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a b s t r a c t

The structural stability of some nanostructured titanates was investigated in terms of their subsequent
processing and possible applications. With the aim to investigate their mechanochemical stability, we
applied high-energy ball milling and studied the resulting induced phase transitions. Hydrogen titanates
with two different morphologies, microcrystals and nanotubes, were taken into consideration. The
phase-transition sequence was studied by Raman spectroscopy and X-ray powder diffraction, while the
eywords:
itanates
anotubes
all milling
tructural phase transitions

morphology and crystal structure, on the nanoscale, were analyzed by high-resolution transmission elec-
tron microscopy. During the mechanochemical treatment of both morphologies, the phase transitions
from hydrogen titanate to TiO2 anatase and subsequently to TiO2 rutile were observed. In the case of
hydrogen trititanate crystals, the phase transition to anatase starts after a longer milling time than in the
case of the titanate nanotubes, which is explained by the larger particle size of the crystalline powder.
However, the phase transition from anatase to rutile occurred more quickly in the crystalline powder

notub
than in the case of the na

. Introduction

In recent years, nanostructured titanates, especially titanate
anotubes and nanowires, have drawn significant interest because
f their interesting electrical and catalytic properties, which are
mportant in a number of applications. One-dimensional titanate
anotubes and titanate nanowires have high specific surface areas,
hich makes them especially interesting for applications in solar

ells [1–4], electronics [5], chemical sensors, hydrogen sensing and
torage [6–8], (photo)catalysis [9–12], as mesoporous materials for
on exchange [13,14], and in lithium batteries [15].

The easiest way to produce titanate nanotubes is the hydrother-
al method proposed by Kasuga et al. [16], which includes a

ydrothermal reaction of TiO2 powder in a concentrated NaOH
olution. Although several crystal structures with different stoi-
hiometries were proposed to describe the structure of titanate
anotubes, most authors agree that titanate nanotubes in pro-

onated form (H-form) have a hydrogen trititanate monoclinic
tructure corresponding to the formula H2Ti3O7 [17–21]. However,
ecent investigations based on Raman spectroscopy have provided
ome evidence that the H-form of the titanate nanotubes has a

∗ Corresponding author. Tel.: +385 1 4561106; fax: +385 1 4680112.
E-mail address: gajovic@irb.hr (A. Gajović).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.03.134
es.
© 2010 Elsevier B.V. All rights reserved.

lepidocrocite-type layered structure, corresponding to the formula
H0.7Ti1.825�0.175O4·H2O (�: vacancy) [22,23], proposed for the first
time by Renzhi Ma et al. [23]. Hydrogen trititanate in the form of
crystalline powder with a ramsdellite-type structure [25] can be
synthesized from layered crystalline Na2Ti3O7 by the ion exchange
of the interlayer sodium cations with H3O+ ions [24]. Because of the
high proton conductivity of H2Ti3O7, this material has been stud-
ied as a potential solid-oxide electrolyte for fuel cells [26] and as
sensing material in hydrogen sensors [27].

For applications and the further processing of titanate nanos-
tructures, their structural stability is one of the key properties.
The influence of temperature on the structure and phase transi-
tions of titanate nanotubes [11,27–31] and crystalline hydrogen
trititanate [25,27,32] is well understood. The thermal behavior of
crystalline H2Ti3O7 has been studied by Le Bail and Fourquet [25],
Kim et al. [27] and Papp et al. [32]. Le Bail and Fourquet [25]
found the co-existence of three phases between 100 and 400 ◦C,
which finally transformed to TiO2 rutile at 400 ◦C. Kim et al. [27]
found that at 400 ◦C only �-TiO2 existed in the sample, at 600 ◦C
the presence of TiO2 anatase was observed, while rutile began to

◦
appear at 800 C. Papp et al. [32] observed the collapse of the lay-
ered structure of H2Ti3O7 after heating the sample to temperatures
between 250 and 700 ◦C, while above 700 ◦C a phase transformation
to a mixture of anatase and rutile TiO2 was observed. Hydrother-
mally synthesized, protonated titanate nanotubes transform

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gajovic@irb.hr
dx.doi.org/10.1016/j.jallcom.2010.03.134
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irectly into anatase TiO2 during the heat treatment. Recently,
ajović et al. [28] observed that after heating protonated titanate
anotubes to 800 ◦C and cooling the sample down to the room
emperature, the nanotubes transformed predominantly into rutile
iO2 nanoparticles, but a small amount of anatase TiO2 nanowires
as also found in the sample. No evidence for the appearance

f the metastable TiO2 (B) phase at lower temperatures was
ound during that study, in contrast to the findings of Morgano Jr.
t al. [29].

The properties and activity of hydrogen titanates, both in the
orm of crystalline powders and nanotubes, can be improved
y doping, alloying, or modifications with other cations, such
s the cations of Pt, Eu, Ru, Fe, Zn, Ni and other metals
4,12,33–38]. The simplest method of doping or alloying the mate-
ial is mechanochemical processing [39,40]. This process is usually
mployed for the synthesis of advanced ceramics [41–45] and in
he preparation of catalytic materials [46–48].

During the doping or alloying of material as part of a
echanochemical treatment, the sequences of phase transitions

requently occur simultaneously. The high-energy mechanochem-
cal treatment of TiO2, for example, has been investigated in detail
40,49–53], where it was shown that high-energy ball milling can
e used to induce a phase transition from anatase TiO2 to the high-
ressure TiO2 II phase. Prolonged ball milling then transformed
he TiO2 II to rutile TiO2. The high-pressure phase TiO2 II with the
-PbO2-type structure (space group Pbcn) is irreversibly formed

rom anatase or rutile at pressures higher than 2.56 GPa [54] and
GPa [55,56], respectively. This phase was detected by diffraction

echniques and Raman spectroscopy [54,56–58]. No phase trans-
ormations have been observed during the milling of TiO2 rutile. To
he best of our knowledge, no investigations of the phase transitions
nduced by a mechanochemical treatment of hydrogen titanates
n either powder or nanotubular form have been reported in the
iterature so far.

The aim of the present work was to investigate the structural
tability of crystalline hydrogen trititanate and titanate nan-
tubes under the conditions of high-energy ball-milling-induced
echanochemical stress. The structural phase transitions and
orphological changes during the mechanochemical treatment

f the samples were studied by Raman spectroscopy, X-ray
owder diffraction (XRD) and transmission electron microscopy
TEM).

. Experimental

.1. Syntheses of materials

Sodium trititanate (Na2Ti3O7) powder was synthesized by a conventional solid-
tate reaction between TiO2 (anatase) and anhydrous Na2CO3. The reagents were
re-dried at 150 ◦C overnight. Next, they were mixed in a stoichiometric ratio of
(Na2CO3):n(TiO2) = 1:3 and the mixture was calcined at 900 ◦C. After the first 24 h
f calcination the reaction mixture was ground in a mortar and then recalcined at
00 ◦C over the next 24 h. The hydrogen trititanate (H2Ti3O7) powder was obtained
sing the ion-exchange method, by suspending Na2Ti3O7 powder in a 0.1-M HCl
queous solution for 7 days, with the acid changed daily. After the ion-exchange
rocess was completed, the H2Ti3O7 powder was thoroughly washed with deion-

zed water and dried overnight at 105 ◦C.The titanate nanotubes were synthesized
rom commercial TiO2 powder (anatase phase, 99.9+%). A mass of 1.15 g of TiO2 was
reated with an aqueous NaOH solution (w(NaOH) = 30%) in a PTFE vessel equipped
ith a reflux condenser and a magnetic stirrer. The reaction was performed at 130 ◦C

or 24 h. The raw nanotubes were washed with distilled water and then suspended
n 0.1-M HCl in order to exchange the sodium ions from the nanotubes’ structure

ith H3O+ ions [18,20]. The protonated nanotubes were finally washed with distilled
ater and dried for 12 h at 75 ◦C.
.2. Mechanochemical treatment of the materials

Crystalline hydrogen trititanate powder and titanate nanotubes were
echanochemically treated in a high-energy ball mill using identical milling

arameters. The milling was performed in air using a Fritisch planetary ball-mill,
Compounds 499 (2010) 113–120

Pulvirisette 6, with the vial and balls made of zirconium dioxide (94%). The rotational
speed of the mill was 500 rpm for all the milling experiments. The ball-to-powder
weight ratio was chosen to be 1:10, while the milling time was varied from 10 min
to 10 h.

2.3. Characterization

The Raman spectroscopy measurements were performed using a Dilor 24 triple
monochromator with an argon-ion laser Coherent, Innova 400 operating at 514.5 nm
for the excitation. An Anaspec doublepass prism premonochromator was used to
reduce the intensity of the parasite laser plasma line. The Raman spectra of the
ball-milled crystalline hydrogen trititanate and titanate nanotubes were recorded
using a laser power of 120 mW. The step of the Raman spectrometer was 2 cm−1. In
order to minimize the heating of the samples during the recording of the spectra,
the incident laser beam was focused on the line shape.

The X-ray diffraction (XRD) patterns were obtained using a Philips PW 3040/60
X’Pert PRO powder diffractometer, employing Cu K� radiation at 45 kV and 40 mA.
The incident beam passed through an X-ray mirror having a divergence slit of 0.5◦ .
The diffracted beam was directed to the detector through the parallel-plate colli-
mator with an equatorial acceptance angle of 0.18◦ . The step size was 0.02◦ , with a
measuring time of 10 s/step.

The TEM and HRTEM were performed using Philips CM200 LaB6 and FEG
(Eindhoven, The Netherlands) transmission electron microscopes, both operated
at 200 kV. For the TEM measurements, the samples were suspended in chloroform
and briefly (approximately 1 min) sonicated in a low-power ultrasonic bath. The
suspension was then dropped onto carbon-coated copper grids and finally dried in
air. Based on our previous experience with similar samples, a short sonification of
a suspension of titanate nanotubes in chloroform has no influence on the structure
or the morphology of the nanotubes.

3. Results

3.1. Raman spectroscopy results

3.1.1. Raman measurements of ball-milled crystalline H2Ti3O7

powder
The starting material was crystalline hydrogen trititanate with

a monoclinic structure and the space group C2/m (a = 16.03 Å,
b = 3.75 Å, c = 9.18 Å, ˇ = 101.45◦) [59]. The Raman spectrum of the
crystalline sample before the milling shows 18 bands (Fig. 1a
and b), which can be assigned to monoclinic H2Ti3O7 [22,23].
After 20 min of milling, anatase TiO2 bands at 144, 191 and
632 cm−1 were observed. With prolonged milling, the intensity of
the bands attributed to crystalline H2Ti3O7 decreased, accompa-
nied by a simultaneous increase in the intensity of the anatase
and rutile TiO2 bands. The rutile bands at 437 and 615 cm−1

become evident after 60 min of milling. After 600 min of milling,
the bands of crystalline H2Ti3O7 completely disappeared. In the
Raman spectrum of the sample milled for 600 min (Fig. 1a), only
one anatase band at 151 cm−1, along with rutile bands at 238,
437 and 608 cm−1, can be observed, indicating that almost all the
anatase transformed to rutile.With the increase in the milling time,
the majority of the Raman bands shifted towards smaller wave
numbers, with the exception of the anatase band at 144 cm−1,
which shifted towards higher wave numbers with increasing
milling time (Fig. 1b). Such an upward shift of the anatase band
at 144 cm−1 can be explained by a decrease in the size of the
anatase particles [60–62] and the breaking of the TiO2 stoichiom-
etry [63–65]. During the milling process, the band of anatase at
632 cm−1 was overlapped with a rutile band appearing at 611 cm−1,
so the resulting band was shifted to the lower position. After
60 min of milling, the anatase band disappeared completely, and
only the rutile band at 611 cm−1 was observed in the Raman
spectra.
3.1.2. Raman measurements of ball-milled titanate nanotubes
In contrast to the Raman spectrum of the starting crystalline

H2Ti3O7 sample, the spectrum of starting titanate nanotubes shows
only 9 bands (Fig. 1c and d). The Raman bands at 125, 145, 190,
277, 396, 450, 671, 830 and 915 cm−1 are in good agreement
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ig. 1. (a) Raman spectra of high-energy ball-milled hydrogen titanate, H2Ti3O7 (T3
ample. (c) Raman spectra of high-energy ball-milled hydrogen titanate nanotubes
2Ti3O7 bands, A denotes anatase TiO2 bands, R denotes rutile TiO2 bands and NT d

ith previously reported data [10,13,14,22,31]. In the Raman spec-
rum of the titanate nanotubes sample recorded after 20 min of
igh-energy ball milling, characteristic Raman bands of anatase
t 144, 190 and 515 cm−1 were observed, indicating that the NTs
artially transformed to the anatase phase. The phase transition
f titanate nanotubes into anatase was completed after 40 min
f milling. With further milling, after 120 min, the phase transi-
ion from anatase to rutile started. After 600 min of milling, the
utile bands become more prominent, while anatase bands can be
bserved at 150, 199 and 510 cm−1. The shift of the Raman bands
f the titanate nanotubes with the extension of the milling time
as analogous to the shift of the bands observed in the case of

rystalline H2Ti3O7 – the bands shifted toward lower wave num-
ers, again with the exception of the anatase band at 144 cm−1,
hich moved toward higher wave numbers with the increase in

he milling time.

.2. XRD results

.2.1. XRD of ball-milled crystalline H2Ti3O7 powder
The XRD pattern of the crystalline H2Ti3O7 powder was in good

greement with monoclinic hydrogen trititanate (H2Ti3O7, JCPDS
le 00-36-0654). After 10 min of milling, the sample retains the tri-
itanate structure (Fig. 2a). The diffraction lines of the crystalline
2Ti3O7 are narrow and intense, indicating that the crystallites
ave a regular crystal lattice and a size that is relatively large

ompared to the wavelength of the X-rays. A decrease of the
iffraction-line intensities and a broadening of the lines were
bserved during the milling process, as is shown in Fig. 2b for the
ase of the lines at positions 24.46675◦ (�) and 36.147◦ (�), indi-
ating a decrease in the crystallite size and an increase in the lattice
alline powder. (b) Raman-band positions as a function of milling time of crystalline
. (d) Raman-band positions as a function of milling time of nanotubes. T3 denotes
s nanotubes bands.

strain. It is reasonable to assume that the strain was induced mainly
in the outer parts of the particles [40]. The diffraction-line broad-
ening due to the crystallite size is proportional to 1/cos �, while
the broadening due to the lattice strain is proportional to tan � (�
being the Bragg angle) [66,67]. Thus, in the lower part of the diffrac-
tion patterns, shown here, the size effect is more prominent. The
listed proportionality (1/cos �) is confirmed in Fig. 2c. In the case of
the sample milled for 20 min, the XRD pattern shows lines of crys-
talline H2Ti3O7, along with lines that can be attributed to anatase
(JCPDS file 01-078-2486) and rutile TiO2 (Fig. 2a). In this sample, a
non-stoichiometric rutile structure was observed, TiO1.892(OH)0.108
(JCPDS file 86-0146), indicating that some OH groups were still
inbuilt between the titanate layers. After milling for 40 min, the sto-
ichiometric rutile (JCPDS file 01-087-0710) was obtained. However,
it was not possible to distinguish the dome lines because of overlap-
ping; for example, the lines attributed to the (3 0 −2) and (2 1 −2)
planes in H2Ti3O7 overlap with the line attributed to the (1 0 1)
plane in rutile, while the (3 0 1), (2 1 2), and (1 0 4) lines of H2Ti3O7
overlap with the (0 0 4) line of anatase, the (1 1 1) line of rutile, and
the (2 1 0) line of rutile, respectively. With prolonged milling, the
intensity of the lines attributed to crystalline H2Ti3O7 decreased
and the lines finally disappeared completely. At the same time, the
intensity of the diffraction lines attributed to anatase and rutile
increased. After 600 min of milling, the lines of H2Ti3O7 almost
disappeared and only the lines of rutile and non-stoichiometric
Na0.8H1.2Ti3O7 (JCPDS 48-0693) were still visible.
In the XRD patterns of the samples milled for 20 min or longer,
the line at 2� ≈ 28.4◦ and another, less intensive line at 2� ≈ 31.5◦

were observed. These lines could be assigned to ZrO2 (JCPDS file
00-80-0966), originating from a contamination of the sample due
to wear in the milling assembly.
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ig. 2. (a) XRD patterns of high-energy ball-milled hydrogen titanate (H2Ti3O7, T3) c
s a function of milling time for T3 crystalline powder. (c) Line broadening at FWHM
0 min. (d) XRD patterns of high-energy ball-milled hydrogen titanate nanotubes (N
Na0.5Ti2O4, NaT – Na2Ti4O9, and Z – ZrO2.

.2.2. XRD of ball-milled titanate nanotubes
The XRD pattern of the NTs before milling (Fig. 2d) is in good

greement with previous results published by Qian et al. [31].
he nanotubes show weak diffraction lines because of their tubu-
ar structure and poor crystallinity [31]. After 10 min of milling,
he lines attributed to anatase appeared in the diffraction pat-
ern of the sample (Fig. 2d), although the dominant features of the
attern were still the lines attributed to the titanate nanotubes.
fter 20 min of high-energy ball milling, non-stoichiometric rutile
i0.912O2 (JCPDS 00-089-0553) appeared in the sample. With fur-
her milling, the intensity of the anatase and the nanotube lines
ecreased and the intensity of the rutile lines increased. After
00 min of milling, almost all the anatase was transformed to rutile,
nd the XRD shows very intense rutile lines, which is similar to the
RD observation in the case of milling crystalline H2Ti3O7. In this
ample, lines of ZrO2 and sodium titanate were observed as well,
lthough these compounds were not expected on the basis of the
aman spectroscopy results.

.3. TEM results

.3.1. TEM of ball-milled crystalline H2Ti3O7 powder
Changes in the particle size of crystalline H2Ti3O7 induced by

igh-energy ball milling were investigated by TEM and HRTEM
Fig. 3). The starting sample consisted of crystalline particles with
size of around 300 nm and well-defined, sharp edges (Fig. 3a).
he observed shape indicates that these particles were grown as
onocrystals, which is in agreement with the HRTEM image of a

mall area of the particle (Fig. 3 b). After 10 min of milling, the break-
ng of the crystallites into particles with a size smaller than 100 nm

as observed (Fig. 3c). The HRTEM image and the fast Fourier trans-
line powder. (b) Line broadening at half the maximum intensity (FWHM) in radians
ians as a function of 1/cos � (� Bragg angle) for T3 crystalline powder sample milled
– H2Ti3O7, A – anatase TiO2 lines, R – rutile TiO2, NH denotes – Na0.8H1.2Ti3O7, Na

form (FFT) of the denoted part are shown in (Fig. 3d). Thus, the rings
observed in the FFT (inset in Fig. 3d) are assigned as (1 – 3.7 Å:
H2Ti3O7 (102), 2 – 3.5 Å: anatase (1 0 1), 3 – 3.0 Å: H2Ti3O7 (1 0 −3),
4 – 2.5 Å: H2Ti3O7 (3 0 −2), 5–2.1 Å: H2Ti3O7 (1 0 4)). The localized
phase transition from the crystalline H2Ti3O7 phase to the anatase
TiO2 phase occurred on the surface of the crystals, as indicated by
HRTEM image. This localized phase transition was induced by the
sporadic impact of the balls on the surface of the H2Ti3O7 crystal-
lites. The anatase phase was not observed with Raman spectroscopy
or the XRD in the 10-min milled sample.

After 20 min of milling, the size of the particles decreased fur-
ther (Fig. 3e), and the phase transition from crystalline H2Ti3O7 to
anatase and rutile TiO2 continued, as is evident from the FFT shown
in the inset of Fig. 3f. The spots are assigned as: 1 – 5.4 Å: H2Ti3O7
(1 0 1), 2 – 3.5 Å: anatase (1 0 1), 3 – 3.0 Å: H2Ti3O7 (1 0 −3), 4 –
2.4 Å: H2Ti3O7 (3 0 −2), anatase (1 0 3), rutile (1 0 1), 5 – 2.2 Å: rutile
(1 1 1), H2Ti3O7 (2 1 2), 6 – 1.9 Å: H2Ti3O7 (0 2 0), anatase (2 0 0), 7 –
1. 7 Å: anatase (1 0 5), (2 1 1), rutile (2 1 1). After 40 min of milling,
anatase and rutile are the predominate phases present on the sur-
face of particles, as the assignments of the spots in the FFT rings
inset in Fig. 3h are: 1 – 3.5 Å, anatase (1 0 1); 2 – 2.2 Å, rutile (1 1 1);
3 – 1.9 Å H2Ti3O7 (0 2 0), anatase (2 0 0); 4 – 1. 7 Å, anatase (1 0 5),
(2 1 1), rutile (2 1 1). The observed spots of crystalline H2Ti3O7 in
the FFT indicate the existence of regions on the particles’ surfaces
that were not affected by the impact of the balls during milling
(Fig. 3h).
3.3.2. TEM of ball-milled titanate nanotubes
A TEM image of the titanate nanotubes before milling shows

particles with a tubular morphology, having an inner radius of
approximately 5 nm and an outer radius of approximately 7 nm,
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ig. 3. TEM and HRTEM of hydrogen trititanate crystalline powder. Fast Fourier tr
ings. (a) TEM and (b) HRTEM of sample before milling; T3 – presents H2Ti3O7; (c) T
g) TEM and (h) HRTEM 40-min milled sample. Assignments of the FFT rings are de

ccasionally stacked together in bundles (Fig. 4a). The HRTEM
mage of the nanotubes’ cross-sections indicates that the titanate
ayers are curled 3–5 times, so creating the tubes (Fig. 4b). After
0 min of milling, some nanotubes were preserved, but some of
he nanotubes transformed into agglomerates consisting of smaller
anoparticles (Fig. 4c). The HRTEM and the FFT show that these

gglomerates consist of crystallites having the H2Ti3O7 or anatase
tructure (Fig. 4d). The rings observed in the FFT (inset in Fig. 4d)
re assigned as: 1 – 3.7 Å: H2Ti3O7 (1 0 2), 2 – 3.5 Å: anatase
1 0 1), 3 – 1.9 Å: H2Ti3O7 (0 2 0). With further milling, the tubu-
ar structures were completely destroyed and transformed into
m (FFT) of the large area of HRTEM images are shown as the insets with denoted
d (d) HRTEM 10-min milled sample; (e) TEM and (f) HRTEM 20-min milled sample;
in text.

agglomerated particles smaller than 20 nm in size (Fig. 4e). These
particles consisted of H2Ti3O7 and anatase crystallites having sizes
of approximately 5 nm (Fig. 4f). The FFT rings in Fig. 4f are assigned
as: 1 – 5.4 Å: H2Ti3O7 (1 0 1), 2 – 3.5 Å: anatase (1 0 1), 3 – 1.9 Å:
H2Ti3O7 (0 2 0). The particle sizes further decreased in the sam-
ple milled for 40 min (Fig. 4g and h), the spots are assigned as: 1

– 3.2 Å: rutile (1 1 0), 2 – 2.4 Å: H2Ti3O7 (3 0 −2), anatase (1 0 3),
rutile (1 0 1), 3 – 1. 7 Å: anatase (1 0 5), (2 1 1), rutile (2 1 1). In this
sample, rutile crystallites were observed along with anatase crys-
tallites, as indicated by the HRTEM and FFT shown as an inset of
Fig. 4h.



118 M. Plodinec et al. / Journal of Alloys and Compounds 499 (2010) 113–120

F f nano
( ents o

4

i
H
m
d
fi
c
b
i
s

ig. 4. TEM and HRTEM of hydrogen titanate nanotubes: (a) TEM and (b) HRTEM o
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. Discussion

In this work we have investigated the mechanochemical stabil-
ty of crystalline H2Ti3O7 powder and hydrogen titanate nanotubes.
igh-energy ball milling was used for the mechanochemical treat-
ent. Raman spectroscopy and XRD (Figs. 1 and 2) showed that,

uring intensive ball milling, both of these materials transform,

rst into anatase and then into rutile. The phase transitions of the
rystalline H2Ti3O7 powder to anatase and then to rutile occurred
ecause the high-energy ball milling generated defects, which

nfluenced the composition and the stoichiometry. In the case of the
ample of nanotubes, a smaller number of Raman bands and XRD
tube’s cross section before milling; (c) TEM and (d) HRTEM 10-min milled sample;
f the FFT rings are denoted in text.

lines were observed compared to the crystalline H2Ti3O7 powder.
These bands and lines were broader, having a lower intensity than
the crystalline powder, thus indicating the reduced crystallinity
of the titanate nanotubes sample. The dehydration of nanotubes,
caused by ball-milling, induced a transition of the crystal struc-
ture to the anatase phase, accompanied by a degradation of the
nanotubes’ morphology, as was observed by HRTEM. Considering

the importance of the Ti–OH bonding for the stability and forma-
tion of nanotubes [31], the removal of the OH− group from the
structure causes a degradation of the tubular structure. The Raman
band at 266 cm−1 is a consequence of these Ti–OH bonds [31], so
its intensity decreased during the ball-milling process.
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Both the Raman spectroscopy (Fig. 1) and the XRD results (Fig. 2)
emonstrated that during the milling under otherwise identical
onditions, the trititanate phase persisted longer in the case of the
rystalline H2Ti3O7 powder, than in the case of the titanate nan-
tubes. The small anatase crystallites can be observed by HRTEM
n the crystalline H2Ti3O7 sample in the early stage of milling, but
he appearance of the anatase phase is limited to the part of the
2Ti3O7 particles hit by the balls. It is reasonable to assume that the
ydrogen titanate crystalline powder needs a longer milling time to
omplete the phase transitions from H2Ti3O7 to anatase because it
onsists of larger particles than the titanate nanotubes. On the other
and, we observed that during the milling of the titanate nanotubes
he anatase phase remains present for a longer time than in the case
f the crystalline H2Ti3O7.

The influence of milling on the stoichiometry of the resulting
hases was evident both from the Raman spectroscopy and the
RD results. During the milling of both the crystalline H2Ti3O7
nd the titanate nanotubes, the most intensive Raman band of
natase (144 cm−1) moved toward higher wave numbers, indicat-
ng the non-stoichiometric composition of the anatase phase [68].
his non-stoichiometry is presumably caused by the breaking up of
he particles and the reduction of their size during the intense ball

illing. The XRD lines of the rutile phase, which can be observed
lready after 20 min of milling in the case of both samples, can be
est matched to non-stoichiometric rutile phases. However, the
utile phase was observed by Raman spectroscopy after 60 and
20 min in the crystalline powder and the nanotubes, respectively.
hese differences between the results obtained by XRD and Raman
pectroscopy can be readily explained if we take into account the
act that the XRD responds to changes in the whole volume of the
article, while the Raman spectroscopy is influenced primarily by
he changes on the particle surface [40]. Taking this into account
t can be assumed that the transition from anatase to rutile starts
nside the particles, induced by a local heating of the whole parti-
le volume during milling, and then proceeds toward the surface
f particles. The HRTEM observations (Fig. 3) support this assump-
ion. In the sample obtained after 20 min of milling the crystalline
2Ti3O7, rutile crystallites can be observed on the surfaces of the
articles, but these crystallites are small (less than 3 nm) and they
ppear only occasionally. These infrequent, small crystallites are
elow the detection limit of the XRD. Therefore, the appearance of
utile diffraction lines in the XRD patterns of samples milled for
0 min can be explained only on the basis that a sufficient amount
f rutile phase was formed inside the larger particles. Rutile crystal-
ites grown inside the larger particles cannot be detected by HRTEM,
robably because the particles are too thick to achieve a coherence

ength for the HRTEM observations.
A direct phase transition from anatase to rutile was observed

uring the milling of both samples. The occurrence of the high-
ressure TiO2 II phase during the milling of crystalline H2Ti3O7 or
itanate nanotubes was not observed by the experimental tech-
iques employed in this work, although this phase normally occurs
uring the milling of anatase [40,49–53]. This is surprising, since in
his work we employed exactly the same milling conditions as in
ur earlier ball-milling experiments performed with anatase TiO2
40], in which the appearance of the TiO2 II phase was already
learly observed. We suppose that during the milling experiments
escribed in this work, a sufficiently high pressure (2.56 GPa [59]),
ecessary for the formation of the TiO2 II phase, was not reached
ecause a part of the energy released in the impact between the
alls and the sample particles was consumed for the dehydration

f the H2Ti3O7 crystallites and nanotubes.

In order to avoid any contamination of the sample with wear
roducts of the balls and the milling vessel, the milling parameters
ere carefully chosen, based on the results of our earlier experi-
ents on the ball milling of TiO2 [40]. A ball-to-powder weight ratio
Compounds 499 (2010) 113–120 119

of 1:10 was chosen and milling balls and a milling vessel fabricated
from a durable material (ZrO2) were used. However, the contami-
nation of both samples (crystalline H2Ti3O7 and nanotubes) with a
small quantity of ZrO2 was observed after longer milling times, as
indicated by the appearance of ZrO2 diffraction lines in the XRD of
samples milled for 20 min or longer. Since the crystalline H2Ti3O7
and titanate nanotubes have the same crystal structure, it is rea-
sonable to assume that both samples have approximately the same
hardness. Therefore, the milling assembly was worn to the same
extent during the milling of both samples, explaining why both
samples showed approximately the same amount of ZrO2 contam-
ination.

In the sample obtained by milling the crystalline H2Ti3O7, the
diffraction lines that can be attributed to Na0.8H1.2Ti3O7 (NH) were
observed as well (Fig. 2a). The formation of this non-stoichiometric
sodium trititanate indicates that the starting H2Ti3O7 contained
a small amount of residual sodium cations, probably because the
Na+ ions from the largest Na2Ti3O7 particles were not completely
ion-exchanged with the H3O+ ions during the preparation of the
H2Ti3O7. Due to the small content of NH formed, and since the
diffraction lines of crystalline H2Ti3O7 have similar positions as the
NH diffraction lines, the diffraction lines of NH cannot be observed
in the samples that contain a substantial amount of H2Ti3O7 phase,
i.e., in samples milled for a short time. The diffraction lines that
can be attributed to NH were not observed in the samples of
titanate nanotubes milled for less than 600 min, probably because
the amount of NH, formed from residual sodium ions contained in
the sample of starting nanotubes, was much lower than in the case
of the crystalline H2Ti3O7 powder sample. For both samples, the
amount of NH was too small to be detected by Raman spectroscopy.

5. Summary

In the present paper, we studied the stability of crys-
talline H2Ti3O7 powder and hydrogen titanate nanotubes during
mechanochemical treatments and showed that the high-energy
ball milling of both materials causes phase transitions from the ini-
tial structure to anatase TiO2, and with further milling, to the rutile
TiO2 phase.

The hydrogen trititanate structure was more resistant to the
mechanochemical treatment in crystalline H2Ti3O7 powder than
in the nanotubes because the powder consisted of larger particles.
On the other hand, a direct phase transition from anatase to rutile
occurred after a longer milling time in the case of the nanotubes
than in the case of the crystalline H2Ti3O7 powder.

To get complete information on the phase transitions during
the high-energy ball milling, the XRD patterns of the crystalline
H2Ti3O7 powder and the nanotubes were compared with the
Raman spectra and the HRTEM observations, with the conclusion
that the phase transition from anatase to rutile starts inside the
volume of the particles and then extends to their surface.

The high-pressure TiO2 II phase was not observed during the
milling of the samples, although this phase usually appears during
the milling of anatase TiO2. This can be attributed to the loss of
some of the impact energy, which is expended in the dehydration
of the hydrogen titanate structures. A consequence of this is that
less pressure is developed during the impact of the milling balls on
the sample particles.

Although the milling parameters were carefully chosen in order
to avoid any contamination of the sample during the ball milling,

contamination due to the wear of the milling assembly (made of
ZrO2) was observed, indicating the considerable hardness of the
particles with the hydrogen trititanate structure.

The amount of non-stoichiometric sodium trititanate, formed in
the milled samples due to the presence of residual Na+ ions in the
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tarting material, was much lower in the case of the nanotubes than
n the case of the crystalline H2Ti3O7 powder, indicating that the
on-exchange process, employed in the preparation of the samples,

as more complete for the case of the nanotubes than for the case
f the H2Ti3O7 powder.
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