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Abstract 

The present work reports on the effect of thermal annealing on electrical, optical and 

structural properties of low aspect ratio self-organized TiO2 nanotube layers formed by 

anodization of Ti. The average inner diameter and length of the nanotubes was 100 nm and 1 

µm, respectively. From the whole range of temperatures (300-600 °C), annealing at 400 oC 

leads to the formation of crystalline TiO2 nanotube layers with anatase structure offering best 

electrical and photo-electrochemical properties. Conducting atomic force microscopy studies 

have been explored for the first time to identify the annealing temperature of nanotube TiO2 

layers with best electrical properties.  
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1. Introduction 

Scientific utilization of nanotubular titanium dioxide (TiO2) layers prepared by 

anodization of Ti has increased immensely since pioneering works [1-3]. Other transition 

metal oxides are also known to form nanotubular arrangements, however, TiO2 has attracted 

most widespread attention [4, 5]. The attractiveness of TiO2 nanotubes stems not only from 

their unique one dimensional (1D) architecture but also from the wide range of their specific 

physical and chemical properties [4, 5]. These features of make TiO2 nanotubes useful in 

many applications ranging from biomedical [6], gas sensing [7] to photon assisted water 

splitting [8], photocatalysis [9] and in different types of solar cell devices including 

organic/polymer [10], dye-sensitized [11] and perovskite based solar cells [12]. TiO2 is an n-

type semiconductor with a bandgap energy, Eg ~ 3.2 eV for anatase and Eg ~ 3.0 eV for the 

rutile phase, and it represents the most widely used material for photo-electrochemical 

applications owing to its low cost, non-toxicity and stability against photo-corrosion [13-16]. 

TiO2 nanotube structures with various morphologies can be grown on Ti substrates by anodic 

oxidation in fluoride-containing electrolytes with optimized anodization conditions to obtain 

tubes with particular diameters and thicknesses [4, 5]. The self-organized arrays of TiO2 

nanotubes attached perpendicular to the Ti substrate represent a very favorable architecture 

especially for photo-electrochemical studies. Other than providing high surface area and 

enhanced light absorption in their 1D ordered structure, the straight nanotubular wall also 

offer the most direct path for photo-generated electrons towards the underlying Ti metal back 

contact [17]. Moreover, proper annealing treatment of the TiO2 nanotubes is of utmost 

importance for controlling the crystalline state of the nanotubes, as the efficiency of different 

chemical and physical reactions can be significantly improved by carefully developing the 

anatase or rutile phase [18, 19].  
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There are several reports that show an influence of the annealing atmosphere and 

temperature on the crystallinity of the nanotubes and their subsequent photo-electrochemical 

performance [18-23]. However, according to our best knowledge no studies have yet reported 

the comparison of different annealing temperatures with the photo-electrochemical, electrical 

and structural properties of low aspect-ratio TiO2 nanotube layers with thickness around 1 

µm. Beside the efforts that were carried out within past 10 years to develop a high aspect 

ratio nanotube layers, the lower aspect ratio nanotube layers presented in this work have 

recently found uses as anodes in perovskite solar cells [12, 24, 25]. Thus, it is of very high 

importance to explore properties of these nanotubes. The anatase structure of TiO2 is the most 

favorable phase for both photo-electrochemical and catalytic studies because this phase 

demonstrates maximum electron mobility [26-28]. Previous investigations revealed that 

anatase TiO2 nanotube layers can be obtained by annealing the nanotube layers between 400-

500 oC [17-23].  

Therefore, in this paper we present a series of relevant investigations of 1 µm thick 

TiO2 nanotube layers annealed at different temperatures in air. We aim to obtain more 

insights into the influence of annealing temperature on some key parameters of TiO2 

nanotubes, such as morphology, structure, energy bandgap, electrical resistance and photo-

electrochemical properties. In particular, we describe in detail morphological changes due to 

an additional thermally grown TiO2 layer in between the nanotube layer and Ti substrate. 

Further, we also show for the first time electrical resistance measurement of the nanotube 

layers by conductive atomic force microscopy (c-AFM) technique.  

2. Experimental details 

Prior to anodization, the Ti foils (Sigma-Aldrich 0.127 mm thick, 99.7% purity) were 

degreased by sonication in isopropanol and acetone followed by rinsing with isopropanol and 
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drying in air. The clean Ti foils (working electrodes) were pressed against an O-ring of the 

electrochemical cell, leaving a circular area of 1 cm2 open to the electrolyte. The 

electrochemical setup consisted of a two electrode configuration and used a platinum foil as 

the counter electrode. Electrochemical experiments were carried out at room temperature 

engaging a high-voltage potentiostat (PGU-200V, IPS Elektroniklabor GmbH). A 

glycerol/deionized water mixture (50:50 vol.%) containing 270 mM NH4F were used as 

electrolyte [29]. Ti foils were anodized at 20 V for 100 min after sweeping the potential from 

0 V to 20 V with a sweeping rate of 1 V/s. After anodization the foils were rinsed and 

sonicated in isopropanol and dried.  

The TiO2 nanotube layers obtained after anodization were annealed in a muffle oven. 

Layers were placed inside the oven at room temperature followed by heating the oven at 

15oC/min rate. Once the target annealing temperature was reached, the annealing was 

performed for 3 hours. After the annealing time was over the heating power turned off and 

the layers cooled down inside the oven to room temperature. The annealing temperatures 

were 300 oC, 400 oC, 500 oC and 600 oC.  

For the structural and morphological characterization of the nanotube layers, top-view 

and cross-sectional observations were carried out by a field-emission electron microscope 

(FE-SEM JEOL JSM 7500F). Diffraction analyses were also carried out using X-ray 

diffractometer (D8 Advance, Bruker AXE) using CuKα radiation with secondary graphite 

monochromator and Na(Tl)I scintilation detector. 

The electrical resistance of TiO2 nanotube layer was analysed by two techniques: i) 

two-point probe (Au-coated W tips on the nanotube layer and the back contact to Ti foil, both 

interfaced to the digital multimeter Keithley 2602) and ii) conductive atomic force 

microscope (c-AFM, Solver Pro M, NT-MDT), where the conductive AFM tip was placed on 
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the top of the nanotube wall [30]. Photo-electrochemical investigations were carried out in 

0.1 M Na2SO4 using a photo-electrochemical setup (Instytut Fotonowy) based on 

monochromatized Xe lamp, Autolab potentiostat (PGSTAT 204, Metrohm Autolab) and a 

three-electrode cell equipped with a flat quartz window. The electrodes were contacted and 

then pressed against an O-ring of a photo-electrochemical cell leading to an irradiated area of 

0.28 cm2. A platinum wire served as a counter electrode and Ag/AgCl (3M KCl) as a 

reference electrode. To evaluate the photoresponse, photocurrent transients were recorded at 

a constant potential of 0.4 V (vs. Ag/AgCl) using a tunable light source provided with 150 W 

xenon lamp and a universal grating monochromator. Monochromatic light employed for 

excitation was chopped with light and dark phases of 10 s each and a step of 5 nm.  

3. Results and Discussion 

Figure 1 shows FE-SEM images of amorphous TiO2 nanotube layer prepared by 

anodization of Ti foil in water: glycerol (50:50 vol.%) electrolyte containing 270 mM NH4F. 

As shown in Fig. 1a, the nanotube layer consists of moderately ordered and densely packed 

nanotubes. The cross-sectional image (Fig. 1b) was obtained from a mechanically bent Ti foil 

where a lift of the nanotube layer occurred. Analysis of the images (top view and cross-

sectional view) revealed that the average diameter and the length of the nanotubes were ~100 

nm and ~1 µm, respectively. Thus, the resulting aspect-ratio of these layers was ≈ 10. Unlike 

the hydrothermal process, TiO2 nanotubes prepared by the anodization process are 

amorphous in nature [17-23]. However, as anatase is at large the most preferred crystal 

structure for numerous electron-conducting applications, such as dye-sensitized solar cells or 

photocatalytic electrodes, a proper annealing technique needs to be employed to obtain only 

anatase structure.  
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Figure 2 shows the top view SEM images of tubes annealed at 300 oC, 400 oC, 500 oC 

and 600 oC. From these images, it is clear that no drastic morphological changes appear in the 

nanotubular structure after thermal treatment. Nevertheless, with increase in the annealing 

temperature, it was observed that rims of the tubes become thicker and more rounded, as 

shown in inset images of Fig. 2. In addition, Fig. 3 shows cross-sectional images of nanotube 

layers shown in Fig. 2. An important effect of annealing is shown in Fig. 3. When the regions 

at bottom of the tube layers were analyzed closely with FESEM (shown in Fig. 3a-d) the 

presence of an additional oxide layer underneath the tubes was observed in all cases. This 

reveals that the annealing treatment results in the growth of some direct thermal oxide 

underneath the nanotube layers. Due to heat transfer reasons, crystallization of anodized TiO2 

nanotube layers in conventional furnaces starts from the underlying Ti substrate. It can be 

seen that the tubes annealed at 300 oC and 400 oC illustrates a growth of ~30 nm and ~80 nm 

thick thermal oxide at the bottom of the tubes. However, a substantial thermal oxide layer 

growth was observed for layers annealed at 500 oC and 600 oC. The average thickness of 

these layers were about 150 nm and 350 nm for layers annealed at 500 oC and 600 oC, 

respectively. To the best of our knowledge, this increase of thickness of the thermal oxide at 

wider range of temperature has not been demonstrated earlier, though this oxide formation 

underneath the nanotube layer was already revealed upon annealing at particular temperatures 

only [21, 31]. It should also be noted that Jaroenworaluck et al. showed that TiO2 nanotube 

layers with thickness around ~1.5 µm collapse after annealing at 500 and 600 oC [32]. 

However, in our study we annealed ~1 µm thick nanotube layers to temperatures as high as 

600 oC and successfully kept the nanotube structure intact as can be seen in Figs. 2 and 3. The 

thicknesses of tube walls of nanotube layers in the present paper and in Ref. [32] were 

statistically compared, revealing an average wall thickness of 25 and 10 nm, respectively. 
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Thus, the higher temperature stability of the nanotube layers in this paper can be assigned to 

an increased robustness of the nanotubes. 

As mentioned earlier (and as widely supported by existing literature [17-23]), TiO2 

nanotubes obtained by anodization process are amorphous in nature, so XRD was performed 

only on annealed nanotubes. Albu et al. suggested that the TiO2 layer formed after annealing 

at 350 and 450 oC at the bottom of the nanotubes consists mainly of rutile phase, whereas the 

tube walls consists of anatase [28]. Figure 4 shows XRD patterns for nanotube layers 

annealed at 300 oC, 400 oC, 500 oC and 600 oC for 3 hours. According to the crystallographic 

database, the (101) peak for the anatase TiO2 structure is expected at 2θ = 25.4o (JCPDS card, 

No. 21-1271). Closer analysis shows that the intensity of the anatase (101) peak increases 

from 300 oC to 400 oC. However, for layers annealed at 600 oC the anatase (101) peak 

intensity decreases and the rutile (110) and (101) peaks at 2θ = 27.5o, 36.1o (JCPDS card, No. 

21-1276), respectively, starts to appear. At this temperature, it is very likely that the tubes 

undergo some anatase to rutile phase transformation. The crystallite size of anatase (101) 

crystals, evaluated from XRD patterns using Scherrer’s formula [33] for layers annealed at 

different temperatures are illustrated in Table 1. It also shows that rutile (110) grains appear 

only for the layers annealed at 600 oC.  

The value of photocurrent density was taken as a difference between current density 

under irradiation and in the dark. The incident photon-to-current efficiency (IPCE) for each 

wavelength was calculated according to the equation:  

 IPCE(%) 100
ν

= ×phi h
Pq

 (1) 

where, iph is the photocurrent density, h is Planck’s constant, ν is light frequency, P is the 

light power density, and q is the charge of an electron.  
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Figures 5a-d shows IPCE plots for TiO2 nanotubes annealed at different temperatures 

for 3h. It is apparent that in the UV light region, layers annealed at 400 oC provide highest 

IPCE values. This difference can be described in terms of impact from anatase and rutile 

phases of TiO2. The bandgap of the anatase phase is ~3.2 eV, but it has a higher electron 

conductivity than the rutile phase [34-35]. In contrast, rutile has a bandgap of ~3.0 eV. 

Therefore, it can be hypothesized that at short wavelength, shorter than 340 nm, the anatase 

phase with higher electron mobility (lower recombination) results in overall higher IPCE 

values. This is particularly apparent from comparison of IPCE values of nanotube layers 

annealed between 400 °C and 600 °C, where nanotube layers that were annealed at 600 °C 

showed a strong decrease of IPCE values. The lower IPCE values obtained from nanotube 

layers annealed at 600 °C were due to increased rutile content in the TiO2 nanotube layer (as 

can be seen from XRD results, Fig. 4), as well as due to the growth of a thick thermal oxide 

layer underneath the tubes (as evidenced in Fig. 3d).  

The insets in Figure 5 show (IPCE.hν)1/2 versus hν plots which were utilized to 

explore the influence of annealing on the indirect band gap energy, Eg, of TiO2 nanotubes 

[17, 34, 35]. The linear part of this curve indicates a transition above an optical band-edge 

and the x-intercept corresponds to the bandgap energy of the TiO2 nanotube layers. The band 

gap energies are compiled in Table 1. All the results for bandgap shifts with increase in 

annealing temperature can be explained by rutile formation, i.e. as the annealing temperature 

increases, rutile content increases and the bandgap value decreases. The grain size change as 

illustrated in Table 1 shows that with an increase in the annealing temperature, the anatase 

grain size also increases. However, the rutile grains only appeared in layers annealed at 600 

oC with a grain size of 61.5 nm as determined by the Scherrer’s equation [33]. Although the 

anatase grain size increases after annealing at 600 oC, the presence of a thick thermal oxide 
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layer underneath the tubes acts as a barrier to the flow of electron towards the Ti back 

contact, thus drastically reducing the photocurrents and hence lower IPCE values.  

To obtain a deeper knowledge about the nanotube layers, their electrical resistance 

after annealing at different temperatures was determined by c-AFM studies and conventional 

two-point probe measurement. Figure 6a shows that the tube layers annealed at 400 oC have 

the lowest resistance among the others involved in this study, regardless of the type of 

measurement. The resistance of the tubes annealed at 300 oC shows a resistance of the order 

of 109 ohms and 5×105 ohms, when measured by c-AFM and two-point probe technique, 

respectively. The layers annealed at 500 °C or 600 °C showed a significant increase in the 

resistance values and were recorded on the order of 108 – 109 ohms. This increased resistance 

might be due to the growth of thermal oxide layer underneath the tubes (shown in Fig. 3) or 

the presence of rutile phase (with lower electron mobility) within the nanotubes or 

combination of both the factors. 

The differences in resistance values obtained by both techniques became smaller at 

higher temperatures. This difference can be explained as follows. For the c-AFM 

measurements, two or maximum three surrounding nanotubes were measured, depending on 

the exact position of very sharp tip (few nm diameters at the end of the tip, leaving few nm2 

of the contact area [30]), whereas by the two-point probe measurements, several hundreds of 

nanotubes are were contact with the tip (represented by an area of approx. 20 µm2, as verified 

by SEM). The difference in contact area of both tips with the nanotube layers is schematically 

depicted in Figure 6b and 6c for two different temperatures – 300 °C and 600 °C, 

respectively. 

In addition, morphological circumstances came into play here. For the nanotube layers 

annealed at 300°C, as shown in Figure 6d, and partially also at 400 °C and 500 °C, numerous 

nanotubes have on the very uppermost parts clearly visible rings (resulting from TiO2 
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oxidation and dissolution events occurring during the nanotube growth) that are in a loose 

contact with the rest of the nanotube bodies. On the other hand, nanotubes at 600 °C, as 

shown in Figure 6e, do not contain any loose ring, as they melt at this very high temperature 

(in contrast to more robust nanotube bodies). In practice, the electrical contact between the c-

AFM tip and the tube uppermost part is established as soon as the AFM tip touches any solid 

material as the first contact/touch - in our case with a tube part. When such loose ring, as 

shown in Figure 6d, is being contacted by c-AMF, rather very high resistivity is recorded via 

this very small spot, compared to the case, when the regular nanotube opening (loose-ring-

free, shown in Figure 6e) gets in contact with the c-AFM tip. In contrast, the electrical contact 

between the Au-coated W tip of two-point probe measurement and nanotube uppermost parts 

spans over many more tubes. Thus, this contact is always very solid, independently on the 

annealing temperature. However, within c-AMF measurements, it was experimentally not 

plausible to distinguish between the good and loose points of the nanotubes. Thus the overall 

resistances were higher compared to the two-point probe measurements, provided that the 

higher the temperatures, the differences become smaller and smaller. All in all, it has to be 

pointed out that the trends observed in both of these measurement exactly matched with the 

trends of resistance values previously published for different aspect ratio nanotubes and 

annealing treatments carried out in different atmospheres [22, 23]. 

4. Conclusions 

In the present work, we have explored several different features of self-organized 

TiO2 nanotubes layers with thickness of approx. 1 µm, produced in mixed water-glycerol 

electrolyte with 270 mM NH4F content. We showed that annealing TiO2 nanotubes under 

oxidizing conditions results in the formation of anatase crystal structure in the temperature 

range of ~300 - 500 oC, while at temperatures around 600 oC, a mixture of anatase and rutile 
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phase was revealed. Crystallization and growth of thermal oxide layer starts from the metallic 

substrate that acts as a main heat sink. With increase in the annealing temperature, mainly 

due to the growth of thick rutile layer, the mobility of electrons decreased resulting in lower 

IPCE values. Layers annealed at 500 oC showed significant increase in the grain size; 

however, at this temperature, there was a considerable growth of a thick thermal oxide 

underneath the tubes which contributes to the decrease in the IPCE values. From all 

investigated temperatures, the nanotube layers annealed at 400 °C showed the best photo-

electrochemical results and the lowest resistivity. All in all, we believe that the present results 

provide an important source of information for further utilization of nanotube layers, 

especially in photo-electrochemical and electrical applications. 
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Figure captions 

Figure 1 SEM images of as-anodized TiO2 nanotubular layers showing (a) top-view (b) 

cross-sectional view.  

Figure 2 SEM top-view images of TiO2 nanotubular layers annealed at (a) 300 oC, (b) 400 

oC, (c) 500 oC and (d) 600 oC for 3 h. The scale bars represent the distance of 100 

nm. 

Figure 3 Cross-sectional SEM images of annealed TiO2 nanotubular layers. The scale bars 

represent the distance of 100 nm. 

Figure 4 XRD patterns of TiO2 nanotube layers annealed at different temperatures. 

Figure 5 IPCE spectra measured at 0.4V (vs Ag/AgCl) using 0.1 (M) Na2SO4 solutions for 

TiO2 nanotubular layers annealed at (a) 300 oC, (b) 400 oC, (c) 500 oC and (d) 600 

oC. The insets show (IPCE.hν)1/2 vs. hν to identify the change in the bandgaps of 

layers after being annealed at different temperatures. 

Figure 6 (a) Resistance of the annealed TiO2 nanotubular layers measured using conducting 

AFM and two-point probe technique, (b-c) schemes of contact areas between the 

nanotube layers annealed at 300 °C and 600 °C and tips used for conductivity 

measurements; (d-e) SEM images of corresponding TiO2 nanotube layers showing 

different roughness of the uppermost nanotube parts. 
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Figure 5 
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Figure 6 
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Table 1 Comparison of bandgap, anatase and rutile grain size for 1 μm thick 

TiO2 nanotube layer annealed at different temperatures 

 

 

 

 

 

 

 

 

 

 

 

 

Annealing 

Temperature 

Bandgap 

(eV) 

anatase 

crystallite size 

(nm) 

rutile 

crystallite size 

(nm) 

300 oC 3.19 35.3 - 

400 oC 3.16 34.7 - 

500 oC 3.14 48.5 - 

600 oC 3.02 50 61.5 


