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Abstract

Fine titanium dioxide particles were hydrothermally treated in a sodium hydroxide aqueous solution. The treatment extended from 1
to 6 days leading to belt-like and wire-like structures of a metastable phase of sodium titanate, with typical widths and diameters between
8 and 40 nm, and lengths from 100 nm to several micrometers. These conclusions are supported by X-ray photoelectron spectroscopy,
X-ray diffraction, Raman spectroscopy and high resolution transmission electron microscopy. The latter method revealed two set of
space fringes with characteristic distances of 0.29 and 0.34 nm. These distances could correspond to the lattice spacing of [—-311] and
[-111] planes in Na,;TigO;3 compounds. The nanomaterial was found to be stable up to temperatures as high as 200 or 400°C

depending on the reaction time and the concentration.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Materials with different structures at the nanometer
scale, such as grains, dots, ribbons, tubes and wires may
have a conspicuous impact on future advanced technology
[1-3]. Alkaline titanates have attracted increasing attention
[4-7], particularly for the applications based on their high
photocatalytic activity, such as fuel cell electrolytes, cation
exchangers for the treatment of radioactive liquid waste
[8,9], and many other applications [10—13].

The standard method for the preparation of sodium
titanate consists of the reaction of TiO, with fused Na,CO;
at temperatures around 1000°C [14]; the typical particle
size of the products obtained is about 50 um. Sol-gel
methods [5] have also been used to synthesize sodium
titanate, with particle size around 10 um. Structures with
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much smaller features have been synthesized by Kasuga
et al. [15] using a simple hydrothermal process. Their
procedure was to mix fine TiO; particles (rutile or anatase
phase) and aqueous NaOH solution in a sealed reactor at
100—160°C, followed by a treatment in 0.1 M HCI. This
led to tubular structures with diameters about 10 nm and
lengths around 100 nm. They concluded that the nanotubes
were formed during the post treatment with 0.1 M HCI.
After Kasuga [15], there has been a particular interest in the
hydrothermal method to obtain TiO,-derived nanotubes due
to the large surface area of the products and the relative simple
way to the large scale synthesis of nanotubes or nanowires in a
one single reaction [16]. However, the literature shows disperse
results: the crystalline phase of the as-synthesized products is
still a controversy. After treating pure TiO, in a NaOH
solution, several groups reported the synthesis of TiO,
[15,17-23], others have reported that their products exhibited
a monoclinic crystallographic phase H,Ti;O; [24-29]. The
phases H,Ti,O4(OH), or Na,Ti,O4(OH), have also been
reported [6,30-34]. Other researchers have assigned the XRD
reflections to the orthorhombic lepidocrocite type phases
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H.7Ti; 855 .17504,0H20 [35,36], where the square represents
an oxygen vacancy, or Na,Ti;O;-nH,O phase [37] or
hydrogen sodium titanate [38].

Recently, Poudel et al. [39] obtained highly crystallized
titania nanotubes, which depended on the filling volume
fraction of the autoclave as well as the concentration of the
acid treatment. These parameters were found to be critical
to the control of crystallinity and purity. Seo et al. [40]
synthesized Na;TigO,; whiskers hydrothermally, which led
to TiO, whiskers after a treatment in 0.5M HCI at 100°C
for 48h. Wei et al. [41] started with layered Na,Ti;0;
particles which, after a treatment in deionized water at
140—170°C for 5-18 days, led to TiO; nanotubes. On the
other hand, Kukovez et al. [42] indicated that the precursor
Na,Ti307 is not destroyed by the NaOH solution, and
therefore recrystallization into nanotubes does not occur.

We used a modified Kasuga process, which originates
the synthesis of sodium titanate nanostructures instead of
the TiO,-derived nanotubes reported in the literature
[15,17-23]. In this paper we report on the structural
evolution and chemical properties of the synthesized
products, and their correlation with the synthesis para-
meters. Although several previous articles used the XPS
technique [6,43,44], our emphasis is correlating it with
Raman spectroscopy, XRD and HRTEM observations in
order to elucidate the existence of Na®—O—Ti bonds,
following the procedure of Ref. [45].

2. Experimental

All precursors were of analytical grade, obtained from
Aldrich: titanium (IV) oxide powder (99.8% pure) in the
anatase phase and pellets of sodium hydroxide (99.99% pure).

Sodium titanate was prepared as follows: 25ml of a
NaOH aqueous solution and 0.21 g of TiO, were placed in

Table 1
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a Teflon beaker. The mixture was stirred for 1h at room
temperature. The Teflon beaker was placed in the auto-
clave and heated up to 130°C for a given period. Several
batches were prepared with NaOH solutions of 5 or 10 M
and treatment times of 1, 2, 3 and 6 days. After the
hydrothermal treatment, the reactor was allowed to cool
down to room temperature and the reaction products were
removed from the beaker and washed with 0.1 M HCI
aqueous solution, and later with water until no acid
reaction was detected, to be subsequently filtered and dried
at 60°C.

The sample surface was analyzed by X-ray photoelectron
spectroscopy (XPS, Physical Electronics system model
1257), using either Al or Mg K-z emission. Binding
energies and oxidation states were obtained from high
resolution scans, assigning 284.5eV to the C 1s peak.

The crystal structure of the powders was obtained from
X-ray diffraction in 6-260 scans (Siemens D5000 powder
diffractometer using Cu K-o radiation at 40kV, 30mA,
non monochromatized).

Additional information was also obtained from Raman
spectroscopy (LabRam 010 instrument from ISA-Horiba).
A He—Ne laser without filter (633 nm) operated at 5.5mW
was used in these measurements.

Sample morphology was examined with a low vacuum
scanning electron microscope (LV-SEM, JSM-5900LV)
with X-ray microanalysis capability and a field emission
scanning electron microscope (FEG-SEM JSM-6330F).
High resolution images were obtained by using a transmis-
sion electron microscope (JEOL TEM 3010) operating
at 300 kV with spatial resolution of 0.17 nm. This TEM is
also equipped with energy dispersive X-ray Spectroscopy
(EDX) and selected area electron diffraction (SAED). The
samples were dispersed in alcohol using an ultrasonic bath
and then trapped on the microscope grid.

Binding energy, kinetic energy of Auger lines, energy split of Ols line, and nominal surface atomic percentages (%) of the hydrothermal samples

Sample Binding energy Kinetic energy and Auger parameter Delta Atomic percentage (%)
Ti2p Ols Nals TiLMM K.E. o_Ti OKLL K.E. o_O 4 Ols Ti2p Ols Nals
1 day SM 458.4 529.8 1071.1 414.7 873.1 511.9 1041.6 1.9 18 76 6
531.7 508.8 1040.6
2 days SM 458.4 529.9 414.1 872.4 512.1 1041.8 1.6
531.5 508.6 1039.1
1 day 1I0M 458.3 530.0 1071.4 413.7 872.0 511.7 1041.7 1.5 17 73 10
531.5 508.0 1039.0
6 days 10 M 458.4 529.7 414.0 872.4 512.1 1041.8 1.6
531.2 509.1 1040.3
Mixture 458.0 529.2 1070.9 414.5 872.5 512.8 1041.3 2.4
531.6 508.9 1040.5
TiO, 458.0 529.3 415.4 873.4 513.4 1042.6 3.5
NaOH 532.8 1072.8 508.2 1041.0
Na,TigO13 28 62 10
Na, Ti307 25 58 17
NazTiz()S . Hzo 17 50 16
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3. Results and discussions
3.1. Compositional analysis

3.1.1. Binding energy data

The XPS lines of an insulating sample can shift to higher
energies and broaden because of surface charging effects.
In this paper the energy scale was fixed by assigning the
value of 284.5¢V to the Cls peak. All binding energies were
obtained from high-resolution XPS spectra, fitted with
standard procedures, leading to the results shown in
Table 1.

The Ols photoemission signal of each sample splits in
two peaks, the first at 529.7 + 0.3 eV, attributed to oxygen
in titanium dioxide and the second at an energy of
531.5eV, which is 1.8+0.2eV higher, attributed to
OH groups. The photoemission from oxygen in water
is located at a higher binding energy, around 533.2¢V [46],
hence we do not attribute the peak at 531.5e¢V to
adsorbed water on the surface. XPS spectra from a
physical mixture of TiO, and NaOH were also recorded
(Fig. 1), where the Ols line exhibits two peaks separated by
2.4¢eV, attributed to different chemical environment of
oxygen in both compounds. This value is larger than the
splitting of 1.8 £0.2eV measured in our samples, and
therefore we conclude that the splitting of the Ols line is
not due to residual NaOH, but to the existence of
Na®™—O-Ti bonds.
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3.1.2. Auger parameter
The Auger parameter o, widely used in surface analysis
of mixed oxides [47], is defined as

oo = hv — OKLyxLy3 + Ols,

where OKLjy3L,3 is the line position of the indicated
oxygen Auger line, Ols is the photoemission peak, and the
hv — OKLy;L,; is the kinetic energy (KE) of the Auger
electron from oxygen. When these lines split in two peaks,
there are two Auger parameters for the same sample. Since
each spectrum suffers shifts in the same amount, the Auger
parameter should not depend on the charging effects or the
procedure used to fix the energy scale, although some
subtle dependence on charging effects has been reported
[48]. The Auger parameter is shown in Table 1.

Fig. 1 shows the Wagner plot (kinetic vs. binding energy)
for oxygen corresponding to hydrothermal samples pre-
pared at 5M for 1 day (empty squares), SM for 2 days
(filled squares), 10 M for 1 day (empty triangles) and 10 M
for 6 days (solid triangles). For comparison we provide
data for a physical mixture of TiO, and NaOH, recorded
under similar conditions (empty circles). Additionally, also
for comparison, we have included XPS data in the O Is and
Auger lines of TiO, and NaOH (solid circles), which were
obtained from the literature [46,55]. The oblique lines (of
constant Auger parameter) represent similar chemical
states [46]. The mixture did not undergo a hydrothermal
treatment, so that the Na™—O—Ti bond should not exist.
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Fig. 1. Wagner plot of the hydrothermal samples treated at ((0) SM by 1 day, (l) 5M by 2 days, (A) 10 M by 1 day, and (A) 10 M by 6 days. The points
labeled by (o) correspond to the physical mixture and those labeled by (e) correspond to XPS data of NaOH and TiO, obtained from literature. The
bottom inset shows high resolution scans of the Nals line. The top inset is the evolution of Ols peak of the samples.
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Each sample synthesized in this work possesses two Auger
parameters. The plot shows that the points cluster on two
regions on different diagonals, indicating two different
chemical environments present in all samples. The points of
the XPS data of TiO, and NaOH (solid circles) as well as
the points of the physical mixture (empty circles) are not on
these diagonals. However, the points associated with TiO,
are coincident for both sources of XPS data, while the
other points associated to NaOH are different. We believe
that the physical mixture is different because of the
unavoidable presence of some water. These points were
different to the hydrothermally treated samples, indicating
that the chemical environment of oxygen in the physical
mixture and in the hydrothermal samples is different. This
is consistent with the existence of Na™—O—Ti bonds in the
hydrothermal samples, which is absent in the physical
mixture [45].
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Fig. 2. EDX spectra of hydrothermally-treated samples prepared for 1
day at 130°C in NaOH solution: SM (top curve) and 10M (bottom
curve). The Au line is from gold deposited to make the sample conductive.
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Li et al. [43] investigated how to enhance the thermal
stability of mesoporous titania doped with Na,O by
hydrolysis and subsequently aged at room tempera-
ture for 1 day and at 80°C for 5 days. Their XPS
results are in agreement with our work, i.e., their samples
exhibited shifts toward higher binding energies in the
Ti 2p line and toward lower binding energies in the Na 1s
line. Finally, their XRD patterns confirmed the formation
of sodium hexatitanate (main peaks at 20 = 11.84°,
24.5° and 48.3°). Khan et al. [44] found a shift of 0.8eV
in the Ti 2p line to higher binding energies with respect to
pure TiO, in powder, which was attributed to the
formation of a Ti™:O~2 complex. The shift in the Ti 2p
line was larger than in our work, probably because
their hydrothermal process and post treatment (samples
treated in a H,O, ambient at 40°C by 4 h) were different
to ours.

3.1.3. Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDX) attached to
the low vacuum SEM was used to confirm the existence of
Na in the hydrothermally treated samples. Fig. 2 shows
EDX spectra of the samples treated at both concentrations
for 1-day. Both measurements identify C, O, Na, Ti and
Au, the latter from the thin Au coating used to improve the
electrical conductivity of the samples. Sodium was detected
in both samples, treated either at 5 or 10 M NaOH. The
Na atomic percentage in the 5M samples is lower than in
the 10 M samples, showing that the Na retention in the
TiO, matrix was not efficient at low concentration and
short reaction times and that residual Na is eliminated in
the washing process with HCI. The results shown in Fig. 2
were collected using a magnification of x80.000, but
similar results were found by imaging a bunch of tubular
structures at low magnification (x2000). Observation of
Na by EDX has been the subject of controversy in the past.
Several reports have ignored or not detected Na [19,21,24].
In our case we performed independent measurements of
the Na content, using EDX and XPS. The results of both
techniques agree with each other.
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Fig. 3. Evolution of the XRD patterns as a function of the reaction time of hydrothermal samples treated at (a) 5SM and (b) 10 M.
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3.2. Structural analysis

A typical XRD pattern of the as-prepared samples is
shown in Fig. 3, and is similar to the presented by several
researchers reporting on TiO, nanotubes [6,18,19,
21,23-25,27-31,33-36,39,41]. Stengl et al. [49] presented
XRD patterns similar to those shown in the present work:
they used ethylene glycol as an agent in the synthesis of
their products (a glycolate complex) and commercial
sodium titanate as precursor. The diffraction lines of the
glycolate complex are shown in the Table 2 for compar-
ison. Fig. 3a shows the evolution of the XRD pattern in the
treatment at 5M as a function of the reaction time,
confirming that at short reaction times only the surface of
each particle is modified. This thin layer was detected by
XPS, whereas the XRD pattern exhibited the anatase phase
of the unreacted core of each particle. The diffraction lines
corresponding to titanates appear after 2 days of reaction,
as traces in the XRD pattern. However, three days of
reaction are detrimental to the sample because the
diffraction lines correspond (at least for this sample) to a
less crystalline phase, eventually amorphous. This is not an
unexpected behavior: Yoshimura et al. reported a loss of
crystallinity in BaTiO; films on titanium foil after long
hydrothermal treatments [50]. In our case, after a 6-day
treatment the samples exhibited crystallinity again, com-
pletely transformed to the metastable phase, as shown in
Fig. 3a.

Fig. 3b shows the evolution of the XRD pattern as a
function of the reaction time in treatments at 10 M. The
XRD pattern after a reaction time of 12h presented
coexistence of two phases, anatase and titanate. After 18 h
of reaction time, only reflections from a titanate phase were
detected. This phase was clearly present after 2 days of
reaction. After two days of reaction, recrystallization of the
anatase was observed as a trace in the XRD pattern. After
3 days, the diffractogram clearly showed the anatase
reflections as broad peaks, attributed to the nanometric
scale of the wires and flakes. However, after a 6-day
reaction new reflections were detected, attributed to

Table 2

hydrogen titanate indicated as HT in the Figure. The
XPS spectrum of this sample presented a very low content
of Na. In order to confirm this finding, a new sample was
prepared: 8 days at 130°C; its XPS spectrum did not
exhibit Na. Its XRD pattern was not assigned definitively
to a crystalline structure of hydrogen titanate.

According to the available diffraction databases, there are
several possibilities to fit the XRD lines of the as-prepared
samples. They could correspond to H,Ti;O; (JCPDS 36-
0654), Ho7Ti 855017504 - HO (O = vacancy), H,Ti,Os -
H,O (ICPDS 47-0124), Na,TizO; (JCPDS 31-1329),
Na,Ti;07 - nH,O, Na,TigO;3 (JCPDS 73-1398), and
Na,TigO3 - nH,O, as shown in Table 2. However, none of
them provides a satisfactory fit to the experimental data. The
reflections are broad and of low intensity. This can be due to
the small dimensions of the nanostructures, to surface defects
or to water incorporation in the matrix. Indeed, changes in
lattice parameters due to hydrothermal treatments at
different temperatures, attributed to the water content, have
been already reported [51,52].

All samples in this work were washed with 0.1 M HCI,
but this treatment was not able to eliminate the sodium
from the samples completely , i.e., the ion exchange of Na™
by H* was not efficient. Na in the samples was detected by
XPS as well as EDX. The XPS estimate for the atomic
percentages is 6% and 10% for 5 and 10 M treatments,
respectively. They are in agreement with the atomic
percentage of sodium hexatitanate; therefore it seems
plausible that this sodium is part of the structure and not
a NaOH residual. Du et al. [24] claimed that their tubes
prepared in 10M NaOH concentration correspond to
H,Ti;O7 because their simulated XRD patterns matched
the experimental ones reasonably well. However, their
EDX measurements showed sodium at 1.05keV, which
they attributed to NaOH residuals. Grimes et al. [21]
reported the fabrication of TiO, tubes synthesized at
180 °C, with thermal stability up to 500 °C. However, their
diffraction lines are also consistent with titanate formation.

Papp et al. [14] synthesized sodium trititanate and
sodium hexatitanate by fusion reaction from stoichiometric

Comparison of observed reflections from as-synthesized samples with literature results for nanotubes or nanowires of hydrogen titanate [35], lepidocrocite
titanate [36], divalent salt titanate [34], sodium trititanate [37], and glycolate complex [14]

As-synthesized H;3Ti;O7 (Ref. [35]) Lepidocrocite titanate

H,Ti,04 (OH), [34] Na,Ti;07 - nH,0 [37]  Glycolate [14]

samples [36]

20 /1o 20 /1o 20 /1o 20 /1, 20 I/Ty 20 I/Ty
9.75 9.6 9.8 ~9.8 ~10 ~10

24.4 24.37 24.2 ~24 ~25 ~24

28.2 28.02 26.8 ~28 ~28 ~28

38.3 38.76 48.4 ~48 ~48 ~48

39.0 48.22 62.9 ~62 ~62

39.6

48.3

494

62.6
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weights of TiO, and Na,CO; calcined at 800°C during
20 h. After acid hydrolysis they obtained their protonated
forms of sodium titanate. They concluded that the ion
exchange of Na™ by HT occur or does not occur depending
on the starting phase: a 97% of sodium trititanate was
transformed into H,Ti;O7, but only a small amount of
Na™ in sodium hexatitanate was replaced by H*. The ion
exchange of Na* by HT in the present work was studied
through the thermal stability of the samples treated under
different synthesis conditions. All samples were calcined in
air at temperatures of 200, 400 and 700 °C for 24 h. Fig. 4a
shows the XRD patterns of a sample hydrothermally
treated at SM for 6 days. After heat treatment at 200°C
the sample still exhibited the same reflections as before
heating. The sample heated at 400°C exhibited the
diffraction lines of the anatase and metastable phases
(indicated by T). The XRD pattern of the sample heated at
700 °C exhibited planes corresponding to anatase (marked
A), rutile (R) and sodium hexatitanate phases. Similar
results were reported by Yoshida et al. [38], who studied
the effects of the synthesis conditions and heat treatment
on the crystalline structure of ion exchanged titanate
nanotubes. The XRD patterns of our samples after
calcination indicated that the products were completely
transformed to anatase, i.c., Na™ was eliminated in the ion
exchange process. However, after longer hydrothermal
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treatments, the Na™ is forming part of the structure of the
as-synthesized as well as the calcined samples.

Figs. 4b and ¢ show the XRD patterns of samples
synthesized at 10 M with hydrothermal reaction times
of 12, 18 and 24h, which were calcined at the same
temperatures as before, namely 200, 400, and 700°C.
Exceptionally, the sample treated at 18 h was calcined at
500°C. In the samples treated during 12h and 24 h, the
metastable phase was completely transformed to the
anatase phase. Their diffractograms, shown in Fig. 4b,
did not show reflections from rutile, brookite or others
phases. On the other hand, the sample treated during 18 h
was stable up to 400°C and was transformed to sodium
hexatitanate after calcination at 500°C (Fig. 3c, top),
which is mixed with anatase and rutile phases. Similar
results were reported by Zhao et al. [53], who performed a
study of the thermal stability of the as-prepared samples
obtained from a modified hydrothermal treatment of TiO,
in NaOH, using H,0O, as an oxidant. Their products were
arrays of wires of a new compound, Na,TigO;3; - xH,O
(x &~ 4.2), but their diffraction lines of the as-synthesized
samples do not correspond to those found in our work.
This phase is metastable and it disappears when the
samples are calcined at temperatures higher than 150 °C.

In summary, calcination of the 5M samples indicated
that the TiO, matrix retains the highest amount of sodium
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Fig. 4. XRD patterns of hydrothermal samples calcined at temperatures of 200, 400 and 700 °C. The synthesis conditions are the following: (a) at 5SM
during 6-day; (b) at 10 M during 12h and 24 h; and (c) 10 M during 18 h of reaction.
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after a 6-day or longer hydrothermal treatment. However,
maximum sodium retention in the 10 M samples is achieved
after a 18-h hydrothermal treatment. All the 5M and 10 M
samples presented thermal stability up to 200 °C, except the
sample treated at 10 M and 18 h of reaction time, as shown
in Fig. 4. The synthesis of sodium titanate or titanium
dioxide nanostructures involves a large amount of para-
meters. In the present work we remark that the duration of
the hydrothermal reaction is critical for retaining the
maximum Na atomic percentage.

Micro-Raman spectroscopy provides crystallographic
information complementary to XRD. Fig. 5a shows
Raman spectra of several samples as a function of
treatment time and NaOH concentration. The top curves
correspond to 10 M, and the bottom to 5 M. Curves labeled
(a) correspond to a 1-day reaction, curves (b) to 3-day and
curves (c) to 6-day reactions. Curve (a) with a 5M NaOH
concentration is the typical Raman spectrum of the anatase
phase. Low NaOH concentrations and short reaction times
do not allow the formation of a stable sodium titanate
phase in the “bulk” (so Raman cannot detect it), since the
phase transformation should begin at the surface of each
particle. A 3-day hydrothermal treatment at the same
NaOH concentration is detrimental to the samples, as
revealed by the loss in Raman line sharpness. The broad
Raman peaks and low intensity indicate a material of poor
crystallinity or amorphous. As already mentioned this

R A. Zdrate et al. | Journal of Physics and Chemistry of Solids 68 (2007) 628-637

behavior has been previously observed in hydrothermal
oxide films [50] and it is in agreement with our XRD
results. Six days of reaction at the same NaOH concentra-
tion produce samples with clear vibration modes at 269,
285, 381, 445, 670, 703 and 824cm~! (see curve 4b,
bottom). They possibly correspond to some metastable
phase, but these vibration modes have not been yet
definitively assigned to some crystalline structure or
compound.

The samples treated in a 10M NaOH concentration
clearly exhibited the same vibration modes as the samples
treated at 5M, as shown in Fig. 5a (top curves). Such
vibration modes do not correspond neither to TiO, phases
(anatase, brookite or rutile) [22,54] nor to sodium tri or
hexatitanate (Na,Ti3;O; and Na,TigOq3) [14]. The 10 M-
material hydrothermally treated during 6 days also
exhibited broad Raman peaks with low intensity, indicat-
ing that the samples are composed of nearly amorphous
material. Meng et al. [7] synthesized Na;TigO;3 nanowires
and performed Raman measurements. Although the
vibration modes exhibited in their samples were not
definitively assigned to this compound, they concluded
the existence of Na*—O-—Ti bonds. Gao et al. [23]
prepared samples in a way similar to our work, and
reported that their products were titanates identified as
hydrate H,Tiz;O7, but their vibration modes correspond
exactly to the Raman losses found in our study (see curves
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Fig. 5. Raman spectra of hydrothermal samples (a) as-synthesized at 5M (bottom curves) and 10 M (top curves). Samples calcined at temperatures of 200,
400 and 700°C: treatments at (b) 5M during 6-day and (c) 10 M during 18 h and 24 h of reaction.
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¢ at bottom in Fig. 4a). Our results indicate that the
synthesized compounds should be identified as some phase
of sodium titanate, in agreement with the XPS, XRD and
EDX analyses.

Thermal stability was also investigated using Raman
spectroscopy. Fig. Sb shows Raman shifts of a sample
treated at 5M for 6 days and calcined in air at 200, 400 and
700°C. At 200 °C the sample still exhibits the phase of the
as-synthesized samples, but the form of the curve at 200°C
represents fluorescence emission. At 400°C the sample
exhibited a complete phase transformation from sodium
titanate to anatase phase. The Raman spectrum of the
sample calcined at 700°C exhibited vibration modes of
anatase (marked A), rutile (marked R) and sodium
hexatitanate phases (marked ST and indexed as
Na,TigO;3). Fig. 5c¢c shows Raman loss of a sample
hydrothermally treated for 18 and 24h in 10M NaOH
concentration. In the case of the sample synthesized by
18 h, thermal stability extends to temperatures higher than
400 °C, and the Raman spectrum of the sample calcined at
700°C exhibited vibration modes of sodium hexatitanate
mixed with Raman lines corresponding to the anatase and

&

18@nm WO Bmm

JE[\‘L SEI 5.0kY

rutile phases. The sample treated during 24 h was stable up
to temperatures higher then 200°C; at 700°C the sample
was transformed to anatase completely. In summary, the
thermal stability of the samples indicated that the matrix
can retain high amounts of sodium after 6-day or longer
hydrothermal treatments at 5M, and after only 18h
at 10 M.

3.3. Microstructural analysis

Fig. 6a is a SEM micrograph of the as-synthesized
samples treated at 5SM and 1 day of reaction. The oxide
exhibits a belt-like structure 8 to 40nm in width and
from 100nm to several micrometers in length. The
surface of each particle is completely composed of sodium
titanate nanobelts, but the center of the particles is
composed of unreacted material, as shown in Fig. 6b.
This low magnification TEM image shows particles
and lamellar and beltlike structures. The features observed
in this micrograph agree with the work of Grimes et al.
[21], who collected material before the completion of
the hydrothermal reaction, finding lamellar structures.

Fig. 6. SEM and TEM micrographs of the samples prepared hydrothermally at 5M by 1 day at 130°C: (a) SEM image of sodium titanate nanobelt
structures; (b) low magnification TEM image showing particles and lamellar and beltlike structures; (c) HRTEM image of a nanobelt showing two set of
fringes along [—3 1 1] and [—1 1 1] directions of Na,TisO3; and (d) enlarged image of a particle of Fig. 6¢c showing the distance between fringes attributed

to anatase.
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Fig. 7. FEG-SEM images of samples treated at 10 M, (a) 18 h of reaction and (b) 1 day of reaction.

A HRTEM image of a tubular structure synthesized
at 5M and 1 day of reaction, shown in Fig. 6c, reveals
two sets of planes with separations of 0.29 and 0.34 nm,
which could correspond to the interplanar distances of the
(=311) and (—111) planes in Na;TizgO3, respectively.
These values could also correspond to the (—202) and
(012) interplanar distances in Na,Ti;O7, or also to the
(121) and (111) planes of TiO; in the brookite phase. We
discard the latter because of the sodium content revealed
by XPS in the 5M samples. However, none of the planes
and compounds assigned provides a satisfactory fit to the
experimental data. Moreover, none of them represents
planes of high symmetry of sodium tri-hexatitanate or
brookite phases. The top inset in Fig. 6¢ is the two-
dimensional Fourier transform, which indicated two set of
planes. Fig. 6d shows the HRTEM image of one of the
particles identified in Fig. 6b, with planes separated
0.476 nm, corresponding to the interplanar (002) distance
in anatase. The bottom inset of the Fig. 6d is the two-
dimensional Fourier transform corresponding to the (00 2)
plane of a anatase particle.

Fig. 7 shows SEM micrographs of hydrothermal samples
prepared in 10 M NaOH. Fig. 7a corresponds to a sample
prepared at 130°C for 18 h, showing wire-like structures
with diameters from 8 up to 10nm with minimal
dispersion, and lengths of several um. Fig. 7b corresponds
to the sample prepared at 130°C for 1-day, exhibiting
wires and rods with diameters from 7 to 40nm and
lengths from 100 to several micrometers. Treatments
with short reaction time lead to long wire-like structures,
while at longer reaction times the wires seem to break
into rods.

4. Conclusions

A hydrothermal treatment of fine TiO, particles at
130°C under alkali conditions leads to sodium titanate
belt-like and wire-like structures, at NaOH concentrations
of 5 and 10M, respectively. This claim is supported by
measurements performed with redundant complementary
analytical techniques: X-ray photoelectron spectroscopy

(XPS) and energy dispersive X-ray spectroscopy (EDX),
Raman spectroscopy and X-ray diffraction, scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM).

An interesting feature of our study is that the belt-like
and wire-like structures underwent a phase transformation
from anatase to sodium titanate, most probably a
metastable phase. XPS measurements are consistent with
the existence of Na™—O—Ti bonds on the surface of all
hydrothermal samples, even when they were prepared at
low concentrations and short reaction times. In this case,
XRD and Raman spectroscopy analyses indicated that
these samples exhibited the anatase phase in the bulk,
confirming that the reaction starts on the surface of each
particle. At longer reaction times, XRD and Raman
spectroscopy confirmed the presence of mainly one phase
of sodium titanate, compound that has not been indexed
yet. The thermal stability study of the samples indicated
that the sodium titanate is a metastable phase up to
temperatures higher than 200 or 400°C depending on
the sodium content. In the present work we remark
that the duration of the hydrothermal reaction is
critical: the retention of sodium in the matrix is essential
for the synthesis of titanium dioxide or sodium titanate
nanostructures.
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