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The formation and crystal structure of sodium titanate nanobelts synthesized with various Ti precursors are
reported. P25 (TiO2) powder, Ti(OBu)4, and TiCl4 were used as Ti precursors. Their nanobelts were synthesized
via hydrothermal process at 180 °C for 24 h in concentrated aqueous NaOH solution. The product obtained
with P25 (TiO2) was identified to be Na2Ti4O9 ·1.5H2O. The products obtained with Ti(O(CH2)3CH3)4 and
TiCl4 were confirmed to be the crystal structure of Na2Ti2O4(OH)2. This means that the formation mechanism
of the crystal structure in the synthetic process depends on their Ti source. Their morphology was compared
with XRD, TEM, FE-SEM, Raman, and TGA. On the basis of their morphology results, the crystalline structure
model and the formation mechanism of sodium titanate nanobelts are proposed.

Introduction

Since the first report1 on TiO2 nanotubes which were
synthesized via the hydrothermal process under aqueous NaOH
solution, there has been intensive research on the growth
mechanism and crystalline structure of one-dimensional nano-
sized TiO2

2–6 and various titanate nanomaterials7–17 because of
theirpotentialapplications inmanyfieldssuchasphotocatalysis,7,18

solar energy conversion,19 and sensors.20 Recently, there have
been many reports on the synthesis and characterization of one-
dimensional alkali metal titanate nanomaterials owing to their
size and shape-dependent optical properties.11,12,21–25 It has been
reported that the structures of these titanates are built from a
sheet characterized by edge- and/or corner-sharing of TiO6

octahedra, which forms a zigzag ribbon or tunnel structures.26

As a photocatalyst, these structures are suitable for the accom-
modation of the catalytic active phases such as noble metal
atoms which work to enhance the efficiency of the separation
of photoexcited charges (i.e., electron and hole) and also for
their transfer to adsorbed reactants at the surface. Thus, it would
be expected that these titanates become promising photocatalytic
materials. Among various alkali metal titanate nanomaterials,
sodium titanate is of particular interest for its wide applications,
such as high photocatalytic activities,23 ion-exchange ability,24

and photovoltaic characteristics.25

It is well-known that the chemical composition of the products
obtained through the hydrothermal synthesis in a concentrated
aqueous NaOH solution is very sensitive due to their washing
process. As such, the exact chemical composition of the products
is fussy to determine. On the other hand, the hydrothermal
process displays in general one-dimensional morphology, such
as nanotubes, nanowires, nanorods, and nanobelts. Considering
these situations, many hypotheses have been proposed to
determine the exact crystalline structure of the products and
explain the formation mechanism of the morphologies of the
products.6–9,12,16 In this study, we report the synthesis of sodium

titanate nanobelts via the hydrothermal method in a concentrated
aqueous NaOH solution using three different precursors. The
synthesized products were characterized by X-ray powder
diffraction (XRD), high-resolution transmission electron mi-
croscopy (HRTEM), selected area electron diffraction (SAED),
field emission scanning electron microscopy (FE-SEM), Raman
spectroscopy, and thermogravimetric analysis (TGA) measure-
ments. On the basis of the results, the crystalline structure model
and the formation mechanism of sodium titanate nanobelts are
proposed.

Experimental Section

Synthesis of Sodium Titanate Nanobelts. Titanium(IV)
butoxide (Ti(OBu)4, 97+%), titanium(IV) chloride (TiCl4,
99.9%), and absolute ethyl alcohol (C2H5OH, 99.9%) were
obtained from Aldrich Chemical Co. and titanium dioxide
powder (P25) was purchased from Degussa Corp. (Germany),
respectively, and used as received. In these experiments, three
different compounds of TiO2 (P25) powder, titanium(IV)
butoxide (Ti(OBu)4), and titanium(IV) chloride (TiCl4) were
used as Ti precursors and 10 M NaOH aqueous solution was
used as the solvent. A set of acronyms is used for all samples:
TP, TB, and TC denote the synthesized samples using TiO2

(P25), titanium(IV) butoxide, and titanium(IV) chloride as the
Ti precursors, respectively. For TP, 600 mg of P25 was
dispersed in 40 mL of 10 M aqueous NaOH solution in a Teflon
vessel and the solution was moved into an autoclave, then heated
in a furnace at 180 °C for 24 h. After cooling, the final product
was filtered and washed with deionized water several times.
The product was dried at room temperature freely. For TB, 2
mL of Ti(OBu)4 was added into 20 mL of a C2H5OH solution
and then the solution was mixed with 20 mL of a 10 M aqueous
NaOH solution in a Teflon vessel. For TC, 1 mL of TiCl4 was
added into 40 mL of a 10 M aqueous NaOH solution in a Teflon
vessel. The following procedures are the same as mentioned
above. To explore the thermal stability of the crystal structure
of the products, the three as-synthesized samples were calcined
at 500 °C for 6 h and they are in turn denoted as TP-500, TB-
500, and TC-500, respectively.
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Characterization. The crystal structures of the synthesized
products were identified by using XRD with a Philips X’Pert-
MPD System with a Cu KR radiation source (λ ) 0.154056
nm). The size and shape of the products were determined by
TEM images. TEM measurements were carried out on a
HITACHI H-7500 (low-resolution) and a JEOL JEM2010 (high-
resolution) transmission electron microscope. FE-SEM was
performed on a JSM-6700F (JEOL, Japan). Energy-dispersive
X-ray (EDX) spectroscopy for the elemental analysis of the
sample was conducted on a JEOL JEM2010 TEM operated
under an acceleration voltage of 200 kV. Thermogravimetric
analysis (TGA)/differential thermal analysis (DTA) measure-
ments were performed on a TGA 7 (PERKIN-ELMER, U.S.A)
at a constant heating rate of 10 deg/min. The Raman spectra
were recorded on a FRA 106/S Raman spectrometer (Bruker,
Germany); a Nd/YAG laser (1064 nm) was used as an exciting
light source.

Results and Discussion

Figure 1a shows typical TEM images of sample TP in the
range of 60-370 nm in width and several micrometers in length.
Each belt is straight due to its rigidness and has an unchanged
width along its entire length. Figure 1b shows the HRTEM
image of a nanobelt of sample TP. The lattice spacing of 0.59
and 0.34 nm with an angle around 106.2° can be resolved,
respectively. On the basis of the result in Figure 1b, the sample
TP is assumed as a sodium titanium oxide of Na2Ti4O9 with
space group C2/m and lattice parameters a ) 17.38 Å, b )
3.784 Å, c ) 11.99 Å, and � )106.2° (JCPDS 33-1294), which
is supported by its corresponding EDS measurement in Figure
1c. The atomic percents of Na, Ti, and O elements of the
nanobelt are 12.64, 26.15, and 61.21, respectively, and the Ti/
Na and O/Na atomic ratios are 2.069 and 4.842, respectively.
The Ti/Na atomic ratio is very close to the theoretical atomic
ratio of 2, while the O/Na atomic ratio is larger than the
theoretical atomic ratio of 4.5, implying the existence of O
element in the product as H2O molecules. Thus, the exact
chemical compositions of the as-synthesized sample can be
formulated as Na2Ti4O9 · xH2O. The x can be determined by TGA
measurement (see below). The lattice spacing of 0.59 and 0.34
nm can be assigned to (300) and (004) planes. Their a and c
axes are expanded about 1.8% and 13.4%, respectively,
compared with that of Na2Ti4O9. This may be ascribed to H2O
molecules inserted into interlayer spaces of layered Na2Ti4O9.

Figure 2a shows the XRD pattern of sample TP, displaying
a strong and narrow peak at 10.3° and other peaks at about
15.8°, 25.0°, 29.7°, 34.4°, 35.7°, 38.9°, 43.4°, 48.5°, and 52.7°.
It is well-known that TiO2 (P25) consists of 70% anatase and
30% rutile. The absence of any peaks from anatase or rutile
means that the crystalline structure of P25 was completely
broken during the hydrothermal treatment in concentrated
aqueous NaOH solution at 180 °C for 24 h and formed into
new crystalline material. Similar XRD patterns were found in
the previous reports,8,27 supporting further assignment of the
sample TP to the composition with Na2Ti4O9. To further
investigate the thermal behavior of sample TP, TGA/DTA
measurement was conducted and is shown in Figure 3. The TGA
curve (Figure 3a) shows weight loss of about 10.5% from 50
to 500 °C and the corresponding DTA curve (Figure 3b) displays
three endothermic peaks at about 100, 150, and 370 °C. The
DTA curve does not show any exothermic peak, which indicates
that the product is pure crystalline phase without any other
amorphous phase. The weight percentage loss at 100 °C is about
1.3%, which is probably due to the removal of surface adsorbed
water molecules. The second peak at about 150 °C is weight
loss of 2.7%, which is probably due to the removal of water
molecules bound to the surfaces of the sample. The remaining
weight loss of 6.5% up to at 500 °C is probably due to the
removal of water molecules confined in the interlayer spaces
of as-synthesized product during the increase in temperature.
The third peak at 370 °C is due to the phase transition.

Figure 1. Sodium titanate nanobelts prepared from hydrothermal NaOH treatment on P25 (TiO2) at 180 °C for 24 h: low-resolution TEM image
of sample TP showing a lot of nanobelts (a), HRTEM image of a nanobelt of sample TP showing crystal lattices (b), and EDS spectrum of the
nanobelt (c).

Figure 2. XRD patterns of as-synthesized sample and the sample
calcined at 500 °C for 6 h: TP (a) and TP-500 (b).
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According to the results mentioned above, we can conclude that
as-synthesized TP is a hydrous sodium titanate nanobelt with
Na2Ti4O9 ·1.5H2O. The theoretical weight percent of water
molecules of Na2Ti4O9 ·1.5H2O is 6.6%, close to the weight loss
of 6.5% up to 500 °C determined by TGA measurement. The
O/Na atomic ratio of Na2Ti4O9 ·1.5H2O is 5.25, larger than the
4.84 measurement of EDS, and this difference results from the
removal of water molecules of the sample due to strong electron
beam bombing under the condition of HRTEM.

To observe the thermal stability of the product, the sample
TP was calcined at 500 °C for 6 h. The XRD pattern of TP-
500 shown in Figure 2b still shows a strong and narrow peak
but with a shift to the higher side at 12.6° and some other broad
peaks at 25.4°, 31.6°, 36.8°, 40.7°, and 48.6°. It is found that
after thermal treatment at 500 °C for 6 h, some peaks
disappeared or became more broad and some new peaks
appeared, indicating the occurrence of phase transition and lower
crystallinity. Sample TP-500 can be assigned to Na2Ti6O13,
which displays the typical peaks at ca. 12°, 25° and 31° and
has a base-centered monoclinic structure with a spatial group
of C2/m C2h

3 (a ) 1.5120 nm, b ) 0.3746 nm, c ) 0.9162 nm,
� ) 99.28°).23,28 This assignment is further confirmed by Raman
analysis (see below). According to TGA/DTA analysis above,
the transition of Na2Ti4O9 · 1.5H2O to Na2Ti6O13 occurred at
370 °C. On the basis of the reports,17,23,24,29,30 some sodium
titanates undergo the phase transition to Na2Ti6O13 at different
temperatures with increasing temperature, depending on the
chemical composition and the methods used.

Figure 4 shows the Raman spectra of as-synthesized sample
TP and sample TP-500. The Raman spectrum collected from
the TP displays the peaks at about 84, 120, 161, 195, 246, 278,
306, 374, 426, 468, 597, 673, 708, 781, 893, and 923 cm-1, as
shown in Figure 4a. Except for bands at 84 and 120 cm-1,8 this
Raman spectrum is quite similar to that of Na2Ti3O7, which were
obtained by hydrothermal treatment of amorphous TiO2 with

NaOH solution at 200 °C for 20 h. This means that the Raman
spectrum for Na2Ti4O9 ·1.5H2O is quite similar to that for
Na2Ti3O7. The Raman peaks at 161, 195, 278, and 306 cm-1

result from the Na-O-Ti stretching vibrations and the Raman
peak at 923 cm-1 is assigned to the stretching vibration of
terminal short Ti-O bonds involving nonbridging oxygen atoms
that are coordinated with Na ions.8,27 Figure 4b shows the Raman
spectrum of sample TP-500. The Raman peaks at approximately
85, 121, 180, 192, 257, 284, 379, 439, 480, 607, 680, 715, and
923 cm-1 are quite close to those of Na2Ti6O13, which was
obtained by thermal treatment of Na2TinO2n+1 (n ) 3, 4, 9) at
500 °C for 10 h.8 The exact assignment of the bands in the
Raman spectrum is very difficult for Na2Ti4O9 and Na2Ti6O13

due to the lack of reports relating directly the Raman peaks to
specific active modes of layered titanates.

To explore the dependence on the precursors, we also
performed the synthesis of sodium titanates using Ti(OBu)4 and
TiCl4 as the precursors. The XRD patterns of TB, TC, TB-500,
and TC-500 are shown in Figure 5. The XRD patterns of TB
and TC show similar and broad peaks at about 10.0°, 24.2°,
28.2°, 48.3°, and 61.8° (very weak), as shown in parts a and c
of Figure 5, which are very close to those observed for
Na2Ti2O4(OH)2.31 The similarity of the XRD patterns of TB and
TC indicates that the crystal structures of final products are
independent of the precursors in these cases, although they are
different from the XRD pattern of TP. After calcinations at 500
°C for 6 h, the XRD patterns of TB-500 and TC-500 shown in
Figure 5b,d still show similar and broad peaks but with little
shifts to higher positions at about 11.6°, 24.3°, 29.7°, 48.5°,
and 61.8° (very weak). It is readily found that the peaks at 10.0°
and 28.2° are shifted to higher position at 11.6° and 29.7°, while
the peaks at 24.2°, 48.3°, and 61.8° are almost maintained. The
shifts to higher positions suggest that the shrinkage of an axis
of crystal structures of the TB and TC occurred during the
calcination at 500 °C for 6 h, which is possibly due to the
removal of water molecules from the products. This was
confirmed by TGA measurements of TB and TC. TGA curves
(Figure 6a,b) demonstrate a continuing mass loss of 12.6% and
10.8% from 50 °C up to 500 °C for TB and TC, respectively.
The corresponding DTA curves (not shown) display endothermic
peaks at about 111 and 101 °C for TB and TC, respectively,
and the percentage weight losses at 111 and
101 °C for TB and TC are about 5.3% and 3.7%, respectively,
which are probably due to the removal of water molecules bound
to the surfaces of the samples. The remaining weight losses of
7.3% and 7.1% up to 500 °C for TB and TC, respectively, are
probably due to the removal of water molecules confined in
the interlayer spaces of as-synthesized product during the

Figure 3. TGA curve (a) and DTA curve (b) of sample TP.

Figure 4. Raman spectra of as-synthesized sample, TP (a), and the
sample calcined at 500 °C for 6 h, TP-500 (b).

Figure 5. XRD patterns of various samples: TB (a), TB-500 (b), TC
(c), and TC-500 (d).
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temperature increase. The Raman spectra of TB, TC, TB-500,
and TC-500 are shown in Figure 7. The Raman spectra obtained
from TB and TC (Figure 7a,c) display the peaks at about 84,
121, 192, 278, 450, 670, 910 cm-1 and 84, 123, 152, 194, 279,
451, 670, 915 cm-1, respectively. The profiles of the Raman
spectra of TB and TC are very similar to that of protonic
lepidocrocite titanate (HxTi2-x/40x/4O4 (x ≈ 0.7; 0: vacancy)).32

After calcinations at 500 °C for 6 h, the profiles of the Raman
spectra of TB-500 and TC-500 (Figure 7b,d) are almost
maintained but with little shifts to lower or higher positions.

The morphologies of TB and TC were also compared with
TEM results. It is observed that thin nanobelts are split from
the thick nanorods of TB, as evidenced in Figure 8. Figure 8a
shows the TEM image of TB displaying a broom-like sodium
titanate nanobelts splitting from a thick nanorod (width of ∼240
nm).8,12 Figure 8b shows the enlarged part of Figure 8a
displaying a bundle of nanobelts with width of ∼30 nm. Figure
8c shows the further enlarged part of Figure 8b displaying some
nanobelts with widths of 16-34 nm. The lattice structure of a
nanobelt is shown in Figure 9a and the corresponding SAED
pattern is shown in Figure 9b. The lattice spacing along the
direction of the nanobelt is 0.33 nm, while the lattice spacing
perpendicular to the direction of the nanobelt is 0.82 nm, which
are close to the reported results.31,33 The SAED pattern (Figure
9b) shows a reflection characteristic of the nanobelt and the
measured lattice spacing are consistent with that of Figure 9a.
The FE-SEM image of TB (Figure 10) shows a large amount
of nanobelt in the large scale. Most of them are flexible and
curved. The lengths of the nanobelt are several micrometers

and their widths are in the range of 14-22 nm. Figure 11a shows
the TEM image of the sample TC showing a large amount of
nanobelts of about 8 nm in width and over 100 nm in length.
The corresponding SAED pattern is shown in Figure 11b. The
lattice spacing corresponding to the four rings of the SAED
pattern is 0.375, 0.194, 0.304, and 0.156 nm, respectively. The
EDS spectrum over the nanobelts is shown in Figure 11c and
Na elements are detected in the EDS spectrum. The widths of
the three long nanorods shown in Figure 11d are 120, 300, and
450 nm, respectively, and their lengths are several micrometers.
The SAED pattern of a nanorod with a width of 450 nm (Figure
11e) shows clearly many well-resolved spots, indicating good
crystallinity of the nanorod. The lattice spacing corresponding
to the four typical spots is 0.365, 0.192, 0.277, and 0.150 nm,
respectively. Figure 12 shows FE-SEM images of sample TC.
Figure 12a shows not only many dispersed nanorods but also
many cotton-like blocks. Most of the nanorods are straight and
their lengths are over 10 µm. Figure 12b shows the enlarged
FE-SEM image of a cotton-like block showing a large amount
of nanobelts. The widths of most of the nanobelts are about 10
nm. It is readily seen from Figure 12c that a nanorod is splitting
into several nanorods, which is similar to the case shown in
Figure 8. Figure 12d shows the enlarged image of the ends of
the nanorods in Figure 12c.

On the basis of the results mentioned above, we can deduce
the chemical composition of the sample TB and TC nanobelts.
According to the XRD patterns, TGA data, and literature,16,31–34

we can conclude that both samples TB and TC have the same
chemical composition of Na2Ti2O4(OH)2 (orthorhombic unit cell
with a ) 1.926 nm, b ) 0.378 nm, and c ) 0.300 nm). The
broad peaks at about 2θ ) 10.0°, 24.2°, 28.2°, 48.3°, and 61.8°
result from (200), (110), (600), (020), and (002) planes of
Na2Ti2O4(OH)2. The structures of samples TB and TC were
confirmed by TEM techniques. As shown in Figure 9, the lattice
spacing of sample TB is 0.82 and 0.33 nm, which can be
assigned to d200 and d010, respectively. The lattice spacings of
0.375, 0.194, 0.304, and 0.156 nm from the SAED pattern
shown in Figure 11b are in agreement with d010, d020, d001, and
d002, respectively.31 The lattice spacings of 0.365, 0.192, 0.277,
and 0.150 nm measured from the four typical spots of SAED
pattern shown in Figure 11e are close to d010, d020, d001, and
d002, respectively. It should be noticed that some lattice spacings,
such as 0.82 and 0.33 nm, are smaller than the theoretical values
of d200 ) 0.963 nm and d010 ) 0.378 nm, respectively. It is
well-known that sodium titanates may be dehydrated during
microscopic observations due to the electron beam bombing on
the samples and the high vacuum environment, leading to some
shrinkage of the lattice constants. Thus, the lattice spacing
measured from the HRTEM image and SAED pattern might
not be accurate and are most likely to be decreased with the
loss of hydrated water. As seen above, after calcination at
500 °C for 6 h, the peaks at 10.0° and 28.2° from the XRD
patterns of samples TB and TC are shifted to higher positions
at 11.6° and 29.7°, indicating the shrinkage of the a axis of
crystal structures of samples TB and TC due to the removal of
water molecules confined in the samples. We therefore consider
that it is reasonable to index all of the measured lattice spacings
to the corresponding reflection planes of Na2Ti2O4(OH)2.31,33

This conclusion was also confirmed by TGA data. The water
molecule weight losses of 7.3% and 7.1% from 111 and
101 °C up to at 500 °C for TB and TC, respectively, are close
to the theoretical value of 7.5%.

Here we propose a crystalline structure model for
Na2Ti2O4(OH)2, as shown in Figure 13. Figure 13a shows the

Figure 6. TGA results of TB (a) and TC (b).

Figure 7. Raman spectra of as-synthesized samples and the samples
calcined at 500 °C for 6 h: TB (a), TB-500 (b), TC (c), and TC-500
(d).
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[001] projection of Na2Ti2O4(OH)2, showing the sides of [100]
direction layers arrowed with numbers of 1-8 for discussions
and the positions of O2- (oxygen, red), Na+ (sodium, blue),
and H+ (hydrogen, green) ions. Layer 1, layer 4, layer 5, and
layer 8 are composed of O2-, Na+, and H+ ions. The TiO6

octahedra of layer 2 (yellow), layer 3 (orange), layer 6 (orange),
and layer 7 (yellow) are edge-shared along the [010] direction,
corner-shared along the [001] direction, and edge-shared with
TiO6 octahedra of the adjacent layer (e.g., layer 2 and layer 3,

layer 6 and layer 7), as shown in Figure 13b,c. The O2- ions
occupy the valleys between corner-sharing TiO6 octahedra of
the layers (e.g., layer 2, layer 3, layer 6, and layer 7), as seen
in Figure 13c, and bond with Na+ and H+ ions, forming a Na+---
O2---H+ structure with a bonding angle larger than 90° (Figure
13d). The O2- ion also interacts with its two neighboring Ti4+

ions of TiO6 octahedra. Na+ and H+ ions of a layer (e.g., layer
4) are attracted not only by their four neighboring corner O2-

ions of TiO6 octahedra but also by the O2- ions of the adjacent
layer (e.g., layer 5). Because of the repulsions between Na+

and H+ ions of two adjacent layers (e.g., layer 4 and layer 5),
Na+---O2---H+ structures of layer 4 and layer 5 rotate by some
degrees around their central axes cross the O2- ions to part from
each other to minimize the total energy of the crystal system,
as shown in Figure 13b. For clarity, the [100] projections of
the Na+---O2---H+ structure of layer 4 and layer 5 are separately
shown in Figure 13b, as indicated by arrow 4 and arrow 5,
respectively.

On the basis of the observations above and the crystalline
structure model for Na2Ti2O4(OH)2, we can propose a formation
mechanism of sample TB and TC nanobelts. The intermediates
containing Ti-O-Na and Ti-OH are initially formed upon
adding precursors into aqueous NaOH solution. During the
hydrothermal treatment, these intermediates further react with
each other to form atomic layers (e.g., layer 2 and layer 3) with
the edge-sharing TiO6 octahedra along the [010] direction and
the corner-sharing TiO6 octahedra along the [001] direction.
These two atomic layers further react to form double-layer by
edge-sharing TiO6 octahedra (see Figure 13b). After that,
multilayers are formed through the interactions between double-
layers adsorbed with Na+, H+, and O2- ions on their surfaces,
which leads to a layer-by-layer growth of Na2Ti2O4(OH)2. The
driving force of bonding the double-layers is a dipole-dipole
interaction between double-layers containing Na+, H+, and O2-

ions, i.e., Na+, H+, and O2- ions act as the adhesive between
the double-layers. The growth rate of Na2Ti2O4(OH)2 along the
[010] and [001] directions should be faster than that along the
[100] direction due to a stronger chemical bonding of the [010]
and [001] directions compared to that of the [100] direction,
forming a thin layer with (100) planes as the top/bottom surfaces.
As a result, Na2Ti2O4(OH)2 structures with (100) planes as top/
bottom surfaces should be observed. However, this structure
was not observed in this work, as shown in Figure 9a. This

Figure 8. TEM images with different magnification of sample TB showing a bundle of sodium titanate nanobelts splitting from a thick nanorod:
low magnification (a), medium magnification (b), and high magnification (c).

Figure 9. HRTEM image (a) and selected area electron diffraction
pattern (b) of a nanobelt sample TB showing crystal lattice.

Figure 10. FE-SEM image of sample TB showing a large amount of
nanobelts.
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phenomenon can be explained through the following formation
mechanism for Na2Ti2O4(OH)2 nanobelts. A schematic diagram
of the formation process for Na2Ti2O4(OH)2 nanobelts is
depicted in Figure 14. During the cooling process after hydro-
thermal reaction, the bulk Na2Ti2O4(OH)2 structures may split
not only between (100) planes (e.g., layer 4 and layer 5) due to

weaker chemical bonding but also between (001) planes due to
internal stress probably resulting from the structure feature of
edge-sharing TiO6 octahedra. This internal stress is probably
proportional to the width of the product along the [001]
direction. As a result, the products are split into thick rods a
few micrometers in width with a rectangular cross section of

Figure 11. (a) TEM image of sample TC showing a large amount of nanobelts, (b) selected area electron diffraction pattern of panel a, (c) EDS
spectrum of the nanobelts of panel a, (d) TEM image of sample TC showing three very long nanorods with different diameters, and (e) selected
area electron diffraction pattern of the largest diameter of the nanorods of panel d.

Figure 12. FE-SEM images of sample TC: (a) low-magnification image showing many cotton-like blocks and many long nanorods, (b) high-
magnification image of a cotton-like block of panel b, showing a large amount of nanwires, (c) a thick nanorod splitting into several long nanorods,
and (d) a detail image of the ends of several nanorods of panel c.
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two (100) planes and two (001) planes as their four side surfaces,
but all contact with each other after cooling (Figure 14b). During
the water washing process, the thick rods are completely
separated from each other (Figure 14c) and start from the ends
of the thick rods to be split further into many nanorods (Figure
14d) with rectangular cross sections. Some of the nanorods
display the (001) planes as top/bottom surfaces, as evidenced
in Figure 9a. Due to the disappearance of (001) plane stress
with the decease of the nanorod widths along the [001]
directrion, the nanobelts with (100) planes start to be exfoliated
from the nanorods with the decrease in pH value of the washing
solution. The exfoliated nanobelts are further aggregated into
many cotton-like blocks by van der Waals forces between them,
and some thinner nanorods remain (Figure 14e). This mechanism
explanation also can be confirmed by the phenomena that

appeared during the water washing process. With the decrease
in pH from higher than 14 to 14, the white precipitates appeared
immediately at the bottom of the flask after water washing. With
a further decrease in pH from 14 to 9, the washing solution
became turbid and some white precipitates were also found at
the bottom of the flask. These facts suggested that the initially
appearing white precipitates were probably thick rods that split
into nanorods until pH 14, and then large amounts of nanobelts
were gradually exfoliated from the nanorods with a further
decrease in pH from 14 to 9, as indicated by the appearance of
turbidity in the washing solution, and some thinner nanorods
remained at pH 9.

Conclusions

In this study, sodium titanate nanobelts were synthesized by
means of the hydrothermal method, using three different
precursors in the concentrated aqueous NaOH solution as the
solvents. The product obtained with P25 (TiO2) was identified
to be Na2Ti4O9 ·1.5H2O. The product prepared with Ti(OBu)4

and TiCl4 was confirmed to have the crystalline structure of
Na2Ti2O4(OH)2. This means that the formation mechanism of
the crystalline structure of sodium titanate synthesized with TiO2

as a source is different from that of sodium titanate synthesized
with other materials as the sources. The proposed crystalline
structure model for Na2Ti2O4(OH)2 has the unique feature of
the separation of positive and negative charges along the [100]
direction. Therefore, if this model is correct, this type of
nanomaterial can be used as another candidate for applications
in related fields, such as the piezoelectricity field. Further
investigations are needed to reveal the properties of
Na2Ti2O4(OH)2.

Figure 13. Proposed crystal structure model for Na2Ti2O4(OH)2: (a) projection along the [001] direction, showing a unit-cell structure closed by
a blue dotted line, (b) projection along the [100] direction, (c) projection along the [010] direction, and (d) three symbols of O2- (red), Na+ (blue),
and H+ (green) ions and the Na---O--H model.

Figure 14. Schematic diagram of the formation process for
Na2Ti2O4(OH)2 nanobelts: (a) Na2Ti2O4(OH)2 product, (b)
Na2Ti2O4(OH)2 product with cracks on its surface along the [010]
direction after cooling, (c) thick rods split from the product along the
[010] direction during water washing, (d) nanorods split from the thick
rods along the [010] direction during water washing, and (e) a cotton-
like block aggregated with the nanobelts exfoliated from the nanorods
and thinner nanorods remaining after the exfoliation of the nanorods
during water washing.
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