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We have synthesized large quantities: of sodium:titanate-based nanotubes and nanoribbons with
high yields under hydrothermal conditiofs frém. anatase powder in an aqueous NaOH solution. The
reaction temperatures were from 95 to- 195=° f-20 °C. We observed that the morphol-
ogy of the nanomaterials, which is. reflected in- elr specific surface areas, depends strongly on
the reaction temperature. For the materials synthesnzed in the range 95-135 °C and above 155 °C
only a single morphology type was observed for the nanostructures, i.e., nanotubes and nanorib-

bons, respectively. In contrast, when the re
nanoribbons were found in the product. S
the materials’ morphological and struc
investigated with TGA and DSC. Th
a temperature range from 25 up to

arried out at 155 °C, both nanotubes and
RD techniques were used to determine
thermal stability of the materials was
pproximately 25%, was observed in
ained at 95 °C, probably due to the

presence of unrolled titanate sheets

Keywords: Titanate Nanoribbons,

ydrothermal Synthesis, TG/DSC.

1. INTRODUCTION

One-dimensional (1D) alkali titanates are o
groups of inorganic materials being intensively gt
nanotechnology research. The family of alkali titanates
represented by the general formula A,Ti,,0,,,; (A= Na,
K, or Cs, and 3 <n < 6) forms a variety of layered
and channel-like structures. In the layered structures the
alkali cations (A) occupy the interlayer space, while in
the channel-like structures the cations are found along the
channels. These kinds of structures enable good mobility
of the alkali cations,! which is a necessary condition for
the ion-exchange process to take place. For this reason
the family of 1D titanates represents an attractive starting
point for the design of different 1D titanates with a variety
of morphologies and compositions.>* 1D TiO, nanowires
can also be produced by using the ion-exchange process
followed by heat treatment.>

Alkali titanates are being intensively studied in
bulk form for possible technological applications in
the ion-exchange process, photocatalysis, as fuel-cell

*Author to whom correspondence should be addressed.
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es, as reinforcement agents for plastics, and as
s.”-!! Furthermore, for the case of 1D titanate
als, it is expected that their physical and chem-
rties will be enhanced in comparison to the
titanates in bulk form. It is thought, for example, that pris-
tine sodium titanate nanotubes (NTs) and the 1D nano-
materials derived from them could be promising materi-
als for energy storage based on lithium insertion,3 > 1>-14
In the field of catalysis, titanate NTs can be exploited
as a catalyst support because of their large specific sur-
face area.’® On the other hand sodium titanate nanorib-
bons (NRs) exhibits the catalytic ability for reduction of
NO,, to NO, (Ref. [16]). It is likely that sodium titanate
NRs could also be used for the reinforcement of a poly-
mer matrix, since their Young’s moduli'’ are comparable
to that of carbon nanotubes grown by CVD.!3

1D sodium titanates are obtained at low temperatures
under hydrothermal conditions from TiO, in an alkali solu-
tion. After the first publications of Kasuga et al. on the
synthesis of sodium titanate NTs!%2° the hydrothermal
method has become one of the most popular techniques for
the preparation of 1D titanate nanomaterials. In addition,
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a change of reaction conditions can result in the direct for-
mation of nanowires (NWs)*'2* and NRs> 1©2* as well as
titanate NTs.!32527

Up to now there have been reports on the preparation of
titanate NTs and NRs based on a range of TiO, precursors:
amorphous,?>?* anatase,> 2 rutil,>>3! brookite,”® or a
mixture of anatase and rutil.’>?® Whether it is titanate NTs,
NWs or NRs that are formed depends to a large extent
on the reaction temperature; however, there is no doubt
that other reaction conditions, like the form of the TiO,
precursor and the concentration of the NaOH, also have
an influence on the morphology and dimensions of the
resulting 1D titanate nanostructures. This becomes clear
when one compares the dimensions of the NTs synthesized
from different TiO, precursors (rutil, anatase, amorphous
TiO,, or metallic titanium).!>-%252 The dimensions of
the resulting NTs are thus strongly reflected in the val-

ues of the specific surface area. The specific surface areas

of NTs obtained from different TiO, precursors.ate. i
range 100—450 m>/g. The highest values reporte

specific surface area of titanate NTs were obmmed whe g
using TiO, powder in the rutil form®® or where the T102 :

powder was a mixture of anatase and rutil.'>3?

However, to the best of our knowledge the temperatury
dependence of the formation of the NT and NR morphg

o
:gas-adsorption analyzer.

washed with 50 ml of ethanol. Finally, the isolated prod-
uct was dried overnight at 70 °C. A typical reaction batch
produced around 6.5 g of material. Materials for the XRD
and BET analysis were dried overnight at 150 °C before
the measurements.

2.2. Instrumentation

The morphology of the synthesized materials was inves-
tigated with scanning (SEM, Supra 35 LV) and transmis-
sion (TEM, Jeol-JEM 2000F and Jeol JEM-2010, both
200 keV) electron microscopes. The materials for the TEM
observations were dispersed by sonication in methanol,
with the drop of dispersion deposited on a copper TEM
grid covered with a carbon foil. The samples for the SEM
observations were simply pressed onto a conducting car-
bon tape.

The BET specific surface areas of the samples were
asured at —196°C with a TRISTAR 3000 automated

e. powder X-ray diffraction (XRD) patterns were
btamed :on:a Bruker AXS D4 Endeavor diffractometer

~ using Cu K radiation.

The dynamic thermogravimetric (TG) measurements
performed on a Mettler Toledo TGA/SDTA 851°

gies beginning with an anatase TiO, precursor ha

m temperature up to 600 °C, with a heating rate

been discussed. In this work we investigated ¢
ence of the reaction conditions on the morpho
resulting sodium titanate NTs and NRs. Under
conditions both NTs and NRs were synthesiz

quantities, with yields above 90% (as estimated ft:

in. Approximately 1 mg of the sample was placed
aluminum crucible and then covered with a
Nitrogen, with a flow rate of 100 ml/min, was
i purge gas. The baseline was subtracted in all

SEM and TEM images). We also show that the s

DSC analysis was carried out on a Mettler Toledo

surface area can be regulated by the reaction temp
and by smaller extent with the average particle i
anatase. In this paper we also discuss the ther
ity of the products obtained under hydrothermal
between 95 and 195 °C.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of Sodium Titanate Nanotubes and
Nanoribbons, and Adsorption

Sodium titanate nanotubes and nanoribbons were synthe-
sized using a similar procedure to that reported by Kasuga
et al.,”" i.e., 4.40 g of fine anatase TiO, powder (Aldrich,
9 m?/g (average particle size ~1 pum) and 200 m?/g (aver-
age particle size ~20 nm) was dispersed in 30 ml of 10 M
NaOH (Aldrich) with the help of an ultrasonic bath. Then
30 ml of the reaction mixture was transferred into a 33-ml
Teflon-lined autoclave (the degree of filling was 90.9%)
and held at different temperatures (95, 115, 135, 155, 175,
and 195 °C) for 72 hours. The resulting white powders
were first dispersed in 200 ml of deionized water and fil-
tered. The material caught on the filter was subsequently
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822e Cell. The experimental conditions (sample pan,
sample, heating rate, atmosphere, and flow
he same as used for the TG measurements. An
n served as the reference.

3. RESULTS AND DISCUSSION

The morphological evolution for the reaction temperatures
between 195 and 135 °C for the hydrothermally treated
micrometer-sized anatase particles is presented in Figure 1.
The SEM images of the products obtained at 195 °C (195-
NRs, Fig. 1(a)) and 135 °C (135-NTs, Fig. 1(c)) demon-
strate that the morphologies of the samples are very
different. In the sample synthesized at 155 °C (155-NR +
NTs), i.e., at the medium reaction temperature, both types
of morphologies are observed (Fig. 1(b)). Further investi-
gations using a TEM showed that the structures obtained
at 165 °C and higher have a nanoribbon-like morphology
(Fig. 2(a)), while the structures obtained below 155 °C
are nanotubes (Fig. 2(b)). Regardless of the reaction tem-
perature the nanoribbons exhibit a broad size distribution.
Their lengths are between 500 nm and several microm-
eters, with typical widths varying from 30 to 300 nm.
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conditions the dominant morphology in the obtained prod-
uct was found to be incompletely rolled titanate sheets.

The influence of anatase particles with an average diam-
eter of 20 nm on the dimensions of the formed titanate
NTs was also investigated. In this case, the produced
NTs form aggregates resembling see-urchin-like struc-
tures. This secondary structure of the material obtained
at 115 °C from a nanosized TiO, precursor (115n-NTs)
is presented in Figure 3. The so-formed aggregates can-
not be dispersed into individual NTs, even after prolonged
sonication, and therefore we could not estimate the actual
lengths of the NTs. Using a hydrothermal treatment of
titanium metal Mao et al.' also observed see-urchin-like
aggregates, formed from NTs of approximately the same
size and shape.

The literature contains much debate about the exact
structure of sodium-titanate-based nanotubes and nanorib-
bons. For the nanotubes two similar structures are pro-

- posed(Na,H)2T1307 2:32.34 and (Na,H)ZTiZO4(OH)2.23* 36,37

EEM (électron spin-echo envelope modulation) mea-
nts on the local structure favor the second of

these . structures.'® In the case of nanoribbons, various

authors*?>32 propose the same, i.e., the (Na,H),Ti,O,
structure, which agrees well with the XRD spectra.
e evolution of the XRD spectra with respect to reac-

perature (Fig. 4) is in agreement with our mor-

udies. The products containing NTs, (95, 115,

and also 155-NTs + NRs, where nanotubes are
ant morphology, reveal a single type of XRD
second type of spectra, in which sharp peaks
3 typical for the NR samples (175 and 195-NRs).

acteristic spectra of the NT samples synthesized

Fig. 1. SEM images of 1D (itanate materials synthesize:
155 (B), and 135 °C (C). At 155 °C, the medium reaction #&
structures with two different morphologies are formed.

The heights of these structures were measured by AFM,
and range from 15 to 60 nm.!” Comparing the lengths
of both types of nanostructures shows that the NTs are
much shorter, as they only achieve lengths up to 500 nm.
The average outer diameter of the observed NTs (TEM
observations) synthesized at 115 (Fig. 2(b)) and 135 °C
is 10 nm, with the inner diameter ranging between 3
and 5 nm.

The product synthesized at the lowest investigated reac-
tion temperature, i.e., 95 °C, (95-NTs, Fig. 2(c)) is mainly
composed of NTs. Under the TEM a considerable number
of partly rolled titanate sheets were observed (the arrows
in Fig. 2(c) point to these sheets). The presence of these
unrolled titanate nanosheets supports the proposed forma-
tion mechanism of the titanate nanotubes.*> This is also
supported by the fact that titanate NTs can be formed from
layered Na,Ti;O, (Ref. [27]). Under the applied reaction
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etween 95 and 135 °C contain broad diffraction peaks

with dntensities that progressively increase with increasing

mperature. This broadening of the diffraction
1 be attributed to the nanometer dimensions of the
also to their poor crystallinity. Using the Scher-
rer formula (d = 0.9A/Bcosf, where A is the wavelength,
B is the width at the half height of the Bragg peak, and 6 is
the Bragg angle) we estimated the average diameter (from
the 110 peak® positioned at approximately 24.3 degrees,
Fig. 4) to be in the range from 7 to 15 nm. The obtained
values correspond to the outer diameter of the obtained
nanotubes. In contrast, sharp peaks are observed in the
spectra of the NR samples, as a result of the increased
crystallinity.'® We also calculated the values for the aver-
age particle size of the NR samples (from the 110 peak,*
Fig. 4) using the Scherrer formula. The obtained number—
from 25 (175-NRs) to 35 nm (195-NRs)—corresponds
well with the measured heights of the NRs.

The closest match to the XRD spectra collected from the
samples synthesized above 155 °C appears to be a spec-
trum of layered Na,Ti;O, (JCPD 72-0148). However, there
is a mismatch between some of the peak positions, and
some additional peaks are present in the collected spec-
tra. These observations imply that the crystal structure of

J. Nanosci. Nanotechnol. 7, 3502—-3508, 2007
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Fig. 2.

the hydrothermally synthesized nanoribbons deviates from
the structure of Na,Ti;O,, which is characterized by corru-
gated ribbons of three edge-sharing TiO4 octahedra joiiec

via corners and interleaved with Na*t ions.! This de iéltléﬁz
could be the result of some degree of exchanging of these

interlayer alkali-metal ions, to which such structures™are
prone.!
Additional information can be obtained from the typi

- R \.\ \
NN

TEM images of samples synthesized at 165 (A), 115 (B), and 95 °C (C). The arrows in 2(C) point to unrolled titanate sheets.

%ﬁ\ N
N
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layered sodium titanates, the [010] direction runs parallel
to the interlayer occupied by the alkali metal ions.
' ¢’ difference in the morphologies of the obtained NTs
and“NRs is reflected in their specific surface area. As
“‘would be expected, the values for the active surface area
are very’ different for the NR and NT structures. The
active surface areas of the NTs synthesized at 95, 115, and
135 °C range from 190 to 240 m?/g, while for the nanorib-

cal electron diffraction (ED) pattern, shown in Figus
collected from a single nanoribbon. The extii
reflections suggest that the monoclinic unit ce]
nanoribbon is C-centered rather than primiti
is characteristic of Na,Ti;O,. Furthermore, th

aterials the surface areas are below 30 m?/g. The
of the precursor particles’ size on the specific
eas of the NTs was also investigated. Two differ-
e powders were used for the syntheses: the first
used micrometer-sized powders, and the second
meter-sized particles. We observed that the pre-

ith the smaller size particle gave only a slightly

Fig. 3. Typical TEM image of titanate NTs synthesized at 115°C, begin-
ning with 20-nm-sized anatase particles (115n-NTs). Aggregates resem-
bling a see-urchin-like structure are clearly observed.

J. Nanosci. Nanotechnol. 7, 35602-3508, 2007

195 °C

175°C

155 °C

26 ()

Fig. 4. Powder XRD patterns of materials synthesized between 95 and
195 °C.
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5

Fig. 5. TEM image of an individual nanoribbon synthesized at 175 °C
(A) with the corresponding electron diffraction pattern (z = [001]) (B).

increased specific surface area. For instance, if we com-
pare the NTs synthesized at 115 °C (the sample with the
largest specific surface area) from micrometer (115-NTs)

and nanometer (115n-NTs) sized anatase particles is the
increase in BET surface area relatively small (fromy 240

(115-NTs) to 250 m*/g (115n-NTs)).

Figure 6 shows typical isotherms for N, adsorption
onto the nanotubes and nanoribbons synthesized at 115
and 195 °C. A comparison of the 115-NT and 195-NR
isotherms clearly indicates that the 115-NT product is pr

0.045

0.040

S ISR 115-NTs
i N Bt 115n-NTs
: —— 135-NTs

0.035

0.030
0.025
0.020

0.015

0.010 1 NN

Pore volume (cm®g-nm)

0.005

0.000 ~oeF

1 10 100
Pore diameter (nm)

Fig. 7. Pore-size distribution of samples synthesized at 115 and 135°C.
115n-NTs were synthesized from nanometer-sized anatase TiO, powder,
while for the synthesis of 115-NTs and 135-NTs micro-sized anatase
TiO, powder was used.

ond peak between 25 and 70 nm is more difficult

10 explam First, in these two samples no nanotubes with
diameters exceeding 17 nm were observed; so most proba-

bly this broad peak is caused by the aggregation of NTs. %
For the 115n-NTs sample maxima were only observed in

dominantly mesoporous. The pore-size distribution

samples synthesized at 115 and 135 °C, calculatg
the adsorption data, is shown in Figure 7. The
for the 115 and 135-NTs are observed in two
the first region, two peaks appear at 2.1 nm a
respectively. These two peaks are considered to co

st region at 1.7 and 3.0 nm. From a comparison of
ize-distribution curves for the 115, 115n, and
samples it can be concluded that the reaction
¢ has a relatively small effect on the inner diam-
e formed NTs. A slightly larger effect on the
n of the inner diameters results from smaller-

to the inner diameter of the NTs, which is in re]

hatase particles.

good agreement with the TEM observations. It is |
that the smaller diameter calculated from the pore:si
tribution when compared to the values obtained
TEM is the result of dangling bonds inside the
(which are in fact nanorolls) that cling to the in
and thus decrease the volume of the NTs. Th

600
115-NT /
~—~ 500 4
2 o
é 400 4 —®— Adsorption
ZN —O— Desorption
kS [ ]
GE) 300 - d /
=
S 200 2
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@
O o()dj
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0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P.)

Fig. 6. N, adsorption isotherms at —196 °C for titanate nanoribbons
and nanotubes synthesized at 195 °C and 115 °C, respectively.
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now turn to the thermal stability of the obtained

Thermogravimetric curves of materials, synthe-
, 135, 155, and 195 °C, measured in a tempera-
from 25 up to 600 °C, are shown in Figure 8(a).
, the greater part of the weight loss occurs at
ower temperatures, where the dehydration of physisorbed
water takes place. On a DSC curves (Fig. 8(b)) this process
is reflected in two successive endothermic peaks. From
both Figures (8(a) and 8(b)) it is evident that there is
a lower content of the physisorbed water in materials,
synthesized at higher temperatures. Water molecules are
also more tightly bonded than in materials, synthesized at
lower temperatures (see dashed line in Fig 8(a)). For 95-
NTs the weight loss of approximately 17% occurs up to
150 °C, while the sample 195-NRs loses only 8.5% up
to 200 °C. After this temperature the weight slowly and
continuously decreases nearly up to 600 °C. It was already
found out that for nanotubed H,Ti,O,(OH), at tempera-
tures lower than 300 °C desorption of physically adsorbed
water and interlayered water takes place simultaneously.?
At higher temperatures (300-500 °C) desorption of inter-
layered water leads to transition from orthorobmic crys-
tal system to anatase. The last process is reflected as an
exothermic peak on a DSC curve.”® For our materials,

J. Nanosci. Nanotechnol. 7, 3502—-3508, 2007
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Ay 100 f (Fig. 3). The smallest weight loss of 11% was observed
for 195-NRs. The measured value was expected due to
%6 T different morphology (hollow structure of NTs versus full
o | layered structure of NRs) and agrees with EPR (electron
paramagnetic resonance) measurements.'® Broad exother-
L e d 122 g mic peak in a temperature range from 200 to 500 °C
£ 135 °C on the DSC curve means that material, synthesized at
84 1 195 °C, loose intralayered OH groups in a broader range
while interlayered OH groups remain in the structure up to
80 600 °C or the cleavage of both type of OH groups occurs
) simultaneously. Additional XRD measurements should be

[ . : ' ; ' »C done in order to elucidate this process.

0 100 200 300 400 500 600 700
. o 4. CONCLUSIONS
"195 c Both titanate (Na,H),Ti,O,(OH), nanotubes and
(Na,H),Ti;O, nanoribbons were synthesized in gram
a quantities. The nanotubes were formed in the temperature
> v range: from- 115 and 135 °C, while the nanoribbons were
% i ned at temperatures higher then 155 °C. The product
e} -yield was very high for all the reaction temperatures,
s except for- 155 °C, where both morphologies formed under
T the applied conditions. This study also revealed that the
reaction temperature has a more pronounced effect on
ecific surface area of the resulting nanotubes than a
size of anatase particles.

0 100 200 300 400 500

T(C)

Fig. 8. Comparison of TGA (A) and DSC (B) curve
titanate nanotube and nanoribbon samples measured betweert

perature and 600 °C. The curves correspond to materials syr
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the dehydroxilation of intralayered OH groups i
from the dehydration of physically adsorbed
occurs in a temperature range from 200 °C up
Exothermic process, accompanying the format
Ti—O-Ti bonds, overwhelms endothermic dehydration pro-
cess and is reflected as a broad exothermic peak on the
DSC curves.

Dehydroxilation of interlayered OH groups occurs at
temperatures higher than 400 °C and is observed only for
135-NTs and 155 NTs+ NRs. Sample 95-NTs behaves
differently probably due to the presence of unrolled
titanate sheets. Besides that it contains the biggest amount
of physisorbed water, its weight start to decrease more
rapidly at temperatures higher than 400 °C, meaning that
the material is thermally unstable. The total weigh loss of
almost 25% between room temperature and 600 °C was
observed for this sample, while for material synthesized
at 135 and 155 °C very similar weight loss of around
13% was detected. The latter fact is suggesting that the
dominant morphology in 155-NTs + NRs are nanotubes.
This is in agreement with SEM image of 155-NTs+
NRs (Fig. 1(b)), specific surface area and XRD spectrum

J. Nanosci. Nanotechnol. 7, 35602-3508, 2007

XRD measurements.
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