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Abstract: TiO2 nanotubes have been synthesized using a 2-step strategy that involves the 

hydrothermal preparation of intermediate titanates followed by a subsequent 

thermal/hydrothermal treatment of these species to produce the oxide. In the first step the 

influence of parameters such as temperature, pH or reaction time on the composition, structure 

and morphology of the intermediate species has been studied. Then we have examined how 

temperature and the presence of surfactants may affect the composition, structure, morphology 

and particle size of the titanium dioxide obtained in the second thermal/hydrothermal treatment. 

In particular, we have studied the effects that the presence of CTAB has upon the morphology of 

the final product. Both intermediate and final species have been studied by means of X-ray 

diffraction, transmission electron microscopy, IR spectroscopy and thermogravimetric analysis. 

This way we have been able to identify NaTi3O6(OH).2H2O and (TiO2)x(H2O)y as the 

intermediate titanate species and rutile and anatase as the final TiO2 polymorphs. Finally, it is 

worth mentioning the preparation of spindle- or oval-shaped anatase, obtained via hydrothermal 

synthesis in the presence of CTAB. 
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1. Introduction 

Titanium dioxide exists as three polymorphs: 

anatase, rutile and brookite, and although rutile is 

the thermodinamically stable phase, in the 

nanoscale anatase becomes very stable too [1]. As 

a wide-band gap semiconductor, TiO2 has been 

widely used in sunscreens, paints and tooth- 

pastes and, today, especially in photocatalysis [2]. 

For many of these applications, it is of great 
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importance to maximize the specific surface to 

achieve a maximum efficiency. In particular, it 

has been found that in photocatalytic 

applications, nanotubes and nanorods -that is, 1D 

nanostructures- may allow for a much higher 

control of the chemical and physical behaviour 
[ 3 ]. Indeed, by diminishing dimensions to the 

nanoscale, not only the specific surface area 

increases significantly but also the electronic 

properties may change considerably [4]. 

1D titanium dioxide nanostructures may be 

obtained by various routes such as sol–gel, 

template-assisted methods, hydro/solvothermal 

synthesis or by electrochemical processes [5, 6]. 

Among them, hydrothermal synthesis has 

become a promising chemical strategy. This is 

usually a two-step route that involves, first, the 

generation of alkali titanate nanofibers by 

hydrothermal reaction in alkali solution followed 

by exchange of alkali ions with protons [7], and 

the subsequent thermal dehydration reactions at 

high temperature in air. Less frequently, 

hydrothermal reactions may also be performed to 

produce the final TiO2 nanotubes or nanorods 
[8].1D morphology is already achieved in the first 

hydrothermal process when alkali titanates are 

formed, and it is based on the exfoliation of TiO2 

crystal planes in the alkali environment and then 

stabilization due to the insertion of Na+ cations 

between the exfoliated planes. The formed 

nanolayer sheets are then rolled into tubes during 

cooling or in the acid treatment [ 9 ]. Finally, 

thermal treatments at 350-450 ºC tend to lead 

anatase, which seems to favour a faster electronic 

transport than the rutile phase [10]. 

Here, we present synthesis of TiO2 1D 

nanostructures via a 2-step route. Initially, the 

influence of parameters such as temperature or 

reaction time on the composition, structure and 

morphology of the NaTi3O6(OH).2H2O and 

(TiO2)x(H2O)y intermediate titanates has been 

studied. Then, we have examined how 

temperature can affect the final TiO2 

rutile/anatasa composition in the dehydration 

process. Finally, we have performed an 

alternatively hydrothermal route starting from 

Na-titanate phase in the presence of the CTAB 

surfactant at different pH values. This way, a 

spindle- or oval-shaped anatase product was 

obtained. 

2. Results and Discussion 

Hydrothermal syntheses were carried out in 

order to study the influence of temperature and 

reaction time. Thus, synthesis at 200 ºC for 6, 24 

and 48 h were performed. Nanotubes start to 

appear after 6 h of hydrothermal heating, but the 

reaction was not complete and crystallinity of the 

product was low. The products obtained after 24 

and 48 h were very similar, both in composition 

and degree of crystallinity. Syntheses at 170ºC 

were performed during 24 h but low crystallinity 

was obtained again. For this reason, the 

syntheses were carried out at 200 ºC for 48 h (6 

sample). 

XRD patterns of the most representative as 

synthesized titanates shown in Fig. 1 indicate the 

presence of NaTi3O6(OH).2(H2O) [ 11 ] and 

(TiO2)x(H2O)y [12] phases before and after HNO3 

treatment, respectively. Subsequent thermal 

treatment in air at 400-500°C leads to the 

formation of anatase and rutile TiO2 phases 

(JCPDF 21-1272 and JCPDF 21-1276) together 

with some NaTi8O13 (JCPDF 48-0523) 

impurities. At the same time, after the second 

hydrothermal treatment anatase phase was also 

obtained. 

Thermogravimetric analysis of titanate 

samples shows mass losses of about 20 and 15% 
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in good agreement with the presence of H2O and 

some Na2CO3 (formed in the basic conditions 

due to absorption of atmospheric CO2 
[13]) in Na-

titanate samples and only H2O in H-titanate ones. 

This was confirmed by IR spectroscopy (Figure 

2). 

TEM images of some representative samples 

are shown in Figure 3. Nanotubes were already 

formed in the first hydrothermal step and neither 

the acidic nor the thermal nor the hydrothermal 

processes alter significantly the morphology of 

the samples. Both Na- and H-titanate samples are 

very similar, 40-80 nm wide, although they 

widen to 70-170 nm after thermal or 

hydrothermal treatments when deintercalation 

and dehydration take place and lead to TiO2. 

HTEM images of titanates shown in Figure 3 

reveal lattice fringes with plane spacings of about 

11 Å and 10 Å corresponding to the interlayer 

distances in the 2D crystal structures of 

NaTi3O6(OH).2(H2O) and (TiO2)x(H2O)y. Both 

of them exhibit similar crystal structures with 

packed planes formed by titanium oxide 

octahedra and Na+, OH- H+ and H2O as inserted 

species between them [11, 12]. 

Some authors suggest that the mechanism of 

formation of the tube shape is based on a 

topochemical process of exfoliation of TiO2 

crystal planes in the alkali medium [ 14 ], after 

which nanolayer sheets start rolling into tubes 

during cooling. Na+ ions are then exchanged by 

H+ ions by washing products in acid solutions to 

form layered hydrogen titanate, from Na2-

xHxTi3O7.2H2O to H2Ti3O7.yH2O [ 15 , 16 , 17 ]. 

Finally, the H-titanate transforms into anatase 

through a dehydration reaction. This is 

accompanied by an in situ rearrangement of the 

structural units to give 1D TiO2 nanostructures 

[8]. In this work, not only traditional heat 

treatments of H-titanates to obtain anatase TiO2 

nanotubes, but also hydrothermal treatments of 

Na-titanates in presence of CTAB as surfactant at 

different pH values were performed. Heating at 

400ºC and 500ºC in air led to the formation of 

anatase and anatase/rutile nanotubes, 

respectively, about 70-170 nm wide and without 

significant morphological changes. However, 

some impurities of NaTi8O13 oxide were also 

found in XRD, indicating that the exchange of 

Na+ ions was not completely achieved. At the 

same time, hydrothermal processes led to the 

formation of anatase as the main phase but the 

morphology of the products was found to be 

slightly altered depending on pH. Thus, the 

synthesis at pH=2 led to obtain anatase porous 

nanotubes, very similar in thickness and 

morphology to their precursors, but a 

considerable amount of intermediate titanate 

remained unaltered. The non-acidified synthesis 

(pH=8.5) led to a purer and more crystalline 

product. It seems that CTAB in a slight alkali 

environtment favoured the extraction of Na+ ions 

previous to the stacking of the TiO2 layers, as 

thicker and denser nanostructures of 70-170 nm 

were found. It is possible that the CTAB 

surfactant made the exfoliation and later 

rearrangement of oxide layers in Na-titanates 

easier than in H-titanates, as H+ could be more 

strongly bounded to the TiO6 octahedra. The 

morphology also changed. Oval- or spindle-

shaped anatase was obtained suggesting a non-

uniform stacking mechanism. Both 

hydrothermally synthesized samples did, 

however show similar microstructures formed by 

aggregated nanofibres, although these were more 

densely stacked in the oval-shaped oxides. 
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Scheme 1. Scheme of the syntheses of TiO2 nanotubes 

 

 

Figure 1. XRD patterns of 6A (after first hydrothermal treatment), 6AZ (acidified sample), 6AZT 

(after thermal treatment) and 6AS (after second hydrothermal treatment with CTAB). 

 

 

Figure 2. TG curves and IR spectra of synthesized samples. 
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Figure 3. TEM images of 6A (after first hydrothermal treatment), 6AZ (acidified sample), 6AZT (after 

thermal treatment) and 6AS (after second hydrothermal treatment with CTAB). 

 

 

Figure 4. HRTEM images of 6A and 6AZ, Na- and H-titanate samples.  

 

3. Materials and Methods 

Sodium hidroxide (97%), titanium (IV) oxide 

(99,8%), cetyltrimethylammonium bromide 

(CTAB) (99%), nitric acid (65%) and acetone 

were purchased from Sigma-Aldrich and used as 

received without further purification. 

Hydrochloric acid (37%) was purchased from 

Panreac. 

3.1. Synthesis of sodium and hydrogen 

titanates nanorods. 0,4 g commercial TiO2 was 

dispersed in 20 mL of 10M NaOH with magnetic 

stirring for 30 minutes. The white suspension 

was then transferred into a Teflon-lined 

autoclave of 25 mL capacity. After being heated 

at 170-200 °C for 6-48 h, the autoclave was 

naturally cooled to room temperature. The 

resulting products were filtered and washed 

several times with diluted HCl [18, 19] and dried at 

80°C for 2 h. 

3.2. Synthesis of sodium and hydrogen 

titanates nanorods. For the ion-exchange, the 

sodium titanate samples were immersed into a 

0.2 M HNO3 solution for 6 h and 1-2 hour in an 

ultrasonic bath [20]. After that, they were washed 

with deionized water for several times, filtered 

and dried at 80°C for 2 h. 

Finally, different hydrothermal [ 21 ] and 

thermal treatments were carried out. 0,3 g of 

previously synthesised Na-titanate were mixed 

with 0,5 g CTAB in  20 mL of distilled water and 

transferred again into a Teflon-lined autoclave 

and heated at 200°C-tan for 24 h. In one case, 

before heating, the pH was acidified by adding 

HCl 0,1M. In the other hand, some H-titanates 

were heated at 400-500 °C for 4-5 h. 

3.4. Characterization. IR spectra (400-4000 

cm-1) were recorded on a MATTSON FTIR 1000 

spectrophotometer with samples prepared as KBr 

pellets. The powder X-ray diffraction (XRD) 

pattern was taken using a Philips PW1710 

diffractometer. Thermogravimetric 

measurements were performed in a Netzsch STA 

449C thermogravimetric analyzer. Crucibles 

containing 9 mg of sample were heated at 

10ºC.min-1 under dry argon. For microstructure 

analysis, powders were dispersed in acetone, 

dropped-cast onto copper grid and examined 

using a CM200 transmission electron 

microscope. 
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4. Conclusions 

1D anatase samples with different shapes had been obtained by a 2-step method that implied an initial 

hydrothermal treatment in alkali environment followed by acid exchange and final 

thermal/hydrothermal heating. 1D nanostructures were already achieved in the first stage during the 

formation of sodium titanates and remained without significant morphological alteration, except a 

slight broadening, until the formation of anatase TiO2 nanotubes. Exceptionally, a second 

hydrothermal heating in the presence of CTAB of the alkali intermediates led to an oval-shaped 

anatase sample where TiO2 fibres seemed to be more densely stacked. 
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