effect of high field model, the film growth rate is limited by migration of ionic 

species, e.g. Ti
4+

 and O
2-

, through the oxide film.[25] [26-29] The physical properties of electrolyte in 

terms of viscosity, conductivity, as well as intermolecular hydrogen bonding could act their dominant 

role affecting the ionic mobility towards the electrode,[30] consequently determining the anodic 

current and the growth of nanotube. The anodic current is expressed as I=nFJ, where I, n, F, and J are, 

anodic current, number of electrons transporting in the reaction, Faraday constant, and flux of ions. In 

relation to porous structure formation, the anodization current-time response during anodization was 

monitored. Figure 1 (a) shows the current-time behavior of titanium foil samples anodized in DEG 

electrolyte containing 2%HF and 3 % H2O at different applied voltages. The anodization current 

behavior seen in Figure 1 (a) are typical for the titanium anodization in DEG, observed different than 

those seen in other organic electrolytes as a function of voltage and fluoride species.[4, 25, 31-35] The 

linear increase in current density was observed for all voltages during the first 16 h period of 

anodization, as a linear diffusion of ionic species is also assumed to occur in this electrolyte along a 

concentration gradient from bulk to the oxide layer surface. After the 16 h, fluctuation of current 

density is clearly seen, probably due to the developed conductivity of electrolyte as a function of time 

becoming the predominant governing the anodization reactions.[36] At higher voltage, the drastic drop 

of current density is seen more clearly. 

Under potentiostatic anodization, the field strength decreases with the film thickness, leading to 

the ionic current dropping with time and the smaller growth rate. The current decrease is controlled by 

diffusion of ionic species, electrolyte composition and its conductivity.[29, 37, 38] In addition, the 

current density varies depending upon the surface of metal substrate.[39] If surface is rough, the 

smoothing process occurs by reducing the surface area of the metal substrate. Variation of current 

density requires necessary changes in the atomic migrations of metal and oxygen atoms and the 

formation of oxide structure accordingly. 
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Figure 1.  (a) Plots of current density vs. anodization time of titanium foil samples anodized in DEG-

2%HF-3%H2O electrolyte for 24 h at different voltages. (b) Plots of slopes of each voltage 

determined from those curves in Figure 1 (a) during the anodization periods of 1.5-10 h (Slope 

1) and 10-16 h (Slope 2). 

 

For a given electrolyte composition, the rate of reaction in terms of flux is potential dependent, 

 

where kf  is potential-dependent rate constant, CO(x=0) is concentration of oxidized species at the 

interface, and A is surface area.[29] In this study, slope of the current density-time plots was examined 

over the 16 h duration, with two stages of slope determined over the periods of 1.5-10 h (Slope 1) and 

10-16 h (Slope 2). The proportionality constants were plotted against the applied voltage and shown in 

Figure 1 (b). The determined slopes are less than 10 µA/cm
2
/h for the 10 V and 20 V conditions, and at 

least 40 µA/cm
2
/h for the 40 V and 60 V conditions. The values indicate the rate of mass transport 

expressing in relation of flux to the ionic concentration driving force due to diffusion and 

migration.[40] Anodizing in the DEG at low voltage, the reaction is mainly dominated by the field 

assisted oxidation and dissolution; the slow diffusion determining the transport-controlled reactions 

could govern the dissolution rate. Using higher voltage, a combination role of improved conductivity 
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facilitating the dissolution rate becomes more significant at prolonged period, thus reflecting the 

behavior that Slope 2 is comparatively lower than Slope 1. This is attributed to the rate of mass transfer 

for oxide formation resisted by the dissolution effect playing a major contribution to the total growth 

rate of the oxide film. The decrease in slope is believed to be due to the key factor of dissolution rate 

promoting pore organization.[29, 41] 

 

 
Figure 2.  A plot of electrolyte conductivity measured after anodization and voltage for Ti anodization 

in DEG–2% HF-3% H2O electrolytes for 24 h. 

 

Conductivity of the anodized electrolytes was examined as a function of voltage, plotted in 

Figure 2. For titanium anodization in DEG–2% HF-3% H2O, the linear increase in electrolyte 

conductivity directly proportional to the applied anodization potential is similar to that reported for the 

titanium anodization in other DEG composition.[36, 42] The increased conductivity with voltage is 

attributed to the field assisted dissolution governing the process, leading to the more Ti
4+

 migration at 

the metal/oxide interface. Due to more free ions dissolving in the electrolyte, those ionic species could 

in turn facilitate more transport charges to the oxide layer, consequently promoting titanium 

dissolution from the oxide wall into the electrolyte.[31, 36] The electrolyte conductivity κ can be 

explained in terms of its proportion to Zi−charge number of ion i, ui−electric mobility of ion i, and 

concentrations c of the constituent ions (ion i) for dilute electrolyte solutions: κ=∑│Zi│F ui ci.[43] [43] 

In Figure 2, the conductivity values measured for all voltage conditions are in the range of 200 µS/cm. 

The conductivity per voltage ratio to be proposed for the DEG–2% HF-3% H2O electrolyte is 

nominally 2.64 µS cm
-1

 V
-1

, higher than 1.08 µS cm
-1

 V
-1

 [36] for the DEG–2% HF without water 

addition. Incorporation of polar additives into DEG has confirmed its role enhancing total conductivity 

of the anodizing electrolyte. It is critical for the reaction atmosphere of viscous electrolyte system like 

DEG that the transport of reactants to the electrode surface could be limited by the concentration 

gradients, as the concentration gradient along the channels is considerably significant in the growth of 

nanopores. Among the organic electrolytes normally used for anodization, the average growth rate in 

DEG electrolyte was found as 0.1-0.3 µm h
-1

, considered slowest compared to those reported for 

DMSO (1 µm h
-1

), FA (2 µm h
-1

), and EG (15 µm h
-1

) electrolytes.[4, 25, 37, 44]  
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Figure 3.  FESEM images of TiO2 films anodized in DEG–2% HF-3% H2O electrolyte for 24 h, 

showing (a) top view and (b) cross-sectional views of TiO2 nanorod array as using 20 V, and 

TiO2 nanotube array as using (c) 40 V and (d) 60 V. 

 

Microscopic study has revealed an interesting achievement, reported for the first time that the 

DEG–2% HF-3% H2O electrolyte is capable of growing the TiO2 nanorod array film via a facile 

anodization process. Using low voltage, the particular conditions of 10 V and 20 V demonstrated their 

potential for the formation of TiO2 nanorod array with max. thickness ~ 300 nm; see Figure 3 (a)-(b). 

Those irregular-shaped nanorods are vertically aligned and freely standing on the oxide barrier layer 

over the titanium substrate. Confirming this achievement in the slow rate condition, the formation of 

the nanorod structure is limited to the transfer-determining rate of 10 µA/cm
2
/h, 4 times lower than the 

rate of pore pitting to form the typical tubular structure, according to those illustrated in Figure 1 (b). 

Further increase in voltage, the TiO2 nanotube array films with commonly obtained morphology were 

observed; see Figure 3 (c)-(d). The pore diameter of TiO2 nanotubes grown at 40 V and 60 V is in the 

approximate range of 200 nm, and the nanotube length of those anodized samples is 2 µm. The 

anodization voltage is believed to play a significant role in controlling the pore diameter; discrepancy 

of the pore cell could be explained by dissolution efficiency at the oxide wall as depending upon 

electrolyte properties. Dissolution at the top part to prevent nanotube pore clogging is strongly 

influenced by the addition of water to the organic electrolyte.[45]  

To investigate surface property of those nanoarray films, water drop contact angle measurement 

was carried out. Figure 4 (a) shows the water drop contact angles of the TiO2 nanoarray films grown in 

DEG electrolyte plotted as a function of voltage. Under the same window of electrolyte medium and 
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voltage, a large difference in contact angle was observed from two surface characteristics of the films; 

~20° for the nanotube array films and ~100° for the nanorod array film, exhibiting hydrophilic and 

hydrophobic characteristics, respectively. It is evident that either intrinsically hydrophilic or 

hydrophobic surface behavior could be obtained directly from DEG anodization bath, without further 

chemical post-treatment. For the titania nanotube array films grown in glycerol and ethylene glycol 

mixtures, the contact angles were found to fall in the hydrophilic range of 10°-30°; see Figure 4 (b) 

and (c). Using glycerol-based electrolyte, the contact angle tends to slightly decrease with voltage. We 

speculate that electrolyte modification as well as proper manipulation of anodizing parameters may 

enhance possibility to reach the superhydrophilic level. While for the EG-based electrolyte, the contact 

angles found for the achieved TiO2 nanoarray films remain unchanged over the variation range of 

voltage from 20-60 V. In EG, the anodization voltage did not show its role to differ the contact angle. 

The architectural topology of nanofeatures grown in the low-ranged conductivity is believed an 

important factor determining the surface wettability of the anodized film. 

 

 
Figure 4.  Water drop contact angle values of TiO2 nanoarray films grown in (a) DEG–2% HF-3% 

H2O electrolytes for 24 h, (b) glycerol-1.5 wt.%NH4F-30% H2O electrolytes for 1 h, and (c) 

EG-0.3% NH4F-3% H2O electrolytes for 24 h. Those nanoarray films were annealed at 530 ºC 

for 3 h. Pore size of the nanotube samples used in this measurement is in the range of 200-300 

nm. Conductivity range measured for Figure (a)-(c) is approximately 200, 500, and 1600-2500 

µS/cm, respectively. 

 

Figure 5 shows a schematic diagram demonstrating surface wettability and corresponding 

morphological features of the anodized TiO2 nanoarray films obtained in DEG, EG, and glycerol. The 

growth characteristic nature of EG electrolyte is the pattern defined as ideally hexagonal close-

packing, while the orientation observed for both glycerol and DEG is known the discrete, well-

separated nanotubes.[42] The role of electrolyte medium and their kinetics in determining the nanotube 

morphology and properties are considerably important. Observed from the mapping, both hydrophobic 

and hydrophilic surface of the anodized films could be obtained in the conductivity range of 2500 

µS/cm. The ordering degree seems to have unspecified relation to conductivity of the anodizing 

electrolyte. The highly ordered, ideally closed packing array of nanotubes could be obtained mostly in 

the EG electrolyte with the particular conductivity around 500 µS/cm, and DEG containing large 
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cation size of fluoride bearing species.[42] Approach to obtaining the nanofeatures with either 

superhydrophobicity or superhydrophilicity could be possible by manipulating electrolyte conductivity 

with a proper selection of electrolyte medium and composition.  

 

 

Figure 5.  Surface wettability regime proposed for the anodized TiO2 nanoarray films of different 

architecture obtained in different organic electrolyte mediums. 

 

The fast growth rate condition, either due to the large concentration of ionic movement or the 

use of high voltage, is presumably an important factor involving the change in oxide composition of 

titania nanotube arrays. The large fraction of anion species composition could probably yield the 

surface that is prone to be hydrophilic. In the titanium dioxide film, the ionic current is carried by the 

titanium cation and oxygen anion, with 60 % of current density involving the formation of TiO2,[46] 

where only O
2-

 involving the oxide formation process.[47] Whereas 40 % current efficiency was 

assumed to correspond to TiO2 dissolution. At the oxide/electrolyte interface, the acid electrolyte will 

try to remove the kink site of anions and cations from the oxide surface.[48] In area closed to the 

oxide/electrolyte interface, the O
2-

 concentration is high and the Ti
4+

 concentration is low.[49] 

Normally the large anion O
2-

 cannot move inward to the pore bottom, but a high field can pull the O
2-

 

ion back through the oxide layer into the interstitial position. Also the field is sufficiently high to 

prevent movement of cations against the field direction.[50] Thus, the oxide composition change may 

occur from the addition of O
2-

 into the oxide, where OH
-
 is acidified at the oxide/electrolyte interface: 

OH¯aq ⇌ O
2-

OX + H
+

aq. Hoar and Mott suggested that OH
-
 ion is produced by the field-assisted process 

during the formation of porous oxide film.[48] Patermarakis and Moussoutzanis suggested that the 

OH
-
 anion is more likely to migrate along intercrystalline surface like O

2-
, rather than through 

vacancies inside the crystallites.[51] The OH
-
 migrates slower than O

2-
 due to the lower charge 
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movement; hence, the rate of oxide formation for OH
-
 is insignificant with respect to that of O

2-
. While 

H
+
 migration may take place as well during the oxide growth depending upon the electrolyte 

concentration. In terms of high current density, the growth efficiency tends to decrease caused by (i) 

the substantial effects of film dissolution, (ii) the accessible fluoride ion from the electrolyte, and (iii) 

the increased amount of proton within the pores due to the increased acidity of electrolyte. When the 

rate of oxide formation decreases, the thickness of barrier layer also decreases. Due to the reversible 

absorption and desorption of proton in the film, the structure of the oxide film was found to contain a 

large number of hydroxyl bridges at which the composition is represented by TiO2 (H2O)1.4 or 

TiO0.6(OH)2.8.[52, 53]  

 

 

 

4.  CONCLUSION 

This work presented the fabrication of TiO2 nanoarray features in selected organic electrolytes, 

providing crucial information on how electrolyte properties and anodization parameters strongly affect 

the growth architecture and the surface wettability of the oxide nanoarray. The result showed that 

either hydrophilic or hydrophobic surface could be obtained directly by a facile anodization process, 

without any surface treatment. The TiO2 nanorod array exhibiting hydrophobic could be achieved in 

the low voltage and low conductivity conditions. While the commonly obtained TiO2 nanotube array 

films were found to be hydrophilic. Anodization at higher voltage facilitating the rate of reactions is 

believed to govern the oxide composition and thus provide the titania nanotube array with intrinsically 

hydrophilicity. The current density behavior in DEG electrolyte was investigated and evaluated as a 

function of voltage. The mass transfer-determining rate for growing the TiO2 nanorod array film was 

found limited to 10 µA/cm
2
/h. The conductivity of the anodized electrolyte was found to increase in a 

linear relation to the applied voltage. The proposed schematic drawing revealed that surface 

characteristic is mainly dependent upon architecture of the oxide film, which is a consequent effect of 

varying ionic content, conductivity, and anodization voltage. It was assumed for the fast growth rate 

that could play a critical role controlling the oxide formation, leading to various composition along the 

tube wall surface, eventually determining surface characteristic property of the anodized TiO2 film. For 

potential use in biomedical applications, one may suggest as an alternative pathway of material 

selection that, building upon this work, development of architectures of TiO2 nanoarray platform to 

possess excellent bioactivity such as hemocompatibility could be possible. 
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