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Abstract

The formation mechanism of layered titanates is described and Nb incorporation into these layers discussed. Titanate-based structures were

obtained in highly alkaline solutions by the hydrothermal synthesis of Nb-anatase powder prepared by a modified sol–gel method. Samples were

characterised by XRD, FT-IR and Raman spectroscopy, SEM and TEM (including EDS). The results confirmed the formation of layered

trititanates, after 3 h of hydrothermal synthesis. Raman and EDS analyses have shown that Nb ions enter the layered structures. Results suggest the

restructuring of the starting powder into individual trititanate nanosheets, as a possible formation mechanism of layered titanates, which proceeds

with their roll up into a one-dimensional structure.
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1. Introduction

The type and structural characteristics of one-dimensional

(1D) materials, as well as their properties are strongly

determined by the processing method and the conditions of

preparation. In general, there are three main approaches for the

preparation of these materials: template methods [1], anodic

oxidation [2,3], and wet chemical methods [4–6]. Especially,

the synthesis of titanate 1D structures fabricated by the

hydrothermal method, proposed by Kasuga et al. [4], has

received considerable attention because of its low cost and

simplicity.

Besides the growing interest in obtaining one-dimensional

titanates, the exact mechanism of hydrothermal titanate

nanotube formation is still a controversial topic. Also, the

clarification of the individual stages that precede the formation

of the 1D structures, is one of the open questions; even the

composition of these materials is still a subject of debate [7].
* Corresponding author. Tel.: +381 21 485 3758; fax: +381 21 450 413.

E-mail address: ljunik@uns.ac.rs (L.M. Nikolić).
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According to the literature, different crystal structures and

compositions have been suggested, such as trititanates

(A2Ti3O7 where A = H or Na), tetratitanate H2Ti4O9�H2O,

lepidocrocite titanates HxTi2�x/4&x/4O4, H2Ti3O7�xH2O (& –

vacancy), NaxH2�xTi3O7 and TiO2 anatase [5–8]. Some authors

have concluded that 1D structures were formed by rolling of

single layers peeled from crystal plates possibly due to

hydrogen deficiency on the surface [5–11]. On the other hand,

some researchers explain this mechanism by the wrapping of

multilayer nanosheets [8,12]. However, a completely distinct

mechanism of nanotube formation has been proposed [13,14].

Authors have suggested that the rollup theory is only valid

when local concentration fluctuations generate extreme

conditions (temperature, pH and reaction time) at the surface

of the nanoparticles. It was claimed that local concentration

fluctuations which appear on the crystallite of the starting

material under hydrothermal conditions, initiate the formation

of nanoloops from the starting material, which then become

seeds for an oriented crystal growth process that leads to

titanate nanotubes [15,16]. The shape of the cross-section is

determined by the curvature of the seeding nanoloop. Since

these are flexible ensembles only a few nanometers in length
d.
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Fig. 1. XRD patterns and FT-IR spectra (inset on the top right) of starting

powders, Tb and Tb–6Nb (a: anatase and b: brookite).
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and diameter, they can give rise to spiral, onion, or even

multiple-spiral nanotube cross-sections.

In this work, titanate nanotubes were synthesized by a

hydrothermal method. The structure and morphology of the

synthesized nanotubes depends on the hydrothermal condi-

tions, but are also influenced strongly by the phase composition

of the starting powders [17–19]. Therefore we have synthesized

anatase particles where an appropriate amount of niobium is

introduced in their structure; the obtained powder is then used

for the hydrothermal reaction.

The main subject of this work was to elucidate the formation

mechanism of layered titanates as a stage which precedes the

nanotube formation. The possibility of niobium incorporation

into the titanate layered structure, through the starting powder,

was also investigated. From that point of view, this research has

been focused on the early stages of the one-dimensional titanate

formation.

2. Experimental

2.1. Synthesis of starting powder and layered titanates

One-dimensional titanate-based structures were synthesized

in highly alkaline solutions using the hydrothermal procedure at

150 8C for different durations, following a procedure reported

before [20]. Anatase nanoparticles doped with niobium were

used as a starting material; they were synthesized by a modified

sol–gel method, from a mixture of an aqueous solution of Ti-

butoxide (Ti(OC4H9)4 – Fluka, Switzerland) and ethanol

solution of NbCl5 (Merck, Germany). The atomic ratio of

niobium in respect to titanium was set to 6 at.%. The reaction

was carried out at 80 8C in the presence of NH4OH and a great

excess of water. After steaming for several hours, the obtained

white powder was washed a number of times until pH = 7 was

reached and was then dried at 120 8C for 1 day.

The formed Nb-doped anatase nanoparticles were dispersed

in an aqueous solution of 10 M NaOH and stirred for some

time. Then, the solution was transferred into a sealed vessel and

the hydrothermal reaction was carried out at 150 8C for

different times, up to 20 h. After the hydrothermal treatment,

the powders were washed with distilled water and absolute

ethanol, until a neutral pH was reached. The formed layered

titanate-based structures were dried at 120 8C for 1 day. These

samples were given the name Ts-x/Nb, were x stands for the

time duration (in hours) of the hydrothermal reaction (3, 10 and

20 h).

2.2. Characterisation techniques

The structural changes caused by the hydrothermal

conversion of anatase particles to layered titanates were

studied by Raman and FT-IR spectroscopy, as well as electron

microscopy. The morphology and the microstructure of the

samples before and after the hydrothermal treatment were

additionally examined by X-ray powder diffraction (XRD). X-

ray diffraction patterns of the as-synthesized structures were

collected on a Philips PW 1050 instrument using Cu-Ka
radiation of wavelength 1.5404 Å. The XRD data were

recorded with a step of 0.028/s. The microstructure and

morphology of the samples were analyzed using a JEOL JSM

6460LV scanning electron microscope (SEM) and the layered

structure was revealed by a Philips CM20 transmission electron

microscope (TEM) operating at 200 kV, equipped with an

energy-dispersive X-ray spectroscopy tool (EDS) and capable

of performing the selected area electron diffraction (SAED)

required. Fourier-transform infrared spectroscopy measure-

ments were performed using a Nicolet-Nexsus 670 FT-IR.

Raman spectra were measured in backscattering geometry

using the InVia Renishaw micro-Raman spectrometer operat-

ing in normal mode and the 514.5 nm line of an Ar+ laser as the

excitation beam. The incident laser power on the sample was

0.4 mW and was applied to a spot diameter of 1.2 mm.

3. Results and discussion

3.1. Characterisation of the starting powder

XRD patterns of powders synthesized with the modified sol–

gel method are presented in Fig. 1. These patterns show that

samples prepared with and without niobium, Tb–6Nb and Tb

powders respectively, consist of the anatase phase with a very

small amount of brookite, since a peak at 2u = 30.88,
characteristic for brookite phase, can be identified (ICDD card

29-1360). The patterns are very similar and only a small shift to

the higher 2u can be observed for the Tb–6Nb powder

indicating the change in the lattice constant, probably caused by

the niobium incorporation. Average crystallite size of the

starting powders, estimated by Scherrer’s equation [21], is

about 4.5 nm. Available data on the solubility of niobium in the

lattice of titanium dioxide varies in the literature. Some authors

[22] believe that niobium can be introduced into titania

structure up to 40 at.%, while some of them [23] consider the

formation of a separate phase, TiNb2O7, at the grain boundary[(Fig._1)TD$FIG]



[(Fig._2)TD$FIG]

Fig. 2. SEM image of the starting powder, Tb–6Nb and the corresponding EDS

spectrum in the top right corner.

[(Fig._4)TD$FIG]

Fig. 4. FT-IR spectra of the starting powder, Tb–6Nb and Nb–titanate layered

structures.
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of rutile when more than 6.6 at.% of niobium is added into the

structure. Since the XRD pattern of Tb–6Nb powder shows

only the anatase phase (brookite is present only in traces), it can

be assumed that niobium entered the titania lattice. FT-IR

spectra presented on the top right of Fig. 1, show only a slight

difference in the position and shape of the vibrations

characteristic for Ti–O bonds (450–600 cm�1), hydroxyl

groups at 3400 cm�1 and water molecules at 1650 cm�1. This

can be the result of very small amount of niobium introduced in

the anatase structure as the ionic radius of niobium is similar to

that of titanium [22]. The results imply a very similar structure

for the undoped and the doped powders, so in order to

investigate the possible formation of Nb-doped one-dimen-

sional titanate structure and how it is influenced by the duration

of the hydrothermal reaction, the Tb–6Nb powder was used as a

starting powder for further synthesis. The SEM image shown in
[(Fig._3)TD$FIG]

Fig. 3. XRD patterns of the as-prepared Nb–titanate layered structures and

starting powder, Tb–6Nb (t: Na2Ti3O7 and a: anatase).
Fig. 2, indicates a very fine particulate structure of the starting

powder with a high degree of agglomeration. The EDS

spectrum confirmed the Nb incorporation into the anatase

structure.

3.2. Characterisation of Nb–titanate layered structures

XRD patterns of Nb–titanate structures are shown in Fig. 3.

In order to follow the structure changes in the powder after

hydrothermal reaction, the XRD pattern of the starting material,

Tb–6Nb is given in the top right of the image. It is interesting to

note that already after 3 h of hydrothermal synthesis, the

structure of the starting powder has changed significantly. The

peaks characteristic of the anatase phase completely disap-

peared, favoring the formation of layered titanates. The XRD

patterns show mainly four diffraction peaks at 2u�9.58, 24.448,
[(Fig._5)TD$FIG]

Fig. 5. Raman spectra of Nb–titanate layered structures (Ts-3/Nb, Ts-10/Nb,

Ts-20/Nb).
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28.378 and 48.328, characteristic of the Na2Ti3O7 type of

titanates (ICDD card 31-1329). No peaks from niobium

compounds are detected, a fact that indicates its incorporation

in the layered titanates. The broad peaks are the result of low
[(Fig._6)TD$FIG]

Fig. 6. TEM images of the one-dimensional Nb–titanate layered struc
crystallinity of the as-prepared titanate structures. According to

the literature [8,24,25] the peak at 2u = 9.58 could be ascribed

to an interlayer distance which is typical for the trititanate

phase. The spacing between layers depends on the content of
tures: Ts-3/Nb (a and b), Ts-10/Nb (c and d), Ts-20/Nb (e and f).



[(Fig._7)TD$FIG]

Fig. 7. EDS spectrum of the Ts-20/Nb–titanate structure.
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Na+ ions which remain in the structure after the synthesis, and it

can range from 0.8 to 0.95 nm [10,19,26]. The presence of Na+

ions between the layers can influence the stoichiometry of

titanates and lead to lattice deformations, which in turn cause

the shift and broadening of the characteristic XRD peaks,

observed in Fig. 3. The intensity of the peak around 9.58 is

increasing, indicating a rise in crystallinity with the duration of

the hydrothermal reaction.

The FT-IR spectra of Nb–titanate structures obtained after

different hydrothermal reaction times are shown in Fig. 4. In

comparison with the spectrum of the starting powder, there is a

significant difference in the shape and position of the

characteristic vibrations, especially in the 400–800 cm�1

range, implying a structure modification and a possible

formation of an one-dimensional titanate-based structure.

According to the literature [27], different Ti–O vibrations

can be observed in the wavelength range of 450–700 cm�1. The

presence of these bands in Fig. 3, indicate both tetrahedral and

octahedral coordination of titanium ions. Since these bands are

missing in the starting powder, it can be assumed that observed

vibrations are a result of the braking the Ti–O bonds and the

formation of titanate layers by the intercalation of Na+ and OH�

ions into the structure. In addition, a new band appears at

around 900 cm�1, also observed in Raman spectra (Fig. 5),

which corresponds to the vibration of Ti–O non-bridging

oxygen bonds, and probably the formation of Ti–O–Na bonds.

This band is typical for one-dimensional structures [28], while

its small intensity could be explained with the very low

concentrations of Na ions (due to extensive ion exchange with

H+ during washing). The shape and intensity of the observed

bands are changing with the duration of the hydrothermal

reaction. Intense band located around 3400 cm�1 is due to OH-

stretching vibrations of hydrohyl groups.

Raman spectra of Nb–titanate layered structures are

presented in Fig. 5. Raman spectra are rich with many bands

in agreement with previous reports on titanates [29–33]. Many

factors affect the number of these bands as well as their

frequency and width: crystal structure, Na content, H2O

percentage, titanate form (bulky layer form, 2D nanosheets,

nanotubes). Raman spectra show the bands that can be

attributed to sodium trititanate, Na2Ti3O7 [29–31]. Further-

more, the low frequency bands (<600 cm�1) fit better with the

Raman modes of titanates with very low Na content [32]. Upon

increasing the duration of the hydrothermal reaction minor

changes are observed in the Raman modes. The vibrational

frequencies at about 195 and 275 cm�1 can be assigned to

lattice modes and Ti–O–M (M = Nb5+ or Na+) modes [33,34].

The intensive peak at 278 cm�1, which is characteristic for

sodium titanates with layer structure [35], shows a small red

Raman shift (2 cm�1). Also, a red shift by 5 cm�1 was observed

for the 380 cm�1 mode, while intensities of 560 and 706 cm�1

bands, related to the layered structure, marginally decrease.

These effects are interpreted as a sign of conversion from a

titanate layered structure to a tubular structure [36], by a

proton-exchange reaction, which is in good agreement with the

structural evolution observed by TEM (Fig. 6). The band at

about 445 cm�1, is assigned to the internal vibrations of the
robust TiO6 octahedra [15]. The peak at 905 cm�1 is a

characteristic band of titanates prepared with hydrothermal

synthesis with NaOH, and is assigned to the symmetric

stretching mode of a short Ti–O bond of sodium titanate in the

layered structure [31]. This implies that sodium titanate with a

layered structure is formed and is considered to be the precursor

for the nanotube formation. This mode could also come from

vibrations in interlayer space or from the surface of the layered

titanates [31,33].

Morphology of synthesized titanates depends on reaction

time. TEM images of Nb–titanate structures are presented in

Fig. 6. According to these images it can be concluded that

already after 3 h of hydrothermal synthesis, anatase completely

transforms into the layered titanates, which is in good

agreement with previously presented results. In addition, the

particle-like morphology of the precursor does not exist any

more despite the short reaction time, a fact that implies that the

rate of hydrothermal reaction is very high in the early stages of

layer formation. Above results confirmed that the formation

mechanism of titania nanotubes is a transformation of titania

nanoparticles into nanosheets due to the attack of sodium

hydroxide during the hydrothermal reaction. As the reaction

proceeds, formed nanosheets grow together with a tendency to

curl at their edges, leading to the formation of short nanotubes,

which is clearly evidenced in Ts-20/Nb sample (Fig. 6e and f).

The crystallinity of the layers is increasing with time during the

reaction, which is confirmed by the SAED patterns, included in

Fig. 6. These results strongly confirm that the one-dimensional

titanate structures can be obtained with unexpectedly short

durations of the hydrothermal reaction, shorter than stated in

the literature [9,37].

In order to confirm the composition of Nb–titanate

structures, EDS analyses have been carried on. The EDS

spectrum given in Fig. 7 is typical for all investigated samples.

EDS pattern of Ts-20/Nb clearly shows the presence of Na, Ti,

O and Nb elements, which confirms that Nb–titanates have

been formed. EDS spectra were taken from both the centre of

the sample (i.e. probing a large volume) and from its side (i.e.

probing only the thin layers) to see how Nb is distributed in the
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samples. Since the results showed Nb signal on both cases,

uniform distribution of Nb ions can be assumed.

4. Conclusions

We have successfully synthesized layered Nb–titanates

through a simple hydrothermal procedure. The XRD patterns

have shown that hydrothermal treatment at 150 8C at very short

reaction times (up to 20 h) results in the disappearance of the

anatase peaks (present in starting powder) and new peaks arising,

corresponding to the trititanate structure. The FT-IR spectra

confirmed that octahedral Ti–O building blocks (around

600 cm�1), the main polyhedrons in the structure of anatase,

were broken, and a new peak is starting to appear at around

900 cm�1, which corresponds to the vibration of Ti–O� non-

bridging oxygen bonds, but also could point out a bonding of Na+

ions to Ti4+ ions through oxygen. The change in the shape and

position of the band characteristic for octahedral building blocks

could indicate that niobium is introduced into the titanate

structure. The EDS analyses confirmed the presence of Nb in the

powders. Raman spectra suggest the formation of layered Nb–

titanates and TEM results confirm the conversion from anatase

particles to Nb–titanate layers and even nanotubes. From the

above it is inferred that the formation mechanism is the

transformation of titania nanoparticles into nanosheets due to the

attack of sodium hydroxide in the early stage of the hydrothermal

reaction. With the increase of the time of the hydrothermal

reaction, the nanosheets grow together with a tendency of curling

at theirs edges that leads to the formation of the nanotubes.

Acknowledgments

This work was supported by the Serbian Ministry of Science,

Project ‘‘Synthesis of nanopowders and processing of ceramics

and nanocomposites for application in novel technologies’’,

No. 142059, and by FP7 Project RP DEMATEN, No. 204953.

References

[1] S. Zhang, C. Liu, Y. Liu, Z. Zhang, G. Li, Fabrication of micrometer-scale

anatase-phase TiO2 congeries assembled with hollow spheres, Journal of the

American Ceramic Society 91 (6) (2008) 2067–2070.

[2] M.’Ou Li, X. Xiao, R. Liu, Synthesis and bioactivity of highly ordered

TiO2 nanotube arrays, Applied Surface Science 255 (2) (2008) 365–367.

[3] Y. Yin, Z. Jin, F. Hou, X. Wang, Synthesis and morphology of TiO2

nanotube arrays by anodic oxidation using modified glycerol-based

electrolytes, Journal of the American Ceramic Society 90 (8) (2007)

2384–2389.

[4] T. Kasuga, M. Hiramatsu, A. Hoson, T. Sekino, K. Niihara, Titania

nanotubes prepared by chemical processing, Advanced Materials 11

(15) (1999) 1307–1311.

[5] C.-C. Tsai, H. Teng, Structural features of nanotubes synthesized from

NaOH treatment on TiO2 with different post-treatments, Chemistry of

Materials 18 (2006) 367–373.

[6] H.-H. Ou, S.-L. Lo, Review of titania nanotubes synthesized via the

hydrothermal treatment: fabrication, modification, and application, Sepa-

ration and Purification Technology 58 (2007) 179–191.

[7] S. XuChun, E. Yang, Z. YiFan, Synthesis of MxHyTi3O7 nanotubes by

simple ion-exchanged process and their adsorption property, Chinese

Science Bulletin 52 (18) (2007) 2491–2495.
[8] M. Qamar, C.R. Yoon, H.J. Oh, N.H. Lee, K. Park, D.H. Kim, K.S. Lee,

W.J. Lee, S.J. Kim, Preparation and photocatalytic activity of nanotubes

obtained from titanium dioxide, Catalysis Today 131 (2008) 3–14.

[9] N. Viriya-empikul, N. Sano, T. Charinapanitkul, T. Kikuchi, W. Tantha-

panichakoon, A step towards length control of titanate nanotubes using

hydrothermal reaction with sonication pretreatment, Nanotechnology 19

(2008) 036501.

[10] Z.Y. Yuan, B.L. Su, Titanium oxide nanotubes, nanofibers and nanowires,

Colloids and Surfaces A 241 (2004) 173–183.

[11] A. Thorne, A. Kruth, D. Tunstall, T.S.J. Irvine, W. Zhou, Formation,

structure, and stability of titanate nanotubes and their proton conductivity,

Journal of Physical Chemistry B 109 (2005) 5439–5444.

[12] Q. Chen, G.H. Du, S. Zhang, L.-M. Peng, The structure of trititanate

nanotubes, Acta Crystallographica B58 (2002) 587–593.

[13] Y. Yang, X. Wang, L. Li, Crystallization and phase transition of titanium

oxide nanotube arrays, Journal of the American Ceramic Society 91 (2)

(2008) 632–635.

[14] B. Poudel, W.Z. Wang, C. Dames, J.Y. Huang, S. Kunwar, D.Z. Wang, D.

Banerjee, G. Chen, Z.F. Ren, Formation of crystallized titania nanotubes

and their transformation into nanowires, Nanotechnology 16 (2005) 1935–

1940.

[15] E. Horvth, A. Kukovecz, Z. Knya, I. Kiricsi, Hydrothermal conversion of

self-assembled titanate nanotubes into nanowires in a revolving autoclave,

Chemistry of Materials 19 (4) (2007) 927–931.

[16] A. Kukovecz, M. Hodos, E. Horvth, G. Radnczi, Z. Knya, I. Kiricsi,

Oriented crystal growth model explains the formation of titanate nano-

tubes, Journal of Physical Chemistry B 109 (38) (2005) 17781–17783.

[17] X.-D. Meng, D.-Z. Wang, J.-H. Liu, S.-Y. Zhang, Preparation and char-

acterization of sodium titanate nanowires from brookite nanocrystallites,

Materials Research Bulletin 39 (2004) 2163–2170.

[18] Y. Suzuki, S. Pavasupree, S. Yoshikawa, R. Kawahata, Natural rutile-

derived titanate nanofibers prepared by direct hydrothermal processing,

Journal of Materials Research 20 (2005) 1063–1070.

[19] J. Yin, X. Zhao, Facile synthesis and the sensitized luminescence of

europium ions-doped titanate nanowires, Materials Chemistry and Physics

114 (2009) 561–568.

[20] M. Nikolic, M. Maletin, P. Ferreira, P.M. Vilarinho, Synthesis and

characterization of one-dimensional titanate structure, Processing and

Application of Ceramics 2 (2008) 109–114.

[21] D. Cullity, Elements of X-ray Diffraction, Addison–Wesley Publishing

Company Inc., London, UK, 1978, p. 99.

[22] L. Sheppard, T. Bak, J. Nowotny, C.C. Sorrell, S. Kumar, A.R. Gerson,

M.C. Barnes, C. Ball, Effect of niobium on the structure of titanium

dioxide thin films, Thin Solid Films 510 (2006) 119–124.

[23] A.M. Ruiz, G. Dezanneau, J. Arbiol, Insights into the structural and

chemical modifications of Nb additive on TiO2 nanoparticles, Chemistry

of Materials 16 (5) (2004) 862–871.

[24] D.V. Bavkin, V.N. Parmon, A.A. Lapkin, F.C. Walsh, The effect of

hydrothermal conditions on the mesoporous structure of TiO2 nanotubes,

Journal of Materials Chemistry 14 (2004) 3370–3377.

[25] J. Yu, M. Zhou, Effects of calcination temperature on microstructures and

photocatalytic activity of titanate nanotube films prepared by an EPD

method, Nanotechnology 19 (2008) 045606.

[26] X.M. Sun, Y.D. Li, Synthesis and characterization of ion-exchangeable

titanate nanotubes, Chemistry – A European Journal 9 (2003) 2229–2238.

[27] E. Morgado Jr., M.A.S. de Abreu, G.T. Moure, B.A. Marinkovic, P.M.

Jardim, A.S. Araujo, Characterization of nanostructured titanates obtained

by alkali treatment of TiO2-anatases with distinct crystal sizes, Chemistry

of Materials 19 (4) (2007) 665–676.

[28] J.A. Toledo-Antonio, S. Capula, M.A. Cortes-Jacome, C. Angeles-Cha-

vez, E. Lopez-Salinas, G. Ferrat, J. Navarrete, J. Escobar, Low-tempera-

ture FTIR study of CO adsorption on titania nanotubes, Journal of Physical

Chemistry C 111 (2007) 10799–10805.

[29] K.R. Zhu, Y. Yuan, M.S. Zhang, J.M. Hong, Y. Deng, Z. Yin, Structural

transformation from NaHTi3O7 nanotube to Na2Ti6O13 nanorod, Solid

State Communications 144 (2007) 450–453.

[30] M.A. Cortes-Jacome, G. Ferrat-Torres, L.F. Flores Ortiz, C. Angeles-

Chavez, E. Lopez-Salinas, J. Escobar, M.L. Mosqueira, J.A. Toledo-



L.M. Nikolić et al. / Ceramics International 37 (2011) 111–117 117
Antonio, In situ thermo-Raman study of titanium oxide nanotubes,

Catalysis Today 126 (2007) 248–255.

[31] L. Qian, Z.L. Du, S.Y. Yang, Z.S. Jin, Raman study of titania nanotube by

soft chemical process, Journal of Molecular Structure 749 (2005)

103–107.

[32] S.-J. Kim, Y.-U. Yun, H.-J. Oh, S.H. Hong, C.A. Roberts, K. Routray, I.E.

Wachs, Characterization of hydrothermally prepared titanate nanotube

powders by ambient and in situ Raman spectroscopy, The Journal of

Physical Chemistry Letters 1 (2010) 130–135.

[33] B.C. Viana, O.P. Ferreira, A.G.S. Filho, J.M. Filho, O.L. Alves, Structural,

morphological and vibrational properties of titanate nanotubes and nanor-

ibbons, Journal of Brazilian Chemical Society 20 (1) (2009) 167–175.
[34] Y. Kolen’ko, K. Kovnir, A. Gavrilov, A. Garshev, J. Frantti, O. Lebedev, B.

Churagulov, G. Tendeloo, M. Yoshimura, Hydrothermal synthesis and

characterization of nanorods of various titanates and titanium dioxide,

Journal of Physical Chemistry B 110 (2006) 4030–4038.

[35] A. Gajovic, I. Friscic, M. Plodinec, D. Ivekovic, High temperature Raman

spectroscopy of titanate nanotubes, Journal of Molecular Structure 924–

926 (2009) 183–191.

[36] T. Gao, H. Fjellvag, P. Norby, Crystal structures of titanate nanotubes: a

Raman scattering study, Inorganic Chemistry 48 (4) (2009) 1423–1432.

[37] C. Huang, X. Liu, L. Kong, W. Lan, Q. Su, Y. Wang, The structural and

magnetic properties of Co-doped titanate nanotubes synthesized under

hydrothermal conditions, Applied Physics A 87 (2007) 781–786.


	Hydrothermal conversion of Nb-anatase nanoparticles into layered titanates
	Introduction
	Experimental
	Synthesis of starting powder and layered titanates
	Characterisation techniques

	Results and discussion
	Characterisation of the starting powder
	Characterisation of Nb-titanate layered structures

	Conclusions
	Acknowledgments
	References


