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Properties  
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 Since the identifi cation of carbon nanotubes by Iijima in 

1991, [  1  ]  1D nanoscale structures have attracted substantial 

scientifi c and technological interest. In the following years, 

the chemical syntheses of various noncarbon nanotubes, in 

particular transition metal oxide nanotubes such as titanium 

dioxide (TiO 2 ) nanotubes, was performed. [  2  ,  3  ]  TiO 2  has 

attracted a lot of interest because of its unique photoinduced 

reactivity explored for applications in environmental photo-

catalysis, [  4  ,  5  ]  solar energy conversion, [  6  ]  and light-induced 

amphiphilicity. [  7  ]  Many methods, such as anodization, [  8  ]  

template techniques, [  9  ,  10  ]  hydrothermal processes, [  11  ,  12  ]  and 

soft chemical processes [  13  ]  have been used to prepare TiO 2  

nanotubes. Among the fabrication techniques, the electro-

chemical anodization process, since its discovery, has become 

very useful in producing high-aspect-ratio nanotubes with a 

controllable pore size and morphology. [  14  ,  15  ]  Furthermore, 

using this simple, cheap and straightforward method, TiO 2  

nanotube arrays self-aligned as they grew during anodiza-

tion of Ti. [  16  ]  The tube lengths can be in the range from a few 

micrometers to several hundreds of micrometers and their 

diameters vary from 10 to 200 nm. [  17–20  ]  These self-organized 

TiO 2  nanotubes can be attached to a Ti substrate or suspended 

as membranes, [  21  ]  that then may be used for the fabrication 
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of other nanomaterials. However, traditional TiO 2  nanotube 

arrays fabricated in the previous works exhibited standard 

one-wall structure, and the walls of such nanotubes were 

compact. The most important application of TiO 2  nanotube 

arrays is in the photoelectrochemistry fi eld, such as environ-

mental pollutant degradation, water splitting, and photoelec-

tric conversion. [  22  –    24  ]  These properties are strongly related to 

the surface area and local microstructure of nanotubes, such 

as porosity of walls and two- or many-wall structures. For the 

latter types of tubular structures, a larger contact surface area 

may be achieved due to the multiwalled morphologies com-

pared with standard one-wall nanotubes. Therefore, adjust-

ment of the microstructure inside a tube wall has become an 

attractive and challenging topic. 

 Herein it is shown that tube-in-tube (TIT) TiO 2  nano-

structures with coarse, porous walls can be obtained. This 

greatly increases the surface area of the nanostructures. In 

addition, three structure domains, namely, the internal and 

external tube surfaces together with the areas between the 

two coarse subshells within the tube, all become available for 

reactions. This improves the tube’s photocatalytic properties. 

Furthermore, the effects of crystallinity on the photocatalysis 

and the formation mechanism of these novel unusual nano-

structures are discussed. 

 TIT TiO 2  nanotube parallel arrays were arranged per-

pendicularly to the substrate surfaces (see Experimental 

Section for details). It should be noted that the forma-

tion of highly ordered TiO 2  nanotubes with one wall was 

reported previously. [  25  ]   Figure    1   shows that the present 

TIT TiO 2  nanostructures cover the entire substrate surface. 

The enlarged scanning electron microscopy (SEM) images 

(Figure  1b,c ) clearly show numerous TIT TiO 2  nanotubelike 

structures. These arrays are uniform and compact, at least 

several micrometers in length (Figure  1a ), and the outer 

tube diameter within the array is  ≈   200 nm (Figure  1b,c ). The 

nanotubes possess a coarse lateral profi le (Figure  1d ), have a 

larger contact surface area compared to conventional 

structures, and may be good for photocatalytic applications.

   The thermal annealing process of the as-prepared 

arrays was carried out at 550  ° C in air for 3 h for the entire 

nanotube array crystallization. The corresponding X-ray 

diffractometry (XRD) patterns, recorded from the as-grown 

and annealed TIT nanostructures, are shown in  Figure    2 a . 
445 & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  1 .     SEM images of TIT TiO 2  nanostructures at a low magnifi cation 
(a,b), and the corresponding enlarged top-view image (c) and side-view 
image (d).  
It can be seen that the TIT nanostructures are amorphous 

before annealing and the crystallinity is rather poor (bottom 

curve in Figure  2a ). The peaks for the as-prepared sample 

are only due to a Ti substrate foil. After the heat treatment, 
© 2011 Wiley-VCH Vwileyonlinelibrary.com

    Figure  2 .     XRD patterns (a) and Raman spectra (b) of amorphous (red 
curve) and anatase (black curve) TIT TiO 2  nanostructures.  
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the nanostructures crystallize in an anatase phase, as con-

fi rmed by the sharper X-ray peaks which appear (top curve 

in Figure  2a ). The results are further confi rmed by Raman 

spectroscopy (Figure  2b ). The broad spectrum ranging from 

100 to 1000 cm  − 1  is peculiar to the as-prepared sample (amor-

phous curve in Figure  2b ). When the samples are annealed, 

the Raman spectrum (anatase curve in Figure  2b ) shows the 

characteristic peaks of the anatase TiO 2  phase at 145, 198, 

399, 516, and 640 cm  − 1 . [  26  ,  27  ]  It is known that such a phase is 

preferable with respect to the photoactivity [  28  ]  of the TiO 2  

nanotubes in dye-sensitized solar cells.

   Transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM) images of the products are 

displayed in  Figure    3   for the as-grown and annealed TIT 

nanostructures. They show that the nanostructures have 

uniform diameters throughout their lengths. The TIT mor-

phologies are preserved after the thermal treatment. Looking 

at Figure  3a,c , one can see that the tubes are composed of 

some rodlike structures. An HRTEM image (Figure  3b ) 

shows that they are amorphous. Compared with the as-

grown TIT nanostructures, the annealed samples become 

mainly anatase single-crystals. The lattice fringes are sepa-

rated by ca 0.24 nm (Figure  3e ), in accordance with the [004] 

zone axis pattern of an anatase TiO 2  crystal (JCPDS card 

No. 02–0406). The corresponding FFT pattern (inset of 

Figure  3e ) can be indexed to the (004) diffraction planes of the 

anatase hexagonal structure, in accordance with the HRTEM 

results. A detailed chemical analysis of the arrays was carried 

out using energy dispersive X-ray spectroscopy (EDS). The 

EDS analysis (overlay Figure  3c ) clearly shows that the TIT 

TiO 2  nanostructures are composed of Ti and O (the Cu sig-

nals come from the copper TEM grid). The composition ratio 

is close to Ti:O  ≈  1:2. The elemental maps displayed in the 

Supporting Information (SI), Figure S1 shed the light on the 

distribution of the constituent elements. The corresponding 

line profi les across the maps are also shown in Figure  3f . 

In SI, Figure S1, the Ti K-edge and the O K-edge inten-

sities are evenly distributed throughout the structure with a 

depleting signal at the intervals between the inner and outer 

tubes. The line profi les (SI, Figure S2 indicates the scanning 

direction across the nanostructure) further confi rm the TIT 

morphology.

   Titanium dioxide is one of the most popular photo-

catalytic materials able to degrade pollutants under both UV 

and visible light illumination, when combined with a dopant 

such as methylene blue (MB), [  29–32  ]  gaseous toluene, [  33  ]  

methyl orange, [  34  ,  35  ]  amaranth, [  36  ]  and phenol. [  37  ]  Due to the 

specifi c ordering within the TIT nanostructures, high photo-

catalytic effi ciency is expected. The uniform interfacial struc-

ture between the two shells of TiO 2  is absent in standard 

one-walled TiO 2  nanotubes. The photocatalytic activities of 

the samples were evaluated by measuring the degradation 

of MB in an aqueous solution under UV light irradiation. 

 Figure    4   shows the effects of annealing on the photocata-

lytic degradation of MB for the TIT TiO 2  nanostructures. 

The results verify that the photocatalytic activities increase 

when the TIT nanostructures have been annealed, i.e., the 

crystalline nanotubes have a stronger photocatalytic activity 

than the amorphous samples. In a photocatalytic reaction, 
erlag GmbH & Co. KGaA, Weinheim small 2011, 7, No. 4, 445–449
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    Figure  3 .     a) TEM image, b) HRTEM image for the as-grown TIT TiO 2  nanostructures; c,d) TEM 
images and e) HRTEM image and corresponding FFT pattern (e inset) and EDS spectrum of 
the annealed nanostructures (c overlay); f) The EDS line scanning profi les across the maps. 
The lowered parts labeled by arrows indicate the spatial gaps between the outer and inner 
tubes.  
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the anatase phase and surface area are the most important 

criteria. [  38  –  40  ]  When the nanotubes are annealed, the amor-

phous TiO 2  gradually turns into anatase TiO 2  and such crys-

tallization raises the photocatalytic activity. In addition to 

the effects of crystallinity, the effects of morphologies on the 

photocatalytic degradation of MB on the TiO 2  nanotubes 

were also studied. While comparing the present TIT nano-

structures with as-prepared standard one-walled TiO 2  tubes 

(SI, Figures S3 and S4) it can be seen that the new structures 

have also a stronger and faster photocatalytic response than 

the conventional tubes, no matter whether the crystalline or 

amorphous phase is considered. Furthermore, compared with 

the one-walled TiO 2  nanotubes reported, [  32  ]  the decomposi-

tion rate on TIT TiO 2  nanostructures is also faster. When the 

irradiation time was 180 min, the ratios of the concentrations 

between the current and primal solutions (C/C 0 ) decomposed 
© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheimsmall 2011, 7, No. 4, 445–449

    Figure  4 .     Photodegradation effi ciency of MB by the TIT TiO 2  nanotubes 
for amorphous and anatase phase nanostructures.  
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by TIT TiO 2  nanostructures were 0.48 and 

0.23, respectively, all smaller than that of 

the one-walled nanotubes (0.66). [  32  ]  This 

meant that more dopants had been decom-

posed by TIT TiO 2  nanostructures under 

the same irradiation time, indicating a 

better photocatalytic performance of the 

TIT-structured TiO 2  compared with normal 

one-walled TiO 2  nanotubes.

   Chemical reactions during Ti anodiza-

tion are complex. They have been inves-

tigated by several groups. [  41–43  ]  Besides 

the usual TiO 2  nanotube with smooth 

one-walled morphology, many different 

morphologies such as dotlike structures, 

nanopowders consisting of granules, single 

nanopowders, coexistence of nanopowder 

and nanotubes, and nanowires were also 

realized by adjusting experimental con-

ditions such as the electrolyte or applied 

voltage. [  44  ,  47  ,  48  ]  It is commonly accepted 

that the formation process of TiO 2  nano-

tubes includes fi eld-assisted oxidation of a 

Ti metal to form TiO 2 , fi eld-assisted disso-

lution of Ti metal ions in an electrolyte and 
chemical dissolution of Ti and TiO 2  due to etching by fl uoride 

ions [  25  ]  and hydrogen ions. [  44  ]  The competition between dis-

solution of oxide at the oxide/electrolyte interface and oxi-

dation of the metal at the oxide/metal interface governs the 

formation and length of the nanotubes, and localized acidi-

fi cation affects their morphology. The formation mechanism 

of TIT TiO 2  nanotubes with porous walls can be described 

based on the equal-fi eld strength model [  41  ]  together with the 

localized dissolution of the formed TiO 2  tubular walls. 

 When Ti is anodized, a barrier layer of TiO 2  forms on 

the metal surface. The initiation of pore formation is caused 

due to the defects and the rough surface in a barrier layer. [  45  ]  

When a pore is developed from a surface pit, at the elec-

trolyte/oxide interface in the early stage of the anodization 

(see SI, Figure S5a), TiO 2  is dissolved in the fl uoride anion-

containing electrolyte. This process reduces the thickness of 

the oxide layer and the hydrogen fl uoride is consumed, which 

is the key to controlling the surface morphology. The oxygen 

anions also migrate from the electrolyte/oxide interface to 

the oxide/Ti interface to form Ti oxide or Ti hydroxide. How-

ever, a large amount of oxygen anions is still needed to build 

the walls of the pores, and these anions come from the disso-

ciation of water. Consequently, the reaction at the electrolyte/

oxide interface can be written as:

 

TiO2 + nH2O + 6F− → [TiF6]2− + (n + 2 − x)O2− + xOH−

+ (2n − x)H+
 
 (1)   

where [TiF 6 ] 
2−  are anions dissolved into the electrolyte. The 

oxygen anions migrate in the electric fi eld from the solid 

surface to the hydroxide/metal interface, contributing to the 

formation of the oxide/hydroxide layer. The hydroxide at 

the oxide/hydroxide interface continuously decomposes to 

form titanium oxide. The thicknesses of both the oxide and 
447wileyonlinelibrary.com
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    Figure  5 .     Schematic drawing of the TIT TiO 2  nanostructure formation 
process. a) The expansion stops when two nanotubes touch each other. 
b) The hydroxide layer between these nanotubes shrinks along the side 
surfaces. c) The electric fi eld-directed chemical etching processes of the 
nanotubes by the hydrogen and fl uoride ions. The black arrows show 
the direction of the electric fi eld lines. d) The formation of fi nal TIT TiO 2  
nanostructures.  
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hydroxide layers are constant under certain anodization con-

ditions in a steady state. The overall oxidation reaction can 

be expressed as:

 2Ti + 2O2− + 4OH− → TiO2 + Ti(OH)4 + 8e−
  (2)   

   Equation (2)  leads to an increase in the thickness of the oxide 

layer. O 2-  and OH  −   anions migrate from the TiO 2 /electrolyte 

interface to the TiO 2 /Ti interface to oxidize Ti, forming a layer 

of titanium oxide hydroxide. While the oxidation process con-

tinues at the hydroxide/metal interface, the hydroxide at the 

oxide/hydroxide interface is dehydrated to TiO 2 . This fact 

was also confi rmed by Taveira et al. using X-ray photoelec-

tron spectroscopy (XPS) in the compact layer formed at the 

early stage [  46  ]  and Su et al. [  43  ]  during the anodization of tita-

nium. The authors also confi rmed that the two-layer structure 

was formed. The outer layer was more likely to be some type 

of titanium hydroxide with a lower relative density, while the 

inner layer was titanium oxide. So there exist three interfaces, 

which are, namely, the solution/hydroxide interface, oxide/

hydroxide interface and oxide/metal interface.

   In addition to the growth of one nanotube at the bottom 

(downwards), the pore diameter also expands until two nano-

tubes touch each other, as shown in  Figure 5  a  (as shown in SI, 

Figure S5b,c), then the expansion stops. The hydroxide layer 

can shrink along the directions perpendicular to the side sur-

faces of the nanotubes, forming separated nanotubes with 

two layer walls (Figure  5b ). Since the thickness of the wall is 

determined by the anodization conditions (mainly the fi eld 

strength) and the movement of the nanotube walls towards 

each other (driven by the self-enlargement potential), the 

process eventually results in a shift of the nanotubes. 

 When the nanotubes are separated, the hydrogen ions 

and fl uoride ions penetrate into the intervals between the 

two tubes and into the pores, as shown in Figure  5c  and SI, 

Figure S5d. According to the previous report devoted to 

the fabrication of TiO 2  nanowires by Choi et al., [  44  ]  the sur-

face morphology of porous TiO 2  nanostructures is distinctly 
© 2011 Wiley-VCH Vwileyonlinelibrary.com
changed as a function of anodizing time. This coincides with 

the fact that in our experimental process there is dissolution 

of the TiO 2  layer due to the effects of hydrogen and fl uoride 

ions in the solution (Figure  5c ). And as the time of the ano-

dization process prolongs, the walls of the nanotubes become 

fi nally split off under electric-fi eld-directed (electro) chemical 

etching by hydrogen and fl uoride ions. The collective effects 

of the electrolyte components, the anodization time and the 

applied voltage during anodization lead to the formation of 

the resultant TiO 2  nanotubes with tube-in-tube morphology 

over the entire arrays (Figure  5d , and SI, Figure S5e,f). 

 In summary, we have demonstrated the formation of self-

organized, freestanding TIT TiO 2  nanotubes using a one-step 

anodic method. It is additionally shown that the as-grown 

TIT TiO 2  nanostructures are amorphous, but transform into 

photoactive anatase phase after annealing at 550  ° C in air, 

as verifi ed by Raman spectroscopy. For the formation mecha-

nism of TIT TiO 2  nanotubes with porous walls we propose 

that the equal-fi eld strength growth together with the local-

ized dissolution of the formed TiO 2  tubular walls play the key 

roles and dominate the formation of this novel morphology. 

The analysis of photocatalytic activity shows that anatase 

TIT TiO 2  nanostructures have better photocatalytic proper-

ties compared with their amorphous counterparts. The larger 

contact surface area due to the porous walls of the present 

new structures gives a clear advantage in environmental pho-

tocatalysis and solar energy conversion applications. 

  Experimental Section 

 TiO 2  nanotube arrays were grown on a Ti foil. Briefl y, a Ti foil 
(Sigma-Aldrich; 250  μ m thick, 99.7% purity) was cut into a 
2.5 cm  ×  1.0 cm piece. It was degreased by ultrasonication for 
30 min in acetone, followed by a thorough rinse with DI water. The 
mixture of 2% HF and DMSO was used as the electrolyte. Electro-
chemical anodization of the Ti foil was performed in a two elec-
trode cell at room temperature using a DC power supply, for which 
a Pt foil was used as the counter electrode. Anodization was con-
ducted at a constant potential of 40 V for 48 h. After anodization, 
the Ti foil with the TiO 2  nanotubes grown on one side of its sur-
faces was thoroughly washed with a large amount of DI water and 
acetone. After the fabrication an annealing process was applied to 
transform the TiO 2  nanotubes from amorphous to anatase phase. 
Thermal treatments of the nanotube layers were carried out in air, 
and the temperature was increased to 550  ° C from room tempera-
ture in 2 h, then kept for 3 h. Finally, the specimens were cooled to 
room temperature. 

 The synthesized products were characterized by an SEM, (JSM-
6700F), an HRTEM (JEM-3000F) equipped with an EDS, an XRD 
(Shimadzu 6000 X-ray diffractometer, Cu  K      radiation,   λ    =  1.5406 Å) 
and a Raman spectrometer (Raman, Horiba Jobin-Yoon T6400). 
After structure characterizations the photocatalytic properties were 
studied. For the photocatalytic activity evaluation the concentra-
tion of photodegrated MB was recorded by a spectrophotometer 
(SP-2000UV). The organic dyes (primal solution: 1.0  ×  10  − 5  M, 
30 mL) and the catalysts (10 mg) were thoroughly stirred in the 
dark to reach the adsorption equilibrium of the organic dyes with 
erlag GmbH & Co. KGaA, Weinheim small 2011, 7, No. 4, 445–449
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the catalyst and then exposed to UV light (125 W, 250 nm). The dis-
tance between the light source and the specimen was about 10 cm, 
and we tested the concentration of the solution every 30–60 min. 
   Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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