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Abs tract

This work de scribes sim ple and re pro duc ible prep a ra tion
of dried and sta ble ti tan ate nanotubes (Ti-NT) in
gram-scale amounts us ing freeze dry ing. Ti-NT rep re sent a 
novel type of nanoparticles with in ter est ing mor phol ogy
and pe cu liar struc ture. The mor phol ogy, crys tal line struc -
ture and el e men tal com po si tion of Ti-NT were in ves ti gated 
by means of scan ning and trans mis sion elec tron mi cros -
copy, X-ray and elec tron dif frac tion and en ergy-dispersive
X-ray anal y sis.

In tro ducti on

In the past de cade, fab ri ca tion of var i ous in or ganic nano -
particles has at tracted much at ten tion be cause of their in ter -
est ing prop er ties and po ten tial ap pli ca tions. Sev eral re cent
stud ies have re ported a syn the sis of a novel type of
TiO2-based nanoparticles, whose mor phol ogy and crys tal
struc ture is com pletely dif fer ent from com mon TiO2 mod i -
fi ca tions [1, 2, 3]. Hol low tu bu lar nanoparticles, de noted as 
ti tan ate nanotubes (Ti-NTs), are formed by a rolled sheet.
Ma jor ity of au thors agree that the plane of a sin gle sheet is
formed by oc ta he drons, iden ti cally to well known TiO2

crys tal mod i fi ca tions, such as ana tase, rutile and brookite.
Nev er the less, the struc ture and com po si tion of Ti-NT re -
main un clear and also for ma tion mech a nisms of Ti-NTs
has not been fully clar i fied yet [4, 5, 6, 7].

For many po ten tial ap pli ca tions of Ti-NT in ma te ri als
sci ence it is es sen tial to ob tain dry, well sep a rated, chem i -
cally and mor pho log i cally sta ble nanoparticles. As for
mor pho log i cal sta bil ity, the key point is to pre serve sin gle
char ac ter and high as pect ra tio of the par ti cles, i.e. the
break ing and the merg ing of the par ti cles should be min i -
mized. None the less, the au thors of avail able lit er a ture fo -
cus their at ten tion on struc ture of sin gle nanotubes [3, 8, 9,
10], their ther mal sta bil ity [11, 12] or con duc tive prop er ties 
[13, 14]. 

The aim of this study was to de velop a straight for ward,
re pro duc ible prep a ra tion tech nique yield ing dried, non-de -
structed Ti-NT in gram-scale amounts. Syn the sis of Ti-NT
was based on hy dro ther mal treat ment of TiO2 pow der in
con cen trated NaOH so lu tion de scribed else where [2].
Three par al lel syn the ses and three dif fer ent dry ing pro ce -
dures were per formed. The mor phol ogy of Ti-NT was in -
ves ti gated by means of scan ning and trans mis sion elec tron
mi cros copy, their crys tal line struc ture was stud ied by

X-ray and elec tron dif frac tion and their el e men tal com po -
si tion by en ergy-dispersive X-ray anal y sis.

Ex pe ri men tal

Syn the sis and dry ing of ti tan ate nanotubes. 
Ti tan ate nanotubes (Ti-NT) were syn the sized by hy dro -
ther mal treat ment as re ported in lit er a ture [1,2]. Start ing
TiO2 mod i fi ca tions in cluded: tech ni cal pow der (Riedel-de
Haën, Sigma-Aldrich), ana tase TiO2 pow der (99, 8%;
Aldrich) or TiO2 nanopowder (99, 9%, Aldrich); the other
chem i cals used were NaOH (Lach-Ner, s.r.o.), HCl (35%
p.a., Lach-Ner, s.r.o.) and deionized wa ter.

Ti-NT were pre pared by three par al lel syn the ses (de -
noted as S20, S28 and S30). Briefly, 6 g of TiO2 pow der in
10M NaOH aque ous so lu tion in a closed ves sel was heated
at 120 °C for 20 hours and sub se quently washed with wa ter 
to achieve pH = 11.5 (sam ple de noted S30/11,5). Part of
so lu tion was neu tral ized by 0,1M HCl aque ous so lu tion
and sub se quently washed with wa ter to pH = 5.5 (sam ple
de noted  S30/5.5). The rem nant of so lu tion (S30) and so lu -
tion an other syn the sis (S20) were dried in six dif fer ent
ways: S20 was fil tered and dried on air for 20h (S20/D1),
dried at 60 °C for 2 hours (S20/D2), dried at 60 °C for 4
hours (S20/D3), dried at 100 °C for 4 hours (S20/D5) and
dried at 60 °C for 4 hours un der the vac uum (S20/D6). Part
of Ti-NT sus pen sion was dis persed in eth a nol, fil tered and
dried on air for 20 hours (S20/D4) or dried at 60 °C for 4
hours (S20/D7). The rest of S30 and part of S28 were more
di luted by dis tilled wa ter and freeze died (S28/L1,
S30/L1).

Spec i mens for elec tron mi cros copy were pre pared as
fol lows: Ti-NT dis per sion in wa ter or dried Ti-NTs was
dis persed in wa ter. In some cases the Ti-NT were treated in
ul tra sonic bath for sev eral min utes. The im pact of
sonication on the Ti-NT struc ture was ex am ined us ing the
sam ples sonicated from 1 min ute to 25 min utes.

Scan ning elec tron mi cros copy and microanalysis. 
The mor phol ogy of Ti-NT pow ders was char ac ter ized by
scan ning elec tron mi cros copy (SEM) us ing a high res o lu -
tion, field-emis sion gun SEM mi cro scope Quanta 200 FEG 
(FEI, Czech Re pub lic) equipped with en ergy dispersive
X-ray spec trom e ter (EDS). Spec i mens for mor pho log i cal
in ves ti ga tions (SEM) were pre pared by dry ing of a drop let
of Ti-NT dis per sion on the car bon sup port.  The spec i mens
were then ob served as they were in low-vac uum mode us -
ing ac cel er at ing volt ages from 10 to 30 kV. Spec i mens for
X-ray microanalysis (EDS) were pre pared by con sol i da -
tion of dry Ti-NT into tab lets. EDS spec tra were col lected
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from sev eral lo ca tions at each tab let at ac cel er a tion volt age
30 kV.

Trans mis sion elec tron mi cros copy and 
elec tron dif frac tion. 
The mor phol ogy of Ti-NT pow ders was si mul ta neously in -
spected by trans mis sion elec tron mi cros copy (TEM) and
crys tal struc ture was an a lyzed elec tron dif frac tion (ED) us -
ing a 120 kV TEM mi cro scope Tecnai G2 Spirit (FEI,
Czech Re pub lic). Spec i mens for TEM in ves ti ga tions were
pre pared in the same way as those for SEM; the only dif fer -
ence con sisted in that a spec i men sup port was a mi cro -
scopic cop per grid cov ered by thin trans par ent car bon film. 
The sam ples were stud ied in both bright field (con ven -
tional TEM) and elec tron dif frac tion with out se lect ing ap -
er ture (ED) modes at 120 kV.

Pow der X-ray dif frac tion. 
Pow der X-ray dif frac tion (PXRD) mea sure ments of whole
pat terns were per formed mainly on XRD7 (FPM-Seifert)
diffractometer with mono chro ma tor in the dif fracted beam.

Re sults and dis cus si on

Sus pen sion of ti tan ate nanotubes have been pre pared from
TiO2 pow ders by stan dard method de scribed in the lit er a -
ture [1, 2, 3]. We re peat edly suc ceed in pre par ing Ti-NT
from a mix ture of dif fer ent types TiO2 crys tal mod i fi ca -
tions (Fig. 1) not only from pure ana tase as stated in some
pa pers [3]. The amount, mor phol ogy and struc ture of
Ti-NT were not af fected by the mod i fi ca tion of start ing
TiO2.

In ad di tion, the as sump tion that for ma tion of nanotubes 
in aque ous so lu tion is com pleted af ter hy dro ther mal treat -
ment was con firmed. In con trast to some stud ies [1, 2, 15],
we show that neu tral iza tion by HCl is not nec es sary for
their for ma tion (Fig. 2). The Ti-NT were ob served both af -
ter wash ing with wa ter (Fig. 2a) or HCl (Fig. 2b). It was
also proved by EDS that Na+ ions are not nec es sary to sta -
bi lize Ti-NT, which per sist both in pres ence (Figs. 2a-b)  or 
ab sence (Figs 2c-d) of so dium. Nev er the less, it was ob -
served that the sta bil ity of Ti-NT de creases from sev eral
months in strong al ka line so lu tions to sev eral weeks in so -
lu tions with lower pH. Ti-NT are fur ther im paired if they
are trans ferred to non-aque ous me dium as ev i denced by
both SEM and TEM.

Dry ing pro ce dure is a crit i cal step to ob tain gram-scale
amounts non-de structed Ti-NT be cause the nanotubes tend 
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Fig ure 1. Syn the sis of Ti-NT from var i ous sources: (a,b,c) TiO2 nanopowder -mix ture of ana tase and rutile, (d,e,f) tech ni cal
TiO2 - mix ture of rutile and ana tase and (g,h,i) TiO2 pow der - ana tase mod i fi ca tion. The first col umn (a,d,g) shows SEM mi cro -
graphs of orig i nal pow ders, the sec ond col umn (b,e,h) and the third col umn (c,f,i) show SEM and TEM mi cro graphs of Ti-NT,
respectively.



to merge and break when they are iso lated from so lu tion.
This was proved by ex am i na tion of seven dif fer ent ways of
dry ing in air and in vacuo, as de scribed in ex per i men tal
sec tion. Rep re sen ta tive elec tron mi cro graphs of air dry ing
(Fig. 3a) and vac uum dry ing (Fig. 3b) showed ag glom er a -
tion and merg ing of the nanotubes, which de creased their
de sir able high as pect ra tio. Dur ing freeze-dry ing the mor -
phol ogy of Ti-NT was sim i lar to that ob served af ter dry ing

in air or vac uum, but the nanotubes were much less ag -
glom er ated and merged (com pare Fig. 3a-b with Fig. 3c).
The crys tal line struc ture of Ti-NT did not change as proved 
by PXRD (Figs. 3d-f)  

The PXRD re sults were com pared with sim u lated pow -
der dif frac tion pat terns (cal cu lated by pro gram PowderCell 
[16]) and ex per i men tal ED dif frac tion pat terns (pro cessed
by pro gram ProcessDiffraction [17]). Re li abil ity and pre ci -
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Fig ure 2. Syn the sis of Ti-NT from so lu tions with var i ous pH: (a,b) pH = 11.5 and (c,d) pH = 5.5. SEM mi cro -
graphs (a,b) showed al most iden ti cal mor phol ogy and EDS spec tra (b,d) proved that re moval of so dium was  not

Fig ure 3. In flu ence of dry ing on Ti-NT ex ter nal mor phol ogy and in ter nal crys tal line struc ture. (a, d) dry ing in air -
sam ple S20-D1, (b, e) dry ing in vac uum - sam ple S20-D6, (c,f) freeze dry ing - sam ple S30-L1. SEM mi cro graphs (a,
b, c) and cor re spond ing PXRD pat terns (d, e, f).



sion of ED in our TEM mi cro scope was ver i fied by means
of stan dard Au spec i men (Fig. 4a). The o ret i cal pow der
diffraction pat terns of ana tase and rutile were cal cu lated
with pro gram PowderCell (Fig. 4b-c). Ex per i men tal PXRD 
re sults from pre vi ous ex per i ments were in cluded for com -
par i son (Figs. 4d-e). Fi nally, ED dif frac tion pat terns from
all three par al lel syn the ses (S20, S28, S30) were col lected
(Figs. 4f-g). Com par i son of all dif frac tion pat terns in Fig. 4 
clearly showed that the crys tal line struc ture of Ti-NT was
dif fer ent from both com mon TiO2 mod i fi ca tions. Sur pris -
ingly enough, all three ED pat terns of Ti-NT were the
same, whereas two PXRD pat terns of Ti-NT dif fered both
from each other and from the cor re spond ing ED pat terns.
The first dis crep ancy be tween ED and PXRD con sisted in
sev eral strong and sharp re flec tions on PXRD (Fig. 4d-e),
which were not ob served in ED. Sharp char ac ter of the re -
flec tions sug gested that they orig i nated in some big ger
crys tal lites. Com par i son of cal cu lated and ex per i men tal
PXRD pat terns showed that these sharp re flec tions came
from ana tase (con front Fig. 4b and Fig. 4e) or rutile (con -
front Fig. 4c and Fig. 4d). In ED the ana tase/rutile re flec -
tions were not ob served, be cause no big crys tal lites of

ana tase/rutile were found in TEM mi cro scope. This in di -
cated that num ber of the ana tase/rutile crys tal lites in the
sam ples was quite small, al though the ana tase/rutile re flec -
tions were quite strong in PXRD due to rel a tively high vol -
ume of big ana tase/rutile microcrystals in com par i son with
tiny ti tan ate nanotubes. More over, the spec i mens for
PXRD may have con tained higher vol ume of ana tase/rutile
than cor re spond ing spec i mens for ED due to dif fer ences in
spec i men prep a ra tion tech niques. As the two PXRD dif -
frac tion pat terns (Fig. 4d and 4e) were dif fer ent, the ana -
tase/rutile microcrystals prob a bly grew dur ing dry ing
pro ce dures, which were also dif fer ent, whereas both syn -
the ses should have been iden ti cal. The sec ond dis crep ancy
be tween PXRD and ED was strong dif frac tion around
2theta = 18deg in PXRD (Fig. 4f-h), which was com pletely
miss ing in ED. This dif frac tion could not be ob served in
TEM mi cro scope be cause it was too close to the
beamstopper, which had to shield CCD cam era from cen -
tral beam; dif fer ent ex per i men tal setup might help in this
case. Nev er the less, strong and broad dif frac tions around
2theta = 24, 28 and 48 deg, which cor re sponded nei ther
ana tase nor rutile, were  ob served in both ED and PXRD
dif frac tion pat terns of all pre pared Ti-NT (Fig. 4d-h).

We also stud ied pos si bil i ties to im prove dis per sion of
Ti-NT by sonication be fore dry ing. SEM mi cro graphs
dem on strated that sonication of Ti-NT in so lu tion yields
less merged nanotubes but sonication times higher than 5
min utes break the nanotubes (Fig. 5). As a re sult, we used
in all ex per i ments zero or very short sonication times.
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Fig ure 4. Com par i son of ex per i men tal and cal cu lated dif frac tion
pat terns of Ti-NT, which were dried in dif fer ent ways.  (a) Ex per i -
men tal ED and cal cu lated PXRD of stan dard Au spec i men, (b)
cal cu lated PXRD of ana tase, (c) cal cu lated PXRD of rutile, (d)
ex per i men tal PXRD of air-dried Ti-NT, syn the sis S20-D2, (e) ex -
per i men tal PXRD of freeze-dried Ti-NT, syn the sis S30-L1, (f)
ex per i men tal ED of air-dried Ti-NT, syn the sis S20-D2, (g,h) ex -
per i men tal ED of freeze-dried Ti-NT, syn the ses S28-L1 and
S30-L1.

Fig ure 5. Im pact of sonication on mor phol ogy of Ti/NT.
Sonication for (a) 1 min, (b) 5 min, (c) 15 min and (d) 25 min.
More than 5 min of sonication breaks the nanotubes.



Conclu si on

Ti tan ate nanotubes (Ti-NT) were pre pared us ing a hy dro -
ther mal syn the sis de scribed else where. Ti-NT rep re sent a
novel type of nanoparticles with pe cu liar struc ture. In this
study we show that gram-scale amounts of Ti-NT can be
iso lated from so lu tion by freeze dry ing.

Three par al lel syn the ses and three dry ing pro ce dures
were used to pre pare dried Ti-NT in gram-scale amounts.
Im pact of prep a ra tion and dry ing on ex ter nal mor phol ogy
and in ter nal crys tal struc ture of Ti-NT was in ves ti gated by
mi cro scopic (SEM, TEM, EDS) and dif frac tion (PXRD,
ED) meth ods.

SEM and TEM mi cro graphs showed that the Ti-NT
were quite sta ble, es pe cially if they were kept in al ka line
so lu tion. The ba sic mor phol ogy of the nanotubes did not
change, their di am e ters were approx. 10 nm and their
lengths were usu ally in mi crom e ter scale. Nev er the less,
dur ing dry ing the nanotubes tended to break and merge,
which de creased their high as pect ra tio that is ad van ta -
geous for many po ten tial ap pli ca tions in ma te ri als sci ence.

PXRD and ED proved that the crys tal line struc ture of
Ti-NT dur ing all ap plied dry ing pro ce dures (air, vac uum,
freeze dry ing) did not change. Break ing and merg ing of
nanotubes dur ing dry ing in air and in vacuo had neg li gi ble
ef fect on in ter nal crys tal line struc ture. Ti-NT crys tal line
struc ture af ter dry ing did not cor re spond to any com mon
crys tal mod i fi ca tions of TiO2.

It has been dem on strated that freeze dry ing is the best
tech nique to pre pare high amounts of dried, sin gle,
non-merged Ti-NT with high as pect ra tio.
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