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Abstract 

The effect of the viscosity of solvent mixtures based in ethylene glycol on the 

formation of undesired structural defects (nanograss) during the electrochemical 

synthesis of nanotubular TiO2 structures is analyzed. High quality nanotubular TiO2 

films can be achieved by diminishing the viscosity of ethylene glycol-based media by 

increasing the water content as well as using ethanol as additive. High surface tension of 

water also promotes the film fracture and accumulation of agglomerates on the film 

surface. A previously unexplored one-step strategy consisting in the addition of ethanol 

to ethylene glycol/water mixtures as an alternative anodization medium is proposed. 

The evidence obtained indicate that this medium allows obtaining nanotubular TiO2 

films with superior structural stability against capillary forces during the film drying, 

avoiding the use of time consuming post-treatments such as the commonly employed 

supercritical CO2 dehydrating, improving the properties of the obtained nanomaterials.  
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1. Introduction 

For several decades now, nanomaterials have acquired enormous interest due to 

their exceptional physicochemical properties and large surface area. Among various 

geometries and chemical nature of nanomaterials, TiO2 nanotubes (NT-TiO2) have been 

the subject of numerous studies due to its semiconductor nature (band-gap ~ 3.0 eV), 

biocompatibility and photocatalytic activity, between other properties [1,2]. These 

properties can be enhanced in the nanoscale for their implementation in several 

applications such as dye sensitized solar cells [3,4], photocathodic protecting films [5], 

drug-delivery [6], electrochromic devices [7,8], biomedical implants [9,10], gas and 

biomolecules sensors [11,12] and photocatalysts [13,14].  

Due to the wide field of uses, several NT-TiO2 synthesis methodologies have 

been studied [15], such as hydrothermal [16,17] and template-assisted [18,19] methods, 

electrospinning [20,21] and electrochemical routes [22-24]. Electrochemical methods 

are characterized by its simplicity, low-cost and high control in the morphology of the 

structures achieved through the conditions of synthesis. In the last decades, many works 

concerning the anodic formation of NT-TiO2 films were reported. In this way, it is well-

known that it is possible to obtain highly-ordered and oriented NT-TiO2 films by 

anodization of titanium in fluoride containing media.  

First studies using this methodology involved the use of HF aqueous solutions [22,25] 

as electrolyte which allowed obtaining NT-TiO2 films with nanotube lengths lower than 

or in the order of 1 µm [26,27]. Later, highly viscous organic solvents such as glycerol 

or ethylene glycol, allowed achieving highly ordered hexagonal NT-TiO2 arrays with 

significantly larger nanotubes length (up to 1000 µm) [28-30].  
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At present, it is considered that TiO2 films growth takes place by a "high field 

mechanism" coupled to the TiO2 chemical dissolution by F- attack giving Ti(IV) soluble 

species according to the overall reactions: 

Ti(s) + 2H2O(l) � TiO2(s) + 4H+(aq) + 4e-      (1) 

TiO2(s) + 6F-(aq) + 4H+(aq) � TiF6
2-(aq) + 2H2O(l)    (2) 

Also, some F- ions incorporation into the TiO2 phase takes place. The high-field TiO2 

growth occurs by ionic transport of species within the TiO2 phase and the chemical 

dissolution reaction (whatever the high or low value it presents) consumes titanium 

species that are replenished by further metallic titanium oxidation at the metal/oxide 

interface due to the high-field mechanism. These main overall reactions describe the 

faradaic processes involving the different titanium species (ionic current). Later, 

several reports from the group of Prof. Xufei Zhu [31-33] have proposed an oxygen 

bubble mould model due to electronic current that leads to oxygen evolution: 

2H2O(l) � O2(g) + 4H+(aq) + 4e-       (3) 

In this approach, the gas bubbles generated in the electrochemical step 3 could act as 

tube moulds during coupled the plastic flow of the growing oxide phase [32,34].  

From simulation of anodizing current-time curves, they were able to obtain the ionic 

and electronic current contributions. The oxygen evolution reaction allowed describe 

the current-time response found in different conditions, but does not correspond to 

oxidation of titanium species. This, in turn, leads to current efficiencies substantially 

lower then 1 (based on titanium species), as has been tackled by Schmuki et. al [35] by 

determining that an important fraction of the total current corresponds to oxygen 
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evolution. Based on this, ionic current and electronic current are the driving force for 

barrier oxide growth and oxygen evolution, respectively, where oxygen evolution also 

plays an important role in the growth of nanotubes. Recent reports employing very 

different experimental conditions for growth with multiple anodization steps combining 

potentiostatic/galvanostatic potential programmes, even at potentials where anodization 

under breakdown takes place argued against the field-assisted dissolution theory [36-

39].  

Recently, ethanolic based media were employed achieving similar nanotubes 

structures as those obtained using HF aqueous solutions [40]. Despite of the advantages 

found using non-aqueous solvents, it has been often found that performing the Ti 

anodization for several hours or using highly concentrated fluoride media, generates a 

disordered structure of fibbers or nanotubes debris on the film surface. The grassy 

appearance of the surface, usually called “nanograss” [28,41,42] or “nanoribbons’ [34], 

could be a consequence of the non homogeneous chemical dissolution of the nanotube 

walls. Alternatively, another explanation based on the micro-liquid-flow resulting of the 

flowing gas from the bottom to the top of the tubes during the anodization, has been 

given [34]. Furthermore, according to the medium viscosity values, continuous wall 

thinning takes place generating a partial tubes fragmentation or even the complete 

collapse of the nanotubular structure as fibbers along the film surface, covering up the 

nanotube mouths [43]. Nanograss formation has a significant impact on the properties 

of the material as well as in its further applications. For example, for one-dimensional 

materials such as TiO2 nanotubes or nanowires it has been found that the 

interconnection between them modify the electron transport mechanisms and, 

consequently, inhibits the charge transfer [44,45]. While this feature has been exploited 
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for some capacitor-related applications where the large surface area increases the 

capacitance obtained [46,47], the nanograss formation represents an important 

limitation for using NT-TiO2 films in photovoltaic [4,41,45,48] and photocatalysis 

applications [49,50] due to reduced light absorption, low ionic transport and blockage of 

the tube mouths access to chemical species. Despite of the effort in this research area, 

the lack of in situ experimental measurements does not allow obtaining a single 

accepted mechanism for understanding the NT-TiO2 films formation and structural 

defects on their surface. 

Different strategies have been proposed in order to obtain nanograss-free NT-

TiO2 films by electrochemical routes that involve mechanical post-treatments for 

removing the tube fragments such as ultrasound treatments [51] or exfoliation [48]. 

Despite of their extensive application, these strategies are lack of reproducibility and 

have undesired effects such as partial or complete detachment of the film from the 

substrate [52], induction of internal film fractures or a wide-ranging length tube 

distribution as a result of the inhomogeneity of the operating forces. On the other hand, 

there have also been reported some strategies focused on the inhibition of the nanograss 

formation during the anodization procedure, which include the use of protective films 

[4,53,54], electropolishing pre-treatments that confer to the oxide surface a high 

resistance to the chemical dissolution [55-57], and the optimization of the synthesis 

conditions such as applied voltage [58], use of complexing agents [59] or modifying the 

water content in the electrolytic medium [43]. In relation to the last strategy, the authors 

have attributed the changes observed in the NT-TiO2 films morphology to the fluoride 

ions gradient variation inside the tubes as the viscosity of the electrolytic medium 

change when the water content is modified [43]. They proposed that a low amount of 
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water generates large fluoride gradient along the tube length, which promotes the 

vertical tube splitting by localized chemical etching nearby to their mouths. Contrarily, 

as the water content increases, the fluoride gradient decreases leading to a homogeneous 

ring-split along the tubes and then, generating cleaner film surfaces. Despite of this, 

there is not enough conclusive evidence for explaining the role of the water content in 

the complex mechanism of nanograss generation. 

In this work, we analyze in detail the effect of the electrolytic medium viscosity 

on nanograss formation in ethylene glycol/water mixtures by modifying either the water 

content or by using ethanol as a third solvent, keeping constant the water content. The 

choice of ethanol as additive was based on its similar viscosity to that of water as well 

as to the analogous chemical structure to that of ethylene glycol. In addition, the effect 

of capillary forces originated during the drying procedure on the morphology of the 

obtained nanomaterial, was also analyzed. 

 

2. Materials and methods 

Polycrystalline titanium sheets with an exposed geometric area of 0.5 cm2 

(Sigma, 99.7% purity, 0.127 mm thickness) and 10.5 cm2 (Johnson Matthey Electronics, 

99.7% purity, 0.890 mm thickness) were employed as anode and cathode electrodes, 

respectively. The synthesis of NT-TiO2 films was carried out using a two-electrode 

electrochemical cell configuration. The anodization of titanium samples was performed 

applying a voltage step of 40 V between anode and cathode during 6 h by means of an 

EG&G PAR model 173 potentiostat/galvanostat (internal power supply of 100 V). Prior 

to anodizing, the electrodes were degreased by ultrasound treatment in a 50:50 acetone-
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ethanol mixture for 30 min and then mounted on Teflon holders. The anodization 

temperature was fixed at 5°C using a Lauda Alpha cryostat and continuous stirring was 

applied. A content of 0.8 % w/v ammonium fluoride (Merck, 98% purity) in 

water/ethylene glycol (W/EG) or water/ethanol/ethylene glycol (W/E/EG) mixtures 

(Cicarelli, pro-analysis solvents and Milli-Q water) were employed as electrolytic 

media. For this ammonium fluoride content (0.8 %) an anodizing time of 6 h, which is a 

typical time where the nanograss develops on the surface of the film, was employed. 

After the anodization, all samples were copiously rinsed with water. All conditions 

studied were analyzed from a duplicated set of samples; one of them was dried in air at 

room temperature, and the other one was immersed consecutively for 2 h in 100:0, 

75:25, 50:50, 25:75 and 0:100 water/ethanol and ethanol/acetone mixtures prior to 

drying with supercritical CO2 using a BAL-TEC CPD 030 critical point dryer. 

Film surface morphology was obtained using a Σigma FESEM Carl Zeiss field-

emission scanning electron microscope working at 5 keV gun power, and film 

thicknesses were determined using a LEXT 3D OLS4000 Olympus confocal 

microscope (CM) [60]. Single tube geometric features were obtained using a 1200 EXII 

Jeol transmission electron microscope (TEM) working at 80 keV gun energy. Prior to 

TEM measurements, the NT-TiO2 films were dispersed in water by ultrasonic treatment 

during 30 min and then, a drop of this dispersion was placed on standard Cu grids. In 

order to determine tubes inner diameter at film surface and oxide film thickness, 

FESEM and Confocal images analysis were performed using Gwyddion 2.5 software. 

Statistical measurement of tubes inner diameter from top view FESEM images was 

carried out considering a high enough number of tubes (N>50) showing clearly visible 

mouths. Film thickness measurement was performed as been previously detailed [60]. 
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On the other hand, statistical analysis of inner cavity diameters and wall tube thickness 

from TEM images was performed using ImageJ 1.52q software. Both quantities were 

measured from a total of 400 points along several (N>20) tube fragments, which present 

an average length of around 500 nm to 1-2 mm (see Figure 2 and 6 bellow). 

Viscosity measurements were performed at 5°C using an MCR 301 Anton Paar 

Rheoplus Physical rheometer employing a Peltier system with 5 cm in diameter and an 

1.006° angle cone-plate configuration. Surface tension measurements were made using 

the Wilhelmy method at room temperature by means of a Pt plate supported in a KSV 

Microtrough Langmuir balance (KSV NIMA_Biolin Scientific AB, Västra Frölunda, 

Sweden).  

 

3. Results and discussion 

3.1. Effect of water content 

Figure 1 shows top-view FESEM images for NT-TiO2 films obtained by 

titanium anodization in ethylene glycol electrolytic media containing 3%, 9% and 15% 

v/v water, pointing out that there exists an important effect of water content on the film 

morphology. For low water content (3%), the film surface presents abundant amount of 

nanograss that hinders the observation and measurement of the nanotubes mouth size 

(Figs. 1a and b), indicating that a high chemical dissolution of TiO2 takes place. On the 

other hand, increasing the water amount to 9% v/v (Figs. 1c and d) or 15% v/v (Figs. 1e 

and f) produces a significant diminution in nanograss generation, which allows 

observing a nanograss-free surface with a completely differentiated tubular structure. 
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Despite of this, for the higher water content employed, nanotubes agglomeration regions 

delimited by important film fractures are also observed (Figs. 1e and f).  

<<Figure 1>> 

Regarding the internal structure of single nanotubes, TEM images reflect an important 

difference in the tubes morphology (Figure 2). It is noticeable that for tubes prepared at 

low water content (Figs. 2a and b), a gradual increase in the wall thickness from their 

mouth to the bottom (“V” inner cavity shape morphology). This observation is also 

qualitatively evidenced in the intensity variations observed in the TEM images for the 

different conditions explored. Also, for high water content (Figs. 2e and f), the tubes 

show higher average inner diameter and thinner walls (see Table 1 below), being these 

morphologic characteristics more uniform along the full tube length in comparison to 

those obtained using a low water content (Figs. 2a and b).  

<<Figure 2>> 

Table 1 shows the average and dispersion values of the tubes inner diameter (di,0) 

measured at the surface from top view FESEM images (Fig. 1), the inner diameter along 

the tubes length (di,L) and the tube walls thickness (T) obtained by TEM (Fig. 2), as well 

as the average NT-TiO2 film thicknesses estimated using Confocal Microscopy [60], 

which represents approximately the tubes length (L), for nanotubes obtained in different 

water/ethylene glycol mixtures. The dispersion values for di,L as well as T, would 

correspond to changes along the length of the different tube fragments. The average 

tubes lenght shows a pronounced decrease with the increase in water content, in 

agreement with the increase in the rate of the oxide chemical dissolution [61]. It is also 

noticeable that the tubes wall thickness decreases as the viscosity of the electrolyte 
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decreases, showing a smaller relative dispersion, in agreement with a “V”- to “U”-inner 

cavity shape transition (Figs 2a-f). In addition, the inner diameter shows a marked 

increase and the relative dispersion decreases as the water content increases. These 

observations are also a consequence of the higher and more homogeneous oxide 

chemical dissolution along the tubes. It has been reported that organic solvents such as 

glycerol produce a marked increase in the viscosity of the medium, favouring the 

establishment of high fluoride concentration gradients along the tubes, which thins 

preferentially the walls in the external oxide region and produce their subsequent 

longitudinal rupture as nanograss [28,43].  

<<Table 1>> 

Figure 3 shows the viscosity values measured at 5°C as well as the surface 

tension values for all the W/EG and W/E/EG mixtures employed. It is noticed that the 

increase up to 15 %v/v in the water content produces a decrease in viscosity of 

approximately 32.8% in comparison to the value for a 3 % v/v water mixture (Fig. 3a). 

According to the surface morphologies obtained (Fig. 1), the water variation chosen is 

enough to obtain nanograss-free structures for the conditions employed. In this sense, 

the addition of water in order to decrease the viscosity of the medium reduces the 

fluoride concentration gradient along the tubes, producing a homogeneous wall 

thickness in all the channel extension, without showing accumulation of nanograss on 

the NT-TiO2 film top surface (Figs 1e,f and Figs 2e,f). Similar results have been 

reported by varying the anodization temperature, which also modify the viscosity of the 

medium, but might also generate non-homogeneous oxide film dissolution [62].  

<< Figure 3>> 
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Despite of the beneficial effect observed in the nanotubular structure by 

lowering the viscosity due to water increase (Fig. 1), the presents results also indicate 

that addition of water promotes tubes agglomeration and film fracture (see Figs. 1e and 

f). According to previous studies [45], accumulation of bundled nanotubes may be 

produced during the titanium anodization as well as during the later solvent evaporation 

in contact with the film dying medium. These studies, performed with different drying 

post-treatments in the presence of air, ethanol and supercritical CO2, have shown that 

capillary forces that operate during this process generate bending and deflection of the 

nanotubes, which also depend on the tube geometry (inner and outer diameter, length), 

the material stiffness and the intrinsic properties of the evaporating solvent (contact 

angle and surface tension). In addition, the post-treatment using supercritical CO2 

drying allowed obtaining bundle-free and crack-free NT-TiO2 films [45].  

Based in the discussion above, the structural quality of the NT-TiO2 films may 

be also determined by the mechanical properties of nanotubes, which depend on their 

geometrical parameters [63,64]. It has been found that the mechanical behaviour of 

single TiO2 nanotubes against axial compression, shows a decrease in the Young 

modulus of the material as the wall thickness is reduced [65], and then higher tube 

deflections may take place [45]. This behaviour may be also enhanced by employing 

very aggressive anodizing conditions, because the increased dissolution rate leads to 

thinner walls that promote critical points appearance along the tube (see inset in Figure 

2f). Then, the local stress at these ultra-thin wall points (< 10 nm) may contribute to the 

structural collapse of the weakened tubes either by plastic deformation or by cross tube 

fracture. For the different water/ethylene glycol ratios employed, the measured surface 

tensions values (Fig. 3b) show a low variation, which is insufficient to explain the 
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phenomenology obtained (Figs. 1 and 2). Even for the lowest water ratio (3 %v/v), a 

widespread nanograss effect on the NT-TiO2 surface is observed (Figs. 1a and b).  

In order to obtain high quality NT-TiO2 surfaces, supercritical CO2 drying post-

treatment has also been employed, even for synthesis conditions that promote nanograss 

formation [45]. Figure 4 shows top-view FESEM images obtained for NT-TiO2 surfaces 

prepared in the same conditions as the films shown in Figure 1, after performing the 

CO2 drying treatment as described in the Materials and Methods section. The obtained 

morphology and trends are similar to those obtained in Figure 1 but showing a 

significant improvement in terms of the deleterious tubes agglomeration phenomenon. 

Even for low water content (Figs. 4a and b), the nanograss appearance is different, 

showing thin tube fragments without agglomeration as those observed in Figure 1a. As 

water content is increased, the nanotubular TiO2 surface obtained is nanograss-free and 

no important agglomeration effects are observed as a direct consequence of the partial 

inhibition of the lateral deflection forces during the drying process using supercritical 

CO2 (Figure 4). In this sense, the drying post-treatment prevents the fragment tubes 

agglomeration by decreasing drastically the capillary forces in the surface, even when 

the mechanical properties of the material are not favourable to maintain straight long or 

thinner tubes in the film structure [29,45]. Despite of these advantages, the main 

drawback of this procedure is the time-consuming dehydrating steps needed prior to put 

in contact the NT-TiO2 films with CO2 supercritical fluid. In addition, for several 

characterization techniques, film modification procedures or other specific applications, 

it could be necessary re-expose the material to different solvents, especially aqueous 

solutions.  

<<Figure 4>> 
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3.2. Effect of ethanol addition 

In order to minimize the nanograss formation by decreasing the viscosity of the 

electrolytic medium without the addition of high amounts of water, different ethanol 

additions to the W/EG mixture with 3% water taken as a reference, were analyzed. 

Figure 3a shows the measured viscosity at 5°C for ethanol contents in the range of 6-

20% v/v maintaining the water content as low as possible (3 % v/v). It is noticed that 

the ethanol addition leads to a decrease in the viscosity of the medium up to 

approximately 38.9% for the highest ethanol content (20%) mixture (3:20:77), which is 

similar to the obtained for the higher water content employed (15 %v/v).  

Figure 5 shows top-view FESEM images of NT-TiO2 films synthesized using 

the different W/E/EG mixtures. For the lowest ethanol content (3:6:91 mixture), less 

nanograss formation is observed at the film surface (Figs. 5a and b) in comparison to 

the obtained using the same water content in the non-ethanolic medium (Figs. 1a and b). 

Also, as the ethanol content is increased up to 20% v/v, a significantly cleaner 

nanotubular TiO2 surface free of nanograss is obtained, showing well-defined mouths 

without tubes agglomeration (Figs. 5c-f). In addition, for the 20 % v/v ethanol addition 

(Figs. 5e and f), the tubes are well ordered and symmetric showing homogeneous 

diameters throughout the full surface in comparison to those obtained using high water 

content (Figs. 1e and f) or after supercritical CO2 drying in the same anodizing 

conditions (Figs. 4e and f). These evidences clearly indicate that the use of low 

viscosity media is required to obtain nanograss-free NT-TiO2 surfaces for ethylene 

glycol-based electrolytes with high fluoride ions concentration (0.8 % w/v).  

<<Figure 5>> 
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Figure 6 shows TEM images obtained for the NT-TiO2 films anodized in the 

selected W/E/EG mixtures and Table 2 summarizes the overall morphological features 

(inner diameter at film surface and along the tubes extent, tubes wall and tubes lenght). 

Similarly to the trends obtained as water content is increased (see Table 1), there is a 

decrease in the tubes wall thickness and an increase in the inner diameter as well as a 

decrease in the film thickness as the ethanol content is increased (Table 2). These trends 

are attributed to a higher transport of chemical species due to the decrease in viscosity. 

This generates both a higher oxide chemical dissolution rate, which explain the 

tendencies observed, and a moderate fluoride gradient along the tubes that leads to a 

more homogeneous chemical dissolution observed as a transition from “V” (Figs. 6a 

and b) to “U” (Figs. 6e and f) inner cavity shapes. 

<<Figure 6>> 

<<Table 2>> 

In addition, variation of the different geometric parameter values listed in Table 

1 (water content effect) are more pronounced that those shown in Table 2 (ethanol 

content effect). For example, despite that the 15:85 non-ethanolic and the 3:20:77 

ethanolic mixture have similar viscosity values (Fig. 3a), thinner walls and shorter tubes 

are obtained in the non-ethanolic medium. These results would indicate that the increase 

in the chemical dissolution rate is greater when viscosity is changed by increasing water 

content in comparison to the addition of ethanol due to a better solvation of chemical 

species. Consequently, more fragile and susceptible to fracture are the NT-TiO2 films 

obtained. Contrarily, the use of ethanol-containing media produces thicker tube walls 

leading to more stable films against lateral deflection effects and minimizing the 
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capillary forces due to decrease the surface tension of the medium (see Figure 3b). 

These promising characteristics confer important advantages to this synthesis strategy 

since additional post-treatments steps are not required (see schematic representation in 

Figure 7).  

<<Figure 7>> 

In summary, we have shown that high quality NT-TiO2 films can be easily 

achieved by diminishing the viscosity of ethylene glycol-based medium by increasing 

water content as well as using ethanol as additive. We demonstrate that water content 

affects directly the oxide film dissolution rate generating a more homogeneous 

concentration gradient of fluoride along the tubes. This effect clearly produces both 

nanograss-free surfaces and “U”-inner cavity shape morphology along the tubes (Figs. 2 

and 7), similarly to nanotubular TiO2 films obtained using HF aqueous media [66]. 

However, too high water content leads to fragile and fracturable films due to the thin 

walls of the tubes. In this regard, the addition of ethanol to the anodization medium 

maintaining a low water content in highly fluoride-containing electrolytes allows 

obtaining nanograss-free NT-TiO2 films with greater structural stability against 

capillary forces (Fig. 7).  

 

4. Conclusions 

The effect of the viscosity in ethylene glycol/water mixtures on nanograss 

formation during titanium anodization in fluoride-containing media has been studied. 

The evidences obtained indicate that the nanograss formation can be controlled by 

regulating the viscosity of the electrolyte. The decrease in the viscosity by adding a 
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solvent with low intrinsic viscosity and similar chemical structure to the base ethylene 

glycol solvent such as ethanol, promotes both the homogeneous chemical dissolution 

along the tubes length as well as the inhibition of fractures and tubes agglomeration on 

the film surface.  

The one-step strategy proposed allows obtaining nanograss-free nanotubular 

TiO2 films, avoiding the use of time consuming post-treatments such as supercritical 

CO2 drying. This, in turn, produces structural high-quality materials for further 

applications. 
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Captions for figures and tables 

Figure 1. Top-view FESEM images for NT-TiO2 films grown at 5°C applying a voltage 

step of 40 V during 6 h in 0.8 % w/v NH4F + x % v/v water + (100-x) % v/v ethylene 

glycol electrolyte. x: 3 (a and b); 9 (c and d) and 15 (e and f). 

Figure 2. TEM images for NT-TiO2 films grown at 5°C applying a voltage step of 40 V 

during 6 h in 0.8 % w/v NH4F + x % v/v water + (100-x) % v/v ethylene glycol 

electrolyte. x: 3 (a and b); 9 (c and d) and 15 (e and f). Inset in Fig. 2f shows the 

presence of critical points along the tube extension. 

Figure 3. Viscosity at 5°C (a) and surface tension at room temperature (b) for the 

water/ethylene glycol and water/ethanol/ethylene glycol mixtures employed. 

Figure 4. Top view FESEM images for NT-TiO2 films grown at 5°C applying a voltage 

step of 40 V during 6 h in 0.8 % w/v NH4F + x % v/v water + (100-x) % v/v ethylene 

glycol electrolyte after supercritical CO2 drying post-treatment. x: 3 (a and b); 9 (c and 

d) and 15 (e and f). 

Figure 5. Top view FESEM images for NT-TiO2 films grown at 5°C applying a voltage 

step of 40 V during 6 h in 0.8 % w/v NH4F + 3 % v/v water + x % v/v ethanol + (97-x) 

% v/v ethylene glycol electrolyte. x: 6 (a and b); 12 (c and d) and 20 (e and f). 

Figure 6. TEM images for NT-TiO2 films grown at 5°C applying a voltage step of 40 V 

during 6 h in 0.8 % w/v NH4F + 3 % v/v water + x % v/v ethanol + (97-x) % v/v 

ethylene glycol electrolyte. x: 6 (a and b); 12 (c and d) and 20 (e and f). 

Figure 7. Schematic representation of the effect of anodization medium viscosity on the 

pore wall thickness.  
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Table 1. Geometric parameters for NT-TiO2 films obtained using different water 

content in the anodizing medium. 

Table 2. Geometric parameters for NT-TiO2 films obtained using different ethanol 

content in the anodizing medium maintaining a 3 % v/v of water. 

 



Table 1 

Water/Ethylene 

glycol mixture 

Inner diameter 

at film surface 

(di,0) /nm (a) 

Inner diameter 

along the tubes 

lenght (di,L) /nm 

(b) 

Tube wall 

thickness (T) 

/nm (b) 

Tubes length 

(L) /µm (c) 

3:97 77 ± 4 69 ± 24 38 ± 15 6.7 ± 0.8 

9:91 82 ± 11 79 ± 13 26 ± 6 5.5 ± 0.6 

15:85 110 ± 10 114 ± 13 12 ± 4 4.4 ± 0.7 

 

(a) From top-view FESEM images 

(b) From TEM images 

(c) From Confocal microscopy analysis 

 

 



Table 2 

Water/Ethanol/

Ethylene 

glycol mixture 

Inner diameter 

at film surface 

(di,0) /nm (a) 

Inner diameter 

along the tubes 

lenght (di,L) /nm 

(b) 

Tube wall 

thickness (T) 

/nm (b) 

Tubes length 

(L) /µm (c) 

3:6:91 75 ± 12 68 ± 17 34 ± 13 8.7 ± 0.8 

3:12:85 75 ± 7 78 ± 14 30 ± 5 6.3 ± 0.5 

3:20:77 81 ± 6 84 ± 13 23 ± 4 5.0 ± 0.8 

 

(a) From top-view FESEM images 

(b) From TEM images 

(c) From Confocal microscopy analysis 
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