
STRUCTURAL STUDIES OF TITANIA NANOTUBES

T. Brunátová1, D. Popelková2, S. Daniš1, M. Šlouf2, R. Kužel1

1Charles Uni ver sity in Prague, Fac ulty of Math e mat ics and Phys ics, De part ment of Con densed Mat ter 
Phys ics, Prague, Czech Re pub lic

2In sti tute of Macromolecular Chem is try, Acad emy of Sci ences of the Czech Re pub lic, Prague, 
'Czech Re pub lic

Key words: 

crys tal struc ture, TiO2, nanotubes, com puter sim u la tion

Abs tract

The crys tal struc ture of TiO2 nanotubes was stud ied by
X-ray dif frac tion and trans mis sion elec tron mi cros copy.

The struc ture was iden ti fied as b-phase of TiO2. A model
based on this struc ture was cre ated - a 2D sheet rolled into a 
tube - and used for cal cu la tions of pow der X-ray dif frac tion 
pat terns with var ied model pa ram e ters:  the lat tice cell pa -

ram e ters: a, b, c, and an gle b. 

In tro ducti on

Af ter dis cov ery of car bon nanotubes (hav ing large sur face
area) other nanotubular sys tems were stud ied. At the end of 
90th of the last cen tury, TiO2 nanotubes (Ti-NT) were pre -
pared by very sim ple and cheap method – hy dro ther mal
treat ment of TiO2 pow der. Un for tu nately, the struc ture of
these nanotubes is not clearly un der stood and several dif -
fer ent struc tures have been re ported. 

TiO2 based ma te ri als show re mark able, in par tic u lar
photocatalytic, prop er ties and they are of high ap pli ca tion
in ter est. In ad di tion, Ti-NT have large sur face area which is 
also use ful for cat a lytic ap pli ca tions. Other po ten tial ap pli -
ca tions of Ti-NT can be found for ex am ple in lith ium bat -

ter ies where they can im prove the rate of dif fu sion in ter ca -
lated lith ium ions – small size of lith ium ions and struc ture
of Ti-NT – ionic trans port in interlayer [1]. The first re -
ported struc ture of Ti-NT was ana tase struc ture of TiO2.
The study was pub lished by Kasuga et al. [2], who used the
sin gle al kali treat ment of TiO2 pow der. Since that, high in -
ter est in this ma te rial be gan and the amount of pos si ble
struc tures in creased. In sev eral pa pers, the pres ence of so -
dium ions in the Ti-NT struc ture was men tioned. For ex am -
ple in [3], pos si ble struc tures of  Na2Ti2O4(OH)2 or
H2Ti2O4(OH)2 type were sug gested as mixed
NaxH2-xTi2(OH)2. Other re ported struc tures were trititanate 
[4] (H2Ti3O7) or so dium trititanate (Na3Ti2O7), H2Ti2O5

H2O [5] or for ex am ple H2Ti4O9 H2O [6]. The au thors of [5] 
stud ied de pend ence Ti-NT struc ture on time of hy dro ther -
mal method and it was shown how the nanotube is cre ated
by roll ing the 2D sheet. 

Sam ple Pre pa rati on

Sam ples of Ti-NT were pre pared at the In sti tute of
Macromolecular Chem is try, Acad emy of Sci ences of the
Czech Re pub lic, Prague, Czech Re pub lic (IMC). The prep -
a ra tion method was a sim ple hy dro ther mal treat ment of ini -
tial pow der. In this work, microcrystalline rutile was used
as a start ing TiO2 pow der. The hy dro ther mal method con -
sists of heat ing the ini tial TiO2 pow der with 10M NaOH.
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Fig ure 1. Mea sured PXRD pat tern and the o ret i cal po si tions of peaks (bars) of b-TiO2.
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The ob tained pow der was neu tral ized by HCl and dried.
More de tails on the prep a ra tion can be found in [7].

Me a su re ment 

Sam ples of Ti-NT were mea sured in the trans mis sion ge -
om e try in diffractometer Rigaku Rapid II with Mo-K ra di a -
tion and 0.3 mm collimator. This diffractometer is
equipped with 2D cy lin dri cal im age plate de tec tor (Debye- 
Scherrer ge om e try). The spec i mens to the diffractometer
were pre pared in the fol low ing way: the small amount of
Ti-NT  were mixed with sol vent and it was placed into a
cop per wire holder that was formed into a loop. Mea sured
X-ray 2D pat tern was con verted to con ven tional pow der
X-ray dif frac tion (PXRD) pat tern by the soft ware 2DP.

Trans mis sion elec tron mi cros copy (TEM) was per -
formed on 120 kV Tecnai G2 Spirit 120 with LaB6 emis sion 
gun. The sam ple prep a ra tion tech nique for TEM can be
found in [7]. TEM in ves ti ga tion was performed at IMC.  

Re sults and dis cus si on

In this pa per, we will fo cus on pos si ble struc ture of Ti-NT

that was iden ti fied as a b-phase of TiO2. This pos si ble
struc ture was re ported in [8]. Here, we have in ves ti gated
the in flu ence of changes of in di vid ual lat tice pa ram e ters on 
the cal cu lated X-ray dif frac tion pow der pat tern. Mea sured
pat tern and cal cu lated po si tion of dif frac tion peaks of

b-TiO2 phase are shown in Fig ure 1. Some dis agree ment in

peak po si tions of b-TiO2 taken from the da ta base and those
of mea sured PXRD pat tern can be noticed. This
disagreament could be due to two dif fer ent struc ture - bulk

ma te rial and nanotubes. b-TiO2 has monoclinic crys tal
struc ture, space group C2/m with the lat tice cell pa ram e -

ters: a = 12.1787 C, b = 3.7412 C,  c = 6.5249 C, b  =
107.054° [9]. A struc tural model of nanotube was made by

roll ing 2D sheet made from b-TiO2. The vari able pa ram e -

ters in this model are the lat tice cell pa ram e ters of b-TiO2

and mul ti ples of all lat tice cell pa ram e ters. The mul ti ple of
the pa ram e ter c is given by num bers of walls in nanotube.
This can be re solved from high- res o lu tion trans mis sion
elec tron mi cros copy. The mul ti ples of the other lat tice cell
pa ram e ters a, b have ef fect just on the broad en ing of the

dif frac tion peaks and are not dis cussed here.  The sharp

peak at 2q ~ 22°  cor re sponds to the length of the tube – the
axis of the tube is given by the lat tice cell pa ram e ter b (from 
Fig ure 1). Hence is it pos si ble to find the cor rect value of
this pa ram e ter di rectly. The lat tice pa ram e ter c is go ing
around the cir cum fer ence of the nanotube and a is in the di -
rec tion to the cen ter of tube cross-sec tion plane. These two

lat tice cell pa ram e ters and the an gle b can not be clearly
iden ti fied di rectly from the PXRD pat tern. In or der to un -
der stand their role, com puter si mul ations by means of the
Debye for mula were per formed for their dif fer ent val ues.
The fi nal sim u lated PXRD was con vo luted with the Gauss
func tion that sim u lated in stru men tal func tion of the
diffractometer.  The cor re spond ing shapes of PXRD pat -
terns ob tained for sev eral val ues of the pa ram e ter a are de -
picted in Fig. 2.

It is not easy to dis tin guish which peaks de pend only on
this pa ram e ter but it is pos si ble to see peaks that do not de -
pend on it, par tic u larly in the low-an gle re gion. For high
dif frac tion an gles this can not be done due to high num ber
of peaks in this monoclinic cell struc ture. The changes of

PXRD pat terns due to vari a tions of the pa ram e ters c and b 
are quite sim i lar (see Fig 3. and Fig. 4).

These sim u la tions can help to see pos si bil i ties for ob -
tain ing better agree ment by vari a tions of free pa ram e ters.
In gen eral it is dif fi cult for the monoclinic struc ture to de -
rive clear ef fects of all the pa ram e ters on the pat tern. The
non-lin ear least square method was used fi nally for ob tain -
ing the best agree ment be tween the mea sured and cal cu -
lated PXRD pat terns. The re sult is shown in Fig. 5. The
mor phol ogy of the nanotubes can be seen on TEM im ages
(Fig. 6). It can be seen that ba sic fea tures of the PXRD pat -
tern are mod eled well but fur ther im prove ment can not be
done by vari a tions of the used pa ram e ters. Hope fully, in -
clud ing tex ture ef fects into calculations can lead to better
agree ment.

Sum ma ry

Ti ta nia nanotubes pre pared by hy dro ther mal method were
stud ied by X-ray dif frac tion in the trans mis sion ge om e try.
A struc tural model of the nanotube was cre ated by the roll -

ing of the sheet from the monoclinic struc ture of b-TiO2. It

Fig ure 2. Sim u lated changes of PXRD pat tern due to vari a tions
of the lat tice pa ram e ter a.  

Fig ure 3. Sim u lated changes on PXRD pat ter due to vari a tions of
the lat tice pa ram e ter c.
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was used for cal cu la tion of the PXRD pat tern by the Debye
for mula and main fea tures of the ex per i men tal pat tern
could be ex plained by this ap proach.  For better agree ment
of cal cu lated and mea sured PXRD pat terns mod els of pre -
ferred ori en ta tion suit able for cal cu la tions should be con -
sid ered and ap plied to gether with the Debye for mula.
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Fig ure 4. Sim u lated changes on PXRD pat ter due to vari a tions of 

the lat tice pa ram e ter b.
Fig ure 5. Com par i son be tween mea sured and cal cu lated PXRD
pat terns.

Fig ure 6. Mor phol ogy of Ti-NT (TEM im age).
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Abs tract

Fe, Ti, V, and Zr com pos ites were pre pared by mix -
ing and dry mill ing of ferrihydrite with V, TiH2, and
ZrH2 pow ders. The sam ples were an nealed in vac -
uum and hy dro gen at mo sphere dur ing mea sure ments
of the tem per a ture de pend ence of their mag netic mo -
ments in tem per a ture range 20 – 800 °C. Pure metal

a-Fe, a-Zr; Fe2Zr, TiFe, and Ti2Fe intermetallic
phases and var i ous Fe, Zr, V and Ti ox ides were
formed by these heat treat ments. 

In tro ducti on

Tran si tion met als based com pos ites still be long to
can di dates for hy dro gen bat ter ies. Their prac ti cal ap -
pli ca tion, how ever, are con nected with some dif fi cul -
ties due to high tem per a ture and rel a tively slow
ki net ics of hy dro gen desorption of ab sorp tion. Their
nanocrystalline states ex hibit much faster ki net ics
and lower tem per a ture of hydriding/dehydriding in
com par i son with coarse grained ma te ri als with the
same composition [1-3]. 

It was shown that Zr-rich phases dis pro por tion ate
and reproportionate by ab sorb ing of hy dro gen and
FeZr2 and FeZr3 were ob served. Zr2FeH5 was formed
by hy dride ab sorp tion at room tem per a ture. The
disproportionation of Zr2Fe was un sta ble and it was
very quickly fol lowed by a reproportionation to
Fe2Zr [4-5]. Me chan i cal al loy ing of a Ti45Zr38Ni17

pow der mix ture formed an amor phous phase, but
sub se quent an neal ing caused the for ma tion of an
icosahedral quasicrystalline phase with a small
amount of the Ti2Ni-type crys tal phase [6]. Af ter
high-pres sure hy dro ge na tion at 573 K at a hy dro gen
pres sure of 3.8 MPa, the amor phous phase trans -
formed to a TiH2-type hy dride, while the icosahedral
phase was struc tur ally sta ble even af ter the hy dro ge -
na tion.

Ex pe ri men tal de tails

TThe sam ples were pre pared by from pure
ferrihydrite (Sigma Aldrich) and V, TiH2, and ZrH2

(Alfa Aesar) pow ders by dry ball mill ing or mix ing in 
an ag ate mor tar. The orig i nal com po si tion of the
com pos ites was 39 wt% of ferrihydrite and 61 wt% of 

the V, TiH2, and ZrH2. The as-mixed pow ders were com pressed
into pel lets and an nealed dur ing the mea sure ment of the tem per a -
ture de pend ence of mag netic mo ment in tem per a ture range 20°C
- 800°C in vac uum (10-4 Pa) and in the hy dro gen (5N). Mag netic
mea sure ments were car ried out us ing vi brat ing sam ple
magnetometer in 50 Oe external field.

The X-ray dif frac tion (XRD) and Mössbauer spec tros copy
(MS) were ap plied for struc ture and phase anal y sis. XRD was

car ried out us ing X’Pert diffractometer and CoKa ra di a tion with
qual i ta tive anal y sis by HighScore® soft ware and the JCPDS
PDF-4 da ta base. For a quan ti ta tive anal y sis HighScore plus®
with Rietveld struc tural mod els based on the ICSD da ta base was
ap plied. 57Fe Mössbauer spec tra were mea sured us ing 57Co/Rh
source in stan dard trans mis sion ge om e try with de tec tion of 14.4

keV g-rays. The com puter pro cess ing of the spec tra for phase
anal y sis was done us ing CONFIT pack age [7].  

Re sults 

The XRD phase anal y sis of the as-mixed sam ples ex hib ited
mainly pres ence of the pre cur sors. The com pos ites pre pared in
an ag ate mor tar con tained 61 wt% V and 61 wt% TiH2 which al -
most iden ti cal with the nom i nal com po si tion. The dry milled V
and TiH2 based sam ples showed also the orig i nal pre cur sor
phases of nom i nal com po si tion but in ZrH2 based com pos ite for -
ma tion of mag ne tite (33 wt%) and ZrH2 (68 wt%) was ob served.
The Mössbauer spec tra cor re spond to the ferrihydrite in V and

TiH2 com pos ites and ferrihydrite and mag ne tite, a-Fe and ZrFe2

in ZrH2 com pos ite. Changes in the phase com po si tions dur ing
the 20°C - 800°C an neal ing were de tected by the mea sure ment of 
the tem per a ture de pend ence of the mag netic mo ments. The Cu rie 

tem per a tures of a-Fe, mag ne tite, he ma tite and Fe2Zr phases
were ob served there. The pres ence of these mag netic phases was
con firmed by XRD and Mössbauer phase anal y sis. The phase
com po si tions of the an nealed sam ples are given in Tables 1 and
2. There are sig nif i cant dif fer ences af ter an neal ing in vac uum
and in hy dro gen. The hy dro gen at mo sphere helped to re duce
ferrihydrite to pure iron and to form of intermetallic phases. The
pow ders con tain small or neg li gi ble amount of ox ides even af ter
the han dling in am bi ent at mo sphere by prep a ra tion of the sam -
ples for XRD and Mössbauer mea sure ments. The vac uum an -
neal ing caused for ma tion of Zr, Ti, and V ox ides but their
for ma tion af ter the an neal ing dur ing the sam ple prep a ra tion for
the phase anal y sis can not be ex cluded. Iron ions em bed ded in the 
ma trix of ox ides sta bi lize of tetragonal (t-ZrO2) form, which is
pres ent in the sam ple to gether with the sta ble monoclinic
(m-ZrO2) form. This is con firmed by the pres ence of 0.06 atom
frac tion of Fe(III) de tected by means MS.
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Conclu si ons

From the above re sults we can con clude that for ma tion of
intermetallic phases which can be in ter est ing for hy dro gen
ab sorp tion can be yielded by an neal ing in hy dro gen at mo -
sphere. The pres ence of FeTi, Ti2Fe and Fe2Zr intermetallic 
was con firmed but Zr2Fe and Zr3Fe phases well known for
their abil ity to store hy dro gen were not de tected in the Zr
based samples. 

Re fe ren ces

1. W. Liu, H. Wu, Y. Lei at all. J. Al loys Comp, 261 (1997)
289.

2. T. Spassov, U. Köster, J. Al loys Comp, 287 (1999) 243.

3. L.E.A. Berlouis, E. Cambera, E. Hall-Barientoss at all., J.
Ma ter. Res, 16 (2001) 45.

4. A. Zaluska, L. Zaluski, J. O. Strom-Olsen, Appl. Phys. A.
72 (2001) 157-165.

5. T. Klassen, R. Bohn, G. Fanta, at all., Z. Metallkde 94
(2003) 610-614.

6. A. Takasaki, V.T.Huett, K.F. Kelton, J non-cryst sol ids,
334-335 (2004) 457-460.

7. T. Žák, Mössbauer Spec tros copy in Ma te ri als Sci ence, ed -
ited by M. Miglierini and D. Petridis, (Dordrecht: Kluwer
Ac a demic Pub lish ers), 1999, pp. 385-389.

Acknowled ge ments. 

This work was sup ported by the Czech Min is try of Ed u ca -
tion, Youth and Sports (1M6198959201), Acad emy of Sci -
ences of the Czech Re pub lic (AV0Z20410507) Eu ro pean
Re gional De vel op ment Fund (CEITEC - CZ.1.05/1.1.00/
02.0068) and Grant Agency of the Czech Re pub lic
106/09/P556. 

Ó Krystalografická spoleènost

Prep a ra tion and anal y sis of Fe-Zr, Fe-Ti, and Fe-V com pos ites for hy dro gen stor age       213

XRD [wt. %]

TiH2 + ferri hyd ri te (va cuum) 2 FeTiH0.06 10 Ti2Fe 42 a-Fe 46 TixO

TiH2 + ferri hyd ri te (hyd ro gen) 7 FeTiH0.02 10 Ti2Fe 11 FeTi 71 TiO0.325

V + ferri hyd ri te (va cuum) 11 V2H 25 VO0.03 64 Fe3O4

V + ferri hyd ri te (hyd ro gen) 21 V2H 70 a-Fe 9 Fe3O4

Mössbauer spectrosco py [Fe atom fracti ons]

TiH2 + ferri hyd ri te (va cuum) 0.39 a-Fe 0.32 Fe-Ti 0.29 Fe(III)

V + ferri hyd ri te (va cuum) 0.93 Fe3O4 0.07 Fe(III)

V + ferri hyd ri te (hyd ro gen) 0.97 a-Fe 0.03 Fe(III)

Ta ble 1. Re sults of the phase anal y sis of the an nealed com pos ites pre pared by mix ing in an ag ate mortar.

XRD [wt. %]

TiH2 + ferri hyd ri te (va cuum) 34.5 TiH2 32.4 Fe3O4 9 a-Fe 24.1 TiO0.48

ZrH2 + ferri hyd ri te (va cuum) 53.9 m-ZrO2 14.7 t-ZrO2 7.6 a-Fe 23.9 a-Zr

V + ferri hyd ri te (va cuum) 10.7 V2H 24.6 VO0.03 64.7 Fe3O4

V + ferri hyd ri te (hyd ro gen) 20.8 V2H 69.9 a-Fe 9.3 Fe3O4

Mössbauer spectrosco py [Fe atom fracti ons]

TiH2 + ferri hyd ri te (va cuum) 0.35 a-Fe 0.6 Fe3O4 0.05 Fe(III)

ZrH2 + ferri hyd ri te (va cuum) 0.06 Fe(III) 0.14 a-Fe 0.8 Fe2Zr

ZrH2 + ferri hyd ri te (hydrogen) 0.07 Fe(III) 0.59 a-Fe 0.34 Fe-Zr-H

Ta ble 2. Re sults of the phase anal y sis of the an nealed com pos ites pre pared by dry ball mill ing.


