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Abstract 

Two types of TiO2 nano-tubular arrays were obtained by anodization of a titanium foil, in 

two different solutions containing fluoride ions. For the first type which has rough tube walls, 

impedance measurements in the dark showed the presence of a localised surface state which was 

related to adsorbed molecular water. Under UV illumination this adsorbed molecular water was 

photo-dissociated. Moreover an increase of two orders of magnitude for the limiting capacitance 

of the space charge layer was observed, simultaneously with the disappearance of the localised 

state and with a 100 times increase of the carrier density associated with hydrogen insertion. The 

second type of layer was characterized by smoother tube walls, a high doping level (1020 cm-3) in 

the dark, a lack of localised states, and no long-lasting photo induced effect. In this case, the 

width of the space charge layer became rapidly higher than the half thickness of the tube walls, 

when the applied potential increased. Therefore, the walls were progressively depleted under 

anodic polarization, passing from a situation where the tubes were totally active in the cathodic 

range towards a situation where the contribution of the tube walls could be neglected. 

                                                 
* To whom correspondence should be addressed: phone 331 44 27 41 68; fax: 331 44 27 40 74.  
E-mail: eliane-sutter@upmc.fr 
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 Introduction 

 

Since Gong and co-workers successfully fabricated the first generation of TiO2 nanotubular 

arrays by anodizing a titanium foil in a fluoride based electrolyte [1], this highly ordered and 

vertically oriented morphology keeps attracting the attention due to its particular properties [2-4]: 

a large internal surface, direct transport pathways and the possibility to form surface states that 

influence the interfacial electron-transfer process. The outstanding charge transport of TiO2 

nanotubes enables various advanced applications, such as in sensors [5-7], dye sensitized solar 

cells [8-10], photocatalysis [11-13] and water photo-electrolysis [14-16]. 

TiO2 nanotubes can be produced by several methods: using templates [17, 18], via 

hydrothermal techniques [19, 20] or by anodization of titanium in a florid containing electrolyte 

[21-24]. This latter process allows a better control over the nanotube characteristics (length, tubes 

diameters, walls thickness etc..). For example, the tube length and the pore size depend on the 

anodization time and the applied potential. The aspect ratio, which is defined as the nanotube 

length-to-outer diameter ratio, can be controlled from 10 to 20000 according to the chosen 

conditions. The type of electrolyte determines the architecture: from interconnected tubes to 

packed tubes [25-27] and also has an impact on the nanotube roughness. This latter influences 

both the behaviour of the surface in relation to adsorption and the distribution of active sites such 

as oxygen vacancies or five coordinated 5c-Ti [28]. Besides, the high roughness increases the 

disorder degree at the surface. As a result, adsorption of some species, such as molecular water, is 

favoured [29]. 

In opposition to the compact layer, the nanotubular layer is not a flat capacitor. The voltage 

drop takes place inside the nanotube walls and the space charge region spreads circularly over a 

few nanometers [30]. As the support of band bending, the wall thickness is a key parameter for 

electron transport. If the half wall thickness is significantly greater than the width of the space 

charge layer, there remains a neutral region for the charge transport in the middle of the wall. 

However, if the half wall thickness is shorter than the width of the space charge layer, the 

depletion zone goes through the wall and the nanotube remains inactivate in the dark. 
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In this work, two different architectures of TiO2 nanotubes are characterized by 

electrochemical impedance spectroscopy. A geometric model proposed in [2] is used to study the 

behaviour of the space charge layer and of the surface states in the dark. The photo induced effect 

will also be discussed. 

 

Experimental 

 

Synthesis of TiO2 nanotubular films 

 

 Two kinds of TiO2 nanotube array films were made in the same conditions by anodic 

oxidation of a titanium rod (2 mm thickness, 15 mm diameter, 99.6% purity), but in two different 

electrolytes: the first one noted TiO2-NT(TB) in a 0.27 mol L-1 tetrabutylammonium fluoride 

solution in formamide containing 3% deionized water [25] and the second one noted TiO2-

NT(EG) in a 3 wt% NH4F solution in ethylene glycol containing 2 vol% deionized water [26]. 

The oxidation potential was kept constant at 20 V during 45 minutes. 

As-anodized samples were first thoroughly rinsed with ethanol, then with water, followed 

by ultrasonication cleaning in ethanol. Finally the samples were dried under nitrogen then 

annealed in air at 525 °C during 2 hours with a ramp-up and ramp-down rate of 1 °C / min. 

Raman spectroscopy analyses showed that after annealing, anatase is the main constituent of the 

two layers. 

 

Electrochemical impedance measurements 

 

Electrochemical measurements were performed at room temperature in a standard three-

electrode cell. All potentials were measured against and referred to a saturated calomel reference 

electrode (SCE), with a platinum plate counter electrode. An electrochemical interface (Solartron 

SI 1287) and a frequency response analyser (Solartron 1250) were used for impedance 

measurements which were performed in potentiostatic conditions (between 0.1 V/SCE and -0.8 

V/SCE in 100 mV steps), over frequencies ranging from 0.1 Hz to 65 kHz, using a 10 mV 

sinusoidal potential modulation. Side and back surfaces of the working electrode were covered 

with an insulating resin (Araldite). For electrical contact, a conductive copper wire was attached 
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on the backside of the titanium substrate using conductive silver adhesive, after removing the 

passive layer. Samples were finally cleaned as mentioned previously. The geometric flat surface 

of the samples exposed to the electrolyte was 0.64 cm2 (Sfl). 

All measurements were carried out in 1 mol L-1 deaerated Na2SO4 solution (deionised 

water (Millipore) and Na2SO4.3H2O (PROLABO)). Before each experiment, oxygen was 

removed from the solution through N2 bubbling during 1 hour (purity 99.995 %). 

Impedance data were fitted with ZSimpWim™ software (Princeton Applied Research). A 

125 W mercury vapour lamp (HPR 125 W (Philips)) was used as the UV light source 

(wavelength range 300-400 nm). 

 

Protocol for impedance measurements in potentiostatic conditions.  

 

EIS measurements were first performed in the dark starting from -0.8 V. The applied 

potential value was increased in 0.1 V steps, held at the new value during 2 minutes, before 

performing other impedance measurements. The sample was exposed to UV light during three 

hours, then the light was switched off and the electrode was stored during one hour in the 

darkness. Impedance measurements were then performed in the dark again at various applied 

potentials as stated previously. 

 

Results  

 

SEM pictures of the two types of layers 

 

In Fig. 1a, the nanotubular layer obtained in 0.27 mol L-1 tetrabutylammonium fluoride in 

formamide is made of open tubes with an average values of about 50 nm for the inner diameter 

and 100 nm for the outer diameter. The tube diameter slightly increases from top to bottom of the 

layer. The tubes are spaced from each other, but the individual tubes are connected via rings on 

the sidewalls of the tubes. The thickness of the layer is about 1 µm. The nanotubes obtained in 

the NH4F solution in ethylene glycol show much smoother tube walls. They are well-oriented 

over the substrate, and are about 1.2 µm long, with 40 nm for the inner diameter and 60 nm for 

the outer diameter (Fig. 1b). 
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Geometric model  

 

The geometric parameters of these two types of nanotubes could be obtained by the ideal 

geometric model published in previous papers [2, 31]: a regular array of tubes included in a 

hexagonal mesh was taken as geometric model assuming an ideal regular network of identical 

and equally spaced nanotubes (Fig. 2a). Each tube is considered to be a hollow cylinder of 

internal radius R1 and axial symmetry. R2 represents the distance between the tube centre and the 

centre of the tube wall (Fig. 2b). The thickness of the wall is defined by: 

 

w = 2 (R2-R1)                                              (1) 

 

The length of the nanotubes (h) and the distance (y) between two tubes are considered to be 

constant. The surface solid fraction φ, was defined as the ratio of the surface area forming the 

tubes with respect to the total surface area (including circular openings and inter-tube voids). 

Moreover a geometric roughness factor was defined as the ratio of inner, outer, flat top, bottom 

surface of tube array relative to the corresponding projected area. Thus the φ and H factors can be 

calculated according to: 
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The density of nanotubes per unit area is obtained from the geometric model as: 
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The values of the geometric parameters for the two types of nanotubes are reported in Table 1. 

The total developed surface St is then given by:     

St = H x Sgeo    (5) 

The nanotubular array of TiO2-NT(EG) is denser and the developed surface (52 cm2), is about 

twice that of the TiO2-NT(TB) array (27 cm2) . 

 

The capacity of space charge layer Csc in the nanotubular morphology. 
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In a semiconducting tubular structure, a space charge region with width L extends circular in the 

side walls of the tubes as shown in Fig. 2b. The band bending extends in a half-tube wall and x 

represents the half-width of the neutral zone. The total depletion regime is obtained for x = 0.  

In ref [2] the resolution of Poisson’s equation expressed in cylindrical coordinates leads to a 

relation between the space charge layer capacitance per surface unit of tube wall, and the 

geometric parameters R1 and R2 of the tubes according to equation 6: 

Csc(tube) = 

1

2
2

0

ln2
R

xR
R




         (6) 

where 0 is the permittivity of free space (F.cm-1),  the relative dielectric constant. 

A limiting (minimum) value can be estimated for Csc(tube) taking x = 0, which corresponds to the 

total depletion regime across the wall of the tubes. An approximate calculus with the respective 

geometric parameters and taking ε=100 would lead to limiting values of 3.8 µF cm−2 and 8.0 µF 

cm−2 respectively for TiO2-NT(TB) and TiO2-NT(EG). 

 

Calculation of the width of space charge layer L.  

The width of space charge layer in the tube wall is given by [32] 
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        (7) 

where k is the Bolzmann’s constant, ND the carrier density, Efb the flat band potential, Eappl the 

applied potential in the gap region and kT/e = 0.025 V at 298 K is a negligible value. 

Taking ε=100, L can be estimated as a function of ND, for a given voltage drop. The results for 

barrier heights of 0.1 and 1 V, and for ND varying from 1018 to 1021 cm-3 are given in Table 2 and 

have to be compared to the nanotube wall half-thickness from Table 1 (half-thickness of 10 nm 

and 5 nm are estimated for TiO2-NT(TB) and TiO2-NT(EG) respectively). It is clear that a high 

potential drop can only be supported by highly doped tube walls. 

 

Electrochemical impedance measurements  

 

TiO2-NT(TB): impedance diagram in the dark before and after UV illumination. 
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 A series of impedance measurements was carried out in the dark before and after UV 

illumination. Before UV illumination, the open circuit potential is about -0.22 V/SCE. The 

impedance diagrams in Bode representation are shown in Fig. 3a for applied potentials between 

-0.8 V and 0.1 V. The decrease of the modulus with decreasing potentials reflects a decrease in 

the resistance of electron transfer and thus an increase of the electron flow through the space 

charge region, when the potential gets close to the conduction band. Two time constants are 

observed for potentials above -0.3 V, with an increasing contribution of the response at high 

frequency when the potential increases. In contrast, in the more cathodic potential range, the high 

frequency contribution is becoming weaker, while the low frequency contribution becomes 

dominant. 

During illumination, the open circuit potential is shifted towards more negative values, -0.73 

V/SCE. Since the absorption coefficient of TiO2 in the near-UV is about 104 cm-1 (18000 cm-1 

and 3000 cm-1 respectively for wavelengths of 365 nm and 404 nm [33]), and taking into account 

the possible transitions between the valence band and the surface states located below the 

conduction band, the whole thickness of these layers (1000 nm) is assumed to be photo-excited. 

After three hours of UV exposure, and back in the dark during one hour, a set of new impedance 

diagrams (Fig. 3b) are performed in the dark to evaluate the long-lasting photo-induced changes 

in the layers. The modulus and phase have now very close values in the potential range under 

study. Only one time constant at low frequencies is observed and the contribution at high 

frequency has disappeared. 

 

TiO2-NT(EG): impedance diagram in the dark before and after UV illumination.  

The open circuit potential which is about -0.11 V/SCE in the dark is shifted towards -0.67 V/SCE 

when UV light is switched on. Fig. 4 shows the impedance diagrams in Bode representation 

obtained before and after UV exposure. As in the case of TiO2-NT(TB), the decrease of the 

modulus |Z| when the potential decreases, reflects the decreased resistance to electron transport 

when the potential gets close to the flat band potential. A single time constant appears in the same 

frequency range below 100 Hz, not only in the situation before UV but also in the situation after 

UV exposure.  

 

Equivalent Circuit for two types of nanotubular arrays  
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In the dark 

According to [2] the behaviour of a nanotubular TiO2 thin layer can be well represented with two 

RC circuits. The first (RT –CPE) circuit in the low frequency domain, accounts for the behaviour 

of the space charge layer of the semiconducting oxide, whereas the second (Rss, Css, Wss) circuit, 

in the high frequency range, describes the relaxation of charge via surface states. These two 

contributions are connected in parallel and the result is in series with the electrolyte resistance Rs. 

The scheme of the corresponding equivalent circuit is reported in Fig. 5a and is used in the 

present work to describe the behaviour of the two layers in the dark. For the space charge layer a 

constant phase element is used instead of a pure capacitance. RSS and CSS are respectively 

associated with the resistance and capacitance of the surface states. In the case of TiO2-NT(TB) a 

Warburg element (WSS) is added to obtain a better fit. It has no clearly identified physical 

meaning, but may reflect a delay for trapping/de-trapping of these surface states. In the case of 

TiO2-NT(EG) a good fit could be obtained without adding the Warburg element and by 

considering  the RT infinite. This model can fit the real and imaginary parts of impedance with a 

standard deviation of about 1%, throughout the whole frequency range. 

 

After UV exposure 

In the case of TiO2-NT(EG) the same equivalent circuit is used before and after UV exposure. On 

the contrary, in the case of TiO2-NT(TB), since a single time constant is observed (Fig. 3b) and 

the response related to the surface states disappears after UV exposure, the behaviour of the layer 

can accurately be described using a single RT-CPE circuit (Fig. 5b). Table 3 gives some 

numerical results for the electrical components used in these equivalent circuits for two types of 

layer before and after illumination.  

 

Space charge layer analysis for the two types of nanotubular array before and after UV exposure. 

Since the behaviour of the space charge zone is close to an ideal capacity (CPE with an exponent 

between 0.90 and 0.98 in Table 3), the estimated capacity Csc could be calculated using Brugg’s 

equation [34] 

  C = (RQ0)
1/n /R  where R is defined by 1/R = 1/RS + 1/RT     (8) 

Qo is the constant representative of CPE (F cm-2s n-1) and n its exponent. 
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The variations of the space charge layer capacitance (Csc) as a function of the applied potential 

(between -0.8 V and 0.1 V), before and after UV exposure, are illustrated in Fig. 6a and 6b, 

respectively for TiO2-NT (TB) and TiO2-NT (EG).  

For TiO2-NT (TB), the limiting value for Csc, when the potential gets very anodic and the space 

charge layer is completely depleted from its negative charges, is about 2.2 µF (before UV), and 

248 µF (after UV). For TiO2-NT (EG), the limiting values are 5.2 µF and 43.6 µF before and after 

UV respectively. 

It is noticeable that for TiO2-NT (TB), a significant increase in the capacity Csc is observed 

throughout the potential range when the layer has previously been exposed to UV light. For TiO2-

NT(EG) an increase is still observed, yet much less significant. As a matter of fact, in the 

depletion region, the capacitance increase is by a factor of 112 for TiO2-NT (TB), while only by a 

factor of 8 for TiO2-NT(EG).  

 

Case of TiO2-NT(TB) 

Before UV exposure, the value of 2.2 µF obtained for the limiting capacitance has to be 

compared to the limiting value of 3.8 F/cm2 determined from the geometric model for x=0 

(equation 6). The ration between the two values lead to a rough estimate of 0.58 cm2 for the 

active surface, which is very close to the geometric surface of the sample (0.64 cm2). It seems 

therefore that mainly the bottom of the tubes supports the band bending under polarization and 

that the tube walls are completely depleted from negative charges in this potential range. 

After UV exposure, a huge increase of the limiting capacitance (248 µF) is observed, leading to a 

capacity per unit surface of 9.0 µF cm-2, if the whole developed surface of 27 cm2, determined 

from geometric model calculation, is taken into account. As previously, this limiting value of 9.0 

µF cm-2 has to be compared to the limiting value of 3.8 obtained from the geometric model in 

equation 6, and we must admit that x is now close to 5 nm. That means that the space charge layer 

is now limited to a thin thickness at the surface of the tube walls as a consequence of the increase 

in the charge carrier density during UV exposure. 

 

Case of TiO2-NT(EG) 

Before UV exposure, in the very anodic potential range, the capacitance reaches the limiting 

value of 5.2 µF, which has to be compared to the limiting value calculated from the geometric 
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model in (8.0 µF cm-2). The ratio of 0.65 between the two values indicates that only the flat 

surface (0.64 cm2) is active in this potential range. Nevertheless if we compare the capacitance 

variations between TiO2-NT(EG) and TiO2-NT(TB) in the more cathodic range (Fig. 6), it appears 

that the former sample shows higher capacitance values, and a higher rate of decrease with the 

applied potential.  

It seems that for TiO2-NT(EG), in the dark, the nanotube walls are already active in the cathodic 

potential range and that they get progressively depleted from negative charges when the potential 

increases. Moreover, as shown in Fig. 6b, UV exposure of the layer does not significantly modify 

the capacitance values in the potential range under study. This phenomenon will be discussed in 

the simulation part. 

 

Surface states analysis for the two types of nanotubular array before and after UV exposure. 

The surface states display an exponential dependence of the capacitance values on the applied 

potential before and after UV, and the plots in log scale are illustrated in Fig. 7. For the TiO2-

NT(TB) sample, an exponential distribution of surface states with a wide capacitance hump 

appears at about -0.15V which corresponds to additional states in the gap before UV, as discussed 

already in reference [2]. This quasi-monoenergetic state can be represented by a flat distribution 

with a narrow 0.22 eV width, and a density of 3×1014 cm-2 eV-1 (insert of Fig. 7). Such a 

combination (exponential distribution and monoenergetic state) is often associated with nano-

structured layers [35-37]. After UV exposure, the surface states are modified, leading to the 

disappearance of the contribution at high frequency in the Bode representation of Fig. 3a.  

For the TiO2 –NT (EG) sample, an exponential distribution is observed in the [-0.5 to 0.4 V] 

potential range for the surface state capacitance, before and after UV exposure, with a slight 

increase of the capacity value after UV exposure (Fig. 7). Comparing the capacity values for two 

types of nanotubular arrays before UV exposure, the main difference is the absence of a 

monoenergetic state in the TiO2-NT(EG) sample. The chemical nature of this monoenergetic state 

will be discussed below. 
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Simulation based on the geometric model 

 

The physical model previously described (Equations 1-6) correlates the space charge layer 

capacitance (Csc) to the geometric parameters of the nanotubes such as inner and outer diameters. 

Actually the two layers, TiO2-NT(TB) and TiO2–NT(EG), show very similar geometric 

parameters, but the capacitance variations with applied potentials are different. This shows that 

geometric parameters are not the only parameters that have to be taken into account and that the 

drop voltage at the interface TiO2 / electrolyte is likely to be differently shared between the space 

charge layer and the Helmholtz layer in the two cases. 

A simulation was performed which considers a capacitive voltage divider between the capacities 

(Csc + Css) at the semiconductor side on one hand and the Helmholtz capacitance CH at the 

electrolyte side on the other hand. To each variation dE of the applied potential, corresponds a 

variation of the potential drop dEsc in the walls of the nanotubes and a variation dx of the width of 

the space charge layer according to: 

ssscH

H
sc dd
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      (9) 
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These two relationships allow a simulation of the curve Csc (E) point by point by successive 

iterations, starting from the most cathodic potential -0.8 V, at which the whole surface of the tube 

walls (St) and the flat surface at the bottom of the tubes (Sfl) are assumed to be active. At -0.8 V 

the initial Csc value is the experimental value and x is calculated from equation 5. 

In equation (9), CH was taken constant and equal to 10 F cm-2, which is a usual value for 

Helmholz layer capacitance. The variation of Css as a function of potential is taken from the 

experimental relations of Fig. 7. 

From the geometric model, the surface of the tube walls is given by equation (11): 

geot2t 4 ShNRS            (11) 

where Nt is the tube density and Sgeo the geometric surface (0.64 cm2). 
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If we consider that the tube walls get progressively depleted from the negative charges, when the 

potential gets more anodic, the active surface itself vary as a function of the potential. At first 

approximate an exponential decrease of the active surface of the walls with applied potential Ei 

was taken into account according to: 
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Efb is the flat band potential fixed at a value between -0.72 and -0.80 V for the simulated curves, 

and E is an adjustable parameter. 

Sfl represents the openings and voids, at the bottom of the tubes and is given by equation (13): 

)
)24(3

)(8
1(

2
12

122
geofl

yRR

RRR
SS







       (13) 

 

The total space charge layer capacity Ci (tube walls + flat part) at a given applied potential Ei is 

given by: 

  flifltiscii )( SCSCEC          (14) 

The contribution of the flat part at the bottom of the tubes to the total capacitance was estimated 

using the classical Mott Schottky relation: 
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The results of the simulations performed using MathCadTM software and leading to the best fit 

with the experimental results are reported in Fig. 8 and the values of the fitting parameters in 

Tables 4 and 5. 

 

For TiO2-NT(TB), in the dark, the height of the active tube wall is negligible (10 nm) in 

comparison with the whole tube length (1000 nm) (Table 3). This result confirms the previous 

assumption, that in this kind of layer, only the flat surface at the bottom of the tubes supports 

band bending under polarization. The carrier density (about 1018 cm-3) is also in agreement with 

previous estimations [2]. After UV exposure, the simulations reflect the activation of the tube 

walls and a noticeable increase in the charge carrier density (> 1020 cm-3). Such a high doping 

level of the walls is in accordance with a space charge region of small thickness, as previously 

calculated (about 3 nm and 11 nm for a barrier height of respectively 0.1 V and 1 V in Table 2). 
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For TiO2 –NT(EG), the situation is more complex: the working surface is supposed to change 

progressively due to progressive depletion of electrons in the wall of the nanotubes, when the 

applied potential gets more anodic. The carrier density in the tube walls is already high before 

UV exposure (2 1020 cm-3) and does not significantly increase after UV exposure (3.5 1020 cm-3). 

For both types of layers, the assumption of a flat band potential between -0.7 and -0.8 V, leads to 

a good agreement between the simulated and the experimental curves.  

 

Discussion 

 

TiO2(NT) layers synthesized using the same anodization parameters, but in two different media, 

show different impedance responses, which highlight the influence of the morphology and the 

geometric parameters of a nanotubular layer. Whereas the thickness of the tube walls and the 

charge carrier density seems determinant for the semiconducting properties, the roughness of the 

surface and maybe the inter-tubular connecting points play a significant role on the behaviour of 

surface states. 

 

Thickness of the tube walls and charge carrier concentration 

Since the tube walls are assumed to support the band bending variation under polarization, the 

ratio between the wall half-thickness w/2 and the width of the space charge layer (L) is a critical 

parameter. 

- If w/2 > L, the band bending may extend to a few tens of nm throughout the half-

thickness of the wall in a wide potential range (Fig. 9a), depending on the doping 

level. 

- If w/2 < L, flat-band condition exists in the tube wall (Fig. 9b) and band bending can 

only occur at the bottom of the tubes. 

The tubes prepared in ethylene glycol containing NH4F have wall half-thickness of about 5 nm 

and a carrier density of about 1020 cm-3. According to Table 2, the space charge layer is lower 

than 5 nm for a voltage drop of 0.1 V but gets higher than 5 nm, when the voltage drop increases 

until 1 V. That indicates that the walls are progressively depleted under anodic polarization, 
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passing from a situation where the tubes are totally active in the cathodic range towards a 

situation where the contribution of the tube walls can be neglected.  

The tubes synthesized in the tetrabutylammonium fluoride / formamide solution have thicker 

walls (w = 20 nm) than the former sample, but lower carrier concentration (about 1018 cm-3). 

According to Table 2, the space charge layer is then much wider (32 nm for a barrier height of 0.1 

V) than the half-thickness of the wall (10 nm) and band bending is not possible in the tube walls, 

but only at the flat surface at the bottom, in the potential range under study. 

 

Surface states 

In the TiO2-NT (TB) sample, a monoenergetic state was observed before illumination, located 

close to 0.5 eV below the edge of conduction band. It has been suggested that this state is 

correlated with water adsorbed at the surface of TiO2. Some authors [25, 28] have shown that 

water adsorbed on the surface in molecular form is able to trap negative charges. According to J 

Yang et al [38], an undissociated H2O molecule adsorbed on the surface of nanoparticles 

generates a localized energy state at 0.79 eV below the edge of the conduction band. Furthermore 

Selloni et al [29] have clearly demonstrated by DFT type calculations, that water adsorption is in 

molecular form only at some crystalline sites, such as steps or "terraces" of the (101) plane of 

anatase. The corresponding adsorption energy is relatively low (<1 eV), enabling external energy 

to cause dissociation of the water molecule. Accordingly IR analyses [39] have evidenced that 

UV exposure is able to dissociate the adsorbed water molecules and to convert them into 

hydroxyl groups. The absence of such states in the layer synthesized in ethylene glycol is likely 

to be related to the difference of roughness between the two types of samples, with much 

smoother and well separated tube walls in the TiO2-NT (EG) sample. 

 

UV exposure of TiO2-NT (TB) induced several long-lasting changes. One of them was the 

disappearance of the monoenergetic state as a result of the dissociation of adsorbed water 

molecules. The following mechanism was proposed by McQuillian [39] to explain the processes 

leading to the hydroxylation of TiO2 surfaces  

Ti-OH2 + h+
(VB) →Ti-OH•  +  H+

(aq)        (16) 

Ti-O(H+)-Ti + e-
(CB) → Ti-O(H)-Ti          (17) 

Overall reaction: 
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H2O + h+
(VB) + e

-
(CB) → OH• + H+

(aq) + e-
(trapped)      (18) 

However these equations do not reflect the increase in doping level accompanying the 

dissociation of water molecule. We propose that the dissociation of adsorbed water causes an 

insertion of hydrogen into the network of TiO2, similar to the phenomenon observed by Chen 

[40] under cathodic polarization. In our case, atomic hydrogen photo-generated during the 

dissociation of water would be inserted into the network according to 

Had → H+ + e-           (19) 

The electrons produced by this reaction would be responsible for increasing the number of 

carriers in TiO2 and the decrease of the space charge layer width and the possibility of band 

bending in the tube walls after illumination.  

 

Conclusion 

 

In this work, two types of TiO2 nanotubes have been synthesized with different morphologies by 

anodisation of titanium foils in fluoride-containing solutions. Nanotubes with rough (smooth) 

walls were obtained in formamide (ethylene glycol) electrolytes respectively. The influence of 

nanotube morphology on their electrical behaviour was investigated by electrochemical 

impedance spectroscopy in the dark within the frame of an electrical model taking into account 

the nanotubular geometry. The electrical properties were evaluated before and after UV exposure 

to check the presence of long lasting effects due to UV illumination. The wall thickness was 

found to be a key parameter for controlling the potential drop accross the tube walls and then the 

surface electron concentration. Thus smooth nanotubes with very thin wall thickness were found 

fully depleted in a large potential domain yielding nanotubes electrically inactive in the dark. 

Another important difference was observed about the surface state distribution in the TiO2 band 

gap: an exponential distribution with energy close to the bottom of the conduction band is 

observed in both cases, but for the rough nanotubes a monoenergetic state is found in addition to 

the exponential base line. This state disappears after UV exposure. It has been assigned to water 

molecules adsorbed at crystallographic defects, which are dissociated into hydroxyl species under 

UV illumination. 
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Figure captions 
 
Fig. 1: SEM images of nanotubular array: a) TiO2-NT (TB) obtained by oxidation of titanium in 
formamide containing tetrabutylammonium fluoride  b) TiO2-NT (EG) obtained by oxidation of 
titanium in ethylene glycol containing NH4F 
 
Fig. 2: Geometric model for TiO2 nanotubular array (a) top view (b) cross section view of 
nanotube array and potential drop inside the tube wall 
 
Fig. 3: Impedance diagrams in Bode representation of TiO2-NT (TB) in Na2SO4 (1M), in the dark 
at different applied potentials  a) before UV exposure b) after UV exposure  
 
Fig. 4: Impedance diagrams in Bode representation of TiO2-NT (EG) in Na2SO4 (1M) in the dark 
at different applied potentials a) before UV exposure b) after UV exposure   
 
Fig. 5:  Equivalent circuits used to characterize the electrochemical behaviour in the dark   
a) before and after UV exposure for  TiO2-NT (EG) and before UV exposure for TiO2-NT(TB)  
b) after UV exposure for TiO2-NT (TB) 
 
Fig. 6: Variations of the space charge layer capacitance (Csc) as a function of the applied potential   
in the dark before and after UV exposure   a) for TiO2-NT (TB) b) for TiO2-NT (EG) 
 
Fig. 7: Variations of the surface state capacitance (Css) as a function of the applied potential  
for TiO2-NT(TB) in the dark before UV exposure and for TiO2-NT(EG) in the dark before and 
after UV exposure. Insert: magnification of the additional capacitance due to surface states 
distributed around -0.1V (width 0.22 eV, density: 3.1014 cm-2  eV-1) 
 
Fig. 8: Comparison between experimental and simulated values of space charge capacitance as 
function of applied potential a) for TiO2-NT(TB) before UV  b) for TiO2-NT(TB) after UV 
    c) for TiO2 -NT(EG) before UV d) for TiO2 -NT(EG) after UV 
 
Fig. 9: Comparison between wall thickness (w) and width of space charge layer (L)  

a) w/2 > L  b) w/2 < L 
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 Table 1  Geometric parameters of two types of TiO2 nanotubular array 

 

 

 
Values estimated by SEM-FEG Calculated values 

 

Samples 

R1 

nm 

R2 

nm 

w 

nm 

h 

nm 

y 

nm 

Nt 

cm-2 

  H 

 

St 

cm2 

TiO2-NT(TB)  25 35 20 1000 20 1010 0.42 42 27 

TiO2-NT(EG)  21 26 10 1200 13 2x1010 0.36 80 52 

 

 

 

 

 

 

 

Table 2  Width of the space charge layer (L) calculated for different voltage drop values. 

 

ND  

cm-3 

L for 0.1 V  

nm 

L for 1 V  

nm 

1018 32 106 

1019 10 33 

1020 3.2 11 

1021 1.0 3.3 
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Table 3 Some fitted values for the electrical components determined with the equivalent circuits 

of Fig. 5. 

 

 
 
 

Samples 
E 

V/SCE

RT 

Ω 

Qo 

µΩ-1 sn

Csc 

µF 
n 

Rss 

Ω 

Css 

µF 

-0.7 9x104 227 199 0.98 - - 

-0.5 8x104 41 4.2 0.91 2.0 159 
Before 

UV 
-0.2 1.4x105 10 2.4 0.90 181 54 

-0.7 4.4x104 476 422 0.98 - - 

-0.5 3.6x104 410 340 0.98 - - 

TiO2-NT (EG)

 
After 

UV 
-0.2 1.0x105 337 297 0.98 - - 

-0.7 - 831 3204 0.98 3.6 213 

-0.5 - 393 1545 0.98 5.6 96 
Before 

UV 
-0.2 - 164 652 0.99 6.3 42 

-0.7 - 1596 2670 0.90 0.9 419 

-0.5 - 589 814 0.96 6.8 98 

TiO2-NT (EG)

 
After 

UV 
-0.2 - 263 821 0.98 6.3 55 
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 Table 4  Calculated parameters for TiO2-NT(TB). 

 

Parameters 
R1 

nm 

R2 

nm 

h 

nm 

y 

nm 

ND (tubes) 

cm-3 

ND (flat) 

cm-3 

Vfb 

V/SCE 

CH 

F/cm2 

 

Geometric 

Values 
25 35 1000 20     

 

Before UV 

 

Fitting values 25 35 10.5 20 1.3x1018 9.5x1018 -0.72 10 

 

After UV 

 

Fitting values 25 35 1000 20 4x1020 1x1020 -0.80 10 

 
 
 
 
 
 
Table 5  Calculated parameters for TiO2-NT(EG). 

 
 

Parameters 
R1 

nm 

R2 

nm 

h 

nm 

y 

nm 

ND (tubes) 

cm-3 

ND (flat) 

cm-3 

Vfb 

V/SCE 

CH 

F/cm2 

 

Geometric 

Values 
21 26 1200 13     

 

Before UV 

 

 

Fitting values 

 

21 28 1200 15 1.9x1020 7x1018 -0,80 10 

 

After UV 

 

Fitting values 21 28 1200 15 3.5x1020 1x1019 -0,80 10 
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