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This work presents an investigation of electrolyte properties in relation to the growth of TiO2 nanotube 

array films, particularly concerning the measurement of conductivity in the diethylene glycol-

hydrofluoric-water electrolyte system. The work aims to elucidate the behavior of ions in the anodized 

electrolytes with a better insight into the relation between molar conductivity and concentration of the 

additives. Differing solvation of the fluoride ion in various composition of water in the DEG-H2O 

mixture is attributed to the major factor determining the capability of proton transfer, controlling the 

ionic mobilities and the molar conductivities. Applying the feature of the two-factorial experiment has 

demonstrated a clear interaction of electrolyte parameters and titanium concentration dissolving into 

the electrolyte, which is believed to be a combination effect on pore widening and separating of 

nanotubes. A proposed schematic drawing has been demonstrated, summarizing how the nanotube 

arrays are constructed as a consequence of varying electrolyte type and composition.  
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1. INTRODUCTION 

Fabrication of TiO2 nanotube arrays has been extensively studied during the past years. A facile 

pathway to synthesize highly ordered, vertically oriented TiO2 nanotubes arrays is electrochemical 

anodization. This technique offers unique morphological architectures, precisely controllable 

dimensions, and related remarkable properties of TiO2 nanotubes arrays making them desirable for 

many applications. The anodic TiO2 nanotube arrays have demonstrated their utility in dye-sensitized 

solar cells (DSSC),[1-2] high-performance hydrogen sensors, [3-4] water photoelectrolysis, [5] 
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biomedical devices such as drug delivery, [6-7] tissue engineering, [8-10] platforms for bone and 

scaffolds due to great biocompatibility, non-toxicity and environmental safety. [11-13]  

Most of the previous work reported has focused on the use of electrolyte containing fluoride 

ion, considered as the promising choice of electrolyte for successfully producing the tubular structure 

of TiO2 nanotubes arrays. Hydrofluoric acid and ammonium fluoride with proper concentration per 

each morphological need was found to be crucial for the formation of nanotubes. The flexibility of the 

anodization process has shown its great ability to grow TiO2 nanotubes with different morphologies 

and pore arrangement. The advance in the anodic fabrication has made it possible to prepare the 

extremely unique nanotube dimensions with controllable properties suitably potential for their 

applications. For example, the large pore diameter 400-900 nm with optical wavelength-sized 

apertures, [14-15] the long tube length up to 1000 μm, the largest to date, for use as functional 

filtration membrane, [16] and controllable wall thickness of 7-34 nm for great performance in 

electronic devices and heterojunction cells. [12, 17] Further, the 20 nm pore diameter of titania 

nanotubes has been achieved for improved bladder stent. [18] Many rapid synthesis of TiO2 nanotube 

arrays in few minutes to achieve high aspect ratio have been reported mostly using ethylene glycol 

electrolyte. [19] The formation of TiO2 nanotubes arrays is a direct consequence of proper optimization 

among the important parameters involving the anodic film fabrication.  

In the electrolyte containing fluoride ions, dissolution of TiO2 (TiO2+4H
+
+6F

-
→[TiF6

2-
]+2H2O) 

leads to the formation of titanium-hexafluoro complex, which is well dissolved and stable in 

electrolyte.[20] The electrochemical dissolution of titanium oxides generates the oxygen anion species 

(OH
-
 and O

2-
) and results in the injection of O

2-
 into the oxide layer. At steady state, the amount of O

2-
 

generated at the oxide surface is equal to the flux of oxygen ions at the oxide/electrolyte interface. The 

large fraction of titanium is transformed into the soluble species in electrolyte that subsequently affects 

the electrolyte properties due to the dissolution process, with only ~ 2 % of Ti converting into nanotube 

and the barrier oxide layer. [21] Loss of titanium was expected to play a significant role in generating 

the film porosity. [22-23] As far as the formation mechanism of anodic titania nanotubes is concerned, 

the electrochemical behavior of the oxide/electrolyte interface and physical properties of the oxide 

films are considered of great interest to promote progress in field of modeling nanochannel oxide 

growth. The formation of an oxide layer on the metal substrate has been studied particularly in recent 

years, various anodic concepts and theoretical models have been postulated to explain the growth of 

the self-organized titania nanotubes, for example, localized dissolution model, [5, 24-29] high field 

model that the film growth rate is limited by migration of ionic species (e.g. Ti
4+

 and O
2-

) through the 

oxide film [30-33] 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. The equifield strength 

model has been proposed to explain the dependence of pore formation and separation of nanotubes. 

[34] Self organization of nanopores is mainly governed by electric field facilitating the electrochemical 

reactions at the metal/oxide and oxide/electrolyte interfaces, when the oxidation and dissolution rates 

of the oxide are in equilibrium. The nanotube separation has been considered as a result of Ti
4+

 

dissolution into electrolyte generating cation vacancies based on the point defect model. [29] 

Nonetheless, the mechanistic view of nanopore array formation on a particular aspect of physical 

properties of electrolyte corresponding structure is considerably less reported and still not fully 
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understood. 

In this work, we present the study of electrochemical anodization in diethylene glycol (DEG)-

based electrolyte, particularly focusing on the investigation of electrolyte properties in various 

concentrations and types of the additive component incorporating into the DEG solvent. Conductivity 

of electrolyte is a result of the transport of ions. In this study, conductivity parameter changing with the 

composition has been examined to understand its role on the growth of nanotubes. The relation of 

molar conductivity and concentration is further to be carried out to evaluate the behavior of ions in the 

electrolyte. Tendency of the nanotube growth with pore widening and larger tube separation as 

depending upon hydrofluoric acid and water is to be presented, with the effect of fluoride ion solvation 

and proton transfer ability also to be described.  

 

 

 

2.  EXPERIMENTAL 

Titanium foils (0.25 mm, 99.7%; Sigma-Aldrich) were cleaned with acetone and iso-propanol 

prior to anodization. Herein anodization were performed potentiostatically using two-electrode 

electrochemical cell at the controlled temperature bath of 20±3 °C, a rectangular platinum foil as 

cathode. The interelectrode spacing was kept at 2.0 cm to remain consistency of the result.[Ref-Oh] 

Anodizing electrolytes were prepared in a combination of diethylene glycol (DEG, 99.7%, Sigma-

Aldrich), hydrofluoric acid (HF, 48% aq. Solution, Merck), and de-ionized water, with the electrolyte 

composition designed to systematically vary to obtain the surface plot of conditions. The electrolyte 

conditions prepared in this study are as follows: DEG-2%HF-3%H2O, DEG-2%HF-5%H2O, DEG-

4%HF-3%H2O, and DEG-4%HF-5%H2O, with these electrolytes subject to anodization voltage at 60 

V and duration for 24 and 48 h. The soaked area of Ti in the electrolyte was held fixed approximately 

at 3.0 cm
2
. The electrolytes after anodization were characterized their properties in comparison to the 

electrolyte prior to anodization. Titanium concentration in the anodized electrolyte was examined by 

inductively coupled plasma atomic emission spectrometry (ICP-AES, Perfin-Elmer Optima 5300 ICP). 

Conductivity was measured using conductivity meter (Eutech instrument Cyber Scan PCD650) 

Morphological study of the TiO2 nanotube arrays was characterized by scanning electron microscope 

(FE-SEM, Leo 1530) and (Zeiss Supra 40) 

 

 

 

3.  RESULT AND DISCUSSION 

Morphology of the TiO2 nanotube array films has been studied. Figure 1 show FESEM images 

of the nanotube arrays anodized in various composition of electrolyte. Increasing water content in the 

electrolyte yielded the nanotube arrays with the relatively larger pore diameter. The average pore size 

and tube length of the nanotubes grown in different conditions are shown in Table 1.  

Pore size seemed to reach its limit at about 250 nm. The dissolution of nanotube wall limits the 

achieved nanotube length. On further increasing water content up to 9%, the window range of pore 

diameter was pushed forward up to 300 nm, for a given applied voltage of 60 V and 24 h anodization 
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duration; see the top view image of the DEG-2%HF-9%H2O in Figure 6. While using 5% water 

content for the DEG-4%HF, it was found that the nanotubes were not well-defined; the tubular 

structure could not survive to be observed after 24 h period. The anodization current density for the 

variation of water has been reported in the previous work. [35]  

 

 

 

 

Figure 1. FESEM images of TiO2 nanotube array films anodized in (a) DEG-2%HF-3%H2O (24 h), 

(b) DEG-2%HF-5%H2O (24 h), (c) DEG-4%HF-3%H2O (24 h), (d) DEG-2%HF-3%H2O (48 

h), and (e) DEG-2%HF-5%H2O (48 h). All the array films in (a)-(e) were performed under a 

fixed 60 V. The TiO2 nanotube was magnified at high magnification showing tube splitting 

under a pore (f); the film was grown in the same condition as figure (a).  

 

 

Table 1. Average pore diameter and tube length of TiO2 nanotube arrays obtained from different 

electrolyte composition. 

 

Condition Average pore diameter (nm) 

((nm) 

Average tube length (μm) 

DEG-2%HF-3%H2O, 24 h 130 2.0 
DEG-2%HF-3%H2O, 48 h 230 2.5 
DEG-2%HF-5%H2O, 24 h 220 1.0 
DEG-2%HF-5%H2O, 48 h 250 1.3 
DEG-4%HF-3%H2O, 24 h 150 0.7 
 

It is noteworthy to mention the influence of fluoride concentration on the nanotube growth with 

large tube-to-tube spacing. Increasing HF content, a slight increase in pore diameter was obtained; 130 

nm for 2% and 150 nm for 4%. Apparently with more acid addition, there is small difference in pore 

diameter, but obviously significant in tube separation. It is well evidence that the tubes stand separately 

and locate randomly on the anodic surface. The influence of anodization time (48 h) for Figure 1 (d) 
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and (e) has shown the result on pore widening and pore separation with increasing water content; the 

average pore size of the conditions (d) and (e) is 230 nm and 250 nm. The effect of water is more 

pronounced for the condition of Figure 1 (e), which is DEG-2%HF-5%H2O (48 h). The chemical 

dissolution of TiO2 becomes predominant governing the process at prolonged anodization period, [12, 

14] resulting in considerably etching on the nanotube wall reflecting such spring-like evidence of the 

tube surface. 

In addition, pore splitting of nanotubes could be observed for the DEG-HF-H2O system as 

shown in Figure 1 (f). Because of the presence of F
-
 ions, dissolution of the oxide barrier occurs 

randomly on the surface, forming small pits. Then the tube formation is determined by the pit 

formation or the growth of pits into pores, while the pore initiation occurs at randomly distributed sites 

leading to an organized array. Propagation of small pits eventually results in the larger pores. [12] For 

this case, the tube branching mechanism is presumed to dominate the populating process, possibly 

occurring due to the use of high HF and water concentration. [36] The tube density can be related to 

the anodization and the times of branching of the initial nanotubes, which can be calculated as 

depending upon density and molar mass of TiO2, current transient, and average tube length of 

nanotubes between each branching.  

Figure 2 shows the increase in titanium concentration as a function of HF and water content in 

the electrolyte. The overlay of the surface plot is clearly illustrated. In this study, titanium 

concentration was investigated to confirm its result as a direct consequence of the varied electrolyte 

parameters. The window range of electrolyte has been designed by applying an important feature of 

the two-factorial experiment to this study in order to obtain a clear view of surface plot of experiment 

data, possibly achieving the interaction of parameters. The designed experiment has indicated a clear 

evidence that electrolyte composition has shown its combination effect on the increased Ti 

concentration. As increasing HF concentration, titanium was found to dissolve into the anodized 

electrolyte in the higher amount with respect to the increase in water content. This could be explained 

by the more diffusion and high mobility of fluoride ions moving towards the titanium surface and 

hence leading to the more extraction of titanium into the electrolyte. With prolonged anodization time, 

the effect of higher HF concentration is more predominant, obviously revealing the more increase in 

titanium concentration in the electrolytes. 

Considering the oxide/electrolyte interface, the Ti
4+

 dissolving into electrolyte generating 

cation vacancies can be expressed as TiTi(ox) → Ti
4+

(aq) + VTi
4-

(ox), [29] where TiTi(ox) is titanium 

atom in titanium lattice position in the oxide layer, Ti
4+

(aq) is titanium cation dissolving in electrolyte, 

and VTi
4-

(ox) is cation vacancy in the oxide lattice, based on the point defect model. When the 

generation of titanium cation vacancies and oxygen vacancies is unbalanced, the void condensation 

could lead to the separation of walls. In the case of fast oxide dissolution rate, e.g. in which the 

electrolyte containing high HF content, the faster generation of cation vacancies occurs at the outer 

wall layer, the density of cation vacancies is higher especially in acidified fluoride solution. The cation 

vacancies transport radially leading to the enhanced repulsive forces between walls and consequently 

the pore separation. Pore separation forming individual nanotubes can also occur under the proper 

electrochemical conditions at high anodization current. [37] The combination effect of titanium 
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dissolution improving the electrolyte conductivity over the anodization period is believed to be the key 

factor influencing the nanotube separation.  

 

 

 
Figure 2. (a) Column demonstration of Ti concentration measured from the anodized DEG-HF-H2O 

electrolytes at various contents of HF and H2O, as the anodization time was fixed for 24 h and 

48 h. (b) An overlay surface plot of Ti concentration for the conditions mentioned in Figure (a). 

 

Conductivity, a result of the transport of ions, was measured to obtain the analytical and 

physicochemical information. In this study, the increase in electrolyte conductivity was well confirmed 

that is strongly due to the increase in titanium concentration. The conductivity of non-aqueous 

electrolyte, described by the well-known Debye-Huckel-Onsager limiting law, depends on electrolyte 

concentration, ionic charges, viscosity, and relative permittivity. A similar form of relation has been 

theoretically obtained by Kohlrausch’s law, the law of independent migration of ion for dilute 

solutions: Ʌ = Ʌ

  kc

1/2
, where k is a constant, and molar conductivity, Ʌ (S cm

2
 mol

-1
), of each 
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condition can be determined in relation to its concentration c. Whereas the Ʌ

 is limiting molar 

conductivity that can confirm the complete dissociation of the electrolyte. [38] Herein, the molar 

conductivity of anodized electrolyte has been investigated by applying the Kohlrausch’s law to explore 

the behavior of molar conductivity in various compositions of electrolytes. The values of Ʌ and c
1/2

 

were determined and plotted in Figure 3. The Ʌ value of the DEG electrolytes containing HF decreases 

linearly with the increase in c
1/2

, confirming that the increase in HF concentration leading to the 

increase in ionic conductivity. From such linear behavior, the curve agrees well with the Kohlrausch’s 

equation where the effect of short-range ionic interaction has not taken into account. This theory is 

applicable to predict the behavior of ions in the DEG-HF electrolyte system, particularly containing 

small amount of water, from the experimental Ʌ c
1/2

 relation. From the plot, we could obtain the 

approximate value of Ʌ

 and k from the extrapolation and the slope respectively: 1.3554 S cm

2
 mol

-1
 

and 0.1744, for the anodized electrolyte mixture containing a variation of ionic species.  

 

 
Figure 3. A plot of Ʌ against c

1/2
 determined for the DEG-HF electrolyte conditions using different HF 

concentrations: 0.135, 0.27, and 0.54 M 

 

The effect of increasing HF content in electrolyte contributes the numerically higher 

conductivity than the effect of increasing water content as the plot shown in Figure 4. Varying water 

content in the electrolyte was found to yield the nonlinear curve over the variation range of water. 

Particularly at the high water contents, no substantial change of Ʌ was observed; the Ʌ values lie in the 

close range of 0.43-0.44 S cm
2
 mol

-1
. More water addition did not show significant change in molar 

conductivity. This could be ascribed to the competition between the increase in the charge carrier 

number and the decrease in ionic mobilities, as the ion-ion interactions of different size of ions 

becoming stronger. In such a case, either solvation ion association occurring by forming ionic 

atmosphere, or solvent relaxation moving ion subjected to a retarding force due to the atmosphere, is 
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believed to play a key role in determining the ionic mobilities and the molar conductivities. [39-40] 

For the curve in Figure 4, the Ʌ

 could be obtained from extrapolation, as many developed theories 

from the Debye-Huckel-Onsager theory have been proposed for a better yield of limiting molar 

conductivity, by taking into account both the long-range and short-range ionic interactions, ionic 

charges, and solvent properties. For example, the Fuoss-Hsia equation has been proposed to explain 

the behavior of ions in different degree of association region. [38]  

Considering the increase in acidity for pore initiation with the increased HF concentration, one 

may be discussed in terms of proton transfer ability. In dilute aqueous solution, an isolated HF 

molecule donates a proton to an aggregate of water molecules forming an aquated fluoride ion (HF2
-
), 

which occurs in the symmetrical anion form. [41] Considering the mixture of HF-H2O in DEG system, 

the dissociation of HF in water is complicated as both proton and fluoride ions are solvated and form 

the stable species as follows: 3HF ⇌ H2F
+
 + HF2

-
. As a solute in DEG-H2O, HF is a fairly weak acid. 

When only a small amount of water is present in the system, a proton from polymeric hydrogen 

fluoride is transferred to an isolated water molecule, and the fluoride ion is part of a stable polymeric 

anionic complex. As the HF concentration increases in the HF-H2O mixtures, the system becomes 

progressively more acidic. On further increase in water composition, the larger amount of water could 

allow the more degree of molecular interactions, differing solvation of the fluoride ion in the DEG-

H2O mixture. Such various scale of solvation of acid/water molecules is attributed to the considerably 

more attention factor determining the capability of proton transfer. 

 

 
Figure 4. A plot of Ʌ against c

1/2
 determined for the DEG-2%HF electrolyte containing different water 

contents; 3, 5, 7, 9%. 

 

In addition, the conductivity is determined by solvent viscosity and ionic radii. [38] Varying 

water content, the increase in conductivity in relation to the decrease in viscosity is shown in Figure 5. 

The Stokes’ radii of ions dissociating in the electrolytes could possibly vary from condition to another, 

thus reflecting the variation in ion solvation. In the electrochemical process, migration of ions such as 
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metal ion, oxygen anions, or fluoride ions in electrolyte is a key role in governing the formation of 

anodic TiO2 and controlling the tube morphology. [42-43] The ionic radius of ions directly affects the 

migration rates in electrolyte; the larger ionic size is the slower migration rate. For example, the 

migration rate of the smaller ionic radius of F
-
 (0.119 nm) is faster than that of the larger size of O

2-
 ion 

(0.126 nm). [44] The fluoride ion migrates inward at twice the rate of O
2-

 ions, hence developing the 

fluoride composition in the oxide layer. The penetration depth of migrating F
-
 ions is determined by the 

migration rate of F
-
 and transport number in relation to those values of O

2-
 under the applied field. The 

transport number of Ti
4+

 and O
2−

 in the titania film is 0.39± 0.03 [43] and 0.6. [45] To some extent, the 

incorporation of fluoride ions in the anodic film gives rise to the film detachment from the metal 

substrate leading to the poor film properties to be obtained. [44] In other words, the TiO2 film 

detachment is because of the formation of titanium fluoride layer occurring at the metal/oxide interface 

that results from the fast inward migration of F
-
 through the oxide film during anodization under the 

high electric field. Thus, to this point of view, solvation effect on fluoride ion is considerably 

important. In the viscous electrolyte at low temperature, the chemical etching of TiO2 by F
- 
was found 

to be very low, as only small difference in pore diameter was normally obtained. [46] Nonetheless, the 

pore pitting and etching rates are needed to be tailored by selecting a proper electrolyte medium with a 

well manipulation of electrolyte composition. 

 

 
Figure 5. Conductivity and viscosity of the DEG-HF-x%H2O electrolytes plotted as a function of 

water concentration. The electrolytes both before and after anodization were measured in 

comparison. The varied water contents of 3, 5, 7, 9% are shown in 1.67, 2.78, 3.89, 5.00 M, 

respectively. 
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Figure 6 summarized the electrolyte parameters influencing the nanotube morphology and pore 

arrangement through the schematic drawing proposed for the anodic titania nanotube arrays. It could 

be confirmed by the experimental result in this work that water content has a strong effect controlling 

the pore diameter of nanotubes, while HF content plays a key role determining the architectural 

orientation or the separation of nanotubes. A stronger electrolyte with more ion dissociation could 

possibly lead to the larger degrees of pore widening and more tube separating. The anodization time is 

considered to be a dominant fabrication process parameter that could shift the tendency of tube 

separation to the larger range. However, tailoring the electrolyte parameters is essentially needed for 

the complicated non-aqueous electrolyte mixture in order to remain the tubular structure with desire 

morphological dimensions on the anodic surface. 

 

 
Figure 6. A proposed schematic illustration showing the influence of electrolyte composition on 

orientation and morphology of the anodic TiO2 nanotubes. 

 

 

 

4.  CONCLUSION 

This work reported a study of conductivity of the diethylene-based electrolytes after their use in 

the fabrication of TiO2 nanotube array films. Applying the Kohlrausch’s law to explore the behavior of 

molar conductivity in various composition. The result showed that the Ʌ c
1/2

 relation of the DEG-HF-

H2O system agrees well with the theory for the use of 3% water content; the limiting molar 

conductivity determined for this system is an approximate value of 1.3554 S cm
2
 mol

-1
. Different 
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degrees of solvation of fluoride ion in H2O is attributed to the major factor determining the proton 

transfer ability, reflecting difference in ionic mobilities. Titanium concentration was investigated to 

confirm its strong effect on the increase conductivity of the anodized electrolytes. A stronger 

electrolyte with more ion dissociation could possibly lead to the larger degrees of pore widening and 

more tube separating, as a consequence of the use of high water and HF concentration. Important 

aspects in terms of mechanistic solvation and proton transfer ability has been described. 
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