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ABSTRACT 

In this work, the photoelectrochemical response of single-walled (SW) and double-walled 
(DW) TiO2 nanotube (TNT) layers is presented. TNT layers were grown on Ti substrates by 
anodization in two different ethylene glycol-based electrolytes to obtain ~5 and ~15 µm thick 
TNT layers. The inner shell of the TNT was quantitatively removed via a mild pre-annealing 
followed by a selective chemical etching treatment in piranha solution. All TNT layers were 
investigated for their photoelectrochemical response in the ultraviolet and near visible spectral 
range. Significantly enhanced photocurrent densities were revealed for the SW-TNT layers. 
This is ascribed to improved charge carrier separation along the tube walls due to the lack of 
the C- and F-rich inner shell removed by etching. 
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1. Introduction 

Over the past two decades, self-organized anodic TiO2 nanotube (TNT) layers have 
been intensively investigated for a wide range of applications [1-7]. From the 
photoelectrochemical view, TNT layers represent one of the most interesting and promising 
TiO2 nanostructures [8-10]. TNT layers in particular possess unidirectional charge transport, 
strong light absorption owing to its conical shape, high surface area and the ability to suppress 
the recombination of photoexcited charge carriers [10-12].  

TNT layers are grown directly on the Ti surface by anodization [13,14] in suitable 
electrolytes containing HF or fluoride salts. Several nanotube generations have been 
developed, based on anodization in aqueous HF electrolytes [15,16], aqueous NaF or NH4F 
electrolytes [17,18], or organic-based electrolytes [19-23]. In the meantime, there is a good 
understanding of the influence of anodization conditions, substrates, and electrolytes on the 
resulting nanotube layers and their dimensions, spacing and ordering [24-31]. Nowadays, 
ethylene glycol-based electrolytes with NH4F and water are the most used electrolytes 
[14,25]. However, in these electrolytes a double layer oxide is formed, as first shown by Albu 
et al. [32]. The double layer is composed of an inner (IS) and an outer (OS) shell, yielding the 
double-walled (DW) structure.  

As reported by Liu et al. [33], the origin of the DW can be explained considering the 
nanotube formation mechanism. During the anodization, TiO2 is formed on two distinct 
places, on the metal – metal oxide interface and on the metal oxide – electrolyte interface. 
Thereby, the oxide formed on the metal oxide – electrolyte interface contains carbon species 
due to the contamination from the adsorbed electrolyte species. Whereas the oxide formed on 
the metal - metal oxide interface consists of TiO2 with significantly lower C content. 
Considering the plastic flow model [33,34] for the nanotube formation, the pure TiO2 layer 
builds the OS of the nanotubes and the C-containing oxide builds the IS. Recently, deep 
investigations were carried out studying the exact composition of the OS and IS [35,36]. The 
results show clearly a high C contamination of the IS, originating from the voltage induced 
decomposition of the electrolyte, as well as a contamination with F species. All in all, the IS 
can be considered as significantly C-rich and F-rich compared to the OS.  

Several recent papers from the Schmuki´s group report on the removal of the IS and 
positive impact of the single-walled (SW) nanotubular structure on the efficiency of dye-
sensitized solar cells [33, 37-39]. From these papers it becomes clear that the IS affects the 
morphology and properties of TNT layers. However, there is a large room to explore the SW 
TNT layers further, since the SW structure may increase the performance of TNT layers in 
various applications (e.g. photocatalysis, batteries, capacitors, etc.), as the carbon containing 
IS have negative contribution to the charge recombination [33]. 

To the best of our knowledge, there is no study about the comparison of the 
photoelectrochemical properties of SW and DW TNT layers of different aspect ratio. 
Therefore, the preparation of two types of SW TNT layers from classical self-organized DW 
TNT layers is demonstrated in this work using mild pre-annealing and chemical treatment in 
piranha solution to dissolve the IS. The influence of the IS on photoelectrochemical 
performance of nanotube layers is investigated against reference DW TNT layers. 
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2. Experimental 

 Two types of TiO2 nanotube (TNT) layers were used in this work: ~5µm and 
~15µm thick layers. They were prepared via electrochemical anodization using previously 
published recipes at 100 V [40] and 60 V [41] in fluoride containing ethylene glycol-based 
electrolyte. They possess an average inner diameter of ~230 nm and ~135 nm, respectively.  

In order to remove the IS that consists of a C- and F-rich TiO2, a selective chemical 
treatment reported by the Schmuki´s group [38, 39] was used and optimized for the TNT 
layers presented in this paper. First, the prepared TNT layers were pre-annealed at 135 °C and 
150 °C for 5µm and 15µm tubes, respectively, for 1 hour in air using a heating rate of 
15 °C/min. Second, the layers were immersed in piranha solution (H2SO4:H2O2 = 3:1; 
LachNer, Czech Republic) for 10 min (5µm tubes) and 8 min (15µm tubes), respectively, at 
70 °C. After etching, the layers were immersed in H2O and EtOH for 1 min, respectively, and 
dried with a nitrogen jet, yielding single-walled TNT layers, indicated as SW TNT. In order to 
obtain the anatase structure, the nanotubes were subsequently annealed in air in a muffle oven 
(400 °C, 1 h). A part of the nanotube layers (indicated as DW TNT layers in this work) was 
kept for reference without any chemical treatment but annealed in the same way. 

A field-emission scanning electron microscope (FE-SEM, JEOL JSM 7500F) was 
used for morphological characterization. The morphological parameters of TNT layers were 
evaluated by statistical analyses of SEM images using proprietary Nanomeasure software.  

Thermogravimetric analyses (TGA) were carried out under air atmosphere (20 ml/min, 
Linde) using a PerkinElmer Pyris 1 TGA with high temperature furnace. Each sample (≈ 10 
mg of weight) was placed in a Pt pan with ceramic liner and heated from laboratory 
temperature to 1000 °C in four successive steps: heating to 400° C (2.3 °C/min), holding for 
60 min, heating to 1000 °C (10 °C/min), and holding for 60 min.  

 The photocurrent measurements of TNT layers were carried out in an aqueous 
0.1 M Na2SO4 at 0.4 Vvs.Ag/AgCl in the spectral range from 300 to 420 nm. A photoelectric 
spectrophotometer (Instytut Fotonowy) with a 150 W Xe lamp and a monochromator with a 
bandwidth of 5 nm connected with the modular electrochemical system AUTOLAB 
(PGSTAT 204, MetrohmAutolab B.V., Nova 1.10 software) was the measuring setup. 
Photocurrent stability tests were carried out by measuring the photocurrent produced under 
chopped light irradiation (light/dark cycles of 10 s). The CV curves were recorded in an 
aqueous 0.1 M Na2SO4 by scanning from -0.4 V to 1 Vvs.Ag/AgCl at a sweeping rate of 5 mV/s 
started at 0 V towards positive voltages in the dark and under UV irradiation (355 nm).  
 

3. Results and Discussion 

 Fig. 1A and B shows top-view images of 5µm and 15µm thick TNT layers with 
diameter ~230 nm and ~135 nm, respectively. Due to the presence of the IS, the decrease in 
diameter to ~100 nm (Fig. 1C) and ~55 nm (Fig. 1D) at the bottom of the TNT layer is 
revealed, respectively. It is necessary to point out that the thickness of the IS strongly 
increases towards the nanotube bottom. The IS at the very top of the nanotubes is dissolved 
due to the etching by the anodization solution (into TiF6

2- complexes), compared to the 
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nanotube bottom parts, resulting in a V-shaped profile of the nanotubes [32,33]. Besides that, 
the IS is mainly composed of C- and F-rich oxide or oxy-hydroxide [39] which may have 
some negative consequences on the nanotube properties. In contrast, the OS of TNT is 
composed mainly of TiO2 [39]. The IS can be relatively easily dissolved with a controlled 
etching treatment, as described in the experimental section and in previous works [38,39]. The 
use of optimized temperature (70 °C) and etching time (10 min for 5µm; 8 min for 15µm 
TNT) leads to the IS removal, resulting in the increase of the inner diameter to about 190 nm 
and 105 nm for 5µm and 15µm TNT, respectively, at the very bottom of the tubes. This can 
be clearly seen from Fig. 1E and F, respectively. The thickness of the TNT layer remained 
unchanged during the etching, as shown in Fig. 1 G and H. However, prolonging the etching 
time and/or increasing the temperature over the optimized values results in the TNTs layers to 
peel off from the Ti substrates. For shorter time and/or lower temperatures, the IS is not 
completely dissolved. 

Fig. 2 shows photocurrent densities and the incident photon-to-electron conversion 
efficiencies (IPCE) recorded for both 5µm and 15µm TNT layers in SW as well as DW 
morphology, in the wavelength range from 300 to 420 nm. As seen from Fig. 2A and B, for 
both 5µm and 15µm TNT, a pronounced increase of photocurrent densities can be observed 
for the SW TNT layer compared to their DW counterparts. The IPCE data (Fig. 2C and D) are 
in the agreement with the obtained photocurrent densities. The increase in photocurrent 
densities and IPCEs for SW TNT layers compared to DW ones can be ascribed to the removal 
of the C-rich and F-rich inner shell originating from the electrolyte during the anodization 
process [38,39]. However, a slight shift towards lower wavelengths for 15µm TNTs is 
obtained (see the onset of the photocurrent and IPCE in Fig. 2B and D). This might be 
explained by a significantly higher amount of the C-rich TiO2 removed from 15µm TNT 
layers compared to the 5µm case. The presence of such amount of this C-rich TiO2 within 
15µm TNT layers before etching is responsible for the light absorption edge shifted to longer 
wavelengths. To verify this hypothesis, the C-content within TNT layers was analysed using 
TGA performed in air with the DW amorphous TNT layers of both thicknesses. Intentionally 
a very high end temperature (1000°C) was used to promote oxidation of carbonaceous species 
and their burn-out. An absolute weight loss of 12.7% and 16.2% was recorded for the 5 and 
15 µm thick TNT layers, respectively, which clearly confirms higher overall amount of C in 
DW 15 µm thick TNT layers compared to the 5 µm thick ones.  

For further analysis, photocurrent transients were recorded and examined in detail. 
Different wavelengths were used to demonstrate the improvement of photocurrent density and 
IPCE after etching of the IS. Namely, 300 nm representing the photoresponse in the „hard“ 
UV spectral range and 355 nm which corresponds to the photocurrent density maximum of 
SW. An unambiguous increase of photocurrent densities (at λ = 300 nm) from 7.6 µA/cm2 to 
9.8 µA/cm2 and from 10 µA/cm2 to 16 µA/cm2 for SW 5µm and 15µm TNT layers can be 
seen from Fig. 2E and F, respectively. In addition, the photocurrent densities recorded at 
λ = 355 nm for SW 5µm and 15µm TNT layers, respectively, show an increase from 
18.4 µA/cm2 to 26.4 µA/cm2 (Fig. 2G) and from 34.2 µA/cm2 to 51.7 µA/cm2 (Fig. 2H). 
Another feature apparent from Fig. 2E to H is that the photocurrent densities of DW TNT 
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layers show a delay in time response, when the light is turned ON/OFF. Similar features were 
observed in previous publications [8,9,42]. This can be ascribed to numerous electron traps in 
the DW TNT layers resulting in pronounced charge recombination. Oxygen vacancies in the 
TiO2 structure are typically assigned to be responsible for this behavior [43, 44]. The kinetics 
of the delay (slower response for 300 nm then for 355 nm) shows wavelength dependence as 
well as SW/DW dependence, since SW TNT layers possess lower amount of electron traps. 
Additionally, also the distinct granular morphology of the carbon containing IS (visible in Fig. 
1C and D) might have negative contribution to the charge recombination [33]. However, the 
carbon compounds are evaporated during the annealing as CO2, causing voids in the structure 
[33]. Therefore, the unwanted charge recombination is significantly reduced for SW TNT 
layers with the removal of the IS, diminishing the photocurrent delays.  

Fig. 3A-D represents cyclic voltammetry (CV) curves obtained for the SW and DW TNTs in 
the dark (solid line) and under UV irradiation (λ = 355 nm, dotted line). In general, the CV 
shape for both SW and DW TNTs is typical for the anatase structure [34]. As seen in Fig. 3, 
the dark currents are almost identical for both SW and DW TNT layers. After UV irradiation, 
the photocurrent densities are comparable for both SW and DW TNTs. The photocurrent 
densities for all samples increased until the potential of ~0.4 V. At higher potentials a 
photocurrent plateau was observed indicating that the thickness of the nanotube walls equals 
the space charge layer [8]. Guiding lines drawn at 0.4 V point out at differences in the 
recorded photocurrents among all types of samples shown, since this potential was used for 
photocurrent and IPCE measurement in Fig. 2. For SW TNTs, the photocurrents are in both 
cases higher than for DW TNTs, however, the difference is not as pronounced as in Fig. 2. 
This stems from the fact that the dynamics of the CV experiments compared to the IPCE 
measurements is very different as various aspects come into play here: light absorption at 
different wavelength, applied voltage, kinetics of electron-hole separation, electron transfer 
including speed of trap filling, etc. Thus, it is not easy to make a link between these types of 
measurements, which is an interesting point frequently overlooked in literature. 

4. Conclusions 

In this work, we demonstrated the feasibility to chemically dissolve the C-rich and 
F-rich inner oxide shell of 5µm and 15µm thick TNT layers, which is presented in nanotubes 
produced in ethylene glycol-based electrolytes. Optimized etching treatment in piranha 
solution led to the dissolution of the C- and F-containing inner shell with an increase in the 
inner diameter of the nanotubes and the consequent formation of SW nanotube morphology. 
As a result, the nanotube walls consisted only of the pure TiO2 outer shell. 
Photoelectrochemical studies showed that SW TiO2 nanotubes of both thicknesses possess 
enhanced photocurrent densities with improved charge carrier transport along the nanotube 
walls due to the lack of C- and F-rich inner shell. The results clearly show a very promising 
pathway towards more efficient photoelectrochemical devices based on the TiO2 nanotubular 
structures, enabling to etch the inner shell from virtually any type of DW TNT layers (after 
necessary process optimization).  
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Figure captions 

 

Fig. 1. SEM images of the tube tops (A, B), double-walled structure depicted at the tube 
bottoms (C, D), single-walled structure depicted at the tube bottoms (E, F) and cross-sections 
(G, H) of  5µm and 15µm thick TNT layers, respectively.  

 

Fig. 2.  (A, B) Photocurrent densities; (C, D) IPCE values recorded for annealed single- and 
double-walled TiO2 nanotubes under UV irradiation; (E-H) Photocurrent transients of 
single- and double-walled TiO2 nanotube layers recorded for 10 s under monochromatic UV 
irradiation with wavelength of (E, F) λ = 300 nm (G, H) 355 nm for 5µm and 15µm, 
respectively. All data recorded at 0.4 V vs Ag/AgCl. 

 

Fig. 3. (A-D) CV curves obtained for SW 5µm (A) and 15µm (B) thick TNT layers, DW 5µm 
(C) and 15µm (D) TNT layers in the dark (solid lines) and under UV irradiation (λ = 360 nm 
dotted line). Guiding lines at 0.4 V are intentionally drawn there to link the photocurrent 
values with Fig. 2. 
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