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Sequence of Events for the Formation of Titanate Nanotubes,
Nanofibers, Nanowires, and Nanobelts
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The formation of HTizO; nanotubes, nanofibers, nanowires, and nanobelts via alkali hydrothermal
synthesis was studied in detail by TEM and HRTEM. The effects of preparation parameters, such as
reaction temperature, duration, and cooling process, on the morphologies of the products are clarified. A
universal formation mechanism is proposed based on the growth, split, wrapping, and thickening of
N&TizO7 nanointermediates, which links all kinds of morphologies observed {0i;8; nanoentities.

Introduction Among the one-dimensional oxidic nanomaterials reported,
titanium oxide is of particular interest for its wide applica-
tions as catalyst supportssemiconductor photocatalysts,
and sensor¥ Titanate nanotubes of8 nm in diameter were
first reported by Kasuga and co-workers, employing a
derothermal treatment of rutile TiOpowders in strong

aqueous solution of NaOH at 11T followed by HCI

In recent years, one-dimensional nanostructures have
attracted much attention due to their potential applications
in a variety of novel devices:* The most prominent example
is certainly the carbon nanotubEs. Considerable efforts
have been spent on the synthesis of nhanotubes or nanowire

of more complex structures. A particularly significant . .
P P y S washing!’ These authors claimed that the tubular products

breakthrough was made by Tenne and co-workers to btained ‘ ( Tiand ¢ d durina th
synthesize chalcogenide nanotubes by reduction of needlelike®>'2!IN€d Were ot anatase Fand were formed during the

metal oxide crystals with fHand HS 5 Various approaches Wasl_wing procedur®’. After this, a num_ber of papers were
to other one-dimensional nanomaterials including meétals, published on the structure and formation of hydrothermally

oxides® and nitride8 have also been reported. It was noticed synthesized titanium oxide nanptubes. Howeyer, the conclu-
that the class of oxidic hanotubes and nanowires might offer S'Stns 0; theset rgportbs areh q(;ntizhcontr?verSIal. Dlj[',,é? Oal.
many properties and advantages leading directly to new 20taIN€C NANOILDES Ly a hydrothermal process a &
technological applications, such as nanoelectronics andsmllar to that reported by Kusaga but without washing. Chen

20 i
nanophotonic?! Oxidic nanotubes and nanowires can be et al® concluded that these nanotubes were eTikD;

achieved in either gas- or solution-based methods Carborstructure based on diffraction and high-resolution transmis-
' ion electron microscopy (HRTEM) results. Yang et'al.

nanotubes or anodic alumina oxide may also be used as® ) .
y argued that the resulting nanotubes are ofTi#4(OH),,
not TiO, or H,TisO;. However, Yao et al? and Wang et

templates to direct the growtA.An important approach to
al.> contradicted the claims of Chen and Yang and tried to

oxidic nanowires and nanotubes is the hydrothermal or
establish that the products were of anatase structure and

solvothermal synthesis that provides access to uniform and
distinct morphologies in large scales with remarkable reli- , .

formed by rolling single-layer anatase nanosheets. Zhang et
al?4 carried out ab initio calculations onFi;0; to conclude

ability, selectivity, and efficiency?
* To whom correspondence should be addressed. E-mail: diwu@nju.edu.cn. that the nanotubes were formed by rolling around the [010]
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direction of single-layer bTi;O; peeled off from HTizO; oxide nanostructures, 100 mg of amorphous titanium oxide powders
crystal plates possibly due to hydrogen deficiency in surface was put into 20 mL of 10 M NaOH aqueous solution, transferred
layers. However, Bavykin et &f.recently proposed that the  to a Teflon-lined stainless steel autoclave, and sealed. The autoclave
tubular morphology observed is a result of wrapping of Was put into an oven, heated to 13080 °C for prescribed periods
multilayer nanosheets of MizO; due to mechanical stress of time, and cooled naturally in air. The products were collected,
Along with the controversy on composition and formatio'n washed with deionized water to a pH value of 7.0, and finally dried

hani titi ith distinctively diff t at 70°C overnight. The morphology, size, and structure of titanium
mechanism, nanoentities wi ISUNCtively different mor- . iqe nanostructures were characterized using a FEI Tecnai F20

phologies, such as nanotubes, nanofibers, and nanobelts, havg,nsmission electron microscope operating at 200 keV. For TEM

been reported with some apparently similar hy(_jrothermal observations, a small amount of products were ultrasonically
procedure3>~? Meanwhile, these nanoscale oxides have dispersed in alcohol and deposited on copper grids coated with

shown potential applications in cataly®i& and Li-ion ultrathin carbon films.
exchangé!?3? Nomenclature of the nanostructures discussed in this article is
It is thus important to reveal the effects of synthetic listed as follows: lamellar structures are those layered structures
parameters on the morphologies and to clarify the structural 9rown on the brim of raw Ti@particles, appearing at the initial
relations among different morphologies. A recent endeavor Stage of t:le t;eaCt'l‘,)rT; ”a’r‘IOSheftS' "I‘l’h'Ch may roll 'kr)“o nanotubes,
on this aspect is given by Ma et #lemploying Raman, are formed by splitting tl ese lamellar structures between (1QO)
. . . . planes; nanobelts refer to thick nanosheets that cannot roll into
X-ray and electron diffraction, and X-ray absorption fine . ! .
H hiah luti Vsi nanotubes; nanotubes, nanofibers, and nanowires are used as
fstrl_Jc_ture. owever, high-reso u_tlon structure analysis on commonly used in the literature.
individual nanoentities, from which the exact sequence of
events can be deduced, has not been found in the literature.
In this report, we present detailed transmission electron
microscopy (TEM) studies on the morphology and structure  The morphology evolution of hydrothermal treatment of
of nanotubes, nanowires, nanofibers, nanobelts, and inter-amorphous titanium oxide powders at 130 and 180is
mediate products from hydrothermal treatment of amorphous displayed in Figure 1. The starting amorphous powders
titanium oxide powders in NaOH aqueous solution at aggregates to clusters of a few hundreds of nanometers in
different temperatures. It is observed that not only reaction size (Figure 1a). The amorphous nature is demonstrated by
temperature and duration but also cooling and washing the ring patterns in selected area electron diffraction (SAED)
processes have a great impact on the resultant morphologyfrom these powders, as shown in the inset of Figure 1a. After
The results confirm that the structures of resultant nano- 10 h of hydrothermal treatment at 130, lamellar structures,
entities are related to monoclinic layered titanatd igD-. less than 100 nm in lateral size, are observed around the
The structure relations among nanotubes, nanowires, nanoprim of amorphous powder clusters (Figure 1b). These
fibers, and nanobelts are elucidated. A universal formation |gmellar structures grew as reaction time increased, as

mechanism is proposed based on the growth, split, wrapping,evidenced in the sample after 20 h of hydrothermal treatment

Results and Discussion

and thickening of N&Ti30; nanointermediates. (Figure 1c). The lateral size of the lamellar structures increase
to around 200 nm. Along with lamellar structures, some
Experimental Section tubular nanostructures can also be observed after 20 h of
reaction.

The starting chemicals used were A. R. reagents from Beijing The | I truct b d f H
Chemical Factory without further purification. The amorphous e lamellar structures were observed frequently as

titanium oxide powders were synthesized as follows: 0.08 mol of reéPorted in the literature concerning the formation of titanium
TiCl, was diluted into 40 mL of chilled deionized water with ~OXide nanotubes. Although the top/bottom surface of these
constant stirring; NatH,O was added to the clear solution drop lamellar structures was considered to be the (010) plane of
by drop and white precipitates appeared; the precipitates wereanatase Ti@%?>2% or (100) plane of monoclinic Fis0; in
filtered and washed by a large volume of deionized water until the the literature?®24 no direct evidence has been shown to
pH value of washing solution reached 7.0; the amorphous powderssupport these speculations. Figure 2 shows an HRTEM image
were then dried at 78C overnight. For a typical synthesis of titanate  of g typical lamellar structure at the brim of an amorphous
powder cluster. Two sets of lattice fringes with periods of
(24) zZhang, S.; Peng, L. M.; Chen, Q.; Du, G. H.; Dawson, G.; Zhou, W. 0.21 and 0.31 nm, respectively, are clearly resolved. How-

(25) |Z3a5;|)</|?1 Re, elt- 2003 97, ﬁ?%;:’k'm A A Walsh. E. C. Mater ever, in contrast to those proposed in the literature, these

Chem.2004 14, 3370. two sets of lattice fringes are not perpendicular to each other,
(26) yuan, 2. Colomer, J. F.; Su, B. Chem. Phys. Let2002 363 but with an angle around 102The periodicity shown in
@7 Yuan, Z. Y.: Su, B. LColloid Surf. A2004 241, 173. Figure 2 is in agreement with lattice spacing of (800) and
(28) %%Zgéé;ié \3Nang, D.-Z; Liu, J.-H.; Zhang, S.-Mater. Res. Bull. (003) crystalline planes of monoclinic layered titanate
(29) Lin, C.-H.. Chien, S.-H.; Chao, J.-H.; Sheu, C. Y.; Cheng, Y.-c.; 211307 (C2/m, a = 1.603,b = 0.375,c = 0.919 nm} =

Huang, Y.-J.; Tsai, C.-HCatal. Lett.2002 80, 153. 101.47).3! The top/bottom surface of the lamellar structures
(30) Tokudome, H.; Miyauchi, MChem. Lett2004 33, 1108. i i inci
(31) Zhou, Y.-K.: Ca0, L: Zhang, F-B.; He, B.-L.: Li, H-UL. Electrochem. > the (010) plane of k1507 and the m_c@ent electron beam

S0c.2003 150, A1246. was along the [010] direction. Theeaxis is expanded about

(32) ém;ztm&g,tA. 56;0 g\rgstg%r;g, G.; Canales, G.; Garcia, R.; Bruce, P. 8% compared with bTi;O; prepared with conventional ion
. . Mater. : . . . .
(33) Ma, R”.; Fukuda, K. Sasaki, T.; Osada, M.; BandoJ YPhys. Chem. exchangé? This may be ascribed to @ molecules inserted

B 2005 109 6210. into interlayer spaces of layered Hz;0;.%° The observation
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Figure 1. Morphology evolution sequence obH3z07 nanotubes and nanowires as different reaction temperatures and durations were employed. (a) Morphology
of as-prepared amorphous TiPowders used as raw materials in the preparation @fij®; nanoentities. (Inset) SAED pattern indicating the amorphous
nature of these powders. (b) Morphology of products after 10 h of reaction at@.3@lthough a large amount of residual amorphous T@@wders is
obvious, thin lamellar structures appeared at the brim of these amorphous powders. (c) Lamellar structures grown and tubular products afieared afte
of reaction at 130C. (d, e) Abundant nanotubes of several hundreds of nanometers in length appeared after reactici@ far B®0and 40 h, respectively.

(f) Nanotubes appeared after only 10 h of reaction atX80(g) After 30 h of reaction at 18%C, high-purity nanotubes were obtained by almost complete
consumption of amorphous Ti(owders. (h) High-purity nanowires were observed after 40 h of reaction at.80

(b) TG elec;t.onbeam

L

fringes corresponding to the (010) plane of monoclinid HO;. (b) Low-
maghnification image of the lamellar structure at the brim of an amorphous
TiO, powder, on which the arrow indicates the area magnified in (a).

of HTisO; lamellar structures indicates that the final
nanotubes may probably be of layeredTHO; as well, as
noticed earlier by Du et 7?1}-9: Chen et .a|_2,0 and Zhang et Figyre 3. (a) HRTEM of an individual HTizO; nanotube of about 10 nm
al>* However, the formation mechanism of nanotubes by in diameter, exhibiting an apparent hollow core of about 3 nm in diameter,

rollin 1 monol r f i roun h 1 the asymmetric number of layers at the two sides and lattice fringes
olling ( OO) onolayers of 10, arou d the [O O] corresponding to the (010) plane of monocliniglitO; on tube walls. The

direCtiO_n pr_OpO_SGd by these authors is questioned since thgpe axis is along the [001] direction. (b) A schematic drawing depicting
[010] direction is normal to the observed lamellar structures how the lattice image was projected. Concentric configuration for nanotubes

and thus rolling along this direction cannot result in nano- s drawn only for simplicity.
tubes as long as several hundreds of nanometers as observed.

A large amount of nanotubes were observed after 30 h of adhering on them. This is also in agreement with earlier
hydrothermal treatment at 13, as shown in Figure 1d. reports using crystalline TiQas precursor.?° A typical
Most of the nanotubes observed are about 10 nm in outerHRTEM image of an individual nanotube is shown in Figure
diameter and more than 300 nm in length. It is interesting 3. The structure of the nanotube is identical to nanotubes
to find that the majority of the nanotubes point out from the obtained using crystalline Tias the starting materials. The
amorphous titanium oxide powder clusters with one end Wall thickness of the tube is asymmetric, having five layers

on one side and three layers on the other. This indicates that

(34) Feist, T. P.; Davies, P. K. Solid State Cheni992 101, 275. the t_ubes may probably be f_ormed by SC“)'_"”Q conjoined
(35) Suzuki, Y.; Yoshikawo, SJ. Mater. Res2004 19, 982. multilayer nanosheefs. The interlayer spacing of these
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nanotubes is 0.78 nm, close to the value reported in the
literature?>22 Another set of fringes in Figure 3 is about 203
to the tube axis with a spacing of 0.33 nm. This angle is
close to the anglg of monoclinic HTizO;. One may argue
that the angle observed could be the chiral angle, which is
widely observed in carbon nanotubes and can vary in values.
However, titanate nanotubes are not formed by rolling large
monolayer nanosheets as in the case of carbon nanotubes. It
is also noted that the cross section of these nanotubes is
“onion” shapec® If the nanotubes are formed by rolling
rectangular multilayered nanosheets, the width of the
nanosheets should be roughly equal to the perimeter of the
nanotubes cross section, about 30 nm, and the length of the
nanosheets should be the length of the nanotubes, about 300
nm. Since the lamellar structures grow faster along the [001]
direction, the length of the nanosheets should along the [001]
direction. Thus, a large chiral angle may result in steps, of — -
a few layers high, on the outer surface of these nanotubes Figure 4. (@) HRTEM of an individual HTisO; nanowire, exhibiting a
well-resolved two-dimensional lattice corresponding to the (010) plane of
or form broken tubes. However, HRTEM results show that monoclinic HTizOr. (b) Low-magnification image of the nanowire. The
the outer surface of all the nanotubes is smooth and nanowire grows along the [001] direction.
complete: neither steps nor broken areas are observed. We
thus conclude that the nanotubes observed are achiral andi2TizO7.** However, thea axis spacing of the nanowire is

J

the angle observed is the angleof monoclinic HTizO;. increased by about 10% compared with that observed for
This is supported by the observed periodicities of 0.78 and the lamellar structures. This further lattice expansion may
0.33 nm, close to those of (200) and (003) planes 4fiD; be caused by more # molecules driven into interlayer

as observed for the lamellar structures (Figure 2a), except aspaces of hlisO; structure during prolonged hydrothermal
small distortion. Therefore, the incident electron beam should treatment?
be along the [010] direction on the tube walls. These It was observed that thin nanowires were formed by
observations also suggested that the tube axis of thesesplitting H,TizO7 crystalline sheets between (100) planes, as
nanotubes should be along the [001] direction of monoclinic evidenced in Figure 5. Figure 5a shows a bundle of
H,TizO;. Figure 1e shows the morphology of the products nanowires splitting from the same root, which, as magnified
hydrothermally treated for 40 h at 13C. It is similar to in the inset, is a piece of crystalline sheet. Figures 5b, 5c,
that observed for samples treated for 30 h. Hydrothermal and 5d demonstrate thatHzO; nanowires can further split
treatment at 180C may accelerate the reaction. Tubular themselves into thinner ones.
products appeared after only 10 h of treatment (Figure 1f).  H,TisO; is generally proposed to appear in the washing
And after 30 h of reaction, more than 90% of the products process due to proton exchange of sodium trititanate
was HTizO7 nanotubes with almost all amorphous titanium  (NaTi;O7) formed during autoclaving. It was also proposed
oxide precursor clusters consumed (Figure 1g). earlier that NaTli;O; nanotubes were formed by rolling
Hydrothermal treatment longer than 40 h at 280results ~ crystalline nanosheets exfoliated from crystalline F(@na-
in a distinctly different morphology. As shown in Figure 1h, tase or rutile). To support this, thin layers were observed to
amorphous precursor powders have been transformed intd2€e€l off from precursor titania crystallites after the first few
nonhollow nanowires with a large size distribution both in minutes of alkali hydrothermal treatmeftif this is true,
length and in diameter. Approximately, the lengths are the length of the nanotubes should be restricted by the size
between several micrometers to about ‘Bm and the of raw T|02 materials since the dimensions of the exfoliated
diameters are between 20 nm to about 200 nm. Thick hanosheets are restricted by the size of raw,Tiaterials.
nanowires are straight due to their rigidness but thin However, we note that the length of the nanotubes obtained
nanowires are flexible and are found to be curved. Theseis often orders larger than the size of raw Zifarticles.
nanowires exhibit rectangular cross sections as observed by~or example, Yuan and Suhave reported bTisO; nano-
tilting the sample. A typical HRTEM image is shown in tubes of several hundreds of nanometers in length derived
Figure 4a and the corresponding low-magnification bright from TiO; particles of 25-30 nm in size; Sun and &
field image is shown in Figure 4b. The clearly resolved lattice Prepared these nanotubes of 300 nm in length using TiO
image indicates that these nanowires were well-crystallized. Particles about 5 nm in size; and Suzuki and Yoshik&wo
Two sets of lattice fringes at an angle of 2gere resolved ~ Obtained the same nanotubes approximatelynlin length
with spacing of 0.97 and 0.31 nm, close to the lattice spacing Using commercially available Ishihara ST-01 anatase par-
observed for the lamellar structures and nanotubes, corre-ticles, which are reported to be less than 10 nm in ¥ize.
sponding to (200) and (003) planes ofTHO;. These
nanowires are all found to grow along the [001] direction. (36) Sun, X.; Li, Y.Chem. Eur. J2003 9, 2229.
Along thea axis, the periodically appeared bright and dark ©7 ls;geghz"gwo”g’ T3 Suzuki, Y.; Yoshikawa JSSolid State Chera005
contrast corresponds to the “stepped” layered structure of(38) Almquist, C. B.; Biswas, PJ. Catal. 2002 212, 145.




Titanate Nanotubes, -fibers, -wires, and -belts Chem. Mater., Vol. 18, No. 2, BRI

200 nm

Figure 5. (a) TEM image showing a bundle of.HizO7 nanowires splitting from the same root, which was observed to be thick layers as magnified in the
inset. (b) A crack developing in the middle of a nanowire about 150 nm in diameter. (c) A step formed by splitting off a thin nanowire from the thick one.
(d) A rectangular cross section of a nanowire showing a kink as a result of a thinner nanowire splitting off. The inset is a schematic drawing,eghich serv
as a guide for eyes, illustrating the contour of the cross section.

In contrast to the assumption of nanosheets exfoliation, we ’ N /// ‘
propose that raw titania particles were dissolved or partially splitting Wrappl'”g
dissolved in concentrated NaOH solutions followed by

N&TizO; nucleation and growth into lamellar structures. We ¢ (a) o (b) (c)
used Co-doped (7.0 mol %) anatase Figarticles as the 14& ‘t“'c"e”‘"g (100) plane

starting material to prepare nanotubes following the same's

i i - * (010) plane
process: autoclaving in 10 M NaOH at 13GQ for 30 h, ’ /ll/
thoroughly washing with deionized water, and drying. ’ -/ //

Composition analysis using inductively coupled plasma — = —
spectroscopy shows that Co concentration in the produced splitting splitting
nanotubes is only about 4.0 mol %, significantly smaller than (d @ (®)

that in the starting material. This implies that raw titania was Figure g- SChgmaﬁC df_aWing(S )diPiC“Tlg the formation Pfocessﬂﬂﬁb -

. . —— . nanotubes and nanowires: (a) Lamellar structures grown on the brim o
partlally dISSOIYEd f!rSt n ancemrated NaQH solutions and TiO; particles. These lamellar structures grow along the [001] direction
then recrystallized into Nai3O;, and that TiQ octahedra, with the (010) plane as the top/bottom surface. (b) Splitting of lamellar
the building blocks of TiQ@ polymorphs, may probably be  structures into nanosheets between (100) planes. The height of these

o . nanosheet structures (in thedirection) is the thickness of the original

the buﬂdmg blocks of produced nanotupes and nanowqes. lamellar structures. (c) Wrapping of nanosheets into nanotubes; the diameter

NaTisO; is composed of corrugated strips of edge-sharing of the nanotubes depends on the height of the nanosheets. (d) Thick layers
TiOg octahedra. Each strip is three-octahedra wide and the©r wires formed after prolonged reaction at elevated temperature. (€) Splitting

ios furth .. f dl h . of these thick layers or wires between (100) and (010) planes. (d) Further
strips further corner join to form stepped layers. Thesedi splitting to form thin nanowires.
layers stack in the direction and sodium cations occupy
the interlayer positions to form the monoclinic lattice (see
Supporting Information SlI-1). With the progress of hydro-
thermal reaction, more and more Ti@as dissolved and
the concentration of Tigd~, TiOx(OH),>~, and possible
polytitanates TiOun:nd™ Will increase in the solution
accordingly. Solid N#Ti30; nucleates and grows preferen-
tially at the brim of undissolved Tigparticles, as shown in

Figure 1b. In a layered compound, the chemical bonding )
between neighboring layers is generally weaker than chemi-t1€ free energy. The morphology observed, with the neutral

cal bonding in the same layers. Therefore, the growth rate (010) plane as the dominant surface, is more energetically
of Na.TizO, along the [010] and [001] directions should be favored.

faster than that along the [100] direction. As speculated The thickness of N&i30; lamellar structures increases
earlier!®2024.25nanosized N&i30; should grow into thin as the reaction progresses. After the reaction is terminated,
layers with (100) planes as the top/bottom surfaces. Thus,the temperature reduces. During this process, tha i@,
H,TisO- lamellar structures observed should also have (100) lamellar structures may split between (100) planes into
planes as top/bottom surfaces. However, this structure is nothanosheets of a few atomic layers in width. This is possible
in agreement with the observation in the present study (Figurebecause the chemical interaction between (100) planes is very
2a) and not in agreement with nanobelts of a similar weak? The resultant nanosheets of NaO; will wrap itself
compound HTisO1; reported earliet’3° This phenomenon  around thec axis to form nanotubes. The wrapping process
was previously proposed to happen in the washing prdéess.
(39) Yang, H. G.; Zeng, H. CJ. Am. Chem. So@005 127, 270. However, recent results show that tubular nanostructures can

has not been explained explicitly in the literature. We suggest
that one possible reason takes into account that the (100)
plane of NaTi3O; carries net charges. Therefore, (100) planes
contribute extra electrostatic energy to the total free energy
of N&TizO; nuclei. The larger the area of the (100) plane,
the higher the free energy of the system. Hence, the extending
of the (100) plane during growth will be prohibited to reduce
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'y

Figure 7. Morphology evolution in the formation of N&@isO7: (a) Thick layers, from which nanowires may split off, formed at elevated reaction temperature.
(b) Lamellar structures of large areas. (c) Thickening of lamellar structures by growth and by folding themselves. (d) Further condensatiabeosform f
or nanowires. (e) The surface of a nanowire on a magnified scale, showing lamellar structures on the surface indicated by arrows.

be observed before washi#p3334°The driving force for (@) &
the wrapping may be asymmetry due to preferential doping |
of these nanosheets with hydrogen together with unsym-|
metrical surface forces due to locally high surface en-
ergy?22425As calculated, the gain in surface energy for such
a wrapping is enough to compensate mechanical tensions
arising due to curving*?*The proposed sequence of events
for the formation of titanate nanotubes is depicted in Figures
6a—6c¢. As reaction temperature increases, the thickness of
the initial N&TizO; lamellar structures in thé direction

(Figure 6a) increases due to enhanced growth rate at elevate .
temperatures. Therefore, the height of the splitTNgD; (e) Na&,Ti,0, Nanotubes s nanobelts

nanosheets and the diameter of finaTHO; nanotubes also £ §|s
increase with reaction temperature. This is consistent with g ¢|s
. . 2 . of & alz
those reported earlier. Bavykin etZlfound an increase of £z H E
average nanotubes diameter with increasing temperature frorr § 2 :té’n
120 to 150°C. Lan et al? also reported a double of outer % H,Ti,0, nanotubes e nanofibers

diameters with the increase of reaction temperature from 100 _— A 5
o FAW 118118 et 111 18NN O] et 12110 WirE'S
to 150°C. _ particles  dissolving  structures thickening
At even higher temperatures, the thickness of lamellar growth splitting
structures (Figure 6a) increases more quickly as the reactiongigyre 8. (a) Nanotubes observed after reaction at 1@0for 30 h. (b)
time increases. This generates thick layers of TN, as Nanowires observed after reaction at F8for 30 h and 180C for 10 h.

; i i i (c) Nanobelts observed after reaction at T8 for 30 h, cool to room
shown in Figure 7a. These thick Iayers may Spllt between temperature and re-reacted at 18D for 10 h. (d) Nanofibers observed

(100) planes of N&TisO; to form nanowires (Figure 5a). Thin  after reaction at 130C for 30 h, cool to room temperature, thoroughly
lamellar structures of NdisO; may also condense them-  washing and re-reacted at 180 for 10 h. () Summary of the morphology
selves by folding along theaxs o form thick wires directy. 100N 00, ) sna ) pocedsepresess el roherna
This process is recorded in Figures—7kd. Such a folding  yeatment at 189C for 10 h.

may be driven by decreasing the free energy by reducing

the solid/solution interface. Sheetlike structures on the surfaceThe morphology of the products were then observed and
of nanowires, which is evidence for this self-folding process, compared, from which the morphology evolution inside the
can be frequently observed, as shown in Figure 7e. Theseautoclave can be deduced. Four reactions were conducted
thick wires then split between (100) and (010) planes into and the products were washed and dried by the same process
thinner nanowire$ by agitation during the cooling or as described earlier. The first reaction was terminated after
washing process, as depicted in Figures-6f alkali hydrothermal treatment at 13Q for 30 h as a control.

It is impossible to observe the morphology change in the Nanotubes were observed as shown in Figure 8a. In the
hydrothermal autoclave. To verify the formation sequence second reaction, the autoclave was heated directly to 180
proposed above, special hydrothermal reaction procedures’C for 10 h after the reaction at 13C for 30 h. Nanowires
were designed to interrupt the reaction in different ways. were observed as shown in Figure 8b. After the third reaction,
in which the autoclave was cooled naturally to room
(40) Lan, Y., Gao, X.; Zhu, H.; Zheng, Z.; Yan, T.; Wu, F.; Ringer, S. P.;  temperature and then heated again to 48Gor 10 h after

Song, D.Adv. Funct. Mater.200§ 15, 1310. the reaction at 136C for 30 h, nanobelts were observed as

(41) Wang, R. H.; Chen, Q.; Wang, B. L.; Zhang, S.; Peng, L.Adpl. N )
Phys. Lett2005 86, 133101. shown in Figure 8c. In the fourth reaction, the products were
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collected after hydrothermal treatment at 18D for 30 h, Re-autoclaving of K307 nanotubes in concentrated NaOH
thoroughly washed, and then put into 10 M NaOH solution solution at 180°C results in nanofibers composed of
and autoclaved again at 18C for 10 h. This results in  entangled nanosheets, different from nanowires obtained by
nanofibers about 500 nm thick and several micrometers longre-autoclaving NzlizO; nanotubes following the same
(Figure 8d). Distinctively different morphologies observed process. This may represent the influence of chemical
indicate that one may control the morphology ofTHO; composition. Although the mechanism is still unclear at this
nanoentities by interrupting the alkali hydrothermal treatment time, the transformation of HizO; nanotubes into nanofibers

in different ways. The proposed morphology evolution and the transformation of N&i;O; nanotubes into nanobelts
corresponding to these reactions was summarized in Figuredemonstrate the metastable nature of the nanotubular mor-
8e. These observations give evidence that if we do not phology in this system.

terminate the reaction and cool the solution at an appropriate

stage, nanotubes, as shown in Figure 8a, will not be obtained. Summary

Nanowires (Figure 8b) were observed due to the split of thick
Na:Ti3O7 layers formed by thickening of N&i;O; lamellar
structures (formed during 130 hydrothermal treatment)

in theb direction during 180C hydrothermal treatment. The
increase of thickness is not only a result of capturing
monotitanate TigF~ and TiQ(OH),>", or polytitanates
TinOannd™ from the solution but also a result of self-folding
of the lamellar structures. This assumption is supported by
observing a large amount of nanowires while putting very

few TiO, (20 mg) particles into the autoclave (see Supporting around thec axis of NaTisOr; (2) the impacts of reaction

Information SI-11). This observation supports the self-folding temperature, duration, and cooling process on the morphol-

m_echanlsm b_e cause otherwse large areas of thin nanosheetggy of products were clarified and the exact sequence of
will be kept since the nutrient source is not enough for the

: . ; ) events was deduced; and (3) morphology control by adjusting
growth. of NQJT'3O7 Into th|gk Iayer; , from wh}ch the hydrothermal conditions for /307 nanoentities is justified.
nanowires split off. However, if a cooling process is inserted

betw_een two alkali hydrotherm_al tre_at_ments, Iarge_ area thin Acknowledgment. Financial support from National NSF of
N&TizO7 lamellar structures will split into small pieces of  ~pina (10574067 and 50302003), NSF of Jiangsu province
nanosheets and wrap into nanotubes. Thes&ib@, nano- (BK2005415), and State Key Programs for Basic Research of

tubes may be unfolded during subsequent alkali hydrothermal China (2001CB610404) are greatly acknowledged.
reaction at 180C and the thickness of these nanosheets may

increase (in thea direction of NaTizO;) during this Supporting Information Available: Schematic representation
subsequent reaction. This increased thickness makes ibf the crystal structure for N&isO;, projected along the [010]
energetically unfavorable to wrap themselves into tubes. Ondirection. Low-magnification TEM image of HizO; nanowires
the other hand, these small pieces of;NgD; cannot prepared by reaction of 20 mg of Ti@ith 20 mL of 10 M NaOH
effectively increase their thickness by self-folding. Therefore, Solution (PDF). This material is available free of charge via the
nanowires cannot be observed in Figure 8c. A washing 'Ntémet at http://pubs.acs.org.

process inserted also has effects on the final morphology.CM0519075

In summary, the structures of,HH3;O; nanotubes, nano-
fibers, nanowires, nanobelts, and intermediate products
prepared by the alkali hydrothermal method were studied in
detail using TEM and HRTEM. The microstructure relations
among these nanoentities were elucidated. The formation
sequence is deduced based on growth, split, wrapping, and
thickening of NaTisO; nanointermediates. The significance
of this work is 3-fold: (1) the nanotubes were confirmed as
a result of wrapping multilayer nanosheets of (100) planes



